11FEBZ200, I Mthod For The Dehydrogenati on O Hydrocarbons 5 The
present invention relates to a process for the heterogeneously catal y#&8 10{*
dehydr ogenati on of dehydrogenat abl e C2- C30- hydrocarbons. Dehydr ogenat ed
hydr ocarbons are required in large quantities as starting materials 10 for
numerous industrial processes. For exanple, dehydrogenated hydrocarbons are
used in the production of detergents, antiknock gasoline and pharmceuti cal
products. Likew se, nunerous plastics are produced by pol ynerization of
~olefins. For exanple, acrylonitrile, acrylic acid or C4 oxo al cohols are
prepared from 15 propyl ene. Propylene is at present -produced

predom nantly by steam cracking or catalytic cracking of suitable

hydr ocar bons or hydrocarbon m xtures such as naphtha. Propylene can al so
be prepared by heterogeneously catalyzed dehydrogenation of 20 propane. To
obt ai n accept abl e- conversions in heterogeneously catal yzed dehydrogenati ons
even on -a-si-ngle pass throuvghthereactor—relatvely—high—reaction

tenperatures generally have to be enpl oyéd. Typi cal reaction tenperatures
for gas-phase 2S dehydrogenatijons are from 0 7POC. In general, one
nol ecul e of hydrogen °§h°%§r[‘]’5§#ﬂ&ﬁﬁhygé?geﬁﬁ?oé'c(g{)lgy%fmﬁgod}?ocar bon. The

dehydr ogenati on of hydrocarbons proceeds endotherm cally. The heat of
dehydr ogenati on necessary for obtaining a desired conversion has to be

introduced 30 into the reaction gas either beforehand and/or during the
course ofThehpresaitalnytition delatesrtoge nerocess . for nthavkateregenaeuslehgainygethat i on

processes, ,the he i_pn i Q&H&f ted outside the reactor
and is i rﬁe%%%%g%l%ﬂ%gdfe%gﬂér%%@%ﬁo&ﬁé géoshﬁromt ﬁg" out si de. However, this
requires conplicated reactor and process 11 FEB 2005 -2 concepts and | eads,

par i cul 35dnyaRieRh @l HGARLEBHOBR rchfirdd BRrdeBRRMUitiagingliésals [ 1 L e
reactor, Feh g s acconpani ed by the risk of I creas%ggg%groduct formation.
Thus 10f orfoerumproas industrial procegseds Forgxampls, deluriragepate @B Sy r anged

i n annul gised GaPtHee BRJdAESE VTNEREREnIsN aBBKARK. gddoting ead! phamymsutidakt ure i s
super heat ed by neans, i N f olefi
products. Likewise, numerous plastics are produced by polymerization of olefins.

For example, acrylonitrile, acrylic acid or Cs oxo alcohols are prepared from

15  propylene. Propylene is at preseut ‘produced predominantly by steam cracking or
catalytic cracking of suitable Hyglrocarbons or hydrocarbon mixtures such as
naphtha.

Propylene can also be prepared by heterogeneously catalyzed dehydrogenation of
20  propane.

To obtain acceptable conversions in heterogeneously catalyzed dehydrogenations
even on a single pass through the reactor, relatively high reaction temperatures
generally have to be employed. Typical reaction temperatures for gas-phase -

25  dehydrogenations are from 300 to 700°C. In general, one molecule of hydrogen is
produced per molecule of hydrocarbon.

The dehydrogenation of hydrocarbons proceeds endothermically. The heat of
dehydrogenation necessary for obtaining a desired conversion has to be introduced
30  into the reaction gas either beforehand and/or during the course of the catalytic
dehydrogenation. In most known dehydrogenation processes, the heat of
dehydrogenation is generated outside the reactor and is introduced into the reaction
gas from the outside. However, this requires complicated reactor and process




5 of heat exchangers on its way fromone catal yst bed to the next catal yst
bed and cools down again during passage through the subsequent rea¢tqrg J§H
achieve high conversions using such a reactor concept, it is necessary
either to increase the nunber of reactors connected in series or to

I ncrease the reactor inlet tenperature of the gas m xture. The resulting
superheating inevitably leads to increased 10 byproduct formation due to
cracki ng reactions. Another known nethpd is to arrange the catalyst bed in
a tube reactor and to generate the heh “of dehydrogenation by burning

combusti bl e gase ide th eactor ,and. introduce it in
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si npl e proge n LS | dheatin
of the reat t%lr% E%S?%R%% %all&%él@ﬂgbeg eﬁ%aﬂ%&ééﬁﬁ@bgf sléeggnﬁode %genat | og
of dehydrdypnah:ablfermartmdnartbmrsckmgtmct@as pnather daewm skt ruScsfsudatuve
reneating flnbdCe! BRGIIPVA 4R aMlth HBRIGANR] O Achtfard GhBO hERCAES Or the
sel ective oxidation o ydrogen and the steamd y rogenatlon Her e,

hydr ogen clehydrogenationd bx: cbumaingc gompugible ases Quisides the dube derasen 88d a nobl e

metal - of Qﬁ@btmc‘éld into&{élﬁ{éf-@'r 'of?ff‘et&hctaf‘dlatﬁeﬁlﬂetmr mﬂi@b rSRkAS Igh f rom the
group consisting o G, ., Sn and

P i.c .oxide support
such as al%ﬁf?fﬁh‘?ﬂ@)@aéeto ST-'T'F@ tﬁfrﬁ’@@%fec%ﬁdls%ts E’SP’V‘?CQ a?l g‘}a‘fi] thsdnistiofpr e
st agessi N ¢F thd pe@fo@tubebvi ng bed. 35 11 FEB 2005 -3 V\D 94/ 29021 describes a
catal yst which conprises a support consisting essentially of a mxed oxide
of magnesi um and al um num My(Al ) O and al so a noble netal of
An alternative is to generate the heat of dehydrogenation directly in the reaction

gas mixture of the dehydrogenation by oxidation of hydrogen formed in the

dehydrogenation or additionally fed in or of hydrocarbons present in the reaction
20  gas mixture by means of oxygen. For this purpose, an oxygen-containing gas and

possibly hydrogen is/are added to the reaction gas mixture either upstream of the

first catalyst bed or upstream of subsequent catalyst beds. The heat of reaction

liberated in the oxidation also prevents high temperature gradients in the reactor at

high conversions. At the same time, a very simple process concept is realized by
25  omission of the indirect heating of the reactor.

US 4 788 371 describes a process for steam dehydrogenation of dehydrogenatable
hydrocarbons in the gas phase combined with oxidative reheating of the
intermediates, with the same catalyst being used for the selective oxidation of

30  hydrogen and the steam dehydrogenation. Here, hydrogen can be introduced as co-
feed. The catalyst used comprises a noble metal of group VIII, an alkali metal and
a further metal selected from the group consisting of B, Ga, In, Ge, Sn and Pb on
an inorganic oxide support such as aluminum oxide. The process can be carried out
in one or more stages in a fixed or moving bed.

35



group VII1, preferably platinum a netal of group IVA, preferably tin, and
possibly an alkali netal, preferably cesium The catalyst is used iqn ffg005
dehydr ogenati on of 5 hydrocarbons, which can be carried out in the
presence of oxygen. US 5 733 518 describes a process for the selective

oxi dation of hydrogen by oxygen in the presence of hydrocarbons such as

n- but ane over a catalyst conprising a phosphate of germanium tin, |ead,
arsenic, antinony or bisnmuth, 10 preferably tin. The conbustion of the
hydrogen generates, in at |east one reaction zone, the heat of reaction

necessary_for the_endotherm c dehydrogenati on. EP-A 0 838 534 describes a
cat al yst e 9021 éﬁW‘ﬁ’Pééc?’@B’rsbégW tSOBIPrISES %F‘Mﬁgﬁom‘?ﬂﬂ“%ﬁﬁs?%&%fyar
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pl ati num gr oup al_ a I e 0 a suppart c risi I p_oxi,de/ zi yconi um
oxi de  an8roRaW ﬁg Péeff"iagg’cﬂﬁtt‘%‘ﬁ{h pe 0?85’%‘?01%%/ relfﬁ%b A PEHRRE of t he
feed streagiafi@li métpe plabiblyognahi Die taalyal sulsed édteaddhlydtogeistioguat i ty of

heat generat ed the. conqustion, reaction of hydrogen and oxygen is equal
to tth ugl‘éfPFayf RS, pehigh c PFef! gy n f&%ﬁﬁ&?ﬁﬁga’&%ﬁ on. 20 WD 96/ 33151

describes a process for the dehydrogenati on of a C2-C5-al kane in the

absence of. 0 ver dehydr ogenation catal yst . r S| , &, Zn
or o ar obfS VTS SHEtEreriher i SR dbote SRraL RIEBPT el

hydr ogen exggena in riheupiebinee nef dydedattmnsesuph as mbithee odveBi 2 ¢atalySb, zn,

Ti, Pb or Te. .The 25 dehydragenat.i h be inte Sl ar

i nt erval s “PHPEVHEA PIBOSPB%%%?%%HH[ gﬂn’r@ ufgg%’ %Q%rgée’%rgtﬂﬂn%ﬁgptg#sr an oxygen
sour ckd UpreferdBly 20 Tdemmbivstion af theohydregamginempten, e ek astronghicastianhe

dehydr oge ' . iaggfc' Q55 tially and the
associ at eg&ééatﬂ% @etsaf gf%rggé{mtsngrgegfggagt Eﬁl{&s‘?{ggp}eﬁ grom?grn H%ﬁ%t her. Catal syts
used for the selective oxidation of hydrogen are oxides of Bi, Sb 30 and

Te and al @_ ' ' ' | Yo ©hi dfeflkahe) 0CeSs in
whi ch a Cg?(é?gﬂ%?%%iagsc(ﬁggﬁgc%i?%g}}esggéﬂe%egver %ﬁg %ﬁgﬁ% tion.caet alyst in

a first simpeticulae isobuigne. iFo0¢ PESEATS Ak OVETRAr 6 SABISHASSE SRYBPTESf xed wi th
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second the dehydrogenation is calculated so that the quantity of heat generated by the
combustion reaction of hydrogen and oxygen is equal to the quantity of heat
required for the dehydrogenation.
20
WO 96/33151 describes a process for the dehydregenation of a C,-Cs-alkane in the
absence of oxygen over a dehydrogenation catalyst comprising Cr, Mo, Ga, Zn or a
group VIII metal with simultaneous oxidation of the resulting hydrogen over a
reducible metal oxide, e.g. an oxide of Bi, In, Sb, Zn, Tl, Pb or Te. The
25  dehydrogenation has to be interrupted at regular intervals in order to reoxidize the
reduced oxide by means of an oxygen source. US 5430 209 describes a
corresponding process in which the dehydrogenation step and the oxidation step
proceed sequentially and the associated catalysts are separated physically from one
another. Catalsyts used for the selective oxidation of hydrogen are oxides of Bi, Sb

30 and Te and also their mixed oxides.

Finally, WO 96/33150 describes a process in which a C;-Cs-alkane is
dehydrogenated over a dehydrogenation catalyst in a first stage, the output gas
from the dehydrogenation stage is mixed with oxygen and, in a second stage,
35 passed over an oxidation catalyst, preferably Bi;Os, so as to selectively oxidize the



stage is again passed over a dehydrogenation catalyst. The catal yst system
used has to meet demanding requirenents in respect of 5 achievabl elalfE8r&ls
conversion, selectivity to formati on of al kenes, nechanical stability,
thermal stability, carbonization behavior, deactivation behavior,
regenerability, stability in the presence of oxygen and insensitivity to
catal yst poisons such as CO, sulfur- and chlorine-containi ng conpounds,

al kynes, etc., and econonmics. 10 The,catal ysts of the prior art do not
nmeet these requirenents, particularly4rn respect of the achievable

conversions and selectivities, operating lives and re erability,, to a
sat i sf act Bydfogsn ggymedstg ‘i"%te’l"sangnﬁbﬁjté’é@ %B"Be{ ﬁ\? %@Eeﬂ?gef?‘?méﬁ? iSS‘?‘F}/ provi de
a processshed istarindRlxdr Qe aaehatogetatiby diwBar.bons which ensures high
conversions, space-time yields and selectivities. W have found that this

object is achieved by a process for the heterogeneously 20 catalyzed
dehydr ogetmas icafalysd HRRnOMused s I vafletO dedandiag Ofequifénéits ipr @spect of

dehydr ogen tabLF Cﬁ{anCSO- hzdrocar b}(‘)?ns in a reaction ga}{% m Xt ure conpri sing
them 5 wi pHUSHaDIE 35@NE LANVERSIQ, SeigEtY1ty o Ay &f 2alkessy PG bei ng
gener at edst@hiliggt lthermal tshdilitgactdrbenigdtivpnm bethavier, nNleattivativat lwhavioeact i on
zone by conbusti.an of . .hydrogen, the hydrocarbaon,or hydrocarb d/ or
carbon i nretgﬁ%erﬁ%"gyerﬁ%b‘ﬂ éfh%%S pﬁ?%ngﬂgﬁ?’%?%iaﬂ% “a%g?‘(‘g\‘/ﬁ%fté’i ‘%{@ngreacti on
gas m xt upéiserzguch ab P, tsoifur-callyodicarieransihiag tpdposadsh akkyoes, lefarandar bons i s
brought into contfact with a Lew s-acid dehydrogenation catal yst which has
essenti al F@P“ﬂg“‘f:ﬁ' onsted acidity. The dehydrogenati on catal yst used
accorlding to the present invention has 3 0 essentially no Bronsted

acidity, ?[EIh 1 i GtV e?% : 1 nd
Br onst ed gg% 1 |ylg§§h)ct}t ﬁ%@%%%ﬁ%‘?\%& %ﬁ%%&%ﬂa _ys%s_éoB ?@E%Fg?r?il%g ( E%taby
adsor pt i onf tie ashievablaconvensivas ang selbetivities opewtig livarand reapaslilitk: al yst

with subgeousit: Rkijchati ve FT-1R-spectronetric determ nation of the
Br onst ed- angcjfﬁHLag\g\#g-specifi c adsorbates. This nethod nmakes use of the fact

that the adsorbed 35 probe nol ecules give different IR spectra depending on
whet hei  t tgY aRbBjeBOMMNHe pese iBVHIDNhAH pednided piced fbeMesiehgdiopenatidin t he

Bronsted 8? nﬁﬁ{rbca%c%so ”wﬁi%ﬁ‘nséLEJresf ah‘ﬁ%ﬁ %o&veﬁslgnsz,oggac_e?time yields and

selectivities.

We have found that this object is achieved by a process for the heterogeneously
20 catalyzed dehydrogenation in one or more reaction zones of one or more
dehydrogenatable C»-Cjp-hydrocarbons in a reaction gas mixture comprising them,
with at least part of the heat of dehydrogenation required being generated directly
in the reaction gas mixture in at least one reaction zone by combustion of
hydrogen, the hydrocarbon or hydrocarbons and/or carbon in the presence of an
25  oxygen-containing gas, wherein the reaction gas mixture comprising the
dehydrogenatable hydrocarbon or hydrocarbons is brought into contact with a
Lewis-acid dehydrogenation catalyst which has essentially no Bronsted acidity.

The dehydrogenation catalyst used according to the present invention has
30  essentially no Bronsted acidity, but a high Lewis acidity. The determination of the
Lewis and Bronsted acidities of the dehydrogenation catalysts is carried out by
adsorption  of pyridine as basic probe molecule on the activated catalyst with
subsequent quantitative FT-IR-spectrometric determination of the Bronsted- and
Lewis-specific adsorbates. This method makes use of the fact that the adsorbed
35  probe molecules give different IR spectra depending on whether they are bound to
a Bronsted center or a Lewis center. At the Bronsted center, proton transfer takes



place to forma local ion pair with the pyridiniumion as cation. The
adsorbed pyridiniumion displays a Bronsted-specific absorption band g 7095
1545 cm' in the IR spectrum At the Lewis center, on the other hand, the
probe nol ecule pyridine is coordinated via its free electron pair on the
ring nitrogen to the electron-deficient 5 center. This results in an IR
spectrumdifferent to that of the Bronsted adsorbate. The Lewis band is
found at 1440 cm 1. Quantitative evaluation of the Bronsted and Lew s
bands enabl es the Bronsted and Lewi s e'nt ers to be determ ned separately.
The band a | sed on th f . Tur.kevi ch Kli n J.
Tur ket chPiacs 10 kB 2 FrepL onh parstigh (RO GATFinivrh s et b Adtionhe
resul ting ﬂirﬁknrﬂeoxbdﬁgﬁn 5 B Brogstedsp é%nﬁ@assb foni and st 1548 ¢ratdn theel s (L) :
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cel | used cbordifdisd viadsufresreletison paia anethe mmtgrm&bgamtoonhe teheetroR@leficienot ype of

Gal l ei _and Sc GaII et al r 1504
Crove)§ - FrRSE ehtes cooss e T8 o oo, Bt sl $Bost fubdpare

| R-trans pa[l“lter[temwbmtbm&‘onmﬂa Bf0Gak 2. Quidnéitative rewaiaaimoradn&the ;Brbmtecband he

w ndows es Ross sur anl.y. e about
1200 - 40 /E“%t"lrjéglﬁhf i gvsse %"Sa‘t"st% &%‘% ‘?Q&%F%‘%P’ded in
the cell lil‘(hd)bandl rassugmnd:ntds basetl lva theWOrk héTerhe510h (§d'rII|I§le625 Eume@mbhaped
sanpl e hold tridge heating (400C). The self- supporting
sanpl e cor%pgherﬁn P@/ [ al 3‘004?9&% nnuI ar double tenplate and screwed into the
heati h§ plate, and the cell lid is screwed onto the cell body. The
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preparation, the catal yst materi I's ground finely in a nortar and

pressed bé?U@éﬁi two stainless steel plates with mca underlays in a film
press at a pressing pressure of 50 kN to give a self-supporting wafer. The
t hi ckness dg‘g &S'S on bhe Antrinsic IR absorption of the material and is
typi cal | y Lewi rand89%m 30 to 100 m Pellets having a dianeter of
about 16 mMBrofiged(B): f rom tiwtsvai®r. 35 1 1 FEB 2005

Control band B+L: 1490 cm’
Physisorbed pyridine: 1596 cm™ (additionally 1440cm™)

The transmission cell used for the measurements is a reconstruction of the
20  prototype of Gallei and Schadow (E. Gallei et al.: Rev. Sci. Instrum. 45 (12), 1504
(1976)). The cell comprises a stainless steel body with parallel IR-transparent
windows made of CaF;. The intrinsic absorption of the windows makes it possible
to measure only in a spectral range of about 1200 - 4000 cm™. A circuit for cooling
or heating fluid is provided in the cell body. In the lid of the cell there is a solid,
25  plate-shaped sample holder with built-in cartridge heating (400°C). The self-
supporting sample compound is laid in an annular double template and screwed
into the heating plate, and the cell lid is screwed onto the cell body. The

measurement cell can be evacuated to 107 — 107 mbar.

30 For sample preparation, the catalyst material is ground finely in a mortar and
pressed between two stainless steel plates with mica underlays in a film press at a
pressing pressure of 50 kN to give a self-supporting wafer. The thickness depends
on the intrinsic IR absorption of the material and is typically in the range from 30
to 100 um. Pellets having a diameter of about 5 mm are cut from the wafer.

35



-6 The activation of the sanple in the neasurenent cell is carried out in
air at 390C. After heating, the cell is evacuated to 10"S - 10-6 nijarfEP 2005
is then cooled to the gas treatnent tenperature of 80C under a high
vacuum 5 The sanple is subsequently treated with gaseous pyridine at a
pressure which can be from10.2 to 3 nbar. Control spectra of the sanple
Wi th adsorbate are recorded until a steady adsorption state has been
established at the gas treatnent pressure concerned. The cell is
subsequent |y evacuated to a high vacuum (10-5 nbar). This renoves

physi sorbates. After acuatjan js conpl ete, adsorbate spectr A 10
etor ded. e A9Yaton ofthe sampls inche meaniremeitissll AR Farer out I finat 3ERsi 1 es of
t Pe Eands @flrtermang,qm <dll &fﬂ{jﬂ:_ﬁ%& om0 b mbalrf. i[attisahcgﬁdsdoilmlioanhe Tg|b$ c kngss

of the sa and a set e rju ressure of pyridine are evaluated in
conpar i SOIE%&FTPQ%?{BP%T%’{%%E#H Idfurf%r H]gp%’a‘ﬁﬁu'é‘?l 1545 cm -1 is discernible (no
Bronsted acidity), the band at 1490 cm' <can al so be enpl oyed for

det er mpni the Lewi s acidity, Th asured absorb e r ed as a
ratio Bo HS RN oSGy ueah BT BiteSls PuRhy B Bl it PR B s (TeD
per m of theifednd$S)to Iinbars iCuptrel bypetra 0 tspemplawitdf adsoebataang| recastiédth has
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cerves. as BatRcrainRspnD e 35 shar Sl ab e M BEEMABONAGELT
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Lewi sl8nd rB¢sded-ed acidities of the dehydrogenation catalysts using the

probe gas pyridine. The dehydrogenati on catal ysts used according to the
present invention generall have no detectable Bronsted aci di ti d;\ e.
4 hi gh

y v
their Bronkk @dermupetheLowisjagd Brppsted eriditiagy thamiensitissaf the hasy!s gh
Lewi s aci gty andhsabeshs obtdifléd wt af pdriisulad@ivigdicggenahé mplat @ldyatset i s
general ly %rﬁﬁ}t.er than 1 ,fQ\U, .Hr ef er abl ég eater than :%AU Ba&i}ti ;};I arly
pr ef er abl yPANEHIE DERGI® 6T Rt i vyt Bhe ook wity 0% abRbeF. dEcor of ng
t o t hespr apelbdnd atViEdsi an' gediatahibte (35 Bearmspud sedisy)s tpplmid @ndi98rnatt i ve
conpositiaon, The support. conpri ses h .resh:stant oxi de or m xed oxi de.
The. denyargpahdBestHR R SEHEHPRERP R EN DL T E B 2005
The measured absorbances are expressed as a ratio to the thickness of the sample
(in integrated extinction units (IEE) per um of thickness). The single-beam
20  spectrum of the sample which has not been treated with pyridine gas (cooled to
80°C) under high vacuum serves as background of the adsorbate spectra. This
completely balances out matrix bands.
1 AU corresponds to one thousand times the measured absorbance (reported in
integrated extinction units IEE) divided by the thickness of the sample (in pm)
25 obtained in the determination of the Lewis and Bronsted acidities of the
dehydrogenation catalysts using the probe gas pyridine.

The dehydrogenation catalysts used according to the present invention generally
have no detectable Bronsted acidity, i.e. their Bronsted acidity is less than 0.1 AU.

30 However, they have a high Lewis acidity. The Lewis acidity of the
dehydrogenation catalysts is generally greater than 1 AU, preferably greater than
3 AU, particularly preferably greater than 6 AU.

The dehydrogenation catalysts used according to the present invention generally
35  comprise a support and an active composition. The support comprises a heat-
resistant oxide or mixed oxide. The dehydrogenation catalyst preferably comprises



-7 a netal oxide selected fromthe group consisting of zirconium dioxide,
zinc oxide, aluminumoxide, silicon dioxide, titanium dioxide, magresfur005
oxi de, | anthanum oxide, cerium oxide and m xtures thereof as support.
Preferred supports are zirconium di oxide and/or silicon dioxide;
particular preference is given to mxtures 5 of zirconium dioxide and
silicon dioxide. The active conposition of the dehydrogenation catal yst
used according to the present invention generally conprises one or nore

el enents of transition group WVIII, prieferably platinumand/or palladi um
particul arl ref.er ahl l.Latinpum In 10.addit.ion, .t he,.dehydr.ogenaji on

cat al yst ééﬁe ’%‘&%?‘HE%%FIP%" 554 s cqﬁﬂsémgpgﬁgﬁ?rgumoc}m n?! 198?5 1 and/ or
I : , p][ ef eﬁﬁﬁliﬁuﬁ%»ﬁ&é,isimcﬁmdi’oﬁtdewﬁm d[buadﬁ,dahgnﬂsme@atdepmmwst may
al so further, conprise one of nore elenents of transitio r ou
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cerium Fizireddivm dideidelahy/dr sitiesmtioxites phmicylat prederefhics is lpdvenco mpixhaes one or
15 nore el enents of,. nain aups LI1.and/or 1V, preferably one or nore

el enent s OEE’F@&’E@B dioxitly ?%LS‘EE%ﬁloéﬁﬁsi sting of boron, gallium silicon,
germanium tin and lead, particularly preferably tin. In a preferred
enbodi nen t he. dehydr ogenat j} on i ri I : el enent
of transi EFFISnacS‘P%ucS%\HOIS {ona?f ﬁ-leeaggﬁ}%iﬁ%gse&a {eiér}rg%? {%f%§ rrug%crll ag‘?%ﬁb@]ﬁ’ aﬂ%n%/ or 11,
at | east opresemt! mwemtiorofenemally goroprses! dore andioos elemeatofitrahgition gsenp el enent

of t ra”Si\ﬁIilog;ﬁ%@gge hia'ti.nhﬂlcM&{iﬁi&%ﬁ?g&ﬂﬁﬂiaﬂgfﬁﬁg%ﬁ?t 1M AER: 100

produce the d ation cata s used accor e present
i nvent® onaddiign the dehpdrogenstiontcatalissé cpr dathes spBIPEFe OR¢ QB &1Q5E Slamaéhi um

Si1icon gfuaitMhrdubt 311 Wl/oFBIN CHiefiRablya PG Chnd6F | (EAI cnean be
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dehydr at i @ansifiod BRoupONIl AfdedAf M Retidides hid Fcahides, préfietibly ldnghauns pr ay
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224. 35

In a preferred embodiment, the dehydrogenation catalyst comprises at least one

20  element of transition group VIII, at least one element of main groups I and/or II, at
least one element of main groups III and/or IV and at least one element of

transition group III including the lanthanides and actinides.

To produce the dehydrogenation catalysts used according to the present invention,

25 it is possible to use precursors of oxides of zirconium, silicon, aluminum, titanium,
magnesium, lanthanum or cerium which can be converted into the oxides by
calcination. These can be produced by known methods, for example by the sol-gel
process, precipitation of salts, dehydration of the corresponding acids, dry mixing,
slurrying or spray drying. For example, to produce a ZrO;.Al;03.5i0; mixed

30 oxide, a water-rich zirconium oxide of the formula ZrO;.xH;O can firstly be
prepared by precipitation of a suitable zirconium-containing precursor. Suitable
precursors of zirconium are, for example, Zr(NO;)s, ZrOCl, or ZrCls. The
precipitation itself is carried out by addition of a base such as NaOH, KOH,
Na;CO; or NH; and is described, for example, in EP-A O 849 224

35



1 F EB 2005 -8 To produce a ZrQ2. Si Q2 m xed oxide, the

zi rconi um cont ai ni ng precursor obtained above can be m xed with a 17 FEB 2005
silicon-containing precursor. Wll-suited precursors of SiQ2 are, for
exanpl e, water-containing sots of Si2 such as LudoxTM The two conponents
can be m xed, for exanple, by sinple nechanical mxing or by spray 5
drying in a spray dryer. To produce a ZrQ2.Si Q2. Al 208 m xed oxi de, the

Si 2. Zr2 powder m xture obtained as gdescrl bed above can be adm xed vvlth
an al um numcontaining precursor. Thi's can be achi eved, for exanple,

si npl e nmeghani 0_kne However the 7r S ZCB
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shaped bogé{mgngagé)%r s of a ramextruder or a screw extruder. The

dehydroge S  used according to the present invention have, in
20 partlcular enbodi nents, a defined pore structure. Wen using nixed
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A further spR&Sitdh By BYmMHing fiRAHGIVIhal pRBGISbE. havi ng specific pore radius
distributions for the dehydrogenation catalysts used according to the

present invention is to add various polyners during production of the
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ol yrer s ST ARE i dall Aiah HecryafiaR® h Bef BHE A JRES pdel BB 1P

si npl 5 me phawise,athe mpovideg noixtury cﬂ;pmm;d o 3dmiged rwith as:;mmat;ntmthbﬂcﬂaﬁ ahe use
f PVP ful f

0 <p%¥aeepx{.m]5°éow&&%%l NP2 si0B2H hay e 1y REaitld Gl Aihitieger Ul Tor

produci ng suppor avin pore I'stribution PVP is
added to ascrew extruder.

The dehydrogenation catalysts used according to the present invention have, in
20  particular embodiments, a defined pore structure. When using mixed oxides, it is
possible to influence the pore structure in a targeted manner. The particle sizes of
the various precursors influence the pore structure. Thus, for example, macropores
can be generated in the microstructure by use of Al;O; having a low loss on
ignition and a defined particle size distribution. In this context, the use of AlO3
25  having a loss on ignition of about 3% (e.g. Puralox®) has been found to be useful.

A further possible way of producing supports having specific pore radius
distributions for the dehydrogenation catalysts used according to the present
invention is to add various polymers during production of the support and

30 subsequently to remove them completely or partly by calcination so as to form
pores in defined pore ranges. Mixing the polymers and the oxide precursors can be
carried out, for example, by simple mechanical mixing or by spray drying in a
spray dryer.

35  The use of PVP (polyvinylpyrrolidone) has been found to be particularly useful for
producing supports having a bimodal pore radius distribution. If PVP is added to



1 1 FEB 2005 -9 one or nore oxide precursors of oxides of the elenents Zr,
Ti, Al or Si in a production step, nmacropores having sizes in the farfgg 005
from200 to 5000 rimare formed after calcination. A further advantage of
the use of PVP is that it nmakes the support easier to shape. Thus,
extrudat es havi ng good nechani cal properties can 5 readily be produced from
freshly precipitated hydrous ZrQ2. xH20 whi ch has previously been dried at
120C when PVP and form c acid are added, even w thout further oxide
precursors. The cal cination of the sugborts for the dehydrogenation

catal ysts used according to 10 the res venti S advantageously
carried o@ne aﬁt'@PfeaBbllde&ﬁ“EFPféfo t‘l’f@ GicP \WF EP? 2&st rfgl S d'ﬁrq ed out
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according to pre ent nvent i £e.supp S 0 e nation
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sur face ar o@sfl BéenCtiad amatzom wheh @ VBEInd founicadd arcenlded revegevithoat | y
greater t /l?fﬁ referably greater than 50 nR2/g, 20 particularly

pr ef er abl Gfé n2/ g. The pore volunme of the dehydrogenation
catal ysts used according to the present invention is usually from 0.2 to

0.6 m/qg, 0.2 f h
dehydr ogerRe A el of S upptts K s dplasniiich BRAQsRRLcy ScBRhElo 1L, e
can beo deheapresﬂﬁdnbgntidg ip adwaitageonsly qasrlefd ouh a’ten‘@pebcaﬁml qfrtbe apdyt v f rom 4
to 15 nm ?glpgﬂéﬁt?%ﬁqgEi:anllgaeogtegtyﬁﬁﬁmgﬁﬁ@%Q@ 0, geést r?ig%&namwl ng to

the presen nvention orera ution__The pores
have si zes700?C,tmt1¢telh@epcqfeqabiy2@0mrﬁﬁﬂam<ﬁﬁ°nctaﬁé IR PAGEUAT 3o 880 ED00 rim

These por ggget! The%iéﬁﬂndﬁa{ewe&@te SIRASd usdfll @E 5th@a.§toasah1 Oke th®! ume of
the dehydrogenation cataly The proport.ion, of I?lé tgll_r__leaesrra | er than 20

urn i s gerachpny tqmpperyure, é’rfgﬁlef ﬁé’f‘h’@@gqnét%@%“ W hydegsnation,

poresy 5N thelyse e ubédiBctflih®tcBePrddsnd invgenaral |y |ikew se from 20 to
60% The dehydrogenation-active conponent, which is usually a netal of

transition
The supports of the dehydrogenation catalysts used according to the present

invention generally have high BET surface areas after calcination. The BET
surface areas are generally greater than 40 mzfg, preferably greater than 50 m’/g,

20 particularly preferably greater than 70 mzfg. The pore volume of the
dehydrogenation catalysts used according to the present invention is usually from
0.2 to 0.6 ml/g, preferably from 0.25 to 0.5 ml/g. The mean pore diameter of the
dehydrogenation catalysts used according to the present invention, which can be
determined by Hg porosimetry, is from 3 to 20 nm, preferably from 4 to 15 nm.

25
Furthermore, the dehydrogenation catalysts used according to the present invention
have a bimodal pore radius distribution. The pores have sizes in the range up to 20
nm and in the range from 40 to 5000 nm. These pores all together make up at least
70% of the total pore volume of the dehydrogenation catalyst. The proportion of

30  pores smaller than 20 nm is generally in the range from 20 to 60%, while the
proportion of pores in the range from 40 to 5000 nm is generally likewise from 20
to 60%.

The dehydrogenation-active component, which is usually a metal of transition
35 group VIII, is generally applied by impregnation with a suitable metal salt

precursor. Instead of impregnation, the dehydrogenation-active component can



35 group VIII, is generally applied by inpregnation with a suitable netal
salt precursor. Instead of inpregnation, the dehydrogenation-active]lFEB 2005
conponent can 1 1 F E B 2005 - 10 also be applied by other nethods, for
exanpl e spraying the nmetal salt precursor onto the support. Suitable netal
salt precursors are, for exanple, the nitrates, acetates and chlorides of
the corresponding netals; conplex anions of the netals used are al so

possi ble. Preference is given to using,platinumas H2PtC 6 or 5 Pt (NO) 2.
Sui t abl e sol vents for t he net al salt ngcursors i ncl ude bot h water and
organic S,qL&p Partic IarI %Pul sol Yents ar e, wat t& | ower al cohol s
such as n{‘ﬂplﬁ PYe? S’hBJr e PTUSRAY %%Ia}élnﬁeql‘élnée gSalt precursor
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dealt wit vel n .t at ent 00 366.
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i's fromOt 5% b(%/ preferably fromO0.05 to 1% by wei ght,

parti cul at“ﬁ?h %Wfromo 05 to 0.5%by weight. 20 The further
conponents of the active conposition can be applied either during
productio t t anr.ecl pi ﬂ;:ﬂﬂ: tsOf siBgequent |y,
for exarrpwgnb lﬂﬁlr%s&g%(z%t{nﬁg &X%B cﬁo?é’n&‘ﬁ%ﬂ aggb?a%(ﬁﬁe prgcurséor conpounds.
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for exanp r oxI carbonat es, Oxal-ates, acetate
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pr ef er abl 9 g and/ or

15
The amount of a noble metal present as dehydrogenation-active component in the
dehydrogenation catalysts used according to the present invention is from 0 to 5%
by weight, preferably from 0.05 to 1% by weight, particularly preferably from 0.05
to 0.5% by weight.

20

The further components of the active composition can be applied either during
production of the support, for example by coprecipitation, or subsequently, for
example by impregnating the support with suitable precursor compounds.
Precursor compounds used are generally compounds which can be converted into

25 the corresponding oxides by calcination. Suitable precursors are, for example,
hydroxides, carbonates, oxalates, acetates, chlorides or mixed hydroxycarbonates
of the corresponding metals.

In advantageous embodiments, the active composition further comprises the
30 following additional components:

- at least one element of main group [ or II, preferably cesium and/or
potassium, in an amount of from 0 to 20% by weight, preferably from 0.1
to 15% by weight, particularly preferably from 0.2 to 10% by weight;

35



potassium in an anount of fromO to 20% by wei ght, preferably fro ?% ﬁo
15% by weight, particularly preferably from0.2 to 10% by wei ght; 215 1EB 2005
FEB 1005 -11 at |east one elenent of transition group Il including the

| ant hani des and actini des, preferably |anthanum and/or cerium in an
anount of fromO to 20% by weight, preferably fromO0.1 to 15% by wei ght,
particularly preferably from0.2 to 10% by weight; 5 - at |east one

el enent of main groups Il and 1V, preferably tin, in an anount of fromO
to 10% by wei ght. The dehydrogenati on dat al yst is preferably hal ogen-free.

10 The dehydrogenation catal yst. can.be used . in. the.formof a fixed bed in
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n-tridecane, n-tetradecane and n-pentadecane. The particularly preferred

hydr ocar bofheifqhﬁar%%grgaﬁion'ﬁ%aﬁ%g},{ Lk l?,gilgﬁ)ggﬁ_gltegon of the invention, the

di scussion "W ent rn particularly preferred case of
propah@ 25 dehydrogenation, but the correspondi ng features apply

anal ogousl ’If[{é &h?&%%%natﬂﬁhéé%ﬁ?ﬁ%ﬁtb%tﬂsgd iy He A6/ RPASHixed! R8N ihereactor
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15
As dehydrogenatable hydrocarbons, it is possible to use paraffins, alkylaromatics,
naphthenes or olefins having from 2 to 30 carbon atoms. The process is
particularly useful for the dehydrogenation of straight-chairi or branched
hydrocarbons having a chain length of from 2 to 15 carbon atoms, preferably from
20 2to S carbon atoms. Examples are ethane, propane, n-butane, isobutane, n-pentane,
isopentane, n-hexane, n-heptane, n-octane, n-nonane, n-decane, n-undecane, n-
dodecane, n-tridecane, n-tetradecane and n-pentadecane. The particularly preferred
hydrocarbon is propane. In the further description of the invention, the discussion
will frequently concern this particularly preferred case of propane
25  dehydrogenation, but the corresponding features apply analogously to other

dehydrogenatable hydrocarbons.

Since the dehydrogenation reaction is accompanied by an increase in volume, the
conversion can be increased by lowering the partial pressure of the reactants. This
30 can be achived in a simple manner by, for example, dehydrogenation under
reduced pressure and/or by mixing in an inert gas. Suitable inert gases are, for
example, nitrogen, steam, carbon dioxide and noble gases such as He, Ne or Ar.
Preference is given to diluents which are inert under the reaction conditions (i.e.
diluents which are changed chemically to an extent of less than 5 mol%, preferably
35 less than 3 mol% and even better less than 1 mol%). A further advantage of
dilution with steam is generally reduced carbonization of the dehydrogenation



reduced pressure and/or by mixing in an inert gas. Suitable inert gases
are, for exanple, nitrogen, steam carbon di oxi de and nobl e gases $Gdt Bas)y
He, Ne or Ar. Preference is given to diluents which are inert under the
reaction conditions (i.e. diluents which are changed chemcally to an
extent of less than 5 nol% preferably 35 Il ess than 3 nol % and even better
|l ess than 1 nol% . A further advantage of dilution with steamis generally
reduced carboni zation of the dehydroggggti on 11 F F B 2005 -12 catal yst
used according to the present inventi and thus an increased operating
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oxygen can also be greater or lesser than the quantity of heat required for the

dehydrogenation of the hydrocarbon. Oxygen can be used either as pure oxygen or

in admixture with inert gases such as CO,, Nz or noble gases. Air is particularly

20 preferred as oxygen-containing gas. As an alternative to molecular oxygen, it is

also possible to use further oxygen-containing gaseous oxidants, for example

dinitrogen oxide or ozone. The inert gases and the resulting combustion gases

generally have an additional diluting effect and thus promote the heterogeneously

ure with

catalyzed dehydrogenation.

25
The hydrogen burnt for heat generation can be the hydrogen formed in the
dehydrogenation or be additional hydrogen added to the reaction gas mixture.

In one embodiment of the invention, no hydrogen is added to the reaction gas
30 mixture and the heat required for dehydrogenation is generated at least partly by
combustion (exothermic reaction) of hydrocarbon and of the hydrogen formed in

the dehydrogenation.

In a further embodiment, additional hydrogen is added to the reaction gas mixture.
35




The hydrogen burnt for heat generation can be the hydrogen fornmed in the
dehydr ogenati on or be additional hydrogen added to the reaction gas??tFEB 200
m xture. In one enbodi nent of the invention, no hydrogen is added to the
reaction gas 30 mixture and the heat required for dehydrogenation is
generated at |least partly by conmbustion (exotherm c reaction) of_
hydr ocar bon and of the hydrogen fornmed in the dehydrogenation. In a
further enbodi nent, additi onal hydrogfg is added to the reaction gas
m xture. 35 11 FEB 2005 -13 The dehydrbgenati on catal yst used according to
the present invention generally 3Iso cataégéfs t he conbustion of

% A%

hydr ocar b&he dshyrregenafign eyt wisd Aegeuding ger Jn¥eTtion: g5eiYaat i on
catal yst dishfcafaBives i BdbibiftionSoNBFREEAbONs! dhdPsf IMRIrpEed with oxggen,ambodi ment
a specific, difflerent oxidation czﬁfgllystfv\hltﬁh selectively 5 gﬁr bfnl zes the
oxi dat i onthst nﬁfﬂ?@éérﬁ”‘fdﬂmﬂﬁé‘:ﬁ@i FERIEM IS8 NeEeFRE G IEHRIFt fon  to
tgg geh?’?bﬂéleé}ﬁbd»diﬂmﬁet aly iﬁ@aa]gffauhtarokwaﬁb@ncmgsﬂ ivglgah _ M@b:tiwgbg is
added. , as in qgne embodi nent, of the.inventij.on, .po additi.onal,. rogen is
added § o FHBoniZEshe;dation ok iydegeen ToF e eAeralion f hea i e ip Bdinbh. " oG |
be gener atethe Righjidtogatatiby chalyepartidulaty whert ddithorcdi bpdropemis addeld.of hydr ogen
formed in the dehydrogenation over the dehydrogenation catal yst. Suitable,
oxygen-insensitive dehydrogenation catalysts which catalyze the conbustion
of hydr oc#f; hoirs oae embbéimenld 0¥ ¢hedmwentidrg aoladditnakchyiireganaisyasiied tthef er ence

s given tQ hy, [ t ' whi ch
conpri se ﬁacg‘g%sgt% ﬁ%ﬂgﬁ’eﬁn%n &gfﬁl@?rago%fg?%t%n%{fgﬁgﬁ%ﬁ% E@%{ %P‘g\g,t one
el eneim ofatalytin gembystion afdiher hydrocaboneand ehehydspganedorad rai Hiegr oups
11 and/o I SR 1 litaBlR. 9% -inkédsitivec! udi ng
t he | ant hgﬁll{%égégglﬁ, %&‘%?fnihggg@ngﬁkm rco%[?g?n&%'é??e g{gr]f 7or?gsh?ll 1in(%or?lt di oxi de as
support. dehydsogenghen ertalygtsewhishicaixze thy aPBERionotyderarps fee Meact i on
gas mt xt ?&E‘m&eodes@ﬁﬁﬁﬁg,egi@aéi?g@aﬁﬂi&%j ;P!ﬂef@ﬁénwrtb_lgﬁ{rérpmo _ dehyaes%e:tmio;n E Ee
amount of hydrogen added to the, reaction gas mxture js su a e
nol ar rat F@aﬁﬁtsl-@f;]@ bet ‘ﬁ@c‘flg"a‘k@[’ﬁw é‘ﬁ’é&‘ ﬁ?%ﬂ“f'eeaﬁ ARSI Ay eq(f?}n%ﬁ t the
addi t1'5)|n kr&niiﬁ@xﬂgﬁbubbeHI,]?eQQem bherelement of aabpypups band/br {Ip ap Bastodrenol |
parti cul ar ef.era r 2 tQ " tistage
react ors, eleﬁ'fegl{ 8EBW%§’Y({“83 ig]cﬁ?d?or{t%? arréagciétg? ‘J’e‘q ithrC E)e%ﬁ%]t? ?gﬁ"‘g%‘tlﬁ‘?&% en and

I including the lanthanides and actinides on zirconium oxide and/or silicon

dioxide as support.

20 Ina preferred embodiment, hydrogen is added to the reaction gas mixture for direct
heat generation by combustion. In general, the amount of hydrogen added to the
reaction gas mixture is such that the molar ratio of Hy/O; in the reaction gas
mixture immediately after the addition is from 0.1 to 200 mol/mol, preferably from
1 to 20 mol/mol, particularly preferably from 2 to 10 mol/mol. In the case of

25  multistage reactors, this applies to each intermediate introduction of hydrogen and

oxygen.

The combustion of hydrogen occurs catalytically. In one embodiment of the
invention, no specific oxidation catalyst different from the dehydrogenation
30  catalyst is used. In a particularly preferred embodiment, the reaction is carried out
in the presence of one or more oxidation catalysts which selectively catalyze the
combustion reaction of hydrogen and oxygen in the presence of hydrocarbons. As
a result, the combustion reaction of hydrocarbons with oxygen to give CO and CO>
proceeds only to a subordinate degree, which has a significant positive effect on
35 the achieved selectivities for the formation of alkenes. The dehydrogenation
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achi eve high space-tine yields which for the dehydrogenation of
A further, preferred catalyst for the catalytic combustion of hydrogen comprises a
noble metal of transition group VIII or L.

20 In heterogeneously catalyzed dehydrogenations of hydrocarbons, small amounts of
high-boiling, high molecular weight organic compounds or carbon are generally
formed over time, and these deposit on the catalyst surface and deactivate the
catalyst as time goes on. The dehydrogenation catalysts used according to the
present invention have a low tendency to suffer from carbonization and have a low

25  deactivation rate.

The dehydrogenation catalysts used according to the present invention make it
possible to achieve high space-time yields which for the dehydrogenation of
propane are above 2 kg of propene/kg of catalyst * h and are thus significantly
30 above the space-time yields of the processes of the prior art. Diluting the reaction
gas mixture with inert gas, increasing the reaction temperature and/or lowering the
reaction pressure enable the thermodynamically possible limiting conversions to be
increased so far that they are significantly above the reaction conversions sought.
In this way, space-time yields of over 6 kg of propene/kg of catalyst * h can be

35 achieved in the presence of the catalysts used according to the present invention.
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that they are significantly above the reaction conversions sought. In this
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about 20% by volume (pure air). Preference is given to carrying out from 2 to 10,

20 particularly preferably from 2 to 5, regeneration steps. In general, the catalyst is
subsequently regenerated further using pure hydrogen or hydrogen diluted with an

inert gas (hydrogen content >1% by volume) under otherwise identical conditions.

All regeneration steps are preferably carried out in the presence of water vapor.

25  The process of the present invention can in principle be carried out in all reactor
types known from the prior art and by all operating procedures known from the
prior art. The additional introduction of oxygen leads to at least part of the heat of
reaction or of the energy required for heating the reaction gas mixture being
supplied by direct combustion and not having to be introduced indirectly via heat

30 exchangers.

A comprehensive description of suitable reactor types and operating procedures is

also given in »Catalytica® Studies Division, Oxidative Dehydrogenation and

Alternative Dehydrogenation Processes, Study Number 4192 OD, 1993, 430
35  Ferguson Drive, Mountain View, California, 94043-5272 U.S.A.".
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bar when using a hi tion (correspon t he steam active
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cylindri Cab (N%%Llugxﬂg E)wss(t)eam dllut%oSn (corresponding to the BASF Linde process) but
also from 3 to 8 bar when using a high steam dilution {(corresponding to the steam
20 active reforming process (STAR process) of Phillips Petroleum Co., cf.
US 4 902 849, US 4 996 387 and US 5 389 342). In general, the product mixture
leaves the reaction tube at a from 50 to 100°C lower temperature. Typical space
velocities over the catalyst in the case of propane are from 500 to 2000 h'. The
catalyst geometry can be, for example, spherical or cylindrical (hollow or solid).
25
The process of the present invention can also be carried out in a moving bed
reactor. For example, the moving catalyst bed can be accommodated in a radial
flow reactor. In this, the catalyst slowly moves from the top downward, while the
reaction gas mixture flows radially. This method of operation is employed, for
30 example, in the UOP-Oleflex dehydrogenation process. Since the reactors are
operated pseudoadiabatically in this process, it is advantageous to employ a
plurality of reactors connected in series (typically up to four reactors). Before or in
each reactor, the inflowing gas mixture is heated to the required reaction
temperature by combustion in the presence of the oxygen fed in. The use of a
35  plurality of reactors makes it possible to avoid large differences in the temperatures
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radial flowreactor. In this, the catalyst slowy noves fromthe top
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process. Since the reactors are operated pseudoadi abatically in this
process, it is advantageous to enpl oy % plurality of reactors connected in
series (typically up to four reactors)1 ‘Before or in each reactor, the
inflowing gas mxture is heated to the re%wred regction ure by
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47 (94111) prefedablpéroanssl wAGC. in the presence of a heterogeneous cat al yst
in a fluidi zed bed, with the hydrocarbon not 15 being diluted. In this
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generally from 550 to 600°C. The heat necessary for the dehydrogenation is
introduced into the reaction system by preheating the dehydrogenation catalyst to
20 the reaction temperature. The use according to the present invention of an oxygen-
containing co-feed makes it possible to omit the preheater and to generate the
necessary heat directly in the reactor system by combustion in the presence of

oxygen.

25 In a particularly preferred embodiment of the process of the present invention, the
dehydrogenation is carried out in a tray reactor. This contains one or more
successive catalyst beds. The number of catalyst beds can be from 1 to 20,
advantageously from 2 to 8, in particular from 4 to 6. The reaction gas preferably
flows radially or axially through the catalyst beds. In general, such a tray reactor is

30 operated using a fixed catalyst bed.

In the simplest case, the fixed catalyst beds are arranged axially or in the annular
gaps of concentric, upright mesh cylinders in a shaft furnace reactor. One shaft
furnace reactor corresponds to one tray. It is possible for the process of the present
35 invention to be carried out in a single shaft furnace reactor, but this is less

preferred.
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corresponds to one tray. It is possible for the process of the present 35

i nventi onyf qnbgp&ﬁmig' AthdeUlvithButtogygeal & sbdbdd, fihie meation egest mixtuteiis this is

| ess preferred, 1 T FEB,2005 -18 In.,an o0 Erati n$ rmeye %{ihog@ oxg en as
co-feed, swWyested de intgrgediale heating qusits Y BomeAnT GRARPEPRE AP P2 PhE%t i ng on
its \t/vay fEﬁ}Q]y@fb\Bed?iH HeMedy it%qaot-,ch.%myt p&sinﬁ icatal heat) ekx&ﬂn%&r ritschdatealy f
reactor, e.g. by passing i ver heat.exchangef r ans o
hot ga%es bbsrmwwp%ig% § Wﬁ%ﬂ@%"ﬁuﬁe@%ﬁt é'éesobe”ﬁr%‘gﬁg Ig'g m’%o?yhgﬁrrbust i on
gases. | nchRBuRioncRses. of the present invention, the above-described

I nternmedi ate heating is carried out at |least partly by direct neans. For

this purpose, a limted amount of |0 nol ecul ar oxygen is added to the
reacti on @gReheprséess of e preserd @fenton,ithé hbws-desentedghtermedipierheatingisal yst bed

d/ or bet th b t | b T ti
the react COREH At At TS BRI Wy BRER nledns RO ltBose, BIRRERGRBIG pf Eoent 11
deposit ed neleduter caggnyist addedr tc thearaction gapyaibyereithet Metpre dtirflatgs t he
dehydr ogenpghl, o g?e;ﬁd? Uyt Bed ahlyB Bk RO SulNkGlerk Retabk BbUS THiged 15

accordi ng resent “Invention. | eat of reaction liberated in this
conbust i ohydivearbonk epresentpdm sihis| aegcsiont Bas HBIRWSgeFAERRIS| §F <3ranybksy

hydr ocarb ' $P6n BRA R sitficewall lasoi lsdidenfaihed  The
process Cgﬁnﬁggﬁﬁ%%?g?ggg%ﬁbﬁg? V\filthogt ?jgtsr ocfuctionoﬁ}é%a(fgfghtsi ona

hydr ogen. dggng rihe dehydragenation arg durmiato; # iHted sxtent fysr g ®%oduct i on
of oxygenc&naindi & Nhedpfeséitd iReatibh! Thby Heargeh resctivar libedtedutin ughit r eam of
each tray of the ray reactor..ln.a further enbodi f ess of
the presefPTPHIUAN thys makes 1t P??F‘rbk)‘ﬂff’éttf‘% het&og&?éxéﬁ/_ %gﬂn%zae:anﬁldé&@agé&gnd
possi bl y lg¢Hydrgeehation tabe operatedtvirtually isothermally. The process can be operated

with or without introduction of additional hydrogen.

20 In one embodiment of the invention, intermediate introduction of oxygen-
containing gas and possibly hydrogen is carried out upstream of each tray of the
tray reactor. In a further embodiment of the process of the present invention, the
introduction of oxygen-containing gas and possibly hydrogen is carried out
upstream of each tray apart from the first tray. In a preferred embodiment,

25 intermediate introduction of hydrogen is employed; in a specific embodiment of
this, a bed of a specific oxidation catalyst is present downstream of each
introduction point and is followed by a bed of the dehydrogenation catalyst, and in
a second specific embodiment, no specific oxidation catalyst is present. In a further
preferred embodiment, no hydrogen is introduced.

30
The dehydrogenation temperature is generally from 400 to 800°C and the pressure
is generally from 0.2 to 5 bar, preferably from 0.5 1o 2 bar, particularly preferably
from 1 to 1.5 bar. The space velocity (GHSV) is generally from 500 to 2000 ht
and in high-load operation up to 16000 h™!, preferably from 4000 to 16000 h".

35



~upstream of each tray apart fromthe first tray. In a preferred enbodi nent,
25 internediate introduction of hydrogen is enployed; in a specific1?FEB 2005
enbodi ment of this, a bed of a specific oxidation catalyst is present
downstream of each introduction point and is followed by a bed of the
dehydrogenation catalyst, and in a second specific enbodi nent, no specific
oxi dation catalyst is present. In a further preferred enbodi nent, no
hydrogen is introduced. 30 The dehydr? enation tenperature is generally
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absorption of the alkene/alkane mixture in an organic solvent, and fractionation of

15 the alkene/alkane mixture in a C; splitter and recirculation of the alkane to the
dehydrogenation.

The invention is illustrated by the following examples.

20
Examples

Example 1

A solution of 11.992 g of SnCl;.2H,0 and 7.888 g of H;PtCls.6H;O in 5950 ml of
25  ethanol was poured over 1000 g of a granulated Zr0,.Si0, mixed oxide from

Norton (screen fraction: 1.6 to 2 mm).

The supernatant ethanol was taken off on a rotary evaporator. The mixed oxide
granules were subsequently dried at 100°C for 15 hours and calcined at 560°C for
30 3 hours. A solution of 7.68 g of CsNQj;, 13.54 g of KNO; and 98.329 g of
La(NO3):.6Hz0 in 23 ml of H,O was then poured over the catalyst obtained. The
supernatant water was taken off on a rotary evaporator. The material was
subsequently dried at 100°C for 15 hours and calcined at 560°C for 3 hours.

35 The catalyst had a BET surface area of 85 m’/g. Mercury porosimetry
measurements indicated a pore volume of 0.29 ml/g.



Example 1 A solution of 11.992 g of Snd 2. 2H20 and 7.888 g of H2PtCd 6. 6H20
in 5950 M of 25 ethanol was poured over 1000 g of a granul ated Zr{ORFSB @
m xed oxide from Norton (screen fraction: 1.6 to 2 mm. The supernat ant

et hanol was taken off on a rotary evaporator. The m xed oxide granules
wer e subsequently dried at 100C for 15 hours and cal cined at 560C for 30 3
hours. A solution of 7.68 g of CsNO3, 13.54 g of KNO3 and 98. 329 g of
La(NG3)3.6H20 in 23 mM of H20 was theg poured over the catal yst obtained.
The supernatant water was taken off~ % a rot ary evaporator. The materi al
was subsequently dried at 100C for 15 hours and cal cined at 560C for 3
hours. 35 The catal yst had a BET surface area of 85 n2/g. Mercury

porosi metry measurenents indicated a pore volune of 0.29 mM/g. 1 1 FEB
2005 -20 Exanple 2 A solution of 0.6 g of SnCl 2. 2H20 and 0. 394 g of

HePt O 6. 6lE%@mple300 M of 5 ethanol was poured over 55 g of a granul at ed

Zr2. Si 2 Aﬁsgﬁqog)g%fcmsfg @ﬂ‘ENQleIZI]'}bO aad 0393 & roefct{jRe6ls.6H,© 0300 M) of The .
super nat ant, et hanol was ta 0 on r y apqr.at or ] oxi de
granul ®s \EE%OEWB%BWQaPV? §§58 aﬁ‘*ﬁ@%ﬁ?%@%ﬁﬁﬁwg oxide %@ﬁc%% at 560C
for 1 0 3 (hedrstrackionol 6itbQrmei). 0. 386 g of CsNCB, 0.680 g of KNO3 and 4.888
g of Ce(N®)3.6H20 in 130 m of H20 was then poured over the catalyst. The

supernatant water was taken off on a rotary evaporator. The material was
subsequentihe sipeedtaat efRa6l fas tdenhefine anstagyatapoatora{lThgeodelorxide hour s.

15 Th t al t had BET f ; . i t
Toasur e Ve Sh e RN, OGPl (AL Yy {3 b coltehdt Hoseociapt 1> T
0.6841g of3 Bodis2 A2kBiotianbf00.386 ¢ of GNDC GEEHEOT KN apd 4888 ookt hanol
was poure%fmb%%%m WJWHM&&S’ »Zés%e?lugegea Mé?”tktMOE&tﬁ s{.STReen

fraction: e supernat ant ethanol was taken of .ain a rotary
evapor at orsupdinatani weateroxyagetaken ooffi| @ aEPlaNG (RYIRRIAOR ﬁyedmaéqp t W8H0C for
15 hours abgily@gePdt 1909E (605 Rourdadtbsl Gined'atsTHORC ifor3 Bbul, 44 g of
CsNOB, o.?‘}ése& A R T g of

15 The catalyst had a BET surface area of 72.4 m?%/g. Mercury porosimetry

measurements indicated a pore volume of 0.26 ml/g.

Example 3

A solution of 0.684 g of SnCl;.2H,0 and 0.45 g of HyPtCls.6H,O in 342 mi of
20 ethanol was poured over 57 g of a granulated ZrO, support from Norton (screen

fraction: 1.6 to 2 mm).

The supernatant ethanol was taken off on a rotary evaporator. The mixed oxide
granules were subsequently dried at 100°C for 15 hours and calcined at 560°C for
25 3 hours. A solution of 0.44 g of CsNOs, 0.775 g of KNO; and 5.604 g of
Ce(NO3)3.6H;0 in 148 ml of H,O was then poured over the catalyst. The
supernatant water was taken off on a rotary evaporator. The material was
subsequently dried at 100°C for 15 hours and calcined at 560°C for 3 hours.

30 The catalyst had a BET surface area of 40 m%/g. Mercury porosimetry

measurements indicated a pore volume of 0.25 ml/g.

Example 4 _

Ina s | stirred flask, 521.3 g of Zr(OH), were suspended in 2000 ml of H>0. 73.53
35 g of SiO; Ludox sol (SiO; content: 47.6% by weight) were added to the

suspension. The suspension was stirred at room temperature for 4 hours. The



Ce(N®3)3.6H20 in 148 mM of H20 was then poured over the catalyst. The
supernatant water was taken off on a rotary evaporator. The nmateri afl vigsg 1005
subsequently dried at 100C for 15 hours and cal cined at 560C for 3 hours.
30 The catal yst had a BET surface area of 40 nR/g. Mercury porosinetry
measurenents indicated a pore volunme of 0.25 nlJg. Exanple 4 In a5 1
stirred flask, 521.3 g of Zr(OH) 4 were suspended in 2000 m of H2O 73.53
35 g of Si2 Ludox sol (Si2 content: 7 6% by wei ght) were added to the
suspensi on. The suspensi on was sti rre& roomtenperature for 4 hours. The

1 1FEBZ2005 duc ub nt | ray, dri ed. The erature
2t the t o Ot 268 SHEGRBY SRS 1BF ?%P(%%‘Pg“t hite s shio s Lo 110C
and the th@)bun@ tmaﬁ.u&e Wisfdn 505k 11070 carad ﬂhmsﬁﬁfyufg less0e ABD At a
speed of &lg m. Th resul té whi teae gggﬂg@ 0SS,,.0N | qition of
15.1 % & Apipieey Aiskpaed 20, dhectles niepagingowiits ' Py g
SCF (AlZOC-}jowd%ﬂﬁacBﬁ)lc%goglgﬁltmﬂbﬁeﬁtl?/m ed HNG3 for 2 hours. The paste was
shaped_to form3 mm extrudates by nmeans of a ram extruder (pressing

pressurr’e 75 bar). The extrudates were dried at 200C for 4 hours and
cal ci ned at71660g of dlic dhiteyposvder herel Rnended wddt £33. 3@ g e f PuivaleSUE (ALN;3r ushed

to give part of. a_scr.e tEOQ 0 6 0 0 n of
0.712 g of ™ n@?glﬁéogﬁe %{%6&&3530#“&!2%?@6”}%5?5&? %ggbl?ﬁﬁt% Hﬂ&‘tﬁanol was
pour ed ovenméexigudatest he rsegsoof apraod extddém(prbissgnaressurs: Thebalipghaat ant

et hanol r r ules
vere subselt LAy WaK AR R J@Ped PYRRR B atcidcof Tl RE 18 Rouss LAE

hour s10A se(xnudatgsmwsre wbmegtlbﬁmshm give poticlgs of a puem Gaction B39 g6 of
La(N®B) 3. §5B3Qujyn 157 M of H20 was then pour ed over the catalyst. The 20

supernat ant water was taken off on a rotary evaporator. The material was
subsequently dried at 100C for 15 hours and cal cined at 560C for 3 hours.

The cat al ygtolutidn dfRET1 B P of BHEIA2E0 Qhd @8468% of H\{Pt@w 6M,00hGH3®@L by
nmeasur errent S i i‘ldl cated .a gog Pl ume of gbu
ethanol was poured over 60 g of the support pro uce in‘this way.
15

The supernatant ethanol was taken off on a rotary evaporator. The mixed oxide
granules were subsequently dried at 100°C for 15 hours and calcined at 560°C for
3 hours. A solution of 0.458 g of CsNOs, 0.807 g of KNO; and 5.838 g of
La(NO3);.6H>O in 157 ml of HyO was then poured over the catalyst. The
20 supematant water was taken off on a rotary evaporator. The material was
subsequently dried at 100°C for 15 hours and calcined at 560°C for 3 hours.

The catalyst had a BET surface area of 98 m%g Mercury porosimetry
measurements indicated a pore volume of 0.35 ml/g.

25
Example 5
23 g of a granulated Mg(AI)O support from Giulini (screen fraction: 1.6 to 2 mm)
were calcined at 700°C for 2 hours. A solution of 0.276 g of SnCl2.2H;0 and 0.181
g of H,PtCls.6H,0 in 138 ml of ethanol was subsequently poured over the support.
30

The supernatant ethanol was taken off on a rotary evaporator. The mixed oxide
granules were subsequently dried at 100°C for 15 hours and calcined at 560°C for
3 hours. A solution of 0.177 g of CsNOs, 0.313 g of KNO; and 2.262 g of
La(NO;);.6H;0 in 60 ml of H,O was then poured over the catalyst. The
35 supernatant water was taken off on a rotary evaporator. The matertal was
subsequently dried at 100°C for 15 hours and calcined at 560°C for 3 hours.



25 Exanple 5 23 g of a granulated My(Al ) O support from Gulini (screen
fraction: 1.6 to 2 m) were calcined at 700C for 2 hours. A sol uti®hF§B 2005
0.276 g of Snd 2. 2H20 and 0.181 g of H2Ptd 6. 6H20 in 138 nl of ethanol was
subsequent |y poured over the support. 30 The supernatant ethanol was taken
off on a rotary evaporator. The m xed oxide granules were subsequently
dried at 100C for 15 hours and cal cined at 560C for 3 hours. A solution of
0.177 g of CsNGB, 0.313 g of KNO3 and23.262 g of La(N®3)3.6H20in 60 m of
H20 was then poured over the catal ysi““The 35 supernatant water was taken
off on a rotary evaporator. The material was subsequently dried at 100C
for 15 hours and calcined at 560C for 3 hours. 1 1 FEB 2005 -22 The

catal yst a@d eaBFht shadf ac BET emurfate 183a n@f gl03Mengr Merourys iporisinetry
measur enent s i ndi cat.ed. ore _vol.unme 51, m/g. 5 Exanple 6 A solution

f 0
of 0. 3718 QFASHERIRISIN é‘r?d’f%‘.’%‘&%leg"?é’f 0 6.6H20 in 190 m of et hanol

was poured over 57 g of a granul ated theta-Al1203 support from Condea
(screep fractign:,, 1.6 to 2 nm. 10 The supernatant ethanol was taken off on
a rotary e&%‘b‘?ﬁ or. The nixed oxide granules were subsequently dried at
100C for 1% solatios of0B7d8lgcoh8nCla2Ha00mdf ®245 g dfdiuPsCls AHaOl int i¥rmbdf 0. 239 ¢

of CsNG3, Q. 0 \ : [ f H20

was t hen ﬁgll?rﬁ é%ﬁlg\g ?’Lf%gg%é%f %/g)tf % é%agugsc&p@rg{r?aw\gé? S\%EEO SF ffV?\)langQ;[oa'ﬁEg% of f on
a rotary dsaporfhaaion: Tidoanm)i al was 15 subsequently dried at 100C for 15
hours and cal cined at 560C for 3 hours. The catalyst had a BET surface area

of 119 nR/g. Mercury porosinetry neasurenents indicated a pore vol une of
0.66 kP/ g.Thecsuprenaising ethapok wasitaksn off op. 2 7eigngewiposien Thermpsedrexide 1814 g

of Hz2pt d gﬁﬁﬁ@ \iv&e]s:ﬁgsﬂ.leﬂi dREDNI0°tE%: 19 Holss Mdedalcireddataf60aCgbaNul at ed
t het a- A12 support fro

) ASE._ (screen fraction: 1. o 2 25 The
super nat art he#Bafopoliftien I&?ﬁ%ﬂfoéﬁsgqao Mgeg/gééaﬁ{)éﬁ“d%()%%(g oxi de
La(NQO3);.6H,O in 80 ml of H;O was then poured over the catalyst. The
supernatant water was taken off on a rotary evaporator. The material was

15  subsequently dried at 100°C for 15 hours and calcined at 560°C for 3 hours.

The catalyst had a BET surface area of 119 m?/g. Mercury porosimetry
measurements indicated a pore volume of 0.66 ml/g.

20 Example 7
A solution of 0.2758 g of SnCl.2H,0 and 0.1814 g of H;PtCle.6H;0 in 138 ml of
ethanol was poured over 23 g of a granulated theta-Al;O; support from BASF
(screen fraction: 1.6 to 2 mm).

25  The supematant ethanol was taken off on a rotary evaporator. The mixed oxide
granules were subsequently dried at 100°C for 15 hours and calcined at 560°C for
3 hours. A solution of 0.1773 g of CsNOs, 0.3127 g of KNO; and 2.26 g of
La(NO;);.6H>Q in 60 ml of H;O was then poured over the catalyst. The
supernatant water was taken off on a rotary evaporator. The material was
30  subsequently dried at 100°C for 15 hours and calcined at 560°C for 3 hours.

The catalyst had a BET surface area of 34 m*/g. Mercury porosimetry
measurements indicated a pore volume of 0.23 ml/g.

35



granul es were subsequently dried at 100C for 15 hours and cal ci ned at 560C
for 3 hours. A solution of 0.1773 g of CsNG3, 0.3127 g of KNG3 andf2.fZ@ 2405
of La(NG3)3.6H20in 60 m of H20 was then poured over the catal yst. The
supernat ant water was taken off on a rotary evaporator. The nmaterial was
30 subsequently dried at 100C for 15 hours and cal cined at 560C for 3
hours. The catal yst had a BET surface area of 34 n/g. Mercury porosinetry
measurenents indicated a pore vol une 9 0.23 m/g. 35 1 1 FEB 2005 -23
Exanpl e 8 43.25 g of (NH4)2CO3 were difssolved in 1 1 of water, mixed with
849 ml of&a 25°/lo strength by wei ght ammoni a solution and heated to 75C
2333.3 g J¥amRIRS. 3)2 6H20 and 337.6 g of Al (NOB)3.9H20 dissolved in 3 1
of water wgI® @dfl@dHD,Q0} elerey dissolvdibinsbl of warer,fmied avithr 84 of aRAbel whi | e
t he m xture had een

stirring. Afte tirred at.o h
resul ting SHF%%IF‘HM weLehf 2ompqrig éplggogfqﬁa@?&[ﬁﬁhtg I’% ﬁt%«g??gaééﬂaggmv\géﬁed Wi th
W?t S(r)o qu)ﬁsﬂl;gr(])i amﬂis33§lﬁa$a§quI(NQﬁ)mHﬂli digsolv@dGnf bl of1waten wege axdded al ci ned
a or . urs. e er. ] ] % i i
stear afe ﬂ*%d‘ﬁfgfg %é?@g%ﬁﬁ?j@%ﬁﬂa@%%%ﬁgé—é@%f t&%ﬁ%&gﬁ e press.
g of theedylinkd @ I6iMdot 1 oodubedesultinghpecipiptewsas filietedeffl apd dheen
fraction: .6.1t0 . i : bt f
LS5t o ks el ps AL Sid SAF el RPEOED o
was subsedibdrmursandoaleinet SAO0°CHer Zhwsrt. The supernat ant et hanol was
taken off on a rotary evaporator. The m xed oxi de granules were

subsequently dried at 100C for (15 hours and cal cined at 560C for 20 3
hour s10A sieutpowidenfwas apixed withckordby owgight goﬁ)fmﬂmu%cﬁt@?%?&? of

La( NCB) 3. ﬁ{r@éan&;s&céﬁ %] 2029 yastabRbPALEREnEGresshe catal yst. The

supernatart water was taken off on a rotary evaporator. The naterial was
subsequently dried at 100C for 15 hours and cal cined at 560C for 3 hours.

25 The catml ysf tHeadgoA BBTsuppoft pecdireddn tis Saynidrg cridhed (scyequofragtionet r y
reasur en'enlt.g tloniilrg:% egndacﬁgirngd Va?' '}HH?’COI'MOZ 21?0&@./&' m%t?o@lo? 7398 g of
15  SnCL.2H,0 and 0.262 g of HyPtCls.6H,0 in 200 rl of ethanol was subsequently
poured over the support.

The supernatant ethanol was taken off on a rotary evaporator. The mixed oxide
granules were subsequently dried at 100°C for 15 hours and calcined at 560°C for
20 3 hours. A solution of 0.256 g of CsNO;, 0.451 g of KNO; and 3.265 g of
La(NO3);.6H,0 in 87 ml of HyO was then poured over the catalyst. The
supernatant water was taken off on a rotary evaporator. The material was
subsequently dried at 100°C for 15 hours and calcined at 560°C for 3 hours.

25 The catalyst had a BET surface area of 85 m’/g. Mercury porosimetry

measurements indicated a pore volume of 0.28 ml/g.
Example 9

30  Catalyst test:
20 ml of the previously produced catalyst were installed in a tube reactor having an
internal diameter of 20 mm. The catalyst was treated with hydrogen for 30 minutes
at 500°C. The catalyst was then exposed to a mixture of 80% by volume of
nitrogen and 20% by volume of air (lean air) at the same temperature. After a
35  flushing phase of 15 minutes using pure nitrogen, the catalyst was reduced by
means of hydrogen for 30 minutes. The catalyst was then supplied with 20



30 Catalyst test: 20 ml of the previously produced catal yst were installed
in a tube reactor having an internal dianeter of 20 nm The catal y$ti M@<005
treated with hydrogen for 30 mnutes at 500C. The catal yst was then
exposed to a m xture of 80% by volunme of nitrogen and 20% by vol unme of air
(lean air) at the sane tenperature. After a 35 flushing phase of 15 m nutes
using pure nitrogen, the catalyst was reduced by neans of hydrogen for 30
m nutes. The catal yst was then suppliz%_with 201 1 F E B 2005 -24 standard
1/ h of propane (99.5% by vol une) and Oin a nolar ratio of propane/ water
vapor of | :

I [ 610 Th . 1.5 Db
and the. spaEETd ol cet FRORRGVIGER ROt o TROAt | DIBRbIALY cShor e

_?_Eal ézed bg{ﬁfz}@tﬁr@_ﬁp&m@rhphw afmmﬁ&cthpﬁalatEOBﬁrﬁ?ﬂimeg)réslsuﬂemw iabl e. 5
e Bron an Ws aciditie [ = 1t
8 were 3 e -aﬂgéﬁ%ﬁa}?ga\r 0% ‘Ify mé‘éi 8‘%@%@1@ y‘gs/&?lﬁ ?ﬁ%qﬁgﬁ’ﬁ%d%ﬁs W%[ETIeSR °

measur enenhalgsdd by g3 chiemstaprphsy. Ther esidslaee summarizedin tBOGBld.or 1 hour,
subse%ently evacuated to 10"5 nbar, cooled to 80C and treated with
gaseo pyridine at an equilibriumpressure of 3 nbar. To test the
evacuat i oThetBibnited wndfLawie apidifich othedetalpsts eroduced smixamplashl ¢t &ad been

treated w J i i a Uﬂ?E syhi: ed.;
treat nenmerple g‘%@;ﬂ%&%f \%é(%ganﬁt’f( g%o R%,ag}snggéruﬁﬁ% grrrintrlg %nﬂﬁger hi gh
vacuum 15 meapwemeniced. nbar, | h). Physisorbate material was thus desorbed.

The adsorbate spectra were recorded in a high vacuum The neasured
absor bances were expressed as a ratio to the thickness of the sar&g e (in
- bea

i nt egk@t edhegamples weie bakedsin@inat)3962¢ ford Beun pubspanensly evaeuated togl m 20
spect r um gfhat MR oRANE!g0 BhinaRrdARd Wih ghR80s pyadhed: 1 tiuiRkindigiessgas and had

been cooled to 80C under hi gh vacuum.served as. backgraound for th

adsor bat e %5 g gi“'a?ro 9Bk 1e,e v H‘ﬂi&o“\/\%"il‘{g]‘fyh S’@dﬁﬁdé‘ieef‘ 0 t%rfh‘é&a‘gaﬁa. The
band at 14fclCiad beeh@RatedSpitingssebas prridise a3 ahbaewhesubjectioaddicuumnal |y t he
25 control band, at 1490 cmis cor(%1 S s %‘,% %ewi A iddec nt er&{scuiu}‘n no

Br onst ed- FEHFCTE EhAEPE PAFP YFEREY ﬁo e TaRAL} 7 Sykandriader igh yatuim,

sumer s z edationt t102 rhisds] Bh). Physisorbate material was thus desorbed. The adsorbate

spectra were recorded in a high vacuum.

The measured absorbances were expressed as a ratio to the thickness of the sample
(in integrated extinction units (IEE) per um of thickness). The single-beam

20  spectrum of the sample which had not been treated with pyridine gas and had been
cooled to 80°C under high vacuum served as background for the adsorbate spectra.
Matrix bands were thus completely balanced out.

The band at 1440 cm™ (corresponds to Lewis-acid centers) and additionally the
25  control band at 1490 cm™ (corresponds to Lewis-acid centers if no Bronsted-acid

centers are present) were evaluated.
The results are summarized in the table.

30  All samples examined displayed no measurable Bronsted acidity. The measured
Lewis acidity correlates well with the conversion in the dehydrogenation of

propane.



30 All sanmpl es exam ned di spl ayed no neasurabl e Bronsted acidity. The
measured Lewi s acidity correlates well with the conversion in the 11FER 2905
dehydrogenation of propane. | 1 FEB 2005 -25 Table Lewis acidity Propane
Exanpl eSupport (AU) conversion (% 1ZrQ2/Si Q2 (Norton)8.9746.8 2ZrQ2/ Si 2 (Ce
instead of La)7.8247.2 3ZrQ2 (Norton)4.5930 4Zr Q2/ Si 2/ Al 2037.2942. 1
5My(Al)O (G ulini)2.8812.4 6theta-Al 203 (Condea) 3.5130.4 7t heta-Al 203
(BASF) 1. 7711. 4 8My(Al)OLl.6612.2 5 Al ,supports are | oaded with

Pt 0. 3/ Sn0. 6/ Cs0. 5/ KO. 5/ La3. 0 Exanpl e'%g'lo Hi gh-1oad operation 2.5 m of
the catal yst produced as described in Exanple 1 were diluted with 77.5 nl
of steatite and installed in a tube reactor having an internal dianmeter of
20 mm The catal yst was treated in succession, for 30 m nutes each at
500C, firM with 15 hydrogen, then with lean air (80% by vol une of

ni trogen ©0% by volune of air) and subsequently again with hydrogen.
The catal yst was flushed with nitrogen for 15 m nutes between each of the
t r eat ment The cafal yst was subsequently supplied at., 60 ith 20

st andard %"ﬁ"ﬁe p?% & (99.5% by vol une) and ‘tvésram%}gpo &’#% mol ar ratio
of propane/ H20 of 1:1. The pressure was 1.5 bafAdhd the 2¢mwpmemn vel ocity
(GHSV) was 16 000 h"'. The reaction products were anal yzed,

chr omat ography—~A S Hof—ti+re e—ho 0%

A = A

: 5 6 of—6 otit——30% ¢ T propane
1 Zr0,/810; (Norton) 8.97 46.8
2 Zr0,/8i0; (Ce instead of La) 7.82 47.2
3 ZrO, (Norton) 4.59 30
4 Zr 02/ SlOg/ AhO; 7.29 421
5 Mg(ADO (Giulini) 2.88 12.4
6 theta-AlO; (Condea) 3.51 304
7 theta-Al,O3 (BASF) 1.77 11.4
8 Mg(ADHO 1.66 12.2

5

All supports are loaded with Pty 3/Sng ¢/Cse.5/Ko.s/Las o.
Example 10

10

High-load operation
2.5 ml of the catalyst produced as described in Example 1 were diluted with 77.5
ml of steatite and installed in a tube reactor having an internal diameter of 20 mm.
The catalyst was treated in succession, for 30 minutes each at 500°C, firstly with
15  hydrogen, then with lean air (80% by volume of nitrogen and 20% by volume of
air) and subsequently again with hydrogen. The catalyst was flushed with nitrogen
for 15 minutes between each of the treatments. The catalyst was subsequently
supplied at 600°C with 20 standard 1/h of propane (99.5% by volume) and water
vapor in a molar ratio of propane/H,0O of 1:1. The pressure was 1.5 bar and the
20  space velocity (GHSV) was 16 000 h''. The reaction products were analyzed by
gas chromatography. After a reaction time of one hour, 30% of the input propane
were converted at a selectivity to propene of 95%. The space-time yield of
propene, based on the catalyst volume used, was 8 g of propene/(g of catalyst * h).

25



“were converted at a selectivity to propene of 95% The space-tine yield of
propene, based on the catal yst volune used, was 8 g of propene/ (g ofl 1 FEB 2005
catalyst * h). 251 | F E B 2005 -26. Exanple 11 Qperation with oxygen 20
m of the catal yst produced as described in Exanple | were installed in a
tube 5 reactor having an internal dianmeter of 20 nm The catal yst was
treated in succession, for 30 mnutes each at 500C, firstly with hydrogen,
then with lean air (80% by vol ume of 2@i_trogen and 20% by vol une of air)
and subsequently again wth hydrogen " The catal yst was flushed with

ni trogen {E‘ornéa | nut es between each of the treatnents. The catal yst was
subsequent*} 53\% ed at 610C with 20 10 standard 1/ h of propane (99.5% by
vol une) and water vapor in a nolar ratio of propane/H20O of 1:1. In

addi tion, ﬁpgaﬁn was introduced in a nolar ratio of propane/02 of 20:1.
The press an IR pEYE€nd t he space velocity (GHSV) was 2100 h"1l. The
react i on @banuct thewatatyshpeddized abydegaibed n Exanplgr bpleye indfalled ima tulkact i on
time 0 uf,.:20% of:. [ r rg..C a electivity
15 to pr ogegaﬁgbqopa‘ﬁgg/o fl{“tg?neaé @%&%ﬁo‘gﬂg%@ﬁ%&%f 6%%'5{8%,9‘9 te'regtgﬁvg]r si on was
44% and  sumesaordor §0 minves cSdat BOAGFirstly witdohydregan them with leamajmen at

| ow convergje off - 4 : ' | le 1
wer e inst m,g(r}, yizgmglnteu{)feﬁlt}?%%g%@r zﬁé’vﬁgqgﬁ’?fﬁﬁéfﬂg’ffﬁﬁg t‘:!en;ﬁy(%éa % (rarm The
catal yst wath hydragens The cyfalystewss dlushebwithonittogen dor dagningtesSmoeser irst |y
wi th hydr aaaner iHeeReatinbhts! ?Hé‘cé’thfgst M@%’a@éqﬂahrz;gg?gféed\ bt § P& AR R 0% by

volume of air) and subsequently again 25 with en. The catal yst was
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15 to propene of 90%. After a reaction time of 16 hours, the conversion was 44% and
the selectivity was 90%.

Example 12

20  Operation with oxygen at low conversion
20 ml of the catalyst produced as described in Example 1 were installed in a tube
reactor having an internal diameter of 20 mm. The catalyst was treated in
succession, for 30 minutes each at 500°C, firstly with hydrogen, then with lean air
(80% by volume of nitrogen and 20% by volume of air) and subsequently again
25  with hydrogen. The catalyst was flushed with nitrogen for 15 minutes between
each of the treatments. The catalyst was subsequently supplied at 500°C with 20
standard I'h of propane (99.5% by volume) and water vapor in a molar ratio of
propane/H,O of 1:1. In addition, oxygen was introduced in a molar ratio of
propane/O; of 20:1. The pressure was 1.5 bar and the space velocity (GHSV) was
30 2100 h''. The reaction products were analyzed by gas chromatography. After a
reaction time of one hour, 16% of the input propane were converted at a selectivity
to propene of 99%. After a reaction time of 100 hours, the conversion was 14%
and the selectivity was 94%. After increasing the temperature to 510°C, the
propane convetsion after 300 hours was 15% and the selectivity was 94%. After
35  increasing the temperature further to 530°C, 15% of the input propane were being
converted at a selectivity to propene of 94% after 800 hours. After 1700 hours, the



to propene of 99% After a reaction time of 100 hours, the conversion was
14% and the selectivity was 94% After increasing the tenperature tld BB
the propane conversion after 300 hours was 15% and the selectivity was
949% After 35, increasing the tenperature further to 530C, 15% of the input
propane were being converted at a selectivity to propene of 94% after 800
hours. After 1700 hours, the 1 1 FEB 2005 -27 supply of propane and of

wat er was stopped and |l ean air (80% tg& vol ume of nitrogen and 20% by

vol une of air) was passed over the cat ;I yst at 400C. Pure air was then
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over the catalyst for m nut es. the reactor had been ed with
ni trogen fselectiGtyniorpropene wasM%gen was passed over the catal yst for 30

m nut es. Subsequently, propane, nitrogen, oxygen and water vapor in a
ratio of 5.8/7.8/0.4/5.8 were passed over the catalyst at 505C. The
react 16n pgixampled3was 1.5 bar and the space velocity 20 (GHSV) was 1300
h"1. The propane conversion was 20% at a selectivity of 92% After 500

hours, 20% of the propane were converted gt a,hsel ecfivity.to propene of
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15 by volume of air} at 400°C. Subsequently, pure air was passed over the catalyst for
30 minutes. After the reactor had been flushed with nitrogen for 15 minutes,
hydrogen was passed over the catalyst for 30 minutes. Subsequently, propane,
nitrogen, oxygen and water vapor in a ratio of 5.8/7.8/0.4/5.8 were passed over the
catalyst at 505°C. The reaction pressure was 1.5 bar and the space velocity

20 (GHSV) was 1300 h'. The propane conversion was 20% at a selectivity of 92%.
After 500 hours, 20% of the propane were converted at a selectivity to propene of
92%.

Example 14
25
Operation with oxygen at low conversion using additional N; dilution and
additional introduction of H;
Using the experimental procedure of Example 12, hydrogen was additionally
mixed into the feed after a total running time of 2500 hours. The feed then had the
30 following composition: C3/Ny/Ox/Hy/H,O = 5.8/7.8/0.4/0.8/5.8. The reaction
pressure was 1.5 bar and the space velocity (GHSV) was 1300 h'. The reaction
temperature was set to 575°C. The propane conversion was 20% at a propene
selectivity of 92%. The oxygen introduced was reacted completely. 60% of the
oxygen introduced reacted with propane or propene to form carbon dioxide and
35 carbon monoxide, 40% of the oxygen introduced reacted with hydrogen which had
been introduced or formed in the dehydrogenation to give water.



-3 0 follow ng conposition: C3/N2/ 2/ H2/H20 = 5.8/7.8/0.4/0.8/5.8. The

reaction pressure was 1.5 bar and the space velocity (GHSV) was 1300 1h'eB. 7005
The reaction tenmperature was set to 575C. The propane conversion was 20%
at a propene selectivity of 92% The oxygen introduced was reacted
conpletely. 60% of the oxygen introduced reacted with propane or propene
to form carbon dioxide and 35 carbon nmonoxi de, 40% of the oxygen introduced
reacted with hydrogen which had been jintroduced or fornmed in the
dehydrogenation to give water. 1 1 E- E8B 2005 -28 Exanpl e 15 Regeneration
of the catalyst 5 1000 ml of the catal yst produced as described in Exanple
6 were diluted with 500 nl of steatite and installed in a tube reactor

havi ng an ¢ l= diameter of 40 mm The catal yst was treated in
successi on G minut es each at 500C, firstly with hydrogen, then with
| ean air (80% by vol une of nitrogen and 20% by volunme of air) and
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selectivit \X\fag ];)assec( over the catalyst at 400°C. The air content was subsequently increased

twice (firstly to 83% by volume of nitrogen and 17% by volume of air, then to 64%
20 by volume of nitrogen and 36% by volume of air). Pure air was then passed over
the catalyst until the CO, content of the output gas was less than 0.04% by volume.
After the reactor had been flushed with nitrogen for 15 minutes, hydrogen was
passed over the catalyst for 30 minutes. After propane, water vapor and oxygen
were again supplied as feed, a propane conversion of 55% at a selectivity of 92%
55 could be achieved at 610°C. After the catalyst had been regenerated 10 times in the
above-described manner, a conversion of 54% at a propene selectivity of 93%
could be achieved at 610°C. After the catalyst had been regenerated 30 times, a

conversion of 54% at a propene selectivity of 93% could be achieved at 610°C.



coul d be achieved at 610C. After the catal yst had been regenerated 30
tinmes, a conversion of 54%at a propene selectivity of 93% coul d bkl FEB 2005
achieved at 6 10C. 1 1 F E B 2005 -29 W claim 1. A process for the

het er ogeneously cat al yzed dehydrogenation in one or nore reaction zones of
one or nore dehydrogenat abl e C2- C30- &Uocarbons in a reaction gas m xture
conprising them wth at |east part ot the heat of dehydrogenation
required being generated directly in the reaction gas mixture in at |east
one reaction zone by conbustion of hydrogen, the hydrocarbon or

hydr ocar bons and/ or carbon in the presence of an oxygen- containing gas,
wherein the reaction gas m xture conprising the dehydrogenatable

hydr ocar bon or hydrocarbons is brought into contact wth a Lew s-acid
dehydr ogenati on catal yst which has essentially no Bronsted acidity,
wherein the dehydrogenation catalyst has a Lewis acidity of greater than 3
acidity units (AU), determnable from IR absorption spectra of pyridine
adsorbed on the catalyst. 2. A process as clainmed in claim1, wherein the
dehydr ogengti-gimcat al yst conprises a netal oxide selected fromthe group
consi sting of zirconium dioxide, alum num oxide, silicon dioxide, titanium
di oxi de, magnesium oxide, |anthanum oxide and cerium oxide. 3. A process

as clainmed,in qA.eprao\.e%s mhqaeehstet:crg%n gdmmmaal@nymgahmh mcem)brses

zi rconi um di oxi de and/ or silicon dioxi 3 ‘gﬂ e%s s,cl a| in any of
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contalmng gas, wherein 'the reaction gas mixture comprising the

dehydrogenatable hydrocarbon or hydrocarbons is brought into contact

with a Lewis-acid dehydrogenation catalyst which has essentially no

Bronsted acidity, wherein the dehydrogenation catalyst has a Lewis acidity

of greater than 3 acidity units (AU), determinable from IR absorption

spectra of pyridine adsorbed on the catalyst.

2. A process as claimed in claim 1, wherein the dehydrogenation catalyst
comprises a metal oxide selected from the group consisting of zirconium
dioxide, aluminum oxide, silicon dioxide, titanium dioxide, magnesium
oxide, lanthanum oxide and cerium oxide.

3. A process as claimed in claim 2, wherein the dehydrogenation catalyst
comprises zirconium dioxide and/or silicon dioxide.

4. A process as claimed in any of claims 1 to 3, wherein the dehydrogenation
catalyst comprises at least one element of transition group VIII, at least one
element of main group I or I, at least one element of main group III or IV
and at least one element of transition group III including the lanthanides
and actinides.

5. A process as claimed in any of claims 1 to 4, wherein the dehydrogenation
catalyst comprises platinum and/or palladium.



catal yst conprises cesium and/or potassium 7. A process as clainmed in any

of claims | to 6, wherein the dehydrogenation catalyst conprises |pnfhgpgm

and/or cerium 8. A process as clainmed in any of clains | to 7, wherein the

dehydrogenation catalyst conprises tip. 9. A process as clainmed in any of

claims | to 8, wherein the dehydrogenation catalyst has a binodal pore

radi us distribution in which from70%to 100% of the pores have a pore

di aneter less than 20 nmor in the range from40 to 5000 rim 10. A

process as claimed in any of clains 1 to 9, wherein the reaction gas

m xture conprises water vapor.,ll.(@cELOCﬁss as cl ai ny of. clains |
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process as cl aigghflyst Bombatdd chdium Y6 potatiuheast one reaction zone
contains a catalyst which selectively catal yzes the conbustion reaction of

hydrogen and oxygen in the presence of hydrocarbons. 13. A process as
claimed i any Qhrédesd &Pclhinied ihZanyWieling 1t foe6, aeticpeiyithe Wétiyadfogenatiod yzes t he

conmbusti on of hydrogen canprises oxid or. phosphates selected fromthe
group consi sti WS?P%PBQH@EW%‘@@&%{‘E% of germanium tin, |ead,
arsenic, antinony and bisnuth. 14. A process as clainmed in any of clains |
to 13, wherein the catal yst I ch lectivel talyze tion of
hydr ogen Qonpr i3 PSB! ’ﬁlanyoq%%lle}"g'ﬁsli ttoi%rﬁ%rr%lﬁéﬁwﬁﬁg?&%gﬁ A
process as cl aicaeadlyst ooapyisesftircl ai s 1to 14, wherein the dehydrogenation is
carried out in a tray reactor.

9. A process as claimed in any of claims 1 to 8, wherein the dehydrogenation
catalyst has a bimodal pore radius distribution in which from 70% to 100%
of the pores have a pore diameter less than 20 nm or in the range from 40 to
5000 nm.

10. A process as claimed in any of claims 1 to 9, wherein the reaction gas
mixture comprises water vapor.

11. A process as claimed in any of claims 1 to 10, wherein hydrogen is added

to the reaction gas mixture.

12. A process as claimed in claim 11, wherein at least one reaction zone
contains a catalyst which selectively catalyzes the combustion reaction of
hydrogen and oxygen in the presence of hydrocarbons.

13. A process as claimed in any of claims 1 to 12, wherein the catalyst which
catalyzes the combustion of hydrogen comprises oxides or phosphates
selected from the group consisting of the oxides and phosphates of
germanium, tin, lead, arsenic, antimony and bismuth.

14. A process as claimed in any of claims I to 13, wherein the catalyst which
selectively catalyzes the combustion of hydrogen comprises a noble metal
of transition group VIII or [.

[S. A process as claimed in any of claims 1 to 14, wherein the dehydrogenation

is carried out in a tray reactor.



