PF 53339 Cot igpgass het erogeneously catal yzed partial dehydrogenati on The
present invention relates to a process for the continuous 5 heterogeneously

catal yzed partial dehydrogenation of at |east one hydrocarbon to be
dehydrogenated in the gas phase, in which - a reaction gas conprising at

| east one hydrocarbon to be dehydrogenated is fed continuously to a
reaction zone, 10 the reaction gas in the reaction zone is conveyed over at
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pr esent Ghvention. The term "dehydr ogenat ed hydrocarbons” used in the
present patent thgppeaektidrogasnénnps Jeacaignl aneand couveyedalovphaat c
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2- but ene and bléta%g'h ch (;gégiwggg%%%?n%ggfﬁ/dr ocarbons 1nclude, in

particul ar, nonounsSatura carbons (n-al kenes) and branched

al i phati®t® hydrocarbons (e.g. isoal kenes) and al so cycl oal kenes.

Furt her nore; délty deagerinedaky demetitiogs nadecy kg onrpericlsladded! yerde (e. g.
di enes and tri emasiiodigds hafere namdy drhafiteneemaybanteatiredetbdée bond in
the nol ecul e. IzZgneaddi tion, hydrocarbon conpounds which are obtainable from
al kyl aromati cs such as et hyl benzene or isopropyl benzene by dehydrogenation
of the yl substituent. are al so jncluded. These 45 are,. for exanple,
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- a product gas comprising molecular hydrogen, water vapor, the
25 dehydrogenated hydrocarbon or hydrocarbons and the
hydrocarbon or hydrocarbons to be dehydrogenated is taken
from the reaction zone.

In addition, the present invention provides an apparatus for
30 carrying out the process of the present inventiocn.

The term “dehydrogenated hydrocarbons” used in the present patent
application encompasses acyclic and cyclic aliphatic hydrocarbons
having one or more C-C double bonds in the molecule. Examples of
35 such aliphatic hydrocarbons are propene, isobutene, l-butene,
2-butene and butadiene. Thus, dehydrogenated hydrocarbons
include, in particular, monounsaturated linear hydrocarbons
{n-alkenes) and branched aliphatic hydrocarbons (e.g. isoalkenes)
and also cycloalkenes. Furthermcre, dehydrogenated hydrocarbons
40 also include alkapolyenes (e.g. dienes and trienes) which have
more than one carbon-carbon double bond in the molecule. In
addition, hydrocarbon compounds which are obtainable from
alkylaromatics such as ethylbenzene or isopropylbenzene by
dehydrogenation of the alkyl substituent are also included. These
45 are, for example, compounds such as styrene or o-methylstyrene.



functional ipPRREG333®e-radically pol ynerizabl e conpounds (e.g. acrylic acid
from propene or nethacrylic acid fromisobutene) and 5 their polynerization
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Thus, the term “hydrocarbons to be dehydrogenated” as used in the

25 present patent application encompasses, in particular,
C;-Cig-alkanes such as ethane, propane, n-butane, iscbutane,
n-pentane, isopentane, n-hexane, n-heptane, n-octane, n-nonane,
n-decane, n-undecane, n-dodecane, n-tridecane, n-tetradecane,
n-pentadecane and n-hexadecane.

30
However, all that which is said in the present text applies
particularly to C;-Cg-alkanes as hydrocarbons to be dehydrogenated
and very particularly preferably to C;-C4-hydrocarbons as
hydrocarbons to be dehydrogenated.

35
Thus, hydrocarbons to be dehydrogenated are for the purposes of
the present text especially ethane, propane, n-butane and
iscbutane, and also l-butene and 2-butene.

40 Heterogeneously catalyzed partial dehydrogenations of
hydrocarbons to be dehydrogenated reguire comparatively high
reaction temperatures. The conversion which can be achieved is
normally limited by the thermodynamic equilibrium. Typical
reaction temperatures are from 300 to 700°C. In general, at least

45 one molecule of hydrogen is produced per molecule of
dehydrogenated hydrocarbon.



dehydrogenar &833% hydrocarbons to be dehydrogenated is that they are
endot herm c. The heat of dehydrogenation necessary for achieving a desired
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and/or additionally introduced oxidation catalysts generally aid

the desired oxidation of hydrogen (cf. DE-A 10028582). Such heat

of reaction liberated by means of combustion of hydrogen makes it

possible in favorable cases to entirely omit indirect reactor

30 heating and thus allows comparatively simple process concepts and
also limited temperature gradients in the reactor in the case of
high conversions.

However, a disadvantage of processes for direct generation of

35 heat by means of combustion of hydrogen in the reaction gas is
that either they require significant addition of external
molecular hydrogen which is comparatively expensive or the
selectivity of formation of the dehydrogenated hydrocarbon is not
fully satisfactory since the added molecular oxygen burns not

40 only the molecular hydrogen formed during the heterogeneously
catalyzed partial dehydrogenation but frequently alsc part of the
hydrocarbon to be dehydrogenated and/or the already
dehydrogenated hydrocarbon, which results in an undesirable
reduction in the selectivity to the target product.

45



4 It is arprolg3axde of the present invention to provide a process as
defined at the outset for the continuous heterogeneously catalyzed parti al
dehydrogenati on of at |east one hydrocarbon to be dehydrogenated in the
.gas phase, which process either no 5 Ii)nger has t he abovenenti oned

di sadvant ages and/or suffers from themto a reduced extent. W found that
thi s obj ectll 45a8R| RIEFhPLiathe REEseNtoinYentionokiPi PXRIislehat Pregpafedsds! v
catal yzed pwftined atershdr oyeset i or dhelfortidwast heherdygetheoaatpon to be
dehydr ogenaiagdlyBed heargda1phasirodenavhibe o #ea6hE O oEASya 08P SIM & cat

| east one *Béda@ﬁga daelin 229 Hé‘%ﬁ,d dhicheprsgégg RYeHsl g o a

reaction ne, 1 e reaction .das . reactron neé i s_conveyed over
at Ieastgg‘r?@gfrxlé%s ctra}\ealaégye% & ah?%‘ﬁvﬁ?glagsﬁlﬁ?g@dﬂ}ggﬁrs Mat

| east one Jd&RPdEBgRARFeHy B¥ERM-bon are fornmed by catalytic (partial)
dehydr ogenation, 20 at | east one gas conprising nol ecul ar oxygen i s added
to the reartifeing@asndieinis Spf¥cy iaf hehidd byl Al prédeds gaet e zone, 25
- the ol eqd @k n QAR teRohBfe SBAG! 03P 7PN %‘r‘éiéfsdé}ggtrofﬁgna{hﬁn Rl ecul ar
hydrogenldor%zﬁnt i:nrgh% reactll,é)n asbto th vag%s a -"a %rolbag:(:t gas
conpri si WG ArorERET a1 5 YA PEEEAT P Er PF aPRiydnagenated dihyrieogan Rare
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circul at gas to'the reaction zone. The process o e presenf invention

is particularly suitable for 40 the heterogeneously catalyzed parti al

dehydr ogenat i orFl§f THRGHEHE 978 PR oPn&eagtiphizane 48 seREHEhRYFErabut adi ene
and of but enes leggthomerdiined. catalirstf ded évermwivichl polecwherdbiddegryenat i on
of hydrocar bonandnat 4beddtatonei delppdidgenbaed maidvydibgrnats foemeadby N

catal ytic oxydeRydipgenatdaatiaRptdelydrogehBeiopr oCcess, the hydrogen split
of f fromghe hydrocarbon to be dehytfr ogénated is split off PF 53339 5
- at least one gas comprising molecular oxygen is added to the
reaction gas before and/or after entry into the reaction
zZone,

25 — the molecular oxygen in the reaction zone oxidizes part of
the molecular hydrogen present in the reaction gas to water
vapor and

- a product gas comprising molecular hydrogen, water vapor, the
30 dehydrogenated hydrocarbon or hydrocarbons and the
hydrocarbon or hydrocarbons to be dehydrogenated is taken
from the reaction zone,

wherein the product gas taken from the reaction zone is divided

35 into two substreams of identical composition and one of the two
substreams is recirculated as circulated gas to the reaction
zone.

The process of the present invention is particularly suitable for

40 the heterogenecusly catalyzed partial dehydrogenation of propane
to propene, of butane to butene and/or butadiene and of butenes
to butadiene.

It differs from catalytic oxydehydrogenation of hydrocarbons in

45 that, in particular, no hydrogen is formed in catalytic
oxydehydrogenation. Rather, in that process, the hydrogen split
off from the hydrocarbon to be dehydrogenated is split off



directly apmeg¥33¢4H20). It therefore generally requires different

reaction conditions and other catalysts. In principle, the process of the
present invention can be carried 5 out using all dehydrogenation catalysts
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el ement of RE-AndPPEBRi2 vgraa&ppwf#r@fd @REOP}I%D dioc trapPEesentt RBVEN iRt s,
| ant hanum 35 and/or tin, with the proviso that the percentages by wei ght
add up to si®%bby &ah;girtogeiiaem:ea&wal&ets Cietivsy iing10aé, tie parecesranf the

rSJ{ gtsgn} sl nvent Ltaeseoaéﬁ Solgeabival ka%aﬁyggs G Rmtehde®! &5 Hrlal Dodéponol i d

h C
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to 700C (e.BP-RaflldddE) DEvéy 1pPOULRSS DE-ZNLII AN dBRyAIr BifdiTgdRoand i n t he
case of pramae1a83450hydrocarbon to be dehydrogenated, the propyl ene yield
at propane space velocities over the catalysts of, for exanple, 1000 h-1

(s at | gast, 30093040, Andl BOLEPASS oEPBRETHIY 17" BRANSI 'S bkaith BT 53339
and Example 4 of DE-A 19937107 can be used for all variants of
the process of the present invention addressed in this text.

These are dehydrogenation catalysts comprising from 10 to 99.9%

30 by weight of zirconium dioxide, from 0 to 60% by weight of
aluminum oxide, silicon dioxide and/or titanium dioxide and from
0.1 to 10% by weight of at least one element of main group I or
II, an element of transition group III, an element of transition
group VIII of the Periodic Table of the Elements, lanthanum

35 and/or tin, with the proviso that the percentages by weight add
up to 100% by weight.

The reason for carrying out the process of the present invention
over selectively acting catalysts present in the solid state is

40 that cracking (cleavage of C-C) is favored kinetically over
dehydrogenation (cleavage of C-H). As a result of the selectively
acting catalysts which usually are such that in the absence of
oxygen at from 300 to 700°C (e.g. at 600°C) they produce
significant dehydrogenation (in the case of propane as

45 hydrocarbon to be dehydrogenated, the propylene yield at propane
space velocities over the catalysts of, for example, 1000 h-l is
at least 30 mol% in a single pass {based on propane used)) and



| by-product sppusiz ¢ net hane, ethylene and ethane are fornmed in only
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bodies are subsequently dried and calcined again.

In the following description, the discussion will frequently
refer specifically to the preferred case of propane

30 dehydrogenation, but the statements made also apply analogously
to other dehydrogenatable hydrocarbons.

The reaction zone relevant to the process of the present
invention can in principle be achieved in all types of reactor

35 which are known from the prior art for heterogeneously catalyzed
partial dehydrogenation of hydrocarbons in the gas phase over
fixed-bed catalysts. Typical reaction temperatures are from 200
to 800°C, or from 400 to 650°C. The pressure employed is typically
in the range from 0.5 to 10 bar. Typical space velocities of the

40 reaction gas over the catalyst are from 300 to 16 000 h-1i.

A detailed description of suitable types of reactor is given in,
for example, ”"Catalytica® Studies Division, Oxidative
Dehydrogenation and Alternative Dehydrogenation Processes, Study

45 Number 4192 OD, 1993, 430 Ferguson Drive, Mountain View,
California, 94043-5272 U.S.A.".



One suitablpr t5aa39%0f reactor is a fixed-bed tube or shell-and-tube
reactor. In these, the dehydrogenation catalyst (and any specific hydrogen
oxi dation catalyst as is disclosed, for exanple, in US-A 4788371, US-A
4886928, US-A 5430209, 5 US-A 5553017 US- A 5527979, US-A 5563314 and EP-A
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of reacti &Wet GRékabImaypeaet | vrrAtPedsar ef ivedabe§ FWRR r&ct|y heated by a
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:cndr(rje(t:)t fqf, a‘gﬁﬂ q&ggx&ﬁgﬁqugs A59%! g E OA)of the
e e e R B et

combust i on.1orREeH n3F raecftlxréréawrrglrbfthehéeaqf@m itYReg@% ins 2 heedkeliafy to the
present i nueatitdon ﬂtﬂ)e@dvahEagmaJs.loyl tobds rew \mstlhllxhennﬁnrectlhetaatwg by
combust i on bywat BagpleGill ar hpdygelrboh EHieh raAGlcit@angasbeily buepfbimahieon of
the direct d E[aogﬁ'ffdlﬁial?rh Raty %%9.69' pee) Itth?cspé&ﬁaﬁ&fa LBYENEd gﬁatp th

|nd|rect I on to achleve es

ot her bl P LBTIER £EB,OF RRCIng, BRI AN ELHEY SERSPRIME R Bhnmry
i nternal di2fmeP&raf gkha Hdxpdabed Pt §Beheat e FPBH“%GF“QBht%f theecm A
t ypi cal shdield- &ndthebrequdaed oremyiplony temperrat2F edbiiymeage wdt tbe hadiantom
about 300 tH2at000bé£nad QR tHOaSombl3ioh ENMIES dndicett Hedd ingt 6f ilfe Of the

reaction tuyhech$oHS '1>é ' Qccé%r{ga%etflé Oé?e%,%tt QnJ&Q.%onpreferab' y in the
range fr 400

C. o sual In. the range from
2002 sk aed S, TABLRLS SPUIS (AP bR by deinbfidiange 1
30 the prodidh @%e‘F‘e]a”rFeé’xﬁ’ﬁ%nr’éhcttlieoﬁe?%‘b’é”hﬂést'hus the reaction zone at
a different (higher or lower) tenperature conpared to the inlet

t enper at ur erhief comlSi s tASH2 84 9t hd )ik e 89 6360 I iUE- Af FRBA342 ordym) cal
space vel ocehfel Beefint NGvRNdLos AF AN ihaibect defirduggeldt @ head mdNeaPaRe,
over the§6; igeﬁﬁﬁaiéaggﬂnggog % tf%?lé %%éhe&mg §é£€¥§¥’%8%44t£8n in

cat al ystor rOCE€SS_0 I nventi on can cour se, &l so
be carrief< rPﬁl‘é %\?ilﬂ‘ Beﬁoxr“é'actor (in contrast to a fluidized bed, a
noving bed will al so be regarded as a fixed bed in the 40 present text).

For exanpl &ustbhaanpvimgrinad diamkerdr ofetisd iactdahatytsi(sganréefrom

accorrrmdat ebou 0resi@ chl, oW £ /Al shéM LdHEtubbheesddcd! ¥ambloPaE sl OWM Y
fromth %GOUASQ&E&M hSs tPgom a%%%tt' E@O lfoong?‘e%ifglcﬂ L¥ped D 4 S case,

it is a van ur al_i % é-oag r aCtOf connect ed
a

) 0
in series. tletm FEAFYT o’é’srgg’ ¥n loé'xé'.’frp PEPAY hot'ecul ar
oxygen to e Zaged ioom ﬁé’or Bacties - ga§eiﬁpﬁﬁbr1é?ah1‘o¥heea‘@wgﬁe§€?‘br o tPhat

700°C. The pressure employed is usually in the range from 0.5 to

8 bar, frequently from 1 to 2 bar or from 3 to 8 bar. In general,
30 the product gas leaves the reaction tube and thus the reaction

zone at a different (higher or lower) temperature compared to the

inlet temperature (cf. US-A 4902849, US-A 4996387 and

US-A 5389342). Typical space velocities of the hydrocarbon to be

dehydrogenated, e.g. propane, over the catalyst are from 500 to
35 2000 h-! (= standard 1/1 of catalystor - h).

The process of the present invention can, of course, also be
carried out in a moving-bed reactor (in contrast to a fluidized
bed, a moving bed will alsoc be regarded as a fixed bed in the

40 present text). For example, the moving bed of dehydrogenation
catalyst can be accommodated in a radial-flow reactor. In this,
the catalyst moves slowly from the top downward while the
reaction gas flows radially. In this case, it is advantageous to
employ a plurality of moving-bed reactors connected in series. It

45 is possible, for example, for a gas comprising molecular oxygen
to be added to the reaction gas upstream of each reactor so that



PF 53339 8pr@asadion of this in the respective reactor heats the reaction
gas to the reaction tenperature. Dependi ng on which product gas | eaving one
of the reactors 5 connected in series is divided according to the present
invention into tw substreans and degindi ng on the reactor to which one
substreamis recircul ated, the reacti zone which is relevant for the

pur poses ofcARESHiRR R thiFehRi e CRsPBELiTR kaRctpt heatse ey TOACHIRICt Of S
connect ed igassépi the oreagmlipnptenpardeneet 10 (e.g. each reactor on its own).
If, for exanple, four reactors are connected in series and only the

pr oduct 9apdrRaus Ag (Srb%hlcﬂuémgd&ﬁ;a qr 11?§vﬂ+gy'o%3d Ao %agtapsthe present

i nventio {uo substr.ea two Substrteéa
recircul a eéantngc %ﬁe iS58 1Y hcgl §§e8??| B tBr & etﬁfe‘eslegﬁcf'?‘()‘?‘f’%ﬁe

accordi ng 135‘tt°ot’t‘ﬂes‘b‘?%§@ﬁt“slﬂ%rﬂqp@ﬁdéﬁﬁo?mé'é’@e@aﬁmfmWl"lé%t?}?% On the
ot her hand,substoaty ihaeguicdutiterhs theaveact idre zbne sthiofh tiseretewttor s
connect ed |ﬂbﬁ@héeﬁuigﬁasﬂisvb@eﬂh@-%@’s@hﬁglﬁ\ﬁbﬁﬂl@npﬁgﬁ%ﬁ thHen¥gbi+®N into two

substreans andngne 9f Adietbye é&lﬁﬁgat%anﬁgéene%%w GhbOhbEdd 1St

r eact or he reaction zone _accor |s only

rese ventlon
the fi rstcE r &8 oF 2 BDRAG 0GRt 10 9 g’ﬁ‘bal g‘ts °lfs§ﬁa“aeg%'r aﬁnh‘é FBCH¥ Sor esent
i nvention 3%¢ RBUPREEYEATY é&é%‘%ﬁ' SO PRAY abfid REIeHuRhvEr s LeeNaPT cElte shape.
The pressucairghpreyebd dst gpvidad \accpodigg ttw Sheapresgrd rdesentbon 25ito
t enper at ur a&svoakabkyPe A layndl 6AEN B A He0 tH608(bs tHeams ai il nesti reliasgsd t@an in
this case teh% @L@Qﬂ& i pRECe@ndirealtbes, r&@%@&&ﬁlﬁ%&@&&éf&ﬁ@ S

text as ég LAl Rlasers, Oﬁncgtaﬁaggfgéea% bRl Q0 DeGITRGS UP of @

m xture O gena oxi da |on ca

recom*rended’ hF ongy ‘SJG?EFWR“%Z%% leayigfothrert %ﬁfioaf-n‘é}f‘ﬁ of the
process of thrés@mDQWén%noﬁﬁrletshésh@l-‘exfdﬁjienee%ﬁsn%é;@altyeemresent
dehydr ogenaitnventisen charttd etroostbstremmst aay seAcifothe Ttws substaeads Qe Or

nor e phySI Cxﬁa'c'ﬂ'cﬁ@@@é&tt% 3neCAl Aty HeabRES, ARG Ldh SAHTeCa8LOFdin Q0
nunber ctqlteak, ggeﬁ)@ %gog érLogi 1thg glorsta%g& eously from2 to 8,

and in partlc eaction gas pre erably flows radially
or axially through the catal yst beds. 40 In the sinplest case, the catalyst
beds are | Qehvdgopenatisafratalystfaasedeaceordiag ﬁért%&lFHileIS?nérlli“fﬁftUﬂé’n
annul ar gaps: obviggroshineiactoys | amtrantabegusly ngye Onspledrdakchlf shapee Theact or
correspondsriedsane émphoyeldt ikst@onibhesion 2 e Brogessrief rehetigh esent
Inventi ogg Qe rGRhFdE G Rk yblc A & b §9& 1o 640BACOnetRat 8RFL O charge

can in this case, as also in the case of all other reactors

described in this text as suitable for the process of the present

invention, be made up of a mixture of dehydrogenation catalyst

and H; oxidation catalyst, as recommended, for example, by

30 EP-A 832056.

In another embodiment of the process of the present invention,
the heterogeneocusly catalyzed dehydrogenation is carried out in a
tray reactor. This contains one or more physically separate

35 catalyst beds arranged in succession. The number of catalyst beds
can be from 1 to 20, advantageously from 2 to 8, and in
particular from 4 to 6. The reaction gas preferably flows
radially or axially through the catalyst beds.

40 In the simplest case, the catalyst beds are located in a shaft
furnace reactor either axially or in the annular gaps of
concentric cylindrical gratings. One shaft furnace reactor
corresponds to one tray. It is possible for the process of the
present invention to be carried out in a single shaft furnace

45 reactor.



PF 53339 9pF 53389yas conprising nol ecul ar oxygen has been added to the
reaction gas before and/or after entry into the reaction zone in the
process of the present invention, the reaction gas is advantageously
subjected to internmedi ate heating on igs way from5 one catlayst bed to the
next cat al yst bed in the tray reactor,” e.g. by passing it over heat
exchanger Mifb8CheaT GPTBFLRERGINVECUREE akden dashheemdided to tha ough tubes

heat ed by hmetctoobusas defogasasl/ok0afher hmntpyodess Uie treacpiesesndne in

i nvention, thet pro®sianiof RRatpreseat ihneheaigd taboveadtionaghkegs out at | east
partly by tala@aﬂ{:é bus 150Uk e bl InLf %teahéamrr %nameyr\s r)Pffr mJas
corrprlsn]sg ?’é? 1.S add O]é'%bé’%e rl}?g%s el ther. before it
flows throdgh fﬂ‘é 7ysr IS nt?é‘ SRR B EEReth T T1AY st et

catal yst b&d§- %@aswseéme‘femmaﬁgeﬁcfeﬂmea BéPoriantsd Py BeRNS @fction
gas and/ ohotogases dur bygpaseimehydtbgengtt itaresshéared byohat | ¢onbiued ioext ent
in at | eastgageg. possibly in all, catalyst beds. The heat 20 of reaction

| iberated in this way thus makes it possible for the heterogeneousl y

catal yz drocarbon deh enatio e __present inv
carr v 1 hEBE R R ERR SBReeRD Shyerliont TRETMRATAER DRt 8R i on,
i nt er medi atl@ Fﬁi‘?%lﬁﬂf’i"ﬁnlﬁfCa%@x?@‘én“e&ﬂ%%?ﬁ@hﬁ?hﬁyeb‘élﬁ%{—‘rtr| ed out
bef ore eachroutay @T¥r tihds puegoseact dimited amounthef amasdcoeptising he
process of mbhecpl£seygenvedtadied @vygre-ocdbli §4s GAthies hetbde ikef ore
each tray fapgstthFRIgH Qﬁeffhsslt tcra%xl L0 ied Whbher KikRdhmeps of the
process f% shgg 8%§rfte%tataE¥§£t a bed of specific oxidation 30 catalyst
e

sui t abl OXI ion o 'S present downst ream of each oxygen

i ntroduction point, followed by a bed of dehydrogenation catalyst. If
necessary, Téxsermalequdiagchydrogan @addgaenbetarebanddtl tihenaepgtien das upstream
of each trand/3b finwededpritgitheadehpiioodeardtiaapestbuafntt he prbowitted

invention thabntti}e 4t Qease &le,! PRsBEBSEMn ia1MeNEAOM AEBAO! THACRRBRII|Y
require 4 %tfr 999&&%3& efXL & "i tmke&%%u@yﬂsﬂ%% h)%'sﬁlﬁfé i{{c& ke

| | t t
ol ot PP EOsine s Ty, FRHALIRE Az Seamsn BERY P AEARR, BE TN Jona

itsel f). TREegeRydiBRatAPRokC tRasaratad outh esgent+ally dasebher®alddheral |y
from 400 to 800C and the pressure is generally fromO0.2 to 10 bar,

pref er abl y rior Ak Cerfibddiménbast aftk Aakbheidd) lintprRéiadd Mnt46diidivnl of0 2
bar . TheZSt %&?beﬁp@&&a\i%liﬂﬁi &é(s cﬁtayg@é é%\éd io%tpgeég‘)%g%ach tray of the
tray reactor. In a further embodiment of the process of the
present invention, oxygen-containing gas is fed in before each
tray apart from the first tray. In a further embodiment of the
process of the present invention, a bed of specific oxidation
30 catalyst suitable for oxidation of H; is present downstream of
each oxygen introduction point, followed by a bed of
dehydrogenation catalyst. If necessary, external molecular
hydrogen can be additionally fed in upstream of each tray.

35 However, it is an important aspect of the present invention that
the process of the present invention does not necessarily require
introduction of external molecular hydrogen (this refers to
molecular hydrogen which is neither a constituent of the
circulating gas recirculated to the reaction zone nor is formed

40 in the reaction zone itself).

The dehydrogenation temperature in the tray reactor is generally

from 400 to 800°C and the pressure is generally from 0.2 to

10 bar, preferably from 0.5 to 4 bar and particularly preferably
45 from 1 to 2 bar. The total space velocity of gas (GHSV) is



10 generalpy 53339 500 to 2000 h-1, and in high-load operation even up to
16 000 h-1, frequently from4000 to 16 000 h-1. The hydrocarbons to be
dehydrogenated in the process of the 5 present invention do not have to be
pure substances. Rather, the hydroca&%on to be dehydrogenated can further
conpri se other dehydrogenatable gases. |In the case of propane, these can
be net handdeNeFRANE TEhy08nEo b‘?fg)p er Pt dReB1IBTWL OPepRBIRINEVeD up
acetyl ene, #®2360P0peht'anésequantiiye fgam 4WPptioslhgddblhedul ar oxygen which is
to be added to the reaction gas before and/or after entry into the
reaction zojf ngdrbELriiniCeespefddhirireGeagila iV enki BRody ot bpe be pure

I I ; 2 ble 1
s n SR S ar ey R B B et
) n e

S. nor as c
oxygen.  CorFEEREREPARISP DongeRHTERARNAR S H7 Jaft RATCEO RSP n AEPSE { o  he
reacti on zoehyidrogheratrtdeegeses - t e theesase ¢h\pEePRDA. cthesisecad brided in
pure form afetdmna, nekliattes eéithylemk wibgrdopenes thwgasiesH beeeiidsg pebpemgeneous| y

catal yzed patdiyakndehyd egepattfies.according to the present invention of at
| east ong, hydrocarbon to be dehydrogenated proceeds with an increase in

vol une, e 25 conversion can be increased by reducing the partial pressure
o e | oo see Cempe ey e e S3vERn Miciobe hemaBet 1, vl

exanpl e, careaftAgnogas thefogehynd oeidtesnertr v itpat o syAnetilen perasdivy e
and/ or by mihe pgocasarnci ridwet pgesentwhinvient Sominan leé thabdvee ipaurei nobebulser t
gases are tdwygengblya deSivudll eith i t3gapeocans ab ¢S mpesemopleventi on.
As menti 9513%5%%@&' eiorfatey Sdid %fabsnzggeamggﬁgceéé RfmpkBginr €SENt

i nvention o;:l fgr exar’g) rogen, steanjy car di oxi de and nhobl e
gases such ¥& 5 *Re®F9A-. Preferred inert 35 diluents are ones which are
changed chemically to an extent of |ess than 5 nold, particularly

pref er abl y ¢aezesphadisiinl Eantolemdiprnbydrepgesf eddbtyextearnalfzntd whe d,
under the reagition zewmndid ithBSppdcddie offf 6b€ SEredfenthénpsmsiont cafnvient i on. Al |

di | uent s20 NRHJPORRIpEAN REMUISEUad M i&tREOCESRat@h (Ren PIRS®NGakNVention 40
either as such or in the formof various m xtures. However, “diluent gases

used can al so be gases whi ch react exothermcally_ wth nolecular oxygen

mor e rapi dl ARk oRetqIRICAERY & b AT EESd IRAR IeAr BER{YHOIEREF AP
hydr ocar bordeserdanget el eyl Pagennt ckhvigagepn eheatgileant berm dwicy OEsReRT iténs.
45 PF 5333%e dehydrogenated proceeds with an increase in volume, the
25 conversion can be increased by reducing the partial pressure of
the reactants. This can be achieved in a simple manner by, for
example, carrying out the dehydrogenation at a subatmospheric
pressure and/or by mixing in an inert gas, which is why the
abovementioned inert gases are thoroughly desirable in the
30 process of the present invention.

As mentioned above, inert gases suitable for the process of the
present invention are, for example, nitrogen, steam, carbon
dioxide and noble gases such as He, Ne or Ar. Preferred inert

35 diluents are ones which are changed chemically to an extent of
less than 5 mol%, particularly preferably less than 3 mol% and
even more preferably less than 1 mol%, under the reaction
conditions of the process of the present invention. All diluents
mentioned can be used in the process of the present invention

40 either as such or in the form of various mixtures. However,
diluent gases used can also be gases which react exothermically
with molecular oxygen more rapidly than does the dehydrogenated
hydrocarbon(s) and/or hydrocarbon(s) to be dehydrogenated under
the given boundary conditions.

45



11 HoweverPFt5h23p9ocess of the present invention can in principle also be

carried out without the presence of inert gases having a diluent effect,

i.e. the process of the present invention can also be a process in which

the reaction gas fed to the reaction §yzone can consist exclusively of the
h

hydr ocar bon_or h dro§ar bons to _be dgbtydro enated., The gas conpri sing
nol ecul ar ori%gé’ whitBh PIXSSEG0E B REESFF nPY o Hiee presHhPPELRGERtF on i s

in these cad bee gar Rigmh|qptawdhgoth e hee BEes@ucpaitth ioert hensesabay 5hd Zone.
However, itdilmntae€bedtndgi.le0 the pressst of nyigntgresentl svdizidd added to
the reacti omdgnpebaf précddie inalheén e reabhfod e%%t iFel tZ AR rkActhés case,
Lhe reacts0pa%aiB¥ohOH: QURLLFSe i) 1Or fexgrﬁj‘g%ﬁro 30p8h QY AREREDARSL © be
dehydr ogenat e ary og% rg% gcul.ar gen ot ecyl ar_  oxygen and_one or
more inert GasEseBYOERIfATedyLL %o‘?ﬂf’?’i SPRG Pl B S &F U LY JE 9EAnYBE hdded
to the 15 }ed@GudnedaCqarding peoehs Prepenheipreaddan invidhttiherecrasrs

bef ore t he fexhdin onlgaslang ehe téactisacipaéh @bncheoreatdign tdome.r eacti on
path in thengwaid, 0Nt ZoAE, a0eePHIhdRd @hkhgrPiasenhvbAVEN, A soPhef erence

I's givenypo,afdy 7g tEQ Eé‘a"ctti%ahaér%%tﬁeofchgafa&%@(eh%é{-‘%et{%' SeUL o XY Ten

to the reaction gas efore It E ters the reaction_ zone. : ﬁs quite
general |y i #°%%e 1Br GBS LAt fB® pF AP HYR 30 FPUP CPEPT L5, SR ageous for
ext ernal nOREEACAL PRY AP W TOE 2BRORR déd PeodeEdrageadt ed ragh #PA%i t her before
t he | atter moltesndatrhexygactoronoiemelar?oxggen adrohgneher react iinerpagésed.n
general, thef atutse, Ofjasdcapit 8L n@xyORGuaddedxfderl kanr pacdddea tgagndefore
it entergst he,dv83nt hoP Z0NGe ProbesedORnbhErdQlA! ingERLI Qf: +hDE
hydr ocar bo%tporbetggh¥g£ olgleona gd éete%.s QF_Aopane "y 30 from 0.%%1 to 0.5
mol / ol , preterabiy fton 0 008%F 0" 0.7 "ol F nbfeC 4 F3PT i Tulk Py g?%ferably
from 0. 05 t¥FaFEoRpPAHDILN Hhe REaFeton 28PPos are preferably enpl oyed for
hi gher propane conversions. According to the present invention, the anount
of nol ecul akccarigentadided presthe imeacition, gosefcrenduald agic@nsky sadindg at ed
so 35 thap wid tusrbhYambint R Bﬁ@tcéﬁﬂﬂs&ﬁ holedN@rhekpsa0aReRMe! ¥
catal yzed dﬁéﬁ’é{ri%gegé‘é'é’%o% grgeem LRk 9{}«9&’ 'J?%’%ﬁ&?rﬁe%s Ia? q9E0gT at ed
al ong the reacthﬁg ath CcO ustlton of no equI,ar d ed.. Tn particul ar
a

roger.,

embodi ment s7*1%t& {1 e PEPERS B P T FTRIEFERHE dfm’ﬁﬂrtg%%‘l art A¥drogen with
mol ecul ar o3GNpaYraggAval 5F AFtBenal deal@culpanhydragesste kg addedhsatthequired
for the dehgartdgengas omeidfherhbebyxk ater hehteAcoaretisnghd ardave ipn esent

i nventiops hdr ia3oRdvVent ageRUSohopathe total anount of inert gas required
(excluding inert gas formed in 45 the reaction zone by chem cal reaction)

i kewi .
ew se tolﬁnaé%%gg ,téhe amount of molecular oxygen added to the reaction

gas before it enters the reaction zone is, based on the total
amount of the hydrocarbon to be dehydrogenated (e.g. propane),

30 from 0.001 to 0.5 mol/mol, preferably from 0.005 to 0.2 mol/mol
and particularly preferably from 0.05 to 0.2 mol/mol. The higher
ratios are preferably employed for higher propane conversions.
According to the present invention, the amount of molecular
oxygen added to the reaction gas is advantageously calculated so

35 that virtually all the heat required for the hetercgeneocusly
catalyzed dehydrogenation of the hydrocarbon or hydrocarbons is
generated along the reaction path by combustion of molecular
hydrogen. In particular embodiments, the heat generated by
combustion of molecular hydrogen with molecular oxygen can also

40 be greater than or less than the heat required for the
dehydrogenation of the hydrocarbon.

According to the present invention, it is advantagecus for the
total amount of inert gas required (excluding inert gas formed in

45 the reaction zone by chemical reaction) likewise to be added to
the reaction gas before it enters the reaction zone, i.e. no



the reacti ®@F $B333:fore it enters the reaction zone, i.e. no PF 53339 12

I nternmedi ate introduction of inert gas is carried out according to the
present invention. Steamis advantageously used as inert diluent gas or at
Jeast 5 part thereof in the process OE the present invention. Apart from
its diluent, action, steamhas the furfiher advantage that it generally
reduces carll%ﬁrﬂﬁﬁb%ﬁet JB5RO H‘étjc%{’c QydPSTUsEP it Ereriqst quésaceHTing
present i nkenthenpresaide inMentietam normal ly reacts with such carbon
deposits according to the principle of the water 10 gas reaction. It is

i fevvldset prsQfeg{chr ) @&Fd?ftdlgéguéfy td%%dpﬁtgsﬂiﬁrﬂ AN ¢REALydLbr tae 1éust61;r mi‘dlt atg
i ntroduc c n o be
added to & Ad eﬁéle‘?‘f? 4D EeCRiddazs B end Hresthe Lo TR afled B8R D

reaction zdné. ‘éer?fataic518f" SR8 Flﬁ"é Ea PAP e AR bcHr bons to be

dehydr ogen&e8grahlY tHRHUCeEcER PPy 48 PBEL BT 1) tthencetalydte neadt imrkheone is
therefore pyemesal¢f Hhreoprésémt lihvention) ,sinceqtbat $yedn oorflally aebidts

mol / mol  ard thr shek afnbohr agpds ik & Qcéoﬁ@iﬁdﬂﬂo tR0 S e pikecroiee Water
oxygen rﬂgL&arsegebg?H}p process of the present invention is nornally added
0

as a consti‘tuent alr, the reaction gas nornmally also contains nol ecul ar
nitrogen as diluent gas before it enters the reaction zone, i.e. the
reaction gd& fadlikevwins PREIEEERY iB6ROFBHRY itP the PFORRs igVerhiopfesent

i nventi on wio intgemstidtey ippnediatisheafh srehmiter bgeramsiednent, didtudoi
gases. A femleUbfoit tdTe speatess W adhedpteIrRNtadiByeatl &t bicé hed dhae

pr oduct :EbascetaéE%nfsjﬁnﬂe%réef@ténct%réo@ﬁe f’!yc‘%'ioﬁoﬂ&{é S%e a{TPA el ar
hydr ogen, vater orhe, 1 Xr Jole or n or rocg on hg

dehydr ogenat gamand a'e Fogenated” (ﬁocarnﬁo or q?yéf 58%‘?‘5%5%‘5 ipg
di vi ded i ntt&et FB2SEARR I‘Jéé‘néefﬁ’rq dé‘nFPEﬁ?S dEnp6artiom 2088 dRethA harefiozet wo
subst r eans degeratly cinom 8dtasl0 meddmpdn freauestifef yamd.ilohozbhaolTmed

recircul at iamd pasfémeaily caoini @0 ads 5embbamoli.n the form of internediate
i ntroducig ons or at the point where the reaction gas enters the reaction

zone.  ACOUBLAILAS ddiel ﬁ?e&ﬁ:&’@v?géh?ﬁd o Ao PBELAIADLY £RL hadaqy!

excl usivel y._at _t I on | O _zone.

The reacti dﬁ“’&&’él??s’e‘-'l f“°F§‘a ilh 2 PBc%s‘”smtf‘r JLFHE“‘ELO" Adgent ?rﬁF@f‘FttllBH

normal |y fea§s|ﬁ96m4¥k¥uaé&et¢e@¢%&ﬂﬁemaieewﬂar NGHECHDR rAS SiduABE 945

addi t i onal befibeenidiexttergothe sradctiont zonkictii.en. thd reaction gas fed to
25 the reaction zone in the process of the present invention will

generally contain steam and nitrogen as inert diluent gases.

& feature of the process of the present invention is that the
product gas taken from the reaction zone, which comprises

30 molecular hydrogen, water vapor, the hydrocarbon or hydrocarbons
to be dehydrogenated and the dehydrogenated hydrocarbon or
hydrocarbons, is divided into two substreams of identical
composition and one of the two substreams is recirculated as
reaction gas to the reaction zone. This recirculation can be

35 carried out either in the form of intermediate introductions or
at the point where the reaction gas enters the reaction zone.
According to the present invention, it is preferably carried out
exclusively at the point where the reaction gas enters the
reaction zone. The reaction gas itself is, in the process of the

40 present invention, normally fed into the reaction zone at only
one point and not via additional intermediate points of
introduction.
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PF 53339 13®F Besx3umof the reaction gas fed to the reaction zone and
recirculated circulating gas fed in at the point where the reaction gas
enters the reaction zone will be referred to as inlet gas in the present
text. 5 The advantageous nature of thﬁ process of the present invention is
attributed to the product gas recircu dted to the reaction zone still

cont ai ni ng T bWl ef thrdrsgehiomrgnsd fadr FAthehseanbien #pigedndl y cat al yzed
partial dehediogehatédirahilehinf fouss 60 ihetopper patinitt whefreether el y

onm tting theaeddohi g4t @ntextetnalreddydongashnd RritthepPraesseafl té s present

invention whike (RSVE! el gssanhi@\wng the advantages of the conbustion of
hydr ogen. - Particalarly when t%e circulating gas recirculated to the

reaction zone is a constituent of the inlet gas, the inlet 15 gas .

conpri ses, THegREVAREAIAONS BRERFMify thROPERIRSH OfyBhe Jiesedt LBVRRUST on

pur poses V\/msclatdoebutmﬁ tootrbe fporivant grpersd ireulekédrialtheoueseticthe

conbust i on et BeiDD|®aitladhihy dicigenl1arebpdiodet EBEmeQudiihgutRé i Ng gas

leads to elHe’Pe?@ éﬂébﬁlthQEQEFibcfr ms'f ai@rg geﬁggﬁarpnwﬁquhléﬁéfém
’%‘-’neu"ﬁo

whi ch d
orrer | of SR Bebf iy, PRCURENR Y othi PEE L A i

ci rcul ati ng*Y§&898R cHit d?rﬁgpfec?ﬁe Cbﬁ' énPr??ﬁfé'-nthHﬁnF’e%‘hl“thé Bn 25 increased
sel ecti vi t ynewvertheldss mghienind Wehpdrageagesedf hjerowrhuseaonTdf s i s

parti cul ar Inydregen whedr ttilra 18y ty adinb@Ret Oi k]l adehy dgogenatiedul St4d apane. A
reason for (3l seal &5t i20nkY ik NEr&ARR it6OM hPenkhah1dh&daydepgar b which

L e Il ror, .,

circul a act

I.on
inert gas i99 PEE QR (PPPOERE EOHPRAREFVRPY %‘%@m FP teziﬁpg‘?f‘ﬁb"

dehydr ogen&ternnasoRpic®and t he conmbusti on of hydrogen. According to the
present invention, it is advantageous to 35 recirculate at |east 10% or 20%

of the proctuﬁ-.t cBRBus @A ofer ohe Ll ecu@aet hfdr e ptOsdhie ineaaki on zone.
However, 54 t.;l EQ%Jfﬁk#ag%%OliéadéC@&feCi'l nh0idd%Ph af erl ORI L \Aﬁé‘ for the

proportion uct t aken omt ere n zone which is

recircul at hggir 8?‘5)%"[1‘1 A F ﬁg i}agntu(? 't HBFR ARTERS ‘25 %0 be not nmore than
90% or 40 gdwrmpdgnanicaldybhBes ke dehidr pFefRtdPNgaRNYNE R FBARE he
reacti on zarthewkhisé identdecal codmiidd oas . cFuxtteaimong, gatse trectimeulztgiaot odn
zone in theipcatessn®igdshacpbesiiyy ton¥RB! pbctAlentibon reetlexapl e, from
20 to 809@(¥hé&EQHE§G%éféde%19f €6(¥H64@o£ﬂaé¥3@ of dehydrogenated
hydrocarbon. This is particularly true when the hydrocarbon to be
dehydrogenated is propane. A reason for this selectivity increase
could be that the hydrocarbon which has already been
dehydrogenated once which is recirculated in the circulating gas
30 to the reaction zone surprisingly acts largely as an inert gas in
respect of the comparatively specific catalytic dehydrogenation
sought and the combustion of hydrogen.

According to the present invention, it is advantageous to

35 recirculate at least 10% or 20% of the product gas taken from the
reaction zone to the reaction zone. However, it is advantageous
according to the present invention for the proportion of the
product gas taken from the reaction zone which is recirculated as
circulating gas to the reaction zone to be not more than 90% or

40 80%, i.e. the substream of the product gas taken from the
reaction zone which is recirculated as circulating gas to the
reaction zone in the process of the present invention amounts to,
for example, from 20 to 80% or from 30 to 70% or from 40 to 60%
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A5 PF 5333PF143389 el se 50% of the product taken off. A proportion of from
50 to 70%is particularly advantageous. If, in the process of the present
i nvention, the reaction gas and 5 the circulating gas are, in a preferred
+sranner, fed into the reaction zone at ,qnly one point so that the inlet gas
contains the total amount of both nolecul ar oxygen and nol ecul ar hydrogen
fed into tIfF Pd56t?PY _%%ﬁé',e PReduRfetAF P het or dy@reBast P #fafyomdbl P&t al
dehydr ogenatd*oisapebr gy adearprageens.i nvention of at 10 | east one

hydr ocarbon to be dehydrogenated can be carried out either

Feacti on gons i St Bues bF s Brabnt PR HRIoRy O PlachiBh S0Cand
pass of t%ghl%nlcgfggg%’%i ﬁ%eaf%'r oll?%ﬁ1 § ﬁ%errree cf't Bn(_Y'Ebngeje, Bi}t?re%rﬁas of
appropri at FSAESLER $G 1 RBLRrONEI"E5SOthat D6 Pl PgancPRt MRS cul ar
hydr ogen i rkhehd&otal eamqypad. of Abeih maleghlap otviggint kyd evalteead pul hygreogesni on i s
preferred ferdndonthd xeaeeiphesand, itheeovérdll hetéhoGeranelyl tat#lyzedar ded
as advant agRe4saacadifirtdehat iHe HR¥aRhgi {Y &ilel PRefOt LG entboy &fEnRli oned
mol ar v aid Cﬁ.e%fstnglag cﬁroc%?iégg r]tcp rb%sﬁ Eycll nq terheatég (I:Q111 ez;[e %%?:‘rg.igd rmlltecUI ar
hydr ogen present I n e 1nle as 1o pe’ 1o or essS, ‘parti Cu ar]
pref er abl y e-t2eg endy .e’fF“flcFi"n]e?' FCERERR2 bed thgt PRE| agggopoe%tr@pge
great er tha&ver: 2hankeartion gpas TORSERNthelly Ggyed gaexathennicakdnt/he
reacti on zdasedsonracimglleapass asf ahectihbét npsgasxthhe threnghdymam c
control of Adaetdonhed@s 0BENROLSE Yo £ AbREYBELIARALhbELe AW HOB8N2E i Q1 j0f the
present 44 e abigR. AN dbeh! Yo Ho1eah 40Ty AMLFOTY CER QselNgblie T ange
from80 to 9Q_rrﬁd qc[se 190 gﬁlr}&,§gasio e reac |%&ﬁgagd can be
achi eved. IVGERBFITY ThEGIBFLY |SPEREITRR TRETAIAD XDBIESFFESY 30 | 1
requi red, taFCOFALRY HadthCaRTBELHy HWENEHODefIdY &hif eaitr dtt AE regar@edon
zone. Wt hast adugnpagaedusulageon@rsiites the hpregeadedsverit idre fpreseant 35

i nvention canvefefpPsmicthosart Fedicd oFORYBESIINT Okyyd® dhedentaiRothe tO be
dehydr oggpafiide( §ad tPMRAIBBE1YF MHDAE) Bfedd@Min hdDifleltOgas ¢O Y@l %i's
achi eved i n.g gl n?%gs p %Srt%uwﬁ reactl Qé‘bﬂgﬁ-zt hrog%h tt}g EﬁaCt | on zone.
40 The choice &f e ‘cdnversion i 553 d, p‘arf’lrc aﬁ", n-The subsequent
use of the IRAVEMBREINE)FBGALL 1] REY 4R YR ORELPRANE A *20RRA WIATEN i s
not recircuihaned0dsotitheupaefingt ggas tekeneframdheonezekieon Thne ¥ oduct

out put can,reécdtcexated eys kéroolaeichqugas, the thermodynamic control of the

25 heterogeneously catalyzed partial dehydrogenation of the present
invention can largely be overcome and conversions in the range
from 80 to 90 mol%, based on a single pass of the reaction gas,
can be achieved. In general, the overall reaction is then
exothermic.

30
If required, the inlet gas can be preheated before it enters the
reaction zone.

Without any particular measures, the process of the present

35 invention can be operated sc that a conversion of the hydrocarbon
to be dehydrogenated (e.g. propane or butane) of from > 5 mol% to
< 70 mol% is achieved in a single pass of the reaction gas
through the reaction zone.

40 The choice of the conversion is based, in particular, on the
subsequent use of the part of the preduct gas taken from the
reaction zone which is not recirculated as circulating gas to the
reaction zone. This product output can, for example, be worked up
in a known manner by separating off constituents other than

45 hydrocarbons present in it, for example by selective absorption
of the hydrocarbons present in an organic solvent, e.g. as
described in DE-A 10 028 582, and/or by rectification, and



I'n a known pRrEB33%y separating off constituents other than 45 hydrocarbons
present in it, for exanple by selective absorption of the hydrocarbons
present in an organic solvent, e.g. as described in DE-A 10 028 582,

and/ or by rectification and PF 53339 5 separating the remaining m xture

of hydrocarbon to. be ehydr o enated and d rogenat ed hydrocarbon in a
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present 1n the r oduct as t ake fromthe reaction zone of the process of

the present HowRYEht | é’c 5SSt e POPSFROIVERSTOM o T eABEBHEnded, for
exanpl e, ifoupded witpp @?GCBEP- rlP?eEaBln‘:DE’-aAt?iBl 1@‘%109@3@@.@1@28 582,
20 DE- A 10 ak@Yo29paxtrialn apfoAid4x ibh8 p5dductBE-ok ¥0th48 fxbtesBEESr 10 206 954,
DE-A 10 15%r@pbiriRf- #1141 at18nb3kodddEsh BO-1301968 aaeud¥s,A 10 160 726. In

these cag@sx ﬂ@&fiﬁéﬁ')ﬁl p%dﬁé@gﬂﬁd%?mgpmﬁ&ﬁ 590 ééls Qf the> Mol %

frequently & rocess of

natio
the 25 pr <k Hrﬁ%%%%te RyaBbEatiin (51, pELads péﬂ o% F BAdeRE Bht LB Coant s
ot her than &1e@ t ?dﬁ?&&rll%‘nZBPerﬂfdrt@GaPﬁ‘a‘Fﬁsst& b&h@ ePRRASHFe ARYRRE YD g.
propane, niebgt-apecpend sobhasabedeneid eReigatpodmogaded efdyy @ravpldorinor 30
hydr ocar bongs-ae3gl6préjenep-n- b1t €36, opEL+S AdutIsNey 3 pres-entloi 028 hes2,
substreayy (¥-ady6t 1 98997 BEULR PB- prlot hgs PspdugE-_gago tajger7Hrom the
reaction zg%etAl QPtQ@S pgsq‘ceﬁﬁ Rflé hl%gpgﬁergE |An§%n;1;l§)n6ﬂn ch "is not

recircul at frorh this substream

i f appropriBt® A 53%696’% éf‘fio'ﬁEzpré’, 1?8 Q/'e e §§e§?‘o‘éﬂfﬁs g5ENVEERIANE A
and eit her athdrpmodutimydds tai xt il meldr ort tre 45 addt Eredgusnklyirabont | s used
as feed for2lomeldf atee sudifdeéerntironktd dehydtogeantieagincarsssofhtles a

het er ogereQi&ls¥nt Cahwvdntzes . 0Xi dati on and/ or anmmoxi dation zone in which the

For this purpose, part or all of the constituents other than the
hydrocarbon or hydrocarbons to be dehydrogenated (e.g. propane,
n-butane or isobutane) and the dehydrogenated hydrocarbon or

30 hydrocarbons (e.g. propene, n-butene or isobutene) present in the
substream (product gas mixture A) of the product gas taken from
the reaction zone in the process of the present invention which
is not recirculated to the reaction zone are separated off from
this substream, if appropriate in a separation zone, to give a

35 product gas mixture A’ and either the product gas mixture A or
the product gas mixture A° is used as feed for one of the
abovementioned downstream reactions such as a heterogeneously
catalyzed oxidation and/or ammoxidation zone in which the
dehydrogenated hydrocarbon or hydrocarbons present is, for

40 example, subjected to partial oxidation and/or ammoxidation by
means of molecular oxygen to form a product mixture B which
comprises as target product at least one partial oxidation and/or
ammoxidation product (e.g. acrylic acid, methacrylic acid,
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dehydr ogen&#red 3B3H ocar bon or hydrocarbons present is, for 40 exanpl e,
subjected to partial oxidation and/or amroxidation by mneans of nolecul ar
oxygen to forma product mixture B which conprises as target product at
.east one partial oxidation and/or ampoxidation product (e.g. acrylic
acid, nmethacryli¢ acid, 45 PF 53339 1 acrolein, acrylonitrile, etc.) of

t he dehydr §§ERAEEH" RAYICRABEHL® 0rf Yy dr BE aftifo iehYapgRRatedohyidrogarbon
subsequent |9F $¥gapaderPnsf.f fromthe product gas 5 mixture B in a work-up
zone C and at |east part of the unreacted hydrocarbon or hydrocarbons to be
dehydr ogenat:edeR’ g86dlict Ast BEbsd RIBHLNY NP PLOAUR o9RSE B LHEeLBoddht gas
recircul %flxgﬁ gogs] tuent, of zaon%eﬁogg clyoulagi {J&ﬁa} ttB ?ue d£A%H on
zone of t eh rolgenay gn ﬂggzess 0 (tihe resent 1 hvention %I_é L3Gce for
10 the readRCEEROT AT LYdEebHPans: £8I b8 | Gr) YEOTRNA Yo SREFEPE yit diEr | e

t he hydr oc&eF8ADRLpg Hr afdugtogas diiedurggBt herregirgulated asndgbostituent of
reacti vedi lausetogdses cilakh iag 0gas) elec @ hp orkets, ivat hane, ofetthene,

15et hyl ene deihgles g4l i@mapReRss ek aPFesdid CRVERR: ANGsPasEHEL iy ecul ar

oxygen. e . e process of the present invention being coupled
in this %Ad/;fth% E_»EQ%@,ﬁéé{ grta%g';eneousl y catal yzed partial oxidation 20 and/or

ammoxi dation of the dehydrogenated hydrocarbon or hydrocarbons, it is
advant ageo'1f05e@PRd Ul Abingidngt Wohl eendred luneemerdsei sheprocess using
an excess diydrotachirartcobggbydrogemasbdveodeattidrewstbi Didramandisal |y required
amount for rehetiexidiflluedt gAY DrsuRNTAEI 8¢ colPEuN®S K méRhhRe | e naRek- Up
zone C 2f letnyeRe ANRNA0RPHRG:ER0E] Catll! ABoLhak, [ oo £30853 Of

nol ecul ar qQxyge esseft | LIy remains int nd cl'rcula %g gas. This
second cir U gf‘l%’é I'éoasecélg%r?g%d"rml ecul ar oxygen can then be enployed as
constituent of the reaction gas for the process of the present invention
as source (@ sheredde ofoltbe3prammsscef tlie topresepketuvent iony heing expripled i n
t he processnothiSevaymditnh héweftigeaBoudly caaRptes mardiacubaidaridren t he
hydr ocarpndy8r PARBRYEL 28R GE Gde BeRYRMMAARE hiErRALLA! oPXI dati on
product - Ohybge bl 098NaL elunta 880D REGDSNSL SR Saly nd of
acrylic acid. g e second circ §§|ng gas onpr|S|n8 Fetl ar oxygen
which is PO/ PELFIIVH JR51PRPTWESS BALIDAE GECERR Df ROIESULRT (MY ISPr esent
i nventi on f§RRREYE clohphiesssohiapeyginatinpeaidsed vatpuad for the
oxidation and/or ammoxidation. The work-up in the work-up zone C
25 is then advantageously carried out so that this excess of
molecular oxygen essentially remains in the second circulating
gas. This second circulating gas comprising molecular oxygen can
then be employed as constituent of the reaction gas for the
process of the present invention as source (preferably sole
30 source) of the molecular oxygen required in the process of the
present invention. This applies particularly when the hydrocarbon
to be dehydrogenated is propane and the partial oxidation product
of the dehydrogenated hydrocarbon propene is acrolein and/or
acrylic acid.
35
If the second circulating gas comprising molecular oxygen which
is recirculated to the reaction zone of the process of the
present invention further comprises CO, oxygen compounds such as
acrolein, acrylic acid, formaldehyde, acetic acid and/or ethylene
40 oxide, these can be oxidized to, for example, C0O; and H;0 by means
of the molecular oxygen either beforehand and/or in this reaction
zone, likewise in the presence of a heterogeneous catalyst. The
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Aacrol ein, @@ryl3zggaci d, fornmal dehyde, acetic acid and/or ethylene 40 oxi de,
t hese can be oxidized to, for exanple, G2 and H20 by neans of the

nol ecul ar oxygen either beforehand and/or in this reaction zone, |ikew se
-.n the presence of a heterogeneous caizl yst. The 45 PF 53339 17 heat of
reaction liberated in this oxidation n |ikew se be enployed for the

pur pose of NRaht Phoraardipeatibanptgds in| this oxddantemanis lakeoist g to the
present i nespieyed fior the Burmset cdnheanmpohhtheegrtoicmsgasf t he present

i nvention to conprise only one catalyst bed in which the catal yst used is

a catal yst 1as; s d8prd F Al fql npl e 4 of
T %3%1.%%:@:-1&{ z%fsilzggoﬁéiﬂ ey 13? to%Eei%‘ Irgsgnt @rﬁgﬂkﬁ %Eﬁ% E:Sl% 099.
10 If thé Focar bor t8 b 8?8 e?l%l E?% dﬁﬁ":"&ﬁﬂjo?hfeo c°mprlse
dehydr ogenaﬂézi PRITGERBBR P%d mnoﬁéh%h %Ir?eﬁaﬂ:ﬁ Yehugedgas aisatalystcan be
conposed ofies¢biked finoRk&0ple 10 E¥anple o [Exeunpte Yas Eakepld romft he
(dehydr ogepatAory 93Faqbiosr zselecbicibéd Cid etbakbiigi Askamp¥ieh usual |y has
t he fol |l owpRgacCpimey hben: 20 0 0 0 1 25 1 30 - 1% by vol une of nethane,
0 - 60% vol ume of H2O, - 1% by vol une of ethane, 0- 1% by vol une of

CA+- hydrocarbon - 1%y vol uneof ethene, 0- 2% by vol une of C02, - 10%by

vol uneof H3fot hezc%)ﬁ?%ara% 6t &2, dehydogapnacPAnbbPINPGPENERA (-het 006 by

vol uneof odehx%mﬁmrzdnby@rroc@@bopr bpapropeneal bhere tthe 10064 byas wdlkbnee
essent i al | gannbé raagposeld) ofi: second circul ati ng gas which conmes fromthe

het er ogeneously catal yzed partial oxidation to acrolein and/or acrylic

acid 15 a) from 50 to 70 % of the product gas taken from the
(dehydrogenation) reaction zone (first circulating gas),

which usually has the following composition:

20 0 - 1% by volume of methane, 0 - 60% by volume of H0,

0 - 1% by volume of ethane, 0 - 1% by volume of
Cs+-hydrocarbon,

0 - 1% by volume of ethene, 0 - 2% by volume of CO,,

1l - 10% by volume of Hj, 0 - 2% by volume of 0y,

25 1 - 20% by volume of propene, 10 - 40% by volume of
propane,

0 - 1% by volume of CO, balance to 100% by
volume: essentially
nitrogen;

30

b)) a second circulating gas which comes from the heterogeneously
catalyzed partial oxidation to acrolein and/or acrylic acid
of the propene present in the part of the product gas taken

35 from the dehydrogenation reaction zone which is not
recirculated directly to the dehydrogenation reaction zone;
this second circulating gas usually has the following

composition:
40 0 - 1% by volume of methane, 0 - 1% by volume of CO,
0 - 5% by volume of H3;0, 0 - 3% by volume of CO,,
0 - 1% by volume of ethene, 0 - 10% by volume of O,
0 - 1% by volume of ethane, 10 - 40% by volume of
propane,
45 0 - 1% by volume of hydrogen, 0 - 1% by volume of

C4+-hydrocarbons,



of the propmeid¥Esent in the part of the product gas taken 35 fromthe
dehydrogenati on reaction zone which is not recirculated directly to the
dehydrogenation reaction zone; this second circulating gas usually has the
«followng conposition: 40 0 - 1% by \-@l ume 0 - 5%by volume 0 - 1% by
volume O - 1% by vol une of net hane, 0- "I%yvol une of CO, of H20O, 0- 3%byvol une
of C02, of et hene, 00 TOIByRGIYRIMST OfoPTQHeRenane, balanmsotey 190% e of
propane, 45 0 - 1% by vol une of hydrogen, 0 - 19bymerolessenvoially

CA+- hydrocarbons, PF 53339 18 0 - 1% by vol une aitfsgpene, bal ance to 100%
by volune: essentially nitrogen; 5 c) fresh propane and fresh steam

I nt roducti on of_f tg ases . nt he reaction zone is not necessary
accordi nggt thferelé%e g%}%aq}en éllqt ?B%fﬁl ®ffle vol ume ratios here are

advant ageously: first circulating gas: second circulating gas: fresh
propane: finggivdyceion oflGugher 1qRs®PG info:the reBetisn Hwmealsveowol une
rati os are rucekeanpl acdidifgled. theherebeherngemeaysly catal yzed
dehydrogenation is preferably carried out essentially autothernmally at

from 4504 t.0 6 nd g. pr re of fr 1 bar. to 3 bar. The space

vel oci tyf%flq’lenléggug%sra%&\?%r ﬁ?ﬁ% %‘e%i‘&?’%%‘[égh% ciuosr}yéat al yst i s advantageously
from2000 to 20 20 000 standard 1/1 of cat. h. The preferred catal yst
geonet ry i sfigstr gdeewatiag A4S a sesegohcorcuXatdma2gand tiresh prepane:a

di anet er offrelsd stess saot+30n: ofof3tom 1 Mo ie-54 mMm 25 The used cat al yst
can be regenerated as described in DE-A 10 028 582. In the case of

br onouncegl 4RAGELYEN Oltme! 9§%§{£Qa%e§%k§gasﬁépg%995elw g repeated a

nunber of tines to effective rest or r.igi nal perfo nce. The
regener at i JIf $8°BF BB UYe © % ?es‘gge YEE%%‘?T@%P?‘OFS? elf?F’ Y Pifteed
mol ecul ar  IRFdPEEERt 1 lppPEtarkermaldyogEntERn $588C vk PSi0Rerandyas. To

pressure of from 1 bar to 3 bar. The space velocity of inlet gas
over the dehydrogenation catalyst is advantageously from 2000 to
20 20 000 standard 1/1 of cat. - h.

The preferred catalyst geometry is extrudates having a length of
from 2 mm to 10 mm and a diameter of the cross section of from
1 mm to 4 mm.
25
The used catalyst can be regenerated as described in
DE-A 10 028 582. In the case of pronounced deactivation, the
regeneration procedure can be repeated a number of times to
effectively restore its original performance. The regeneration
30 procedure comprises a regeneration step using pure molecular
hydrogen or mclecular hydrogen diluted with inert gas. To
restrict the amount of hydrogen required for this regeneration
step, it is advantageous in practice either to circulate the
regeneration hydrogen or, particularly simply, to allow it to
35 remain for a relatively long period over the deactivated
catalyst. As reactor for the dehydrogenation, it is possible to
employ a simple shaft reactor. The partial oxidation can then be
carried ocut as described in the above-cited documents of the
prior art (in particular DE-A 10 311 297 and DE-& 10 028 582).
40 Preference is given to separating off all constituents other than
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rfestrict ther ssgnB89 of hydrogen required for this regeneration step, it is
advant ageous in practice either to circulate the regeneration hydrogen or,
particularly sinply, to allowit to 35 remain for a relatively |ong period
over the deactivated catalyst. As reggtor for the dehydrogenation, it is
possible to enploy a sinple shaft reactor. The partial oxidation can then
be carri e®TOPRNEsARRRGIIGEE EROT HNCABEPBUCH ta5¢ AGELWESths befforaeit prsor art
(in particuised DBr Ath® BIrtidd7omidhtlend 10 028 582). 40 Preference is given
to separating off all constituents other than 45 PF 53339 19 propane and
propene froM tRe BEOCI 3Engdl Ml A RGLA S the rUSGhMAE LG PA L A

oxi datron5 i the process sent 1 nventi regirculation of 5

circul atihg ld:%llf“é Lt’te‘;"&’rs'eé:((,’t F%‘h rzegawg:mg VR u@&?#’écf’a(fﬁtlegy Uhedhs of a
conpr essor 1e5@5t 88 »RLIRIEsERE twptEdopuEdide tiswESaFtiqmizengircul ati on of
gas can be achieved particularly elegantly in a jet punp circul ation
reactor. 1lMcweobra teBLtcdircAAPIdBF Ghe €&t Ao/ skhebvdddaritdcalalpast one

jet  punp (Higdhery f«h%ee ?ﬁﬂﬁ@ﬂ&lﬁ%?&ﬁ@ﬁct@rl et punp). This punp
conprises,a driving nozzle a mxing tube (2), a diffuser (3) and a
suction section (4). The nurrerals in brackets refer to 15 Figure 1. A

driving jetS4%® &xp FRKRAF COMBTERS HihE Rgtelyet hasggharhat &F?{?Fr@’%dﬁfl ein
t he transpaumpdi( Fegeionl shows gesrhemasscasketahuoddapies e )i nThie mwet | on
section so ddmpirisbe gakx i2Angunepziedi(ng,t Hemiticiy @absecd ) 0r dsfeisamn (i3n and

s, Wmle a'iicfnell E@@@M's)écb.%ﬂg( | X@@eWhhife 418 dhi ¥EAKkdR! rekbaANSPOrted
through tube via the diffuser and discharged. In the process of

t he present nven fon, the driving jet is advantageously forned by the
reaction gas to be fed into the 25 reaction zone. Downstream of the

di f fuser, tAhardviagtioh isf exppefrdbdntoj she dyistigedtibel ¥Ho@ugdatheon gas is
fed to t he d:catva,hgst:ozz:]rearlgethé\ suhsposanddfedthieonpr Dhlls tgeg@sakeava ng t he

catal yst chaugedi préisiMe A Yhé éd&l&HCEé@Eh.cﬁﬁ%bl €Rat NEnee@aii th reaction
gas in the ﬂ&bﬂﬂaih@%r@“%éﬁsﬁ d&e‘:qowi‘stétf‘avm Buéﬁfé i%s LQL. 30 gas

m xt ur e. The [ maln er e reactor.

e Lorm » o e ahST T be g, BLAEE 45 1" od arRSY 585 Oy aopot e, o
exanpl e of Hreyepabre “E:’d‘r"l-F‘iggEF%‘? It sPeadifiisesuapdcditihaaoren :F'Ed'éteor | s
shown in Firpepcesg. of ntlE gpueeelt invesmtianertlies dravang hiet dlsl owi ng neani ngs:
advantageously formed by the reaction gas to be fed into the
25 reaction zone. Downstream of the diffuser, the direction of
transport is reversed and the reaction gas is fed to the catalyst
charge. A substream of the product gas leaving the catalyst
charge is drawn in via the suction section, mixed with reaction
gas in the mixing tube and discharged via the diffuser as inlet
30 gas mixture. The remainder of the product gas is conveyed out of
the reactor. The term ”jet pump” used in the present text also
includes ejectors. An example of a suitable configuration of a
jet pump circulation reactor is shown in Figure 2. In Figure 2,
the numerals have the following meanings:
35

—
|

= catalyst bed; 2 = e.g. propane; 3 = e.g. air; 4 = e.g. steam;
product gas; 6 = jet pumps.

|8
Il

This is a jet pump circulation reactor of the type in which the

40 suction section is located on one side of the catalyst charge and
the diffuser is located on the other side. In the case of jet
pumps located in the interior of the reactor, it can be
advantageous to configure the suction section so that it can be
closed off. This can be advantageous for, in particular,

45 regeneration of the catalyst charge. During such a procedure, the
driving jet is formed by regeneration gas while the suction
section is closed. However, it can also be open. It goes without



35 1 = cat #F/H3389l; 2 = e.g. propane; 3 = e.g. air; 4 = e.g. steam 5 =

product gas; 6 = jet punps. This is a jet punp circulation reactor of the
type in which the 40 suction section is |ocated on one side of the

-cat al yst charge and the diffuser is I ggated on the other side. In the case
of jet | ocated in the interior “0f the reactor, it can be

advant ageo YHSchR?? JiPe JERHePYIR (T RUEBE t PO S0 IRhaBUMR CEZRUHRELIRN osed
of f. This c@echeragymmlsgedaslovrted pupaids cilieareadtor ejembeat inmwiicht he
cat al yst charegeatbuystngheamgh &s pfracedtre, the driving jet is formed by
regeneration gas while the suction section is closed. Fbmever it can al so

be open. e 3 S RYPS of
t he jpet pu Cl rcé\% %% Eea‘g]"t{;oc&l %1% B% Q)g%ég{l%Ei E‘F d‘ll e reactor
chanmber i n BASSERT PREEHEHCR §§ta‘&Hd’r°§§aP§ p?%%fé‘r‘frm%l%?mﬂft P‘r@F %ﬂ%]rﬁ&
whi ch may bhasgpeeemppiad theapprrless operaked wisbent yeniaeuilahien ofn

i ncreased aparalenfingidas ab the woaicalipst zomhar ge conpared to a process
operated without recirculation of circulating gas to the reaction zone. 10

Exanpl es; rativ ing up the dehydrogenati on reactor
r eady for@ortg‘gﬁlgglggn dscgmgt)é?gﬁl‘g% e%fmggégg of SnCl12 2 H20 and 7.886 g of

H2Ptd 6 15 6 H20.in 600 m of ethanol was poured over 1000 g of a crushed
Zr02 Si 02 Jri x&®tEingeuP e FPREErSeTIE IRRJT AT ASRER {1 FRETpRiPD of
95:5. The m xed oxide was nmanufactured by Norton (USA). 20 25 The m xed
oxi de had the f®lsbutiden Seqilf.peat g st shype AXZ H30107D3QB86! gtoNG,PLCl

2000160042, sieve EEC{d Vo i Oot | Endl) vEEoielA6he R RV B00ERL Y. pOTe

vol une: 0.28 m/ red b r osinetry). The supernat ant
et hanol was takelﬂls(r)1 EE dfer a éﬁt %H X J;')(%cuum (20 mbar) on a rotary

evaporator at a waterbath tenper ature of 40C. The solid was subsequently
dri ed under st dthec makedfeyides hagua s2xt:/$00C waighsubaeipuexdt By :BalBiened 30
under static aimixed 6804 fwas Rahofuicturkdsbyuloxrorof(UZAYl g of CsNO3r
13.559 gzef KNO3 and 98.33 g of La(N03)3 6 H20in 2500 ml of H20 was then

pour ed over the, %gg ngoé,]gf&e Ta8 tﬁé‘pﬁfﬂﬁm}ﬂ? Y5085, baken off under a

vat er punp vacuum ?f 07%%0% rfctn?'rr}/o.e\é%BE? 6%00{2 51eve ractt:)L%tnh 1.6

t enperat ure

to 2 mm, BET surface area: 86 m?/g, pore volume: 0.28 ml/g
(measured by mercury porosimetry).

25
The supernatant ethanol was taken off under a waterpump
vacuum (20 mbar) on a rotary evaporator at a waterbath
temperature of 40°C. The solid was subsequently dried under
static air for 15 hours at 100°C and subsequently calcined

30 under static air at 560°C for 3 hours. A solution of 7.71 g
of CsNO3, 13.559 g of KNO3 and 98.33 g of La(NO3)3 * 6 H;0 in
2500 ml of H;O was then poured over the dried solid. The
supernatant water was taken off under a waterpump vacuum
{20 mbar) on a rotary evaporator at a water bath temperature

35 of 85°C. The solid was subsequently dried under static air
for 15 hours at 100°C and subsequently calcined under static
air at 560°C for 3 hours.

The catalyst precursor obtained in this way had a composition
40 of Ptg.35ng.6Cs0.5Kp.s5Las.p (weight ratios) on (2rOz)es * (8i0Oz)s
(weight ratio).

A vertical tube reactor (reactor length: 800 mm; wall

thickness: 2 mm; internal diameter: 20 mm; reactor material:
45 internally alonized (i.e. coated with aluminum oxide) steel

tube: heating: electric (furnace from HTM Reetz,

LOBA 1100-28-650-2) on a length of 650 mm in the middle part



35 of 85C. PFRhe5388B9d was subsequently dried under static air for 15 hours
at 100C and subsequently cal ci ned under static air at 560C for 3 hours.
The catal yst precursor obtained in this way had a conposition 40 O

-Pt 0. 3Sn0. 6CsO0. 5K0 5La3 0 (weight raty os) on (Zr02) 95 . (Si02) 5 (weight

ratio Avertlc tuhe re reactor length wal | thickness: 2
nm iZ\ternaI dI%l li tﬁrﬁg t@%cfﬁ?cm'erllegﬁth4%9|trﬂeeFﬁ’éPer/STal oni zed
(i.e. coated vm?@-alﬂ?nf“ﬁun?%@‘fd@)‘ sfethe qafgdyshekdngn thecriddle Parhace
from HTM Reet z, o£ G 1&00tR23H55Me2ruba wdorogt hf DI1GED ofnthe tdmeimiddl e
part PF 53339 2deadort RBLLAHMHIbYRl ahlehd BACWAER seaittiteObphite £ qtliakeyst bed:
75 mm p°§'t'°%ﬁ?£ﬁ%§;cﬂ£@%x¥ft R9dmet & td¥e 4LAG! G pay, u:pgo%e ha‘f‘t lgagt h of

t he tube reactoy enma |n eact o) and bel ow
W th steatite PRI P AeFetalvg SPFR )y " TPABIET AT el mhro% e
supported at theAtaystoRFefEWarhtysiedest) was charged with 20 m of the
cat al yst precursor obtained. The reaction tube was subsequently supplied

with 9.3 standarge rkact/ibnofulyy daggeiibiafued@ 1y SubEsiedl wathex!2rgtahduad |
through an ch ogt Lt ?%?We%*’?a@b”ﬁ;%% e CLeam of
era sét gi‘g ? tl%%rﬁ'ew%lngv\a?qe 58-5@(‘[ 3tb g8 ?: 0| y

hydr ogen was su 5 saie

tent T
by 23.6 standar®d &Y é“i% ‘Q‘ﬁcé‘aﬁf‘cb‘ilfs’i*s‘ﬁaﬁglﬁ?r%cﬁ%sbﬁ BRTMHESf nitrogen
and 20% by vol pagsest) aEhef%iFr%\ @if nhydeogerd wehesuigequenitdB nt¢rlaced: r aam
of pure air forti® sameutwedl tWnderamarej afivstdytbe ¥ald sthedpet at/iv €f an

i denti calisst r eagt ffanNEovass PASS E BLE OpP Ry d1RRe éﬁaqcitqro kar ad® Jonwles and
the catal yst Waéoidxﬁéa' leYak dfﬁie%OZQlﬁﬁﬁi@édé‘ﬁﬁ REE S fan ﬁ;ﬁ&ﬂé&ﬂ SQr%éulﬂ of

hydrogen for 30__m nutes. conc actly, ian o at al yst

precursor. 2. Cobpal& AV ﬁapol g‘lfug% A"{fg‘ﬁﬁdf" R whi ch had
been nade readyt9MReragyELat #oideRtdeadt s HERUREN2 FaswRESERHHNTOY IRt tithe
sane tenperat ureassirt ifny (5000Qusek| arénper gaspbydased danably tredyasdbei ng
passed tRoough igadinvibyhmaains xdfure 306t 28datdandar af Aydi/dgeal £6r wate propane

and 20 g/h of V\ﬁizﬁfte\éapQﬁlésccfrﬁﬁ%Bbgnthgaa%tﬂ;ggl&'iQﬁet@l'éOEQ-@@l))@eS met ered
by nmeans of a naeculjs%\g regul ator from Brooks, while the water was

initially

2. Comparative Example 1

25
A dehydrogenation reactor which had been made ready for
operation as described under 1. was supplied at the same
temperature setting (500°C wall temperature based on inert
gas being passed through it) with a mixture of 20 standard

30 1/h of crude propane and 20 g/h of water vapor as reaction
gas. The crude propane was metered by means of a mass flow
regulator from Brooks, while the water was initially
introduced in liquid form into a vaporizer by means of an
HPLC pump 420 from Kontron, vaporized in the vaporizer and

35 then mixed with the crude propane. The temperature of the
reaction gas was 150°C.

The outlet pressure of the reactor was set to 1.5 bar
absolute by means of a pressure regulator (from REKO) located
40 at the reactor ocutlet.

The product gas which had been depressurized to atmospheric
pressure downstream of the pressure requlator was cooled,
resulting in the water vapor present condensing out. The

45 remaining uncondensed gas was analyzed by GC (HP 6890 with
Chem-Station, detectors: FID, WLD, separation columns:



introduced pm 9338 d forminto a vaporizer by means of an HPLC punp 420
from Kontron, vaporized in the vaporizer and 35 then m xed with the crude
propane. The tenperature of the reaction gas was 150C. The outlet pressure
.of the reactor was set to 1.5 bar ab§2I ute by neans of a pressure
regulator (from REK}D | ocated 40 at e reactar outlet. The groduct, gas
whi ch had been *déPt é@lﬂFEEﬂ“QQ?kdtfnﬁéﬁh‘é’F% 104PebSRel @dunsTredifast iPhe
pressure regul f@6r vaRsaksolaadlyzedsil mnngnahoads Wasbiovapor present
condensi ng out. The 45 renai ni ng uncondensed gas was anal yzed by GC (HP

6890 with ChemyBfiatioseldietepbPis tifel PesWidty SQRAGAHT & £ FunBRSon R 53339

22 Al12 KC1 r Ok , n 0 . reactl as was
al so an%zed &ﬁgagggﬁﬁ%rpgggggg&éﬁi oﬂr%gé“l'agggp%]%%%‘)gwb{g? O'olrut%% :ffllig&f%sgul ts
achi eved as a ﬁfﬁcpf‘?ﬁl ot ér%’hegﬁ'rré“(?f' P rAUaH. °F—|e‘?’£t';ert Y8PBEr cent by
vol ume fi gur es PrgpenhI&ay d3fredeydedyds allecagafe ampunt of water vapor
present was disregarded in all cases. Table 1 10 15 20 25 Reaction gas
Product gasrabakter Product gas (after % by volunmel h) 9 h) by vol ume% by
vol ume FRygppane99. 9964. 2562. 81 Propenel. 009616. 6116. 49 H2018. 7420. 33 02000

N200. 0680. (65 Met haRe8O: 3H0@a833 :Etdsrhnﬁog@@l?&%ofl@ao&mr@m.(@ﬂ@r015
CO00. 0190. (14 CO200.¥8290ve2dmdhese val uksh)correspondl to a prépape
conversion|based oph a single pass of bhevalewmeti on ¢gas of % 20y 8alwid and 3
sel ectiVvitYpPhpane 99.99 64.25 62.81
15 Propene 0.0096 l6.61 16.49
H, 0 18.74 20.33
03 0 0 0
N2 0 0.068 0.065
Methane 0 0.040 0.033
20 MEthane 0.0017 0.118 0.108
Ethene 0 0.019 0.019
co 0 0.019 0.014
CO» 0 0.129 0.124
25

These values correspond to a propane conversion based on a single
pass of the reaction gas of 20.8 mol% and a selectivity of
propene formation of 99.1 mol%.

30 Comparative Example 2
The boundary conditions of Comparative Example 1 were maintained,
but an additional 7.5 standard 1/h of air were added to the
reaction gas and the experiment was subsequently continued. The
space velocity of propane through the catalyst bed corresponded

35 to that in Comparative Example 1. Table 2 below reports the
results achieved as a function of the time of operation (time
from the change to the new reaction conditions). The % by volume
figures are once again based on “dry” gas.

40

45



propene forrmts3dBHOf 99.1 nol % 30 Conparative Exanple 2 The boundary
condi tions of Conparative Exanple 1 were maintained, but an additional 7.5
standard 1/h of air were added to the reaction gas and the experinment was
subsequently continued. The space vebgcity of propane through the catalyst
bed corres onied 35 to that in Conparative Exanple 1. Table 2 bel ow reports
the resul t<$Pa€hfeved as a function of the time of operation (tinme from

t he change to—tteTew o eondit s I Hhe—%rby—vortre—Hegures—are
once agai n|based oniﬁ?ﬁﬁ%ﬁ? 40blﬁ%d’“f’%3§% 335 o &P cggg % R or
gas Productl gas (after “Pro uct gas (%fhgr /fu% vol uge3 h) h loé)mgy

vol ume% hy ol une P b1

2 16465 434 Wnppnpﬂ nh714 A
H2017. 5617 |8T¥°p2=E 3400 'N22%. 501P. 2818. 945 M&t hane00. 160. 24  46.49
Et hane0. 00120088k 22 Etoheng00. 0p0. 07 COuP, 4H0. 16 COP02. 772 8fy lgynpari son

wi th Tabl et }i‘iuvv's tirat—the—presence—of—atHpspher+ec—oxygen 7csc'lts Beti n
an increasé¢_in2CO [formafion a in 20 }ﬂtﬂreased folmation of’ cracking

products (et Hf&ne, | et hane34and t hene). Bbth reduce|the selectdvity of
propene f@fMALEON. | Te 211 dpT €T Mas, Dasgql 791 a ST NYIE pass OigIgiE reactrgn
gas and a ﬁrc aRe-coRv-e-S+oh . - ' : 9
Exanpl e Th¢"660#RR&uy conditions| of Conp&rdfi ve Exampl e 2 wer &R nt ai ned,
but 422 1/ exhanke| protiuetlagas whi ch had.been cool ed to 150Coweee

Ethene 0 0.05 0.07
15 CoO 0 0.16 0.16
Co; 0 2.77 2.81

Comparison with Table 1 shows that the presence of atmospheric
oxygen results both in an increase in COy; formation and in

20 increased formation of cracking products (methane, ethane and
ethene). Both reduce the selectivity of propene formation. The
latter was, based on a single pass of the reaction gas and a
propane conversion of 24.6 mol%, determined as 91.4 mols.

25 Example

The boundary conditions of Comparative Example 2 were maintained,
but 422 1/h of the product gas which had been cooled to 150°C were
recirculated to the inlet of the reactor (by means of a diaphragm

30 compressor from KNF Neuberger, P =~ 1.5 bar) and mixed there with
the reaction gas as described in Comparative Example 2 to form
the inlet gas fed to the catalyst bed. The amount of circulated
gas was set by means of an orifice plate measurement
(from Rosemount, orifice diameter: 1.3 mm) coupled with the

35 membrane compressor. To avoid condensation of water, the membrane
compressor, the orifice plate measurement and the circulating gas
lines were heated to 150°C by means of heating tapes. The space
velocity of propane was kept the same as in Comparative Example
2. The part of the product gas which was not recirculated to the

40 reaction zone was analyzed as described. Table 3 below reports
the results achieved as a function of the time of operation (time
from change to the new reaction conditions). The volume % figures
are once again based on "dry” gas.

45



recircul at e tgg33®. inlet of the reactor (by neans of a di aphragm 30

conpr essor

reaction gas as described in Conparative Exanple 2 to form
.fed to the catal yst bed. The anobunt o
ate_neasurenent (from RoSénount,
Plfe335 nenbrane conpressor

an orifice
coupled wt

from KNF Neuber ger

%

P 1.5 bar) and m xed there with
the inlet gas
circulated gas was set by neans of
orifice dianeter:

t he

1.3 )

To avoid condensation of mater

t he nenbr ape COoP t+-he—ot At ctat
gas |ines|were he£ éiaﬁ bﬁ%ﬁ%@?éﬁﬂshéa??%ﬁ “c?ﬁﬁ E g%§§er

vel ocity off propang s | npara |ve 2. The
part of t$= product gas mh|rh S n01 ?%Rﬁarpd Q th ﬁ FFHA¥IOH_JF

was anal yz4

@ranam@‘&cﬁ b4 08Tabl @

3 beloﬁﬁFéborts

t

ne resul 3-3¢hi eved

functi on of

PEBBeRa € OTo Oty at 1 ¢

n (tlnel3rg@n1chang

a)

=

to thelaegqreactlor

condi ti ons Hre—rpoe—o-H-gurqs—are ofee aga-—bpsed—on "“}9 gas
53339 24 TabIJQB 5110 159 nlet _das Produtt’®gas (aftér Produé? éas (after
by vol une3th) @0 h} % bg.96l une% by vol une Propane78. 0860. 1557. 97
Pr opene (73 101451 —366.{94 025. 0O NZ2T. 55p0 7319
thﬁanegﬂ?( A nfhanégggﬁhon 120 13 n?QQZ%vn 120 011 COno z?ﬁQ%O
CO200. 370. 3¥ethapmli son I Tabld 3 with ol e 2 shopws that dpHation wit
recirculatlcntnahegas a@COOdBng tlo the pmﬁ&Qnt inven I on 20 SLARr esses t h
i !’lCI’ ease if enlew et u1bﬁ m—Cort Pt ot vv::q L_llédllpl 2 catsec ud' crehttom——c
air and the 1arnatilon of crackidg produc (et hane et hane a id et hene)
a | evel ,1dasedn propend forned, 0.01 0.02

CO> 0 0.37 0.36

35

40

45

Comparison of Table 3 with Table 2 shows that operation with
recirculation of gas according to the present invention

20 suppresses the increase in COyx formation in Comparative Example 2
caused by addition of air and the formation of cracking products
(methane, ethane and ethene) to a level, based on propene formed,
which corresponds almost to that in Comparative Example 1 which
was carried ocut with exclusion of oxygen. This displays an

25 increase in selectivity of propene formation compared to
Comparative Example 2. Furthermore, the numerical values for the
hydrogen content compared to Table 2 show that the recirculated
hydrogen has largely been oxidized selectively by the atmospheric
oxygen. Based on a single pass of the inlet gas, the selectivity
30 of propene formation was 98.0 mol% at a propane conversion of

20.3 mol%.
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Whi ch correepd@833%l nost to that in Conparative Exanple 1 which was
carried out with exclusion of oxygen. This displays an 25 increase in
selectivity of propene formation conpared to Conparative Exanple 2.
‘Furthernore, the numerical values for,the hydrogen content conpared to
Table 2 show that the recirculated hydrogen has |argely been oxidized

sel ectively by the atnospheric oxygen. Based on a single pass of the inlet
gas, the sdi%e&dp¥Pty 30 of propene formation was 98.0 nold at a propane
conversion of 20.3 mol % 35 40 45 PF 53339 25 we claim 1. A process for

t he conti nuous heirecegenesishg eshed pizrG 5eﬁaf¢4eaieodgmydé@@a®&bhon of at
| east ones hydr%%figm &&ﬁﬁog@ﬁQY%PQﬁE‘%ttegehé‘t tdhe ﬂg&:&@m B ¥hich a

reacti on gas caq ISI n eas% one é’ %gar bon L0 dehydrogenated is
fed continuously 3 reacetl on z WHi5h gas in the reaction
zone is conveyed over at | east one fixed cat aI yst bed over which nol ecul ar
hydrogen and at— | edstresatior gad cgepbitthpdr deasbomeahgdréoarhah by be
catal ytic (parti al Jdetighydgegaieat iienfed cattineasslpns @aseactivn Long,

nmol ecul agg oxygen is added to the reacti on gas before and/or after entry

into the reaction %”‘f- 3 E‘Pé“x%rac@l‘x efhdd ﬂsh‘éoﬁ dd %%EO
SRR D S e S LT

oxi di zes part of t sen rht on gas

wat er vapor, and a 5 | 8¥eT af df“8 %‘h“ Rat er vapor,
25 the dehydr ogenatlé’dlrﬁyﬁﬁo%‘ﬁif Fén 1815‘51213,‘?5}%@&%6?1%9%6%éyﬂma@@&ﬂbéﬁe or
hydr ocarbons to be fideimpdr bgerrttadgtis (pksnialfr dehydmogepationn zone, wherein
the prodist gas taken fromthe reaction zone is 30 divided into two

substreans of '—dentdtCQtaaSQers'gta'sOEoﬂﬁPlﬁ mgfl.eélbfaxt \UQyéHPSH eRifed £o
recircul ated as ci I‘(H.é| @Eggtﬁ?rﬁgta% bEPS"rJ eaq,’l% ?n é‘g@fﬁ Q%A)Ct%ses as

claimed in claim1, xed cata S 1s made up
of dehydrogenation r@&?&ll%tzso%nprl si ng from 10 to 99. 9% by wei ght of
zi rconi um di oxi de,

20 - the molecular oxygen in the reaction zone oxidizes part

of the molecular hydrogen present in the reaction gas to
water vapor, and

— a product gas comprising molecular hydrogen, water vapor,
25 the dehydrogenated hydrocarbon or hydrocarbons and the
hydrocarbon or hydrocarbons to be dehydrogenated is taken
from the reaction zone,

wherein the product gas taken from the reaction zone is

30 divided into two substreams of identical composition and one
of the two substreams is recirculated as circulated gas to
the reaction zone.

2. A process as claimed in claim 1, wherein the fixed catalyst

35 bed or beds is made up of dehydrogenation catalysts
comprising from 10 to 99.9% by weight of zirconium dioxide,
from 0 to 60% by weight of aluminum oxide, silicon dioxide
and/or titanium dioxide and from 0.1 to 10% by weight of at
least one element of main group I or II, an element of

40 transition group III, an element of transition group VIII of
the Periodic Table of the Elements, lanthanum and/or tin,
with the proviso that the percentages by weight add up to
100% by weight.

45
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fromO to ERoHI3IIRI ght of al um num oxi de, silicon dioxide and/or titanium
dioxide and fromO0.1 to 10% by wei ght of at |east one el enment of main
group | or Il, an elenent of 40 transition group Ill, an el enent of
‘transition group VIl of the Periodi gglabl e of the El enents, |anthanum

and/ or tin,3 vvi&h che grovi sjl%ith t.thej(i%er ent ages b Mi%t% add up to
100% by weight .” 451757 200 F W88 FER 03™3. 950> MhFrepR fgxsd 3. A
process as cl aifA@lYatcPed (forpsises G aish exkrydates apfipy siathdst

conpri ses cat alsigigsext rudat es and/or catalyst rings. 5 4. A process as
claimed in any of clains 1 to 3, wherein the hydrocarbon to be

dfhydroge?azr.id A $ridenansgs ajlcyi%dbyﬁaa}?y 02 cPaPhOGeRS 32 &:}A@Jer{%dthe any of
cl ai ms o 4, s Qnpr L sing nol écular -oxygen is
added to the 1 reggth?gﬁﬁgtas%%xéfeﬁglr\/c%ae?/’a%ggvg%se Rﬁo%eaﬁ ef?d tcffebr”é"éc?l‘on
zone. 6. A process as clained in any of clainms 1 to 5, wherein air is
added as at?{ edstProfesgads chiredi By any efurdeimxylgdn. 415vkreAnpabcess as

clai ned i n any lafas¢l ahesgds tcwmpr iniey etaleapaat ofygem theadded Woathag gas no

further gas CoMfyactiBg §Bd aGid1akivayddRRel St ididadUERE FdHdibhez68aCt 1 ONn
zone. 8. A process as clainmed in any of clains 1 to 7, wherein the 20

reaction 9as feig 1o t he rea(‘lti.ondzone cont ai Ts.water vapor. 9.. A grocess as
claimed in &ny bFEFEFRE2Y TG Bk rEh °Ehgt el dt FBant of " Hifd "pPoltY gas
t aken from t he 3856t PBn2Y MRASTWAPRHIFS GOBPT LB Lititeed-egY 1T rXHIeNi-ng gas to
the reaction zone 25 anounts to from 20 to 80% of the product gas taken

of f. 10.18\ procegsocasss| as nldimeday axfy olfabD®irds t10 9, s Wheticidint Bpart
substream of the-dar @ECEiAAS Ahghga$ MPEureRés GHALBRPASsifd Modkahifg gas
to the reacti Orhﬁ%@?*‘s's'5“5?9’95532{%;,%#%93%%?%%;%%%tZ°9 _the conponent s

present therein-oth than the ydrocarbon or hydrocarbons
have been separated off, used for the partial oxidation and/or
anoxi dat i orf of % FEogeRyRdFeirdmed By A &tbekaims 11 to A, prhriedd 4Becl ai ned
in any o20cl ai neatttionl@as vileek ébnthéereacgdoti songasntaitherat@anpapses an
added second circulating gas which conprises the hydrocarbon or
hydrocarbong, t g hgocdghysd QaenAEad; ANkhCQFE8 15 [N 12 £BaBT | Ple XihndRhé ON
and/or  amoxi daf o0 @f, t 8¢ ENYIra9enaled YL OFAPWe 20action zone
which is recirculated as circulating gas to the reaction zone
25 amounts to from 20 to 80% of the product gas taken off.

10. A process as claimed in any of claims 1 to 9, wherein the
substream of the product gas which is not recirculated as
circulating gas to the reaction zone is, if appropriate after

30 part of the components present therein other than the
dehydrogenated hydrocarbon or hydrocarbons have been
separated off, used for the partial oxidation and/or
amoxidation of the dehydrogenated hydrocarbon.

35 11. A process as claimed in any of claims 1 to 10, wherein the
reaction gas further comprises an added second circulating
gas which comprises the hydrocarbon or hydrocarbons to be
dehydrogenated and comes from a partial oxidation and/or
amoxidation of the dehydrogenated hydrocarbon.

40

12. A process as claimed in any of claims 1 to 11, wherein the
second circulating gas which comes from the partial oxidation
and/or amoxidation of the dehydrogenated hydrocarbon and is
recirculated to the reaction zone is the only gas comprising

45 molecular oxygen which is added to the reaction zone.



12. A processs5333@ ained in any of clains 1 to 11, wherein the second

circulating gas which cones fromthe partial oxidation and/or anoxidation
of the dehydrogenated hydrocarbon and is recirculated to the reaction zone

‘i-'s the only gas conprising 45 nol ecul oxygen which is added to the

reaction zqne. PF 53339 27 ~13. A process_as cl ai rred I&Fé of claine 1 to

12 carri ed*dut A fTa°9 % 35y ﬁﬁa%W?QHﬂnaﬁpgnofééE?ﬂF 11y gL VPP sing
at | east one cat afyRuMe§ifAPLstion Teggtembl e for the catal ytic
dehydr ogenati on of hydrocarbons to be dehydrogenated and at | east one jet

punp. 10 1342022885035 c#p#bsing at least one catalyst bed which is
5 suitable for the catalytic dehydrogenation of hydrocarbons to
be dehydrogenated and at least one jet pump.
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