)

" WO 2012/123292PCT/EP2012/053835 1 Mixed oxide compositions and methods for production of

isoolefins ~ The present invention relates to mixed oxide compositions, to the use thereof as a
catalyst for cleavage of alkyl tert-alkyl ethers or tertiary alcohols, and to a process for 5cleaving alkyl
tert-alkyl ethers or tertiary alcohols to isoolefins and alcohol or water. Isoolefins, for example
isobuﬁl%?gﬂazﬁﬁmt intermediates for the preparation of a multitude%ggf&;:rﬁ@lmﬁé) S.
Isobutene, for example, is a starting material for the preparation of butyl rubber, polyisobutylene,
isobu_ne oligomers, branched 0 05 aldehydes, 05 carboxylic acids, C5 alcohols and C5 olefins. It is

D aS o e P B e Sctine Aty fe i uivin esid- ot i bEhASHEIREESS . and as an
intermediate for the production of peroxides. In addition, isobutene can be used as a precursor for
methacrylic acid and esters thereof. 5In industrial streams, isoolefins are usually present with other

olefind AAdEEFA A RIHIOR AiPISHS RN THESh AW HRIrRABRIPSIEERBEN Wdhe. d3fe 1566RAnaScannot be
separgeshEauthere SIS AR GeonamisHbryiaPlemanneldanplysicrl serariasaetods

alone. oFor example, isobutene is present in customary industrial streams together with saturated and
unsatGRre AN isEhAisA Sthas R tanhRICeBYeparsrRa b anssalaakil@s Wk -economically

viable manner by distillation due to the small boiling point difference or the small separation factor
between isobutene and 1-butene. Therefore, isobutene is frequently obtained from technical

hydrot&SBEAE By (B6rREHIRIG JsBhHERRR 0 3R SRR WHIES Bad IsdaR eVEE Qasmaraiantl fst of the
hydrogaskandBisursgant deaiaaine iselxadderivativ ojisgbuignmandslerwatzingagent.

Typically, isobutene Is separated from C4 cuts, for example the C4 fraction from a steamcracker, as

followRr AresR SOV tielvhaBith et thepsisaRshfated BIRRIFSERLORYIPRIRED Al GRS Utadiene,
by exiracliopieydactive dishlakon osgglectve lYdrRUSIRIPTI0 AMEHNaRNP HRRL S EFAMEHNING
mixture (raffinate | or WO 2012/123292PCTIEP2012/053835 2

alkylating agent, especially for synthesis of tert-butyl aromatics, and as an intermediate

for the production of peroxides. in addition, iscbutene can be used as a precursor for

methacrylic acid and esters therecf,

In industrial streams, isoolefins are usually present with other olefins and saturated
hydrocarbons with the same number of carbon atoms. The isoolefing cannot be
separated from these mixtures in an economically viable manner by physical separation

methods alone.

For example, isobuiene is present in customary industrial streams iogether with
saturated and unsaturated C, hydrocarbons. Isobutene cannot be separated from these
mixtures in an economically viable manner by distillation due fo the smali boiling point
difference or the small separation factor beiween isobutene and 1-butene. Therefore,
isobutene is frequently obtained from technical hydrocarbons by converting isobutene
to a derivative which can be removed easily from the rest of the hydrocarbon mixture,

and cleaving the isolated derivative back fo iscbutene and derivatizing agent.

Typically, iscbutene is separaied from Cy4 cutls, for example the C; fraction from a
steamcracker, as follows. After removing the majority of the polyunsaturated
hydrocarbons, principally of the butadiene, by extraction/exiractive distillation or

selective hydrogenation to give linear butenes, the remaining midure (raffinate | or
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seledﬁvely hydrogenated Crack C4) is reacted with alcohol or water. Isobutene gives rise to methyl

tert-butyl ether (MTBE), when methanol is used, to ethyl tert-butyl ether (ETBE) when ethanol is used,
and to tert-butanol (TBA) when water is used. After they have been removed, these derivatives can be
cleaved to isobutene in a reversal of their 5formation. The cleavage of alkyl tert-butyl ethers (ATBES)
to the ‘Pr&SidgERolefins and alcohols and the cleavage of tertiary BeSWER2Q 1RO E3A88ponding
isoolefins and water can be performed in the presénce of acidic or basic catalysts in the liquid phase
or gas/liquid mixed phase, or in the pure gas phase. The literature describes a multitude of catalysts

for thee§ RS rrl¥eieRageade dl kyP@itSiky i etFRasteaTWIES) algehertRinyvalesh o by thse @riesponding
isoolef{gs anGAaNOLRLWAlR e tHas éﬁa?@@?@%ﬁ%&%&?&@!%étﬁMF%""&%{@QHB{&E@%@QG of

methyl tertbutyl ether (MTBE). The catalysts used are usually metal oxides an empirical formula of

MaOx; ErriBéet Wigtal aacd dnpeaticishviaiesinpiieapidiidaeviienmRisOip where hbiseibay b, n, X,
J1 mayfe whele irratjenakResahess, sapesialy thosewhichsqataindhz & ergs/cg&%jn %feiﬁ%f?n metal

oxide supports or metal salts. US 4,254,290 describes, as cleavage catalysts, fo 102/A1203
or WOSIRIAI®NYS 4,320,232 and US 4,521,638 claim, for cleavage of tertiary ethers, catalysts
consisting of phosphoric acid on supports. Alumina on silica gel is used in 5US 4,398,051 as a

cleavage catalyst. For the sam%gurpose, zeolites are used in the two patents US 4,357,147 and US
5,254,788 dpaysgrosl slledstessibib slages ciddifsissdp e catsespondiorideas eficenand dioxide.
For clep@anObRHIERS MenvRid/ 98HsRs A&iicqul i ' ' : 4,232
zirconium oxide/tungsten oxigqe)%and us ?162,757 a%@dggﬁfgé%ﬁiﬂﬁ %&gs%ﬁlﬁérﬁ?% g e

2012/$85202 AT MoEHE B5e3MCE 2005086101 breinscaicdralysinwitietiiaydneralsentpirical
formulgaXmaind pRlaWhTEsX I8 Bhleastore Slrmenisf the fourth group of the periodic table of the

elements, Y is at least one metal from the third and/or sixth group and Z is at least one element from
5the seventh, eighth or eleventh group. JP 1993-229965 claims a catalyst with the empirical formula

SiaXbYied dReaFerng:8Msse maﬁﬁmsfrsgfsﬁgcg%ﬂr% %é‘% m%ééggé%%gﬁg@?ts ment

selected from thezro&consisting of titanium an [ om the group

IS an elemen
consistiky StAesRAdiGERSRNE ARty 2Ipphpledst brecorsnramnsinsisaciefinarangralgobohsisting of

sodiueRgtaseid T SUoURRIR MR B RACRINAIRALR S Rlamadatia ahlle pdiydual
elements. When a =1, b =0.001 to 10, ¢ =0.0001 to 5, d =0 to 1; e is the number o oxygen atoms
neces}é’,%itdf/| @@%‘Eiéﬂ‘ﬁﬁgétomic valency of the aforementioned individual constituents).

The catalysts used are usually metal oxides with an empirical formula of MaOy, mixaed
metal oxide compositions with empirical formulae M,MM,O, where indices a, b, n, x, v
may be whole or rational numbers, especiaily those which contain M = Si or M = Al

acids on metal oxide supporis or metal salts.

US 4,254,200 describes, as cleavage catalysts, for example, SiOx/ALO; or WOy/ALOC,.
US 4,320,232 and US 4,521,638 claim, for cleavage of tertiary ethers, catalysts
consisting of phosphoric acid on supports. Alumina on silica gel is used in
US 4,398,051 as a cleavage catalyst. For the same purpose, zeolites are used in the
two patents US 4,357,147 and US 5,254, 785.

JP 580105628 uses, as a cleavage catalyst, sulphated titanium dioxide or zirconium
dioxide. For cleavage of ethers, US 5,607,992 uses a zirconium oxide/cerium oxide
catalyst, US 6,124,232 zirconium oxide/tungsten oxide, and US 8,162,757 a mixed

oxide of zirconium and rare sarths.
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' US 5,227,564 describes a gas phase process for preparing isoolefin by cleavage of the corresponding

alkyl tert-alkyl ethers with the aid of a catalyst consisting of a mixture of a zeolitic material having a
silicon to aluminium ratio of greater than 5 with an x-ray-amorphous oxide of the elements silicon,
aluminium or a mixed oxide of the two 'Oelements, US 5,171,920 describes, inter alia, a mixed oxide of
the eldHRAL 828R iminium and magnesium as a catalyst for ether cR&VAGE 2PH21883B34tion is
accomplished by first impregnating silicon dioxide3with an agueous magnesium nitrate solution, an 5
intermediate drying step and then a further impregnation with an aqueous aluminium nitrate solution.
Subsequent preliminary drying is followed by calcining. The aluminium oxide content is 0.37% by mass
(calculgtedan AI203) and hseagnasiven midecopient s ek Mmasniraisulated gs MaO). WO

201 2/1 23292PCT/EP2012/053835 4 the cleavage of alky! tert-alkyl ethers. The préparation is
accomplRRédESPRARBIRERIHRNNENBaIEMAD aresmmRitrnsdetindadasntiicalemants. niked oxide
with the eossespendiegaatioRfHe BIRMeNH. SRR R IAABE Mhdesqubas a-criahstLignibacrayage of
alkyl tert-alkyl ethers based on crystalline silica which with may be modified with metal oxides. One
modifitRidRVEESEriBEIME SR {RMATSRIEBP mass of aluminium oxide (calculated as Al203). The
preparation is accomplished by precipitating, crystallizing and calcining tetraethyl orthosilicate in the
presence of aluminium nitrate nonahydrate. EP 0 589 557 describes, inter alia, a mixed oxide of the

elemefits SR#2ABRTnARMH @ maiedivmindhe campiEcr fetfaria cdidgé.dnthe (Sepation
thereqfefe nfissicienca coprarsialiicaypliagle gilieen-RIKmipiugsmixedaxids prenarad by m

precipitation is impregnated with an aqueous magnesium salt solution in such a way that, during the .5

impre§HaGsAY e SineohiiRegHaRIN SBIGROIBENDE A8 Ritsnas) asleatetdrenpite ®CUPH of 7 to
11. In QeektmgbiainRaticsiany astiveand selectvecatalysts iapiganationdimes Pimatetan 200 h

are required in some cases. EP 1 894 621 Al describes a gas phase process for preparing isoolefins

with af"HRIFARSESL G @hP M aPei Bt R lierEe INch LRI BNPmxed axitlé dsdiceigalyst,
whichtisensepaiedtisabiagite, cammessialinavailablessiliconsalamipiup mixedexigdeprepared by

precipitation with an aqueous alkali metal or alkaline earth metal salt solution under acidic conditions

with sBER{Beht @ dfciRgiBHMTRRS ShRIysdealBed RESEa M lchRlialy dba stvivigsiatesty of

approyimatehe8Rde:igisahviens selesivitigaof > '5 99% and likewise high methanol selectivities of
> 99%. With increasing experimental duration, the conversion, however, falls under otherwise constant

experimental conditions (temperature, pressure, residence time, amount of catalyst, feed compaosition).

In ordersstilbiprbsmbleste 8RSYTS JUGNS0E VARIRIEEs itds 5#&9&@@&@%&%‘%@5‘9%&@%@ then

. e
temperature. As a result, however, the mass of secondary components rises and the Selectivity for the

main E@ﬁﬁ%%iﬂ%%"l%l%kﬁéﬁi’&@%ﬁﬁ'@fﬁrﬁ‘i%gﬁdﬂaiﬁf@ﬁ% 8t figBsisigpof a mixture of a
2012455092 Rt/ 20046 3330i®0n to aluminium ratio of greater than 5 with an x-ray-

¥
amorphous oxide of the elements silicon, aluminium or a mixed oxide of the two

elements.

US 5,171,820 describes, inter alia, a mixed oxide of the elements silicon, aluminium
and magnesium as a catalyst for ether cleavage. The preparation is accomplished by
first impregnating silicon dioxide with an agqueous magnesium nitrate solution, an
intermediate drying step and then a further impregnation with an aqueous aluminium
nitrate solution. Subsequent preliminary drying is followed by calcining. The aluminium
oxide content is 0.37% by mass (calculated as Al,O3) and the magnesium oxide content

is 7.7% by mass (calculated as MgQ).

=P C 045 159 describes, inter alia, a mixed oxide of the elements silicon and aluminium

with an aluminium oxide content of 13% by mass (calculated as AlLO3) as a catalyst for
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Clea\'}age in liquid phase or gas/liquid phase has the disadvantage that the products formed, dissolved

in the liquid phase, can more easily enter into side reactions. For example, the isobutene formed in the
cleavage of MTBE can form unwanted C8 and C12 components as a result of acid-catalysed
dimerization or oligomerization. The unwanted C8 components are principally

2,4,4-WRcA 21 58ene and 2,4,4-trimethy1- 2-pentene. In addition, pdtEA/BAZII053&8 Eatalysts,
a proportion of the methanol formed in the cleavafje is converted to dimethyl ether with elimination of
water. If the reaction is not performed under §ressures above the saturation vapour pressure of the

reactidheniaaress slaaikit itmikyhisdersrdbiernse aaratianidh acsoraiis kedeby etingingeagas phase,
the formationnéipgeondanraatdiens asadpaaleef BRsACioniing Clﬁ&\é%@%&(rﬁgu Afihe
themselves can be suppressed due to the lower concentrations thereof compared to cleavage in the
liquid pREESPPdMNRYEAT M HRRIE REBRTIBAS can occur due to the higher cleavage temperatures. In the
gas phase cleavage, there is therefore a requirement for catalysts which, with very high selectivity,
catalyse the cleavz;gse of tertiary alkyl ethers or tertiary alcohols to isoolefin and alcohol or water, but

do nofroRtsiect BRyEsHRSFElRafoAsCHRlERhfApIbh e deavagady aliadrpredensibarabeeCwoupling
reactionsspipthersipEmaliarromkiheigoBeIsfRrmed: In Additiamthesacatalysts showisanghle high

space-time yields and have a long service life. Furthermore, cleavage of the reactant with maximum

selectASFdreRe iR fivitbritedaty prassu@ dlgraigiemnandes Mauatss) isuddn@sle. Thse known
catalyge havatidn the ‘é@éﬂﬁ‘ﬁ?éﬁéﬁ%ﬁ%‘@&@iﬂ'ﬂ%? ArjRitiapaicahals &%Eéé%ﬂé@j%&?&e% hol or

water, one or more disadvantages: a) excessive formation of unwanted by-produ or example
dimetRyiRaBdicae MgbmersstRe pfaiudtiviemhsitmionrsalistale of the catalyst, c) increased
formation of by-products when the reaction temperature is raised to compensate for loss of activity. d)
complex and hence costly preparation of the catalyst. WO 2012/123292PCT/EP2012/053835 6 It was
therefbié Ana8i5jeet brdreTieaeniniveatidanaoPrridexidacal tip elmmgstsvhiitrdosduottiave one or
more ghHiesgisafvaniages.didinsnew Seen quadiatsuintisi rﬁﬁétr'\c'tpx%rr%g'!‘f%’éa@f?si

aluminium-containing mixed oxide powders which have been produced using a silicon-aluminium
mixedS6RISFEFHRI B9 arva s iR BiiROBr BB lbHie mbmes eride Rragarestdlytir-actigfitar the
cleavagaabalipbies alH gihatnebir iasyalaiols i soRleln andalnabaley wateiing e

. i
simultaneously very low formation of unwanted by-products. It may be advisable iIn some tases to

dope tHEYeFREe ot et BiIRdNweanainfesdrimkatiae earativstar duiddifoe afirdebsgides are
prepaggd n goe grannes of flame bygiplysislgacribaddisrialia g RE 498 é%té&%@l’#gga&%%w 500
W ed the

Al, EP-A 0850 876 and Koth et al., Chem.-Ing.- Tech. 1980,"52, 628ff, 5In what is cal "¢o-fumed

proce §8PGEIRANC SifEBRSA BRI IrimeEthipBim R WERRAIND strsnaeseRhloride and aluminium
trichloride, are injected into an explosive gas flame of hydrogen and oxygen or air. The volatile silicon
and aluminium compounds are hydrolysed by the water formed in the explosive gas flame to form the

mixeddxidePd it Adid 8PHRELD I ERTOR TR P LRESS SpdrRpERIshisSsiaiosnuEh s thallidping
processdisechasn alleinabiveadn ariesaldsfeddniaa Bygdkaas/rryesn mféaageénamggﬁn oxide,

e.g. silicon oxide, is obtained from a volatile compound, e.g. silicon tetrachloride, by flame ydrolysis,
said a¥FOSBI e qTRmRRS PYdicsine KementTerdapa@iableatiishiualainmecbrrss puitting

e e 3 e B e e R L T o ana

Koth CalietheRfiahGeirierorstits B2 EUBfUTHRSIBE SYEHRiT otibe S pralvatairppriledes

hydrOU%Q@gw@b)@, far fhedolleming spegiprieattety beligheliemialRHE N electivities of >
99% and likewise high methanol selectivities of > 99%. With increasing experimental
duration, the conversion, however, falls under otherwise constant experimental
conditions (temperature, pressure, residence time, amount of catalyst, feed
composition). in order still to be able to ensure a high conversion, it is necessary to
continuously raise the temperature. As a result, however, the mass of secondary
components rises and the seleclivity for the main components falls. Particularly the

formation of dimsethy! ether rises.
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2. d_e‘fined spherical primary particles, WO 2012/123292PCT/EP2012/053835 7 3. virtually no internal

surface area. In addition, the inventive silicon-aluminium mixed oxide powders are notable in that they
are present predominantly or completely in the form of aggregated primary particles and in which a.
the weight ratio (Al203/Si02)t11 in the overall primary particle is 0.002 to 0.05, preferably 0.003 to
0.015,"?3{3% ) $4.005 to 0.01, b. the weight ratio (Al203/S02)surrde6 bitRe pHaesgassticles in
a layer close to the surface having a thickness of &pprox. 5 nm is less than in the overall primary
particle and :oc.the BET surface area is 50 to 250 m2/g, preferably 100 to 200 m2/g. The inventive
silicon-aluminium mixed oxide powder has the feature, among others, that the proportion of the

alumindign e fetade tpraesseomdirids ISey Iuand RLEIIRIAANO (AIRRBISIAZ) spface of
the primary particles in a layer close to the surface is lower than in the ov ral} primary ‘parti $&%. This
meanaEethedifgaiirdnioiive lkoAdcpiasion canheegfaesiy retiarcihfurtide. RestvesalForimary

particlg gisgiaciierdienosutionetsiiton divide apd AR e ) s aver gloserto the
surface. Preference may be given to an inventive silicon-aluminium mlxec'lloxﬁe powdet in which
(AIR0FSTEENE A2 57 Sib 2y eskithcelisaciiteatalversterdibhe ization 0 andoffgreeprekivablyThé to 5,
where it s FREFESENES, I e icle. sn,a d € diment of.the,invention, the
siIicoanaIu?ﬁiniumgr%lixeiléihjlg())(qi)](\jég’r %oﬁﬁg@gé\f\’ﬁe%h%[’?;%%&&;b%%%%% %f‘ 8%0%5%0{[6%?[&5&’5 ratio
(Al20FReBie e cHIgiiRY sofFdis ery. Dusnbasia sBEYwarfaceranatailod tbe0bath2igolA mixed

oxide pawder shaldeuRdesaood.Le /ReRR 3R iaﬁiﬂa@e}gzgvuﬁ%i@mh&am%%%&&%? comapopants

aluminium oxide and silicon dioxide at the atomic lev e primary particles also have
Si-O-APBelieR . ITHeLnaHeE 8 tHRde pRiReRss Bileyatbaraiwatistantalyuorresslstaly free of

poresreachiplerpGR MY RR AN INBpgrBY SRS ok Al Dixed.pde pgugers owhich

are obtained by flame hydrolysis and/or flame oxidation of silicon and aliminium tompounds in a
flame, produced by the reaction of hydrogen and oxygen. These WO

2012/12 82936 DERR012E0RRRIon of secondary reactions as a result of the reaction of the

cleavage products with themselves can be suppressed due to the lower concentrations
thereof compared to cleavage in the liguid phase. However, other side reactions can
occur due to the higher cleavage temperatures. In the gas phase cleavage, there is
therefore a requirement for catalysts which, with very high selectivity, catalyse the
cleavage of tertiary alkyf ethers or tertiary alcohols o isoolefin and alcohol or water, but
do not promote any side reactions, for exampie C-C cleavage or dehydrogenation, and
C-C coupling reactions or ether formation from the alcohols formed. In addition, these
catalysts should enable high space-time yields and have a tong service life.
Furthermore, cleavage of the reactant with maximum selectivity for the isoolefin formed

at a pressure of greater than 0.3 MPa (abs) is desirable.

The known catalysts have, in the cleavage of alkyl tert-alky! ethers or tertiary alcohols fo
isoolefin and alcohol or water, ene or more disadvaniages:
a) excessive formation of unwanted by-products, for example dimethyl sther or
oligomers of the product olefins.
b) low service life of the catalyst.
¢) increased formation of by-products when the reaction temperature is raised to
compensate for loss of activity.

d) complex and hence costly preparation of the catalyst.



i pO\)vders are referred to as "pyrogenic" or "fumed". The reaction at first forms finely divided primary
particles which coalesce later in the reaction to aggregates, and these can aggregate further to form
agglomerates. The weight ratio on the surface can be determined, for example, by x-ray-induced 5
photoelectron spectroscopy (XPS analysis) of the powder. Additional information about the surface
compd¥BoRLHH 3881 rmined by energy-dispersive x-radiation (TEM-E DR BER2Gd200 536g8Iual
primary particles. The weight ratio in the overall pfimary particle is determined by chemical or
physicochemical methods, for example x-ray fluorescence analysis) of the powder. It has initially been
found thiER heyafersrrambigsbod tiraprase sllicveatiomitiupronive d ol powdetdipst avtibhty!

phthalaéR WBbEEVE S SlibHbrbRiithalate JRBRIENA g.of mixed oxide, of 300 to 350. The DBP

number is a measure of the structure of aggregates. Low numbers correspond to low structure, high
numbers to high structure. The preferred range from 300 to 350 corresponds to high structure. In 5the

case f RBE AbRORan Mm[PHRBf eSOty MBIRENE (. abie [olatng paddles of the DBP

measuring instrument is measured with addition of defined amounts 0 , In‘a’compa biE$nariner
to a titfi6A. FefthronrsisehaRY e srar praduradmsinarsiinih-a sotisequenidet ingat a
particyas agddiion ol HRPLIAe Hikutyl ate absorption. can be measyred, for example, with a
RHE(SFHCORD 9(;5ilrllstrumen%[ fror%gﬁlaak?y }Ba?élsrpﬁe. é@%hﬁ%rﬁc@@ 1%83325%1 eag?ﬁ\é%%?glﬁ rhium
mixed @ @Rl etllyidebaikebeibersatsyadiarmoaephts dkieenlrfncham bérakoichissclosed with
a lid, ainehcipy RRRRISNE T8 AP Rir esHRANELER ahElRy (e lig ok REIVEN, metering rate of 0,0667
ml/s. The kneader is %Ehfsrzte at a motor speed gp 125 trgezglggtgc??\%&p%e{%m%n%ﬁtaéy g% gﬁ\éﬁ ?ftlj hit'dbf the
maxind3 forgaestie kpkadershminedbDRR stdrialialiermicd meitiesl psalitelied effirfiheataiount of
DBP g¢ppgdmed and the amount of particles weighed in are used to calculate the DBP absorption
according to: DBP number (g/100 g) =i- (DBP consumption in g / starting weight of powder in g) x 100.
The invention further provides a process for producing the inventive silicon-aluminium mixed oxide

powdeti, & [ / ?e}?agr% =T, g%%,i o rising one or.more silicon
com piﬁfﬂﬁgﬁg\tﬁ%rgﬁ%#e groupB c%régi('gs)ting 0 %g:é%?g%{?i gﬁ%@%c@% é%ti?fl da{ir?dm
(n-c3HAIRE3%nAGAARpBE 698 RPIREI)sABIe BRdPoRRfLaBESatntitioth edrapoGidsane mgnsferred
separgtely, of dggether ggmeans of a carrier gas, into a mixing chamber, where the weight ratio of
aluminium compound, calculated as Al203, to silicon compound, calculated as Si02, is 0.003 to 0.05,

b) sepBriBRt e, helcastivmegonivasssh. gavaiie allicos mast@uedrintm thismysingiehamber,
where rlgiah bR BlakAREN JRdha i alisash HlCienIar camplsle combystion, ofdne
gas and of the silicon compounds and oaluminium compounds, the mixture o vapour

of the 8RB IPEENHEGFISERRICHY BRIl RECoppY araii; Qo Al sliomigisand mipds iytktacin a
burnenadié e Bamer b SR FRACHPThENRSE ve gas flame to form the mixed oxide and

the acid of the counterion of the silicon and aluminium compounds.

in the doping process used as an alternative, an asrosol is fed into a hydrogen/oxygen

gas flame in which an oxide, e.g. silicon oxide, is obtained from a volatile compound,

e.g. silicon tetrachloride, by flame hydrolysis, said aerosol containing a salt of the

element to be doped, e.g. aluminium, and the corresponding mixed oxide thus being

formed.

In both processes, the resulting coproducts are subsequently removed in various steps,

as described inter alia in DE 198 47 161 A1, DE 196 50 500 A1, EP-A 0850 876 and

Koth et al., Chem.-ing.-Tech. 1980, 52, 628f.

The oxides or mixed oxides prepared by flame hydrolysis are notable for the following

special features:

1. high chemical purity,

2. defined spherical primary particles,



"d) then the solids are removed from gaseous substances, and the solids are subsequently treated with

water vapour. The process can also be executed in such a way that the vapour of the silicon

.compounds may contain up to 40% by weight of SiC14. Particular preference may be given to a

mixture of 65 to 80% by weight of CH3SiCI3 and 20 to 35% by weight of 51014. A suitable aluminium
compdURY38 HEERAHAE aluminium chloride. The combustion gas o is preREFIFR2ISRHEBBAS the
group consisting of hydrogen, methane, ethane, pfopane and mixtures thereof. Particular preference is
given to hydrogen. The air introduced into the mixing chamber is sufficient at least for complete
combustien Mffte b Rbirkeena s8AREAR silicon compounds and aluminium compounds. In
genergl, AameseSthaliATdRtRedidbs. NSRRI, WiQ LSS VR e PITRORS o Vel
substantially 5removing ch!orideirlesidues a@ﬁﬁ}ng tc%%ﬁé%%ﬁ%%ﬁ%%cﬁﬁt g't% trll%é Ego@v reiarltctg]r%ins not
more HanFISSBYIWIGAP BT GAIBHUET mretepbbighndt riiveefthiam Of28¢dp yaightrofrohiyrigertalesidition,
the oxiges;Qrpixed oxides produced in the by flame hydrolysis are x-ray- amorphous. An
x-ray-amorphous substance is one whose range of long-range order is below the coherence length of
the x-fadiattbf Wssghinatifette@d8ihat Hetivratecsnl (V029 121282820 CTEPIDDS/053835 10
interference, SRR THOBLREDIGNYCHIRR ARaAIIB I Pyie compositions comprising the
silicon-aluminium mixed oxide powders which are préduced in accofdance with the invention and
additichallyteBrsigat AR RS Qlaline Shlirerpsmiasyides!thes imvertyemized txithe powders
being treat%q,%%mgﬁ?gqﬁﬂ@g@g@ gggag an ide solution such that the pH
is in the range from 5 to 6.5. The alkali me &ls of alkaling egégﬁﬁ%lé:a s{%érg\f)%r%r%%rg&ge% in various
ways. It cafP®eigifeist, for example, by impregnating the mixed oxide produced by flame hydrolysis
with ap alkgidnetat angioralkaline. egyth metal 3 I %{p i5,the mixing of the mixed
oxide produced by flame hydrolysis with an alkal?é%?t?élg%?\%?&nﬁ?j?ne eaﬁh]2§ ietal salt prior to the
actual production of the catalyst. The invention further provides mixed oxide compositions comprising
the Siliﬂ?é"ﬂb‘gﬂﬂmrﬁi?&ﬁgé%ﬁﬁ% q%g( h'gh ar ' cordance with the inyention and
are additionally treateggl with an acicmqug%%sésé uti(:ngiB,(l?ﬁ(}légl fﬁ%;ltﬁ% iﬁéﬁ%i}%’nay RO Bq 56 1tis
advari@febesripeartiae ke alidsiobmposideniativatéd thichsdipboshbins isouee liwthed
produgtion, RroeessHephesrisrus.source Us . horic acid, phosphonic acid,
phosphinic acgl_di, poltyph?osf)hgﬁ?%éﬁgo?%ﬁygro%g%ﬂ%}gsag@% ﬁé“é?amyapf%o%%ﬁg%sgcfg IIﬁ‘ﬁae
treatnfélitase i ctauehytsaspentiiagoyrr afixstxid e estinisssitioris mveates ahdtaithmixingrthis:m
suspegion wilLine BAASPACIHS SAHCE. SUGRANRLA REHALD (9,6, Riferably ot 1o 2.8, and especially
of 2to 2.5 is established. $ubsquenﬁ ,et_ie_t%e treatetghcatgly?srt}?sgv\v%f @8 %v%ﬁ%ﬁ%??glﬁed‘%? 100 to
150C iaAtyearined Riosootte 600 &ligpefeiakigarnsoat B6TCH Thggrdpditiensysy rlass of the
respegfive comnanshis of e mixed 2ds campasiy BssHMS the following values: a) silicon: 50
- 99.9% by mass (calculated 631};?j S%L' b) aluminium?%glg@%& %%?gté‘é%p?égfé‘?ébﬁ@i P95 by mass,

more Pr&fBiamIAlOSI Y 446 ARatse d80m1293) 3 to 20, preferably 1.4 to 10 and more
preferably 1.6 to 5, where "ttl." represents the overall primary particie.
in a preferred embodiment of the invention, the silicon-aluminium mixed oxide powder
has a weight ratio of (Al,O3/SiO2)y of 0.005 to 0.015, a ratio (AlLOs/SIO. )y / (ALO/SIO,)
surface of 1.3 to 20 and a BET surface area of 100 to 200 mgig.

A mixed oxide powder shall be understood to mean an intimate mixture of the mixed
oxide components aluminium oxide and silicon dioxide at the atomic level, in which the
primary particles also have Si-O-Al bonds. The surfaces of these primary particles are
then substantially or completely free of pores.

Preference may be given fo those inventive silicon-aluminium mixed oxide powders
which are obtained by flame hydrolysis and/or flame oxidation of silicon and aluminium

compounds in a flame, produced by the reaction of hydrcjgen and oxygen. Thease
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' WO 2012/123292PCT/EP2012/053835 11 c) alkali metal: O - 15% by mass (calculated as M20) or

alkaline earth metal: 0 - 30% by mass (calculated as MO). A further embodiment of the invention is
characterized in that the inventive mixed oxide compositions are used to produce, with addition of
binders, temporary assistants and fixatives, shaped bodies in a shaping process. The present

inventgo ikeydsezpmyades for the use of the inventive mixed oxide comrpgﬁifgpﬁﬁ%@%@? for
cleaving a starting compound of the formula Il R2gRi - CH2 - C -0- R RI 3 to isoolefins of the formula |

R--CH =C, NR | and a compound of the formula Ul R - OHUI where the R radical in the formulae | to

lIlis Hhanvarralkd adiratavio-ANe,OFdYsh AR RIRIBE). heRUAIEA i Hrar A methyharethy!

radical and the R2 and R3 radicals are each methyl or ethyl radicals, where the R2 and R3 radicals

may HERELHHEBRuMeITE v A imRaatie Gitelindbeeecing dprasseastto. ane 2hasa(abs),
The preseasirueBtion ieLyise @’@Niﬁg@g@ﬁé@g@ for cleaving a starting compound of the formula Il
R Rl'fh%méié:h% zgéti% on the surface can be determined, for example, by x-ray-induced
photoelectron spectroscopy (XPS analysis) of the powder. Additional information about
the surface composition can be determined by energy-dispersive x-radiation (TEM-EDX

analysis) of individual primary particles.

The weight ratio in the overall primary particle is determined by chemical or

physicochemical methods, for example x-ray fluorescence analysis) of the powder.

it has initially been found that it may be advantageous when the silicon-aluminium
mixed oxide powder has a dibutyl phthalate number, in g or dibutyi phthalate
(DBP)/100 g of mixed oxide, of 300 to 350. The DBP number is a measure of the
structure of aggregates. Low numbers correspond to low structure, high numbers to
high structure. The preferred range from 300 fo 350 corresponds to high structure. in
the case of DBF absorption, the force recorded, i.e. the torque (in Nm), of the rotating
paddles of the DBP measuring instrument is measured with addition of defined
amounts of DBP, in a comparable manner to a titration. For the inventive powder, a
sharp maximum is found with a subsequent decline at a particular addition of DBP. The
dibutyl phthalate absorption can be measured, for example, with a RHEQCORD 90
instrument from Haake, Karlsruhe, For this purpose, 12 g of the silicon-aluminium
mixed oxide powder is introduced accurately to 0.001 g into a kneading chamber which
is closed with a fid, and dibutyl phthalate is metered in through a hole in the iid at a
given metering rate of 0.0667 mi/s. The kneader is operated at a motor speed of 125
revolutions per minute. On attainment of the maximum torque, the kneader and the
DBP metering are automatically switched off. The amount of DBP consumed and the
amount of particles weighed in are used to calculate the DBP absorption according to:

DBP number (g/100 g} = (DBP consumption in g / starting weight of powder in g) x 100.

The invention further provides a process for producing the inventive silicon-aluminium

mixed oxide powder, in which
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-1 R3 Il to soolefins of the formula WO 2012/123292PCT/EP2012/053835 12 121 -CM=C,\and a

compound of the formula lll R - OHIIl where the R radical in the formulae | to Ill is H or an alkyl radical
having one or two carbon atom(s), the R1 radical is H, or a methyl or ethyl radical and the R2 and R3
radicals are each methyl or ethyl radicals, where the R2 and R3 radicals may be the same or different,
at a teywperatirei 08240 to 450C and a pressure of 0.1 to 2 MPa(abs), chageeiepzee ByiRajgthe catalyst
used is a mixed oxide composition which is produged by flame hydrolysis and in which the proportions
by mass of the respective components of the mixed oxide composition may assume the following
valuesi)a) siicapo@PcoRRRINY dhass: (FRIFY RS AT SHIZ) LRI WBIBIEY Bdhs W%ngassi
preferably 0.1 -20% by s,.more preferably 1 - 11% by mass (calculated as Al203), c) alkali metal: O
- 15% by m%@%sﬁﬁgﬁ%@gﬁ%@fgﬁéh% & é@hﬁﬂ)ﬁ%‘éla@d 30% by mass (calculated as MO). In

particular elogiments ohitie: veatens aikalherty espikaline Sanbipriaioxdesare additionally

present in the mixed oxide composition used as a catalyst for the above-described process, for which

purpose th& R BLAESBRIBUEHBH R RIAEIMAIHRA RISy AR RbRFSMSK RS Biatmetal
hydroxide salufienciushisbat diespbiie theigatrsadbraRiImetE EbBJangedspniaie6s. A further

embodime%g the inyention is characterized in that the mixed oxide composition used as a catalyst

for the abot:desiHBUIPIGHBENHLTEF HRRT RPepPatisrOlRR b QifP an aqueous acidic solution
such thpt the:phtatcthercawBemn! HerEReahS i MsUaRIeJENRIRR Bre transferred into this

mixing chamber, where the fotal amount of oxygen in the air is at least sufficient
for complete combustion of the combustion gas and of the silicon compounds and

atuminium compounds,

c) the mixture of the vapour of the silicon compounds and of the aluminium
compounds, combustion gas and air is ignited in a burner and the flame burmns into
a reaction chamber,

d} then the sclids are removed from gaseous substances, and the solids are

subsequently treated with water vapour.
The process can aiso be executed in such a way that the vapour of the silicon
compounds may contain up to 40% by weight of SiCl,. Particular preference may be
given to a mixture of 65 to 80% by weight of CH;SICl; and 20 fo 35% by weight of SICls.
A suitable aluminium compound is preferabiy aluminium chioride. The combustion gas
is preferably selected from the group consisting of hydrogen, methane, ethane, propane
and mixtures thereof. Particular preference is given to hydrogen. The air introduced into
the mixing chamber is sufficient at least for complete combustion of the combustion gas
and of the silicon compounds and aluminium compounds. In general, an excess of air is
used. The treatment with water vapour serves the purpose of very substantially
removing chioride residues adhering fo the particles, such that the powder contains not
more than 1% by weight of chioride, preferably not more than 0.2% by weight of
chioride.

In addition, the oxides or mixed oxides produced in the by flame hydrolysis are x-ray-
amorphous. An x-ray-amorphous substance is one whose range of iong-range order is

below the coherence length of the x-radiation used and hence does not generate any
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" The foreparation of isoolefins by gas phase cleavage of alkyl tert-alkyl ethers (ATAES) or tertiary

alcohols using the inventive mixed oxide composition as a catalyst has several advantages: even in
the case of conversions of food stocks exceeding 70%, the WO 2012/123292PCT/EP2012/053835 13
corresponding isoolefins form in selectivities exceeding 99%. In the case of cleavage of alkyl tert-butyl
etherSH0r %‘E%%’ t1Réd<¥ectivities for the ethers formed from the alcohol e RRIREFL AR NIEREB0%. The
cleavage can be performed at relatively low tempétatures for cleavage reactions of 110 to 450C,
preferably at temperatures of 180 5 to 300C. The conversions can be performed at pressures of
greatdPIRERIEPERPALEISS), such that condensation of the isoolefins formed against cooling water is
possible. The catalyst is notable for a long service life. The catalyst does not contain any heavy
metals, and so substances of ecological concern occur neither in the course of production thereof nor
in the tDErBECSEHsEAIIRRalTOBYQURRRGIHES oSt cIpbTResiithm sanpidingrtatkalifeoearth

metal JiRgnihe aaKMlY sarbe,adiNstedaptmally &5&0%@8%@&&#&%@5835@@ E@%Oﬁif)@d%&%ﬁhe

invention for preparing the catalyst is notable in that a silicon-aluminium mix uced by
flame #ydr@ydiiasabeFamarisgarisebompnent. aikelineesavid mnaidlogiddasnipesitvanised as a

catalygiifiRy o Blbaadhe SIRICHEAIIN) SHERBADARANIR. I3 Gonlls kA metpl andlor

alkaline c-arth metals. For the variant of conducting the reaction in fix reactors, which'is of
industigi iRtdAestoiioReeeel dRptihe Rl iy thasasasdiamietrdkiBie composition produced by

flame twgralxsis r%ﬁéd%oeﬁ%i&émﬁ@r@éﬁﬁ%@é@&!@%awi%aﬂ%%fé@iR%‘?M% a8 2pjpgyqcess, as

sufficiently well known in the prior art. The suitable binders used may, as we [uminas, ceramic

clays,&ifeiad, for Sampie, 2ol B ErEBRINGLE 2eties. Ao atipethdmfi@detigdrobrmisositions
produgagh byflamainydselysis-an-maadiiind inhis wakaresedinmio 'atwgécggpq?@aoggg@w flow

resistance, for example in the form of granules, pellets or shaped bodies, for exa

cylindEr&iRg Hardae cbiritesier rivigsiucstiniaiemay Sidrallysis- @itho by alksE ofthel mixddoxide
compasiaRPEQCatkay tame Ry drolysisis ks UIgaroHsly ng'b%tg%stﬁinder as specified above,

together with otemporary assistants, for example water, aqueous solutions, water substitutes, for
example glycols, polyglycols, and additionally fixatives, for example cellulose ethers, WO

2012/%23292RG; ; lastigizers,f ec@ﬁ?:%i ! ' pressing aids, for
exam r.f'r);l%e%r?o9 ﬁgﬁgﬁgf %%s%ce?fslpgréls@ E %I'éhgg %gp%grgtiﬁ i(t:%rn be effe%t{l%oaﬁéﬁgﬁ%fg ,gin{ﬁin%%%%% or

intensh/d Hkem StieE Ry PAYAaINg HFbcars ke ple aedletienion vékrdsoinvedippressing,
procuse e e e B s BB IOLA i ALTAIFION I g podes ar

calcined within a temperature range of 200 - 700C, which removes the assistan
from O to 6.

It is advantageous when the mixed oxide composition is treated with a phosphorus
source, in the production process. The phosphorus source used may be phosphoric
acid, phosphonic acid, phosphinic acid, polyphosphoric acid or dihydrogenphosphate,
preferably phosphoric acid. The freatment is effected by suspending the mixed oxide
composition in water and admixing this suspension with the phosphorus source, such
that a pH of 0 to 6, preferably of 1 to 2.5, and especially of 2 to 2.5 is established.
Subsequently, the the freated catalyst is washed with water, dried at 100 to 150°C and
calcined at 300 to 600°C, preferably at 450 {o 550°C.

The proportions by mass of the respective components of the mixed oxide composition
may assume the following values:
a) silicon: 50 — 99.9% by mass (calculated as Si0»),
b) aluminium: 0.1 — 50% by mass, preferably 0.1 — 20% by mass, more preferably 1
—11% by mass (calculated as AlLO3),
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" In this regard, a further embodiment of the inventive composition is characterized in that the inert,

porous carrier material, for example silicon dioxide, using an additional binder oselected from the
group comprising: a) aluminas, b) ceramic clays, c) colloids is used to produce mouldings in
different three-dimensional shapes selected from the 5group comprising: i) spherical, ii) cylindrical, iii)
ellipsS¥a) 2011 861¥d®%%ar bodies oin a size range of 1 - 10 mm. The inveREE/ERAYERIGEIE8RDIY has a
BET surface area (determined by volumetric medrs with nitrogen to DIN 1ISO 9277) of 5 to 600 m2/g,
preferably of 20 to 200 m2/g. If the inventive catalyst is applied as an active composition on a support,
only the Zotivdkadnipeiation hatSy BT sagadsarsdalathpsiidAnge spetifiedeame patavdume of the
inventive catatyst @W&%Q%é[ﬁé@e@i%é ml/g, more preferably from 0.8 to 1.5 ml/g. The pore
volume is preferably determined by the cyclohexane method. (In this method, the sample to be tested
is first dried to constant weight at 110C. Subsequently, approx. 50 ml of the sample weighed
accurplalae S ISR AR FIRARGE BRISADANGRUDR WHICH HASNeRNASg 0
constant weight and which has, at the lower end, an outlet orifice with a ground-glassef:ap.xlL € outlet
orificeRMREF 0TS/ ap3 2520 T/ B P2hia2/ 0588 36ld Beowiréinditsa emabpieg eietistdydthgiemhe, which
preveﬂ;éﬁ{%ag%gémgmlgq@gfggagyntg%mgée. After the impregnation tube has been filled with
the sample, the tube is carefully sealed air-tight. Subsequently, the impregnation tube is connected to
a water-jet pump, the ground-glass tap is opened and the water jet is used to establish a pressure in

the imprgg @ﬁgearwbﬁ\@haeﬁnh@é@@éobmd&elf{a@e%ﬁg%ggn&eﬁ%e%sgn%@ g;?e%ocs“%&?&e

connected In parallel. After 20 min., the ground-glass tap is closed and the evacu impregnation
tube iSXTHQEHIEIFEorriatsl fo adyaline daR@rise woinpwhichf dheatmumately measured volume of
cyclohexane is ir;itially charged, such that opening of the ground-glass tap results in suction of
cyclohexane fréfm the reservoir into o the impregnation tube. The ground-glass tap remains open until
the entite-sample-liaskbeen flooded with cyclohexane. Subsequently, the ground-glass tap is closed
again. After 15 min., the im@!egnation tube is ventilated cautiously and the unabsorbed cyclohexane is
discharged into the reservoir. Cyclohexane adhering in the impregnation tube or in the outlet orifice or
the cdoriectitafindtbfthtecdyctabéxéne reservoir can be conveyed into the reservoir via the ventilation
line by a single caytious pressure pulse from a suction ball. The volume of the cyclohexane present in
the res [\(%jl[lig oted. The pore volume is calculated from the absorbed volume of cyclohexane, which
is determined fronkthge cyclohexane volume in the reservoir before the measurement minus the

cyclohexane volume in the reservoir after the measurement, divided by the :0mass of the sample
analy§8@)a compound of the formula ki

R—OH ]

where the R radical in the formulae 1 to #i is H or an alkyi radical having one or two
carbon atom(s), the R1 radical is H, or a methyl or ethyl radical and the R2 and R3
radicals are each methyl or ethyi radicals, where the R2 and R3 radicals may be the
same or different, at a temperature of 110 o 450 °C and a pressure of 0.1 to
2 MPa(abs).

The present invention likewise provides a process for cleaving a starting compound of

the formuia §f

10 isoolefins of the formula |
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' The inventive catalyst can also be applied to a support, for example a metal, polymer or ceramic

support, preferably to a support which is inert in relation to the reaction in which the catalyst is to be
used. More particularly, the inventive catalyst may be applied to a 5 metal support, for example a
metal sheet or a metal mesh. Such supports provided with the inventive catalyst can be used, for
examP201& 23397 reactors or reactive distillation columns. The supP&TEERE0ARSE 52835l
glass or ceramic spheres, or spheres of inorganic 8xides. When the inventive catalyst has been
applied to an inner support, the mass and composition of the inert support are not taken into account
in the de;[erminatioﬁ'of the composition of the catalysts. WO 2012/123292PCT/EF'2012/053835 16
The invBntivé ?:&tab[st can also be diluted with inert material. This dilution can be accomplished by
mixing the finished caialyst with the inert material before or during the introduction of the catalyst in the
reactosnor deatipotantast dadyaasimdHé course of production of the catalyst. 5 The inventive catalyst
or a catalys}, produced by the process according to the invention can be used as a catalyst for
numerous Feactions. More particularly, the inventive catalyst or a cataWst produced by the process

accordingte the iRveatioaicanihe isedime precessdan weparinkisoalefias witheyfermauls 2 RI -
CH=C Ii%b catalyti q sr%%ase IeeFv,ag of a starting compound of the formula 1l R2 Rl - CH2 - C- -
R to AR Bt I T R S binSE AASTIA RiriRlTA IIPRICRO RIS iR tBckRdical in
the forauilesld terdl imabhomantatkyt retligalhaving onegretwreecrIbematem (R dthaiR fnmdisal dsH, or a

thyl or ethyl radical and the R2 and R3 radical h methyl or ethyl radicals, where the R2 and
R roALE iy QL G o ARREFE U e Er T 20 EH COERRP A Br et ofD 1 1o

2 MPa(abs), characterized in that the catalyst used is a mixed oxide composition which
is produced by flame hydrolysis and in which the proportions by mass of the respective

coimponents of the mixed oxide composition may assume the foliowing vaiues:

a) silicon: 50 — 99.9% by mass (calculated as Si0,),

b} aluminium: 0.1 — 50% by mass, preferably 0.1 ~ 20% by mass, more preferably 1
—~ 11% by mass (calculated as Al,Gj3),

¢} alkali metal: 0 — 15% by mass (calculated as M,0) or alkaline earth metal: 0 —
30% by mass (calcuiated as MO).

In particular embodiments of the invention, alkali metal or alkaline sarth metal oxides
are additionally present in the mixed oxide composition used as a catalyst for the
above-described process, for which purpose the mixed oxide composition is freated
with an aqueous alkali metal or alkaline earth metal hydroxide solution such that the pH
in the course of treatment is in the range from 510 8.5,

A turther embodiment of the invention is characterized in that the mixed oxide
composition used as a catalyst for the above-described process is treated during
preparation thereof with an aqueous acidic solution such that the pH in the course of

freatment is in the range from 2 to 2.5,

The preparation of isoolefins by gas phase cleavage of alkyi tert-alkyl ethers {ATAESs) or
tertiary alcohols using the inventive mixed oxide composition as a catalyst has several

advantages: even in the case of conversions of food stocks exceeding 70%, the
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02 Mi:’a(abs). The compounds of the formula 1l used may, for example, be tertiary alcohols having 4 to

6 carbon atoms. Preferably, in such a process according to the invention, tert-butanol (TBA) as
compound Il is cleaved to isobutene as the compound of the formula | and 5water as the compound llI.
WO 2012/123292PCTIEP2012/053835 17 isobutenic C4 hydrocarbon mixtures with water. Processes
for preffédi2g TBAZR29@isclosed, for example, in patent specifications DEE©/8®Z3.9m0g 4857 002
050. TBA can be used in pure form, in the form ot & TBA/water azeotrope or in the form of another
TBA/water mixture. Preferably, in a cleavage process according to the invention, a compound of the

formukeotréspdricing iscnaftisyfonethydeaditatissoioavedi Adgbtartialliyb ethessonbish eanehss used in
the cl rocess accordi the invention are, for example, methyl tert-butyl ether, ethyl
oo e B R B AU it B R R B Rt R Pt
inventalierdatabst aref theloataBBlpréiucedirraagerdenne with teefinvestion: methyhies-atyl ether is
cleaved to isohutene and methanol, or. ethyl terf-butyl to ispbutene and ethanol. it is possible in
o NN Do L B Rt e K
varietyoof3different peocessessibrpr acasbbmprépaniag MTBlisdescibegatarexample, i BE;101 02

: f i discl for_ex le, ir ; 700, DE
062735 Bk 105008 CROAUT o7 B 0 A608 00sAED. THERHRE SR e 5 RORPBLS over the

inventiveecasibfysis prefabls)peddomg datvicte fiipeffture abhid todo(ot \Mhenithesjarirgynaterial

used is MTBE, the cleavage of MTBE to isoputene and methanol is performed preferably at a
tem pe!?’“la%/l{ﬁ’g ’ofaﬂ»SO t9003§8%§ r%%?gsprgfe%‘ﬁ@) 8 fgoc%ngg%'%c% cﬁgg{}gﬁe‘%r&%ﬁ%ﬁdﬁﬁdﬁfg to the

inventiondsighiofetaeiieat acedotitive prosssiwecdi dshia2! MatalisB YWiatiis@Hie neds Gmsacsict, it
may bg,advantagequs to perform the cleav rocess according to the inyention at a pressure of 0.2
to 1 I\/I%}é%b@f%qre e‘ﬁaebﬁ)k 0%[56%% §° %%&'&ﬁis‘%fﬂ%%ﬁaaﬁ? et PRl bbutene
can bewrpndaased. against cooling water at these pressures. C) WO
2012/123292PCT/EP2012/053835
The process according to the invention for preparing the catalyst is notable in that a
silicon-aluminium mixed oxide produced by flame hydrolysis is used as a catalyst

component.

The inventive mixed oxide composition used as a catalyst may, as well as the elements
aluminium, silicon and oxygen, also contain alkali metal and/or alkaline earth metals.
For the variant of conducting the reaction in fixed bed reactors, which is of industrial
interest, it is necessary that the above-described mixed oxide composition produced by
flame hydrolysis or pyrogenic means is subjected, with addition of & binder, o a
shaping process, as sufficiently well known in the prior art. The suitable binders used
may, as well as aluminas, ceramic clays, colloids, for example, also be amorphous
zeolites. Appropriately, the mixed oxide compositions produced by flame hydrolysis and
modified in this way are used in a form in which they offer low flow resistance, for
example in the form of granules, pellets or shaped bodies, for example tablets,
cylinders, spheres, extrudates or rings.

For instance, generally 1~ 20% by mass of the mixed oxide composition produced by
flame hydrolysis is mixed vigorousiy with a dry binder as specified above, together with
temporary assistants, for example water, agueous solutions, water substitutes, for

example glycols, polyglycols, and additionally fixatives, for example cellulose ethers,



LA

' 18 gram of catalyst per hour) in the cleavage process according to the invention is preferably from 0.1

to 100 h-1, more preferably from 0.5 to 30 h-1. When the starting material used is MTBE, the cleavage
of MTBE to isobutene and methanol is performed preferably at VVHSV of 0.1 to 100 h-1, more
preferably of 0.25 to 25 h-1. 5 In order to minimize the complexity of working up the cleavage product
mixturd/pradd@dn@3 28gdiven to aiming for high conversions for the straightQags PR eferessg s given to
performing the process according to the invention4n such a way that the conversions of compounds to
be cleaved are more than 70%, preferably more than :0 80% and more preferably more than 90% to

100 %pl¥ghierdng, réactaxdspom pidestodtdesizme seemtdanaeinponentsripmaydigcprorate to
limit t onversion.When, for.example, the feedstpck mixture comprises, as well as the MTBE to be
cleavgg?%?rs?oi Miet %ﬁy%g?gﬁg?ﬁ r%§9 bE n%gf%%%éfy O rEERBRIG g&rﬁ/j@ﬁﬁﬁjﬁf KFalFiR e in order
not torekegedaibiefineentatio ofdnesinhupenessin isobutens dhecferpagiion mixtutso it mayiHus be

advantageous to limit the permissible conversion of MTBE according to the level gf the
2-met%%<§/%rl]9ang E:OOGEH(%%? ir?[ [E\%}e Tseheaéq[)s?f)?c&%@?ﬁre?g() Bﬁsi !é%{Tgéd THRAftatibHYF iR dBfiversion
can bénachievetiofor teastmigebly incfeasing tbelWitdlWatidfordoweatingdheseaaiign smpryature. It
may %g@&nt%%%oyes f8r trgset ctj[vEX and/or sele%\(%jt of some catalysts when proportions of water
are added 16 the reactorteed. For- x%?ﬁ%fg,a\ﬁyi 201 thus describes the continuous addition of
water to an alkali metal- or alkali earth metal-doped aluminosilicate to reduce the formation of
secondary. components. The optional addijtign, of water for moderatjon of the catalyst is effected in
cuch YWY STHALING FHBDBHaN o7 AtER e s LB GPIERPEILO O 895 By P8 Wiore
preferdialyirte 2, tpdrss bypmeass) Jtee sy fplexater o ssicisrpoateddbly sty denioaradzed whdistilled
water el {\al\é%%?d’ yapo r,eTQS é:leg(\)/ﬁ,g’% ir1oqluct mixture can be worked up by known industrial
processes. Unconverte reactnL Gan begrecycled into the cleavage, optionally after a partial discharge
or purifjcatenmiVgs 20121123292PCT/EP2012/053835 19 The isoolefins obtained can be utilized as
descr&%ed igetrh?ﬁ ilr&trct?dusction . An isobutene prepared by the cleavage process according to the
invention can be use%yeSpecially for preparation of butyl rubber, polyisobutylene, isobutene oligomers,
branchgd C5Haldeshydes, C5-carboxylic acids, C5 alcohols, C5 olefins, tert-butyl aromatics, and
methagcrylic acid and esters thereof. The alcohols obtained in the clegvage of ATAE can be reused
after \}\?oésuep?, %c())r %‘;(Odrjrﬁg?’e P %?f/jﬁifﬁgsirs? Aaf,{*%’%\rﬁ afh%eﬁggﬂggggs SEESrdih vgﬁjq‘tﬁ%iﬁwgﬁti@wﬂn@?he
inventiveuatadysisisireggdescribed by way of example hereinafter, without any intention that the
invenebon bseppl%sr%riqed to these illustrative embodiments. When ranges, general formulae or compound
classes are specﬁ?e’d hereinafter, these shall include not only the corresponding ranges or 5 groups of
compodundsyfirestiicaied explicitly, but also all sub-ranges or sub-groups of compounds which can be
obtair?“ d bxnsgclgli:_{?fng individual values (ranges) or compounds. WO '
2012/123292PCT1EP2012/0531335

ivi polylobuiar bodies

i a size range of 1 - 10 mm.

The inventive catalyst preferably has a BET surface area (determined by volumetric
means with nitrogen to DIN ISO 9277) of 5 to 600 mzlg, preferably of 20 to 200 m2/g. it
the inventive catalyst is applied as an active composition on a support, only the active
composition has a BET surface area within the range specified. The pore velume of the
inventive catalyst is preferably from 0.5 to 2.0 ml/g, more preferably from 0.8 fo-
1.5 ml/g. The pore volume is preferably determined by the cyclohexane method. (In this
method, the sample to be tested is first dried to constant weight at 110°C.
Subsequently, approx. 50 mi of the sample weighed accurately to 0.01 g are introduced
into a cleaned impregnation tube which has been dried to constant weight and which

has, at the lower end, an outlet orifice with a ground-glass tap. The outlet orifice is



' 20 The examples which follow are intended to illustrate the inventive catalyst and the process using
the inventive catalyst. Example 1: Production of the inventive silicon-aluminium mixed oxide powder
5The vapour of a mixture consisting of 45 kg/h of CH3SIiCI3 and 15 kg/h SiCl4 and the vapour of 0.6
kWh aluminium chloride are transferred separately from one another, by means of nitrogen as a carrier
gas, inddCh 26kaiG2328Aber. The vapours are mixed with 14.6 m3 (STP)/IPaeftiEdrpgen/apddp m3
(STP)/h of dried air in the mixing chamber of a bufer and supplied through a central tube, at the end
of which the reaction mixture is o ignited, and burnt there. The resulting powder is subsequently
separaeced with fitenmidoieeatot wityethgEmeatvitioh 70eCe Misehmkege erfrtisins ARYoaYiskeight of

RRAUCA Sl T e R N T A e SR e

number'is of mixé eterminé the weig DB SRS Titffe
primaapaitityessinled ayetighis & Bl thrisutfachavitharébicktiess:obappraxn Acrmadam XReamalysis is
emplo; It give lght ratio (Al203/5i02)surface of 0.0042. The weight ratio (AlI203/$i02)th in the
overal%ﬁ?fr)n@%é ’p?rgc\%ﬁégéggﬁéﬁ%e% By%—? yeﬂggréasr}:cjer%g a\ﬁgﬁéiéegn@hgsﬁﬁiw%@ﬁﬁéf@ weight
ratio (Ar208L&0R)theofnod@nTits: dives ois2Oord maliab ol (A 203G Qe (AI2031 58 2)Rudase of 2.4.
Exam ; ' lyst extrudates (inventive). 60Q g of pyrogenically produced
alumirgcﬁ%cngtéeggﬁ% %? %’é@@%ﬁ%% @3%&%%%%e,&%%#‘%ﬁé%ﬁggé{ﬁ?ﬁ@%@%fﬁ,F 08%921 g of
a comiinereidaneishinwwegdsensiobeals ayressinerdiv -3 gnefctecbivmergitb polysacebasideias a
plastigj 309 NH3 salution and demineralized water.are blended in an, intensive
mixerq\)%i?f{;lhafsc gngby[gg/%@ﬁ%%?ﬁ Risis o Ig\?vg%yorfje%(f@)ﬁﬁ&?%ti?e%i@rqgi\? Bt ﬁ%iﬁ?‘@t
homogeeairgyaoinsdgreliat-glithatdimmnsstetsohapmion: b gobiearmolitainegavithin30:d4Mpinutes.
The mgist. pel r sed with a commercial extruder to give extrudates of length 3 mm (screw
noust e e B e e o B W IR S e G ectve o1
kg/h). tRreneftoodede witius pHtdinedny G5 204241 23292 RET (78203 RAEIBRM 2E ateshiedinan air
strea 1d cajcin r.air at 600C. Example 3: Production of sodjumdoped catalyst
powdrgﬁién‘]\-/%%v%?qm%%f %%%%%%%élﬁn@r%osif%a‘fe@ %390%%?/ ALY @Q@ufg@&‘ %ﬂ?ﬁ nd 400
ml of digtitdbyeterarbisthasfetedintiha 8@ mbijadkptdnhgiassesselriAg thetsamediamaitiabig
conda_tn eri -PIES t itrally.on the reactor in order to preyent the evaporation anq:esgg e of liquid
phase .L%ﬁegpl-l%f ﬁ%e gs%@%e%}éﬁ%(éﬁ pﬁ?,“ﬂqg%ﬁé?gas‘%%‘ b\ﬁgd‘defb?Fgfpﬁf&% 5 d&8ietd%alue
(pH = &)1B/el. BT eesispansivnvia stiereenititidre Bid daamsiggaticstiteropesdberengigsesaction
time aﬁgrgeaatggo%@r?af?.yﬁ%a\r}giume of the cyclohexane present in the reservoir is noted.

The pore volume is calculated from the sbsorbed volume of cyclohexane, which is

determined from the cycichexane volume in the reservoir before the measurement

minus the cyclohexane volume in the reservoir after the measurement, divided by the

mass of the sample analysed).

The inventive catalyst can also be applied fo a support, for example a metal, polymer or
ceramic support, preferably 1o a support which is inert in relation fo the reaction in which
the catalyst is to be used. More particularly, the inventive catalyst may be applied to a
metal support, for example a metal sheet or 2 metal mesh. Such supports provided with
the inventive catalyst can be used, for example, as internals in reaciors or reactive
distiliation columns. The supports may also be metal, glass or ceramic spheres, or
spheres of inorganic oxides. When the inventive catalyst has been applied to an inner
support, the mass and composition of the inert support are not taken into account in the

determination of the compositicn of the catalysts.
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" 0 of an attached thermostat. After 20h, the suspension is cooled to ambient temperature and filtered.

The solid obtained therefrom is subsequently heated in a muffle furnace at a rate of 1C/min to 500C
and calcined at final temperature for 5h. Example 4: Production of phosphoric acid-treated catalyst
powdmnventiv@ 10 g of pyrogenic aluminosilicate (1% by mass of Al, calculated as Al203) are

stirred ¥4 88 T4 H#3HSMiled water (pH approx. 4). 85% phosphoric acid isPAelicEF34h2/863888sion until
the desired pH is attained (pH = 2.5 or pH = 2.0)."Phe solution is stirred at room temperature for 2 h,
then the solid is filtered off and dried at 120C for Ih (heating rate = 1C/min). Subsequently, the solid
obtainEBRhENGRIYRI SRRl GAth 860 nicoClidaib aWiadr oilisrstiatia: cAlimetidisnoefobsh

(heatipgdaiaphsiAmi) mNMOPOERSRP RETAIRR 40d2(A838 35 22 FammBler SrGasRbase:fleavage
of methyl tert-butyl ether (MTBE) to isobutene and methanol, and tert-butyl alcohol (TBA) 1o isobutene

and waEPFHRERElidHS wake!kontLdhePa Riky A RERARH eH A5 <eadst apparttascsutigspel 5 with
12 paratiel reastors {898a¢4ymm) under isothermal conditions at T = 498 K and P = 0.6 MPa(abs). To
increase statistical reliability, two samples of each of the catalysts (starting weight: 0.2 g as a powder)
were tested in parallel. The catalyst samples were mixed with granulated quartz in a ratio of 1:5 in

order ThensEhisRihempsiesnRe aite shaasirustiss Indhsreatalysthedshe relarensr ratalyst used
is an aluminosilicate dopglg with lo%%by mass of ma%nesiggn %calculated ;apggeMgO) and having an

alumifiath BEntsR9 818 BHiAEs RhIBURRIEES Me6tsoniiRsrianisaEplciae Spemivet 071
from EyeailPegussasBPbbtoMIER isynRierrddada dasifdorgnyita massdlandaoulatosand,

converted to the gas phase in a vapourizer tube (200 x 24 mm) filled with glass beads (d =2 mm) and
conn&@W%%ém*@%@}@aﬁ%@ﬁé&ﬁﬂ?%@ﬁﬁ%%bm of the vapourizer, the gas stream is divided
into 12 equal proegptions in a divider. This is ensured by downstream restrictors. Each gas stream
comporentis passed through one of the 12 parallel reactors. The offgas leaving the reactors is passed
successively thro\u}gh a selection valve to an online gas chromatograph ahd analysed. The other 11

sreay 48 1pleqes it aenis dspory JURSS R BASEClply (VVHSV.grams o

reactant per gram-o yst pé
2012/123292PCI/EP2012/053835 23 Table 1: Cleavage of MTBE Reaction conditions: 225C, 0.6
MPa(a%g), ((:)HZQ éof 8at£dyst; results were obtained onstream at 100h. Catalyst WHSV vi-li

JCH, C - O

3

R i

to a compound of the formula I and a compound of the formula 1
R — OH 1

where the R radical in the formulae | to I is H or an alkyl radical having one or two
carbon atom(s), the R' radical is H,. or a methyl or ethyl radical and the R and R®
radicals are each methyl or ethyl radicals, where the R® and R® radicals may be the
same or different, at a temperature of 110 to 450 °C and a pressure of 0.1 o
2 MPa(abs).

The compounds of the formula It used may, for example, be tertiary alcohols having 4
to € carbon atoms. Preferably, in such a process according to the invention, teri-butano!
(TBA) as compound i is cleaved fo isobutene as the compound of the formula | and

water as the compound il

The TBA which is used in the cleavage process according to the invention can originate

from various industrial processes. One of the most important is the reaction of



" MTBE conversion [0/0] DME selectivity [/0] C8 selectivity [A] A: inventive cat. with 11% by mass of Al
18 85 1.16 0.03 B: inventive cat. with 1% by mass of Al 18 85 0.63 0.06 C: cat. not according to
invention 8

L)

WO 2012/123292 PCT/EP2012/053835
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isobutenic G4 hydrocarbon mixtures with water. Processes for preparing TBA are

disclosed, for example, in patent specifications DE 103 30 710 and US 7 002 050. TBA

can be used in pure form, in the form of a TBA/water azeotrope or in the form of

another TBA/water mixture,

Preferably, in a cleavage process according to the invention, a compound of the
formula i in which R is a methyi or ethyl radical is cleaved. Alky! tert-alkyl ethers which
can be used in the cleavage process according fo the invention are, for example,
methyl tert-butyl ether, ethyl tert-butyl ether or tert-amyl methyl ether (TAME). More
preferably, in the inventive use of the inventive catalyst or of the cataiyst produced in
accordance with the invention, methyl tert-butyl ether is cleaved o isobutens and

methanol, or ethyl tert-butyl ether o isobutene and ethanol.

it is possibie in the cieavage process according 1o the invention to use ATAE which may

originate from a wide variety of different processes. A process for preparing MTBE is

described, for example, in DE 101 02 062. Processes for preparing ETBE are

disclosed, for example, in DE 10 2005 062700, DE 10 2005 062722,
DE 10 2005 0862699 or DE 10 2006 003492.

The inventive cleavage in the gas phase over the inventive catalyst is preferably
performed at a temperature of 110 to 400°C. When the starting material used is MTBE,
the cleavage of MTBE fo isobutene and methanol is performed preferably at a
temperature of 150 to 350°C, more preferably of 180 to 300°C.

The cleavage process according to the invention is preferably at a reaction pressure of
0.1 to 2 MPa(abs). When isobutene is a product, it may be advantageous to perform
the cleavage process according fo the invention at a pressure of 0.2 to 1 MPa(abs),
preferably of 0.5 to 0.8 MPa(abs). This is advantageous especially because isobutene

can be condensed against cooling water at these pressures.

The specific catalyst space velocity (WHSV; grams of reactant at rcom temperature per



"85 2.29 0.10 D: inventive cat. with 50% by mass of Al 25 85 1.49 0.17 E: inventive cat. with 0.1% by
mass of Al and BET = 20 m2/g 8 35 0.07 0.0 F: inventive cat. from example 2 (pH 5) 17 85 0.35 0.08
G: inventive cat. from example 2 (pH 6)

WO 2012/123292 o PCT/EP2012/053835
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gram of catalyst per hour) in the cleavage process according to the invention is

preferably from 0.1 to 100 h™', more preferably from 0.5 to 30 h™'. When the starting

material used is MTBE, the cleavage of MTBE to isobutene and methanol is performed

oreferably at WHSV of 0.1 to 100 h™, more preferably of 0.25t0 25 k',

tn order to minimize the complexity of working up the cleavage product mixture,
preference is given to aiming for high conversions for the straight pass. Preference is
given to performing the process according to the invention in such a way that the
conversions of compounds to be cleaved are more than 70%, preferably more than
80% and more preferably more than 90% to 100 %. When the reactants comprise
troublesome secondary components, it may be appropriate to limit the conversicn.
When, for example, the feedstock mixture comprises, as well as the MTBE to be
cleaved, also 2-methoxybutane, it may be necessary to reduce the conversion in
straight pass in order not {0 exceed a defined ratio of linear butenes to isobutene in the
reaction mixture. It may thus be advantageous to limit the permissible conversion of
MTBE according to the level of the 2-methoxybutane content in the feedstock mixture
comprising MTBE. The limitation of the conversion can be achieved, for example, by

increasing the WHSV and/or lowering the reaction temperature.

it may be advantageous for the activity and/or seiectivity of some catalysts when
proporiions of water are added to the reactor feed. For example, JP 19812201 thus
describes the continuous addition of water o an alkali metal- or alkali earth metal-
doped aluminosilicate to reduce the formation of secondary components.

The optional addition of water for moderation of the catalyst is effected in such 3 way
that the proportion of water in the reactor input is preferably 0 to 5% by mass, more
preferably 0.2 to 1.5% by mass. The supply water used is preferably fully demineralized’

or distilled water or water vapour.

The cleavage product mixture can be worked up by known industrial processes.
Unconverted reactant can be recycled into the cleavage, optionally after a partial

discharge or purification.
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'16 85 0.37 0.06 H: inventive cat. from example 2 (pH 6.5) 5 85 0.49 0.05 i: inventive cat. from example
3 (pH 2) 35 85 0.13 0.09 J: inventive cat. from example 3 (pH 2.5) 28 85 0.94

WO 2012/123292 PCT/EP2012/053835
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The isoolefins obtained can be utilized as described in the introduction . An isobutene
prepared by the cleavage process according o the invention can be used especially for
preparation of butyl rubber, polyisobutylene, isobutene oligomers, branched
Cs-aldehydes, Cs-carboxylic acids, Cs aicohois, Cs olefins, tert-butyl aromatics, and

methacrylic acid and esters thereof.

The alcohols obtained in the cleavage of ATAE can be reused after workup, for

example for synthesis of ATAE.

The process according o the invention and the inventive catalysts are described by
way of example hereinafter, without any intention that the invention be restricted to
these Hlustrative embodiments. When ranges, general formulae or compound classes
are specified hereinafter, these shall include not only the coresponding ranges or
groups of compounds mentioned explicitly, but also all sub-ranges or sub-groups of
compounds which can be obtained by selecting individual values {ranges) or

compounds.



10.08 K: inventive cat. from 1% by mass of Al and BET = 80 m2/g 8 85 0.92 0.05 *Al content in each
case calculated as Al203 5 A: pyrogenic Al/Si 11/BET surface area 200 m2/g B: pyrogenic Al/Si
1/BET surface area 200 m2/g C: Specialyst 071 (precipitated aluminosilicate with 21% Al203, doped

with 10% MgO), product from Evonik Degussa GmbH oD: pyrogenic Al/Si 50/BET surface area 50
m2/9 WO 2@" g{,f@g@ﬁi% Al/Si 0.1/BET surface area 20 m2/g F: pyrogeni® &Ik B2 ®1 HO5#867ith

NaOH according to example 3 (pH 5) G: pyrogerﬁ@ Al/Si as B, treated with NaOH according to

example 3 (pH 6) H: pyrogenic Al/Si as B, treated with NaOH according to example 3 (pH 6.5) 5I:
pyrogenie ANaIHIes idiesy f\??lﬁ%"‘f-@ﬁ)ﬁ“&’&gﬁ@iﬁ@ 1l EstEmip dhe (Bryentveyivighmt AN heB,

treategwilbsH3RA4 acsmidingile @ample 4 (pH 2.5)

Example 1: Production of the inventive silicon-aluminium mixed oxide powder

The vapour of a mixture consisting of 45 kg/h of CH3SiCl; and 15 kg/h SiCis and the
vapour of 0.6 kg/h aluminium chiloride are transferred separately from one ancther, by
means of nitrogen as a carrier gas, into a mixing chamber. The vapours are mixed with
14.6 m® (STP)/h of nydrogen and 129 m® (STP)/h of dried air in the mixing chamber of a
burner and supplied through a central tube, at the end of which the reaction mixture is
ignited, and burnt there. The resulting powder is subsequently separated out in a filter
and treated with steam at 400 — 700°C. The powder contains 89% by weight of silicon
dioxide and 1% by weight of aluminium oxide. The BET surface area is 173 m/g. The
DBF number is 326 g/100 g of mixed oxide.

To determine the weight ratio (Al203/Si02)surmace ©f the primary particles in a layer close
to the surface with a thickness of approx. 5 nm, an XPS analysis is employed. it gives 3
weight ratio (AOs/SI02)surtace OF 0.0042, The weight ratio (AlLO/SIOs)y in the overall
primary particie is determined by x-ray fluorescence analysis on the powder. It gives a
weight ratio (ALOy/SIO. )y of 0.010. This gives rise to a value for (A0SO w/
(Al205/S102)surtace 0f 2.4.

Example 2. Production of catalyst extrudates (inventive)

600 g of pyrogenically produced aluminosilicate (1% by mass of Al, calculated as
AlOs), 24 g of a commercial cellulose ether, 21 g of a commercial nonionic wax
dispersion as a pressing ald, 3 g of a commercial polysaccharide as a plasticizer, 6 g of
30% aquecus NHs; solution and demineralized water are blended in an intensive mixer
with a pin-type agitator. This is followed by pelletization in the intensive mixer, in which
homogenously round pellets with a diameter of approx. 1 to 3 mm are obtained within
30-40 minutes. The moist pellets are processed with a commercial extruder to give
extiudates of length 3 mm (screw housing 300 mm, screw diameter 80-64 mm,

fransmission speed 160 rpm, axtrusion pressure 31 kg/h). The extrudates thus obtained



K: pyrogenic Al/Si, BET surface area 80 m2/g WO 2012/123292PC11EP2012/053835 24 Tablg 2:
Cleavage of TBA Reaction conditions: 225C, 0.6 MPa(abs), 0.2g of catalyst; results were qbtalned
onstream at 100h. Catalyst WHSV [111] TBA conversion [K] C8 selectivity [%] 012 selectivity [%] Cat.

t ding to invention Special st 071
ot AR E S 2135208 P ) PCT/EP2612/053835
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are dried in an air stream at 120°C and calcined under air at 600°C.

Example 3: Production of sodium-doped catalyst nowder (inventive)

10 g of pyrogenic aluminosilicate (1% by mass of Al, calculated as Al,O3) and 400 ml of
distilled water are transferred into a 500 ml jacketed glass vessel. At the same time, a
liebig condenser is present centrally on the reactor in order to prevent the evaporation
and escape of liquid phase. The pH of the suspension (approx. 4} is increasad by
addition of NaCH to the desired value (pH = 5, 8, or 6.5). The suspension is stirred with
the aid of a magnetic stirrer over the entire reaction time and heated to 70°C by means
of an attached thermostat. After 20h, the suspension is cooled to ambient temperature
and filtered. The solid obtained therefrom is subsequently heated in a muffie fumace at

a rate of 1°C/min to 500°C and calcined at final temperature for 5h,

example 4 Production of phosphoric acid-ireated catalyst powder {inventive}

10 g of pyrogenic aluminosilicate (1% by mass of Al, calculated as AlO3) are stirred in
400 mi of distilled water (pH approx. 4). 85% phosphoric acid is added to the
suspension until the desired pH is attained {(pH = 2.5 or pH = 2.0}, The solution is
stirred at room temperature for 2 h, then the solid is filtered off and dried at 120°C for
1h (heating rate = 1°C/min). Subsequenily, the solid obtained therafrom is washed with
500 ml of distilied water, filtered and calcined at 500°C for 5h (heating rate = 1°Clmin).
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7580 0.11 0.05 Cat. according to invention with 1% by mass of Al 75 99 0.01 0.01 *Al content in each

case calculated as Al203 Example 6: Long-term experiment, gas phase cleavage of methyl tert-butyl
ether (MTBE) to isobutene and methanol The cleavage was conducted in a fixed bed reactor with a
heating jacket, through which a heat carrier oil (Marlotherm SH from Sasol Olefins & Surfactants
Gmb WRE21 %5 8%ctant used was MTBE of technical grade quality (BREER 2dh248538%E0xeno
GmbH) with a purity of 99.7% by mass. Prior to efry into the reactor, the MTBE was fully vapourized
in a vapourizer at 180 - 270C. At a temperature of 180 - 270C (temperature of the Marlotherm in the

feed JFHEMBIRGF GG PRRBS PRseee DB &exybLEsb ether HMIFBEMEB B akwieyassed
thFOUW&e&%e'M%%B@M& WHR théégM%gaéﬁ&%éa{ uct mixture was

analysed by gas chromatography. To compensate for the progressive catalyst deactivation, the
temperature was increased continuously such that a conversion of 85% was always achieved.  The

catalysiaised i i IRveniR ARl A ARG LB AR of euindsal FRextidales of size 3

mm, and the noninventive commercial catalyst’Specialyst 071 vonik Degussa
(precipitbte anatRlsiresterwitRCo B EAU3 Lasissdonitienned onvalitions/ 22329206 HERET 2/053335

0.8 MPafabs). To increase statistical reliability, two samples of each of the catalysts
(starting weight: 0.2 g as a powder) were tested in parallel. The catalyst samples wers
mixed with granulated quariz in a ratio of 1:5 in order to ensure isothermal temperature
characteristics in the catalyst bed. The reference catalyst used is an aluminosilicate
doped with 10% by mass of magnesium {caiculated as MgQO) and having an aluminium
content of 21% by mass {(calculated as ALQOs), commercially avaiiable as Specialyst
071 from Evonik Degussa GmbH.

MTBE is metered in in liquid form via a mass flow regulator and converted to the gas
phase in a vapourizer fube (200 x 24 mm) filled with giass beads (d = 2 mm) and
connected upstream of the parallel reactors. Downstream of the vapourizer, the gas
stream is divided into 12 equal prop'ortions in a divider. This is ensured by downstream
restrictors. Each gas stream component is passed through one of the 12 parallel
reactors. The offgas leaving the reaciors is passed successively through a selection
valve {0 an oniine gas chromatograph and analysed. The other 11 sireams are
collected and sent to disposal.

The specific catalyst space velocity (WHSV; grams of reactant per gram of catalyst per

hour) was varied between 5 and 50 h™.
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' 25 MgO) in the form of cylindrical tablets of size 3 mm. Due to the high catalytic activity of the inventive

catalysts, it is diluted with two times the mass of inert material, for example a commercial ci-Al203
such as Spheralite 512, in order to be able to establish an equal WHSV. The composition of reactant
and product mixture was used to calculate the isobutene conversions, the selectivities of dimethyl

ether 1A% (MBS lectivity = 2 * number of moles of the DME formd¥GEERZOH2RB38350f moles

of MTBE converted) and the selectivities of octereformation (Cs selectivity = 2 * number of moles of

octene formed g relative to number of moles of MTBE converted) at various reaction times. These
valued @2ie tofaispege SLMTBEj 4 below, Table 3: Conversions, selectivities and temperatures of
the cleraanel Voreivih thesrialysbpirpaladd) exampl Lailyiad Wil o figes g pass of inert
material) Experimental duration [h] 200400 600 1000 1400 1600 Temperature [C] 220 230 240 245
248 28gstream at 100h.
Catalyst WHSV MTBE DME selectivity | Cg selectivity
' conversion [%] {%]
[%]
A: inventive cat. with 18 85 1.18 0.03
11% by mass of Al
B: inventive cat. with 18 85 0.63 0.06
1% by mass of Al
C: cat. not according 8 85 2.29 0.10
to invention
D inventive cat. with 25 85 1.49 017
50% by mass of Al
E: inventive cat. with 8 35 0.07 0.01

0.1% by mass of Al
and BET = 20 m%g

F: inventive cat. from 17 85 0.35 0.08
example 2 (pH b)
G inventive cat. from 16 85 0.37 0.06
example 2 {pH 6)
H: inventive cat. from 5 285 (.46 0.05
exampie 2 (pH 6.5)
- inventive cat. from 35 85 013 .09
exampie 3 (pH 2)
<41 inventive cat. from 28 85 0.24 0.08
- example 3 (pH 2.5}
K: inventive cat. from 8 85 0.62 G.05
1% by mass of Al and
BET = 80 m/g

*Al content in each case calculated as AlO;

A: pyrogenic AVSI 11/BET surface area 200 mzfg

B: pyrogenic Al/Si 1/BET surface area 200 mzlg

C: Specialyst 071 {precipitated aluminosilicate with 21% ALO;, doped with 10% MgO),
product from Evonik Degussa GmbH

L pyrogenic Al/Si 50/BET surface area 50 mzlg

E: pyrogenic AI/Si 0.1/BET surface area 20 m?/g

F: pyrogenic Al/Si as B, treated with NaOH according to example 3 (pH 5)
G: pyrogenic Al/Si as B, treated with NaQOH according to example 3 (pH 8)
H: pyrogenic Al/SI as B, treated with NaOHM according to example 3 (pH 6.5)
{: pyrogenic Al/Si as B, treated with HaPO4 according to example 4 (pH 2)

J: pyrogenic Al/Si as B, treated with HiPO, according to example 4 (pH 2.5)
K: pyrogenic ASI, BET surface area 80 m?/g
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"lirDE conversion [%] 85 85 85 85 85 85 DME selectivity r/ 0.15 0.3 0.4 0.6 0 0.7 08 selectivity [/0] 0.3
0.17 0.09 0.08

WO 2012/123292 PCT/EP2012/053835
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Table 2: Cleavage of TBA

Reaction conditions: 225°C, 0.6 MPa(abs), 0.2g of catalyst; results were obtained

onsiream at 100h.

Catalyst WHSV TBA Cgselectivity | Cq; selectivity
mh conversion [%] [%]
[%]

Cat. not according 75 80 0.1 0.05

to invention
(Specialyst 071) _
Cat. according to 75 89 0.01 0.01
invention with 1%

by mass of Al

*Al content in each case calculated as AlO»

Exampie 6. Long-term experiment, gas phase cleavage of methyl tert-butyi ether
{(MTBE} to iscbutene and methanol

The cleavage was conducted in a fixed bed reactor with a heating jacket, through which
a heat carrier it (Marlotherm SH from Sasol Olefins & Surfactants GmbM) flowed. The
reactant used was MTBE of technical grade quality (Diveron from Evonik Oxeno GmbH)

with a purity of 98.7% by mass.

Prior to entry info the reactor, the MTBE was fully vapourized in 3 vapourizer at 180 -
270°C. At a temperature of 180 - 270°C (temperature of the Marlotherm in the feed of
the reactor jacket) and a pressure of 0.6 MPa(abs), 1500 g per hour of MTBE were
passed through 300 g of catalyst, corresponding to a WHSV of 5 h''. The gaseous
product mixiure was analysed by gas chromatography. To compensate for the
progressive catalyst deactivation, the temperature was increased confinuously such

that a conversion of 85% was always achiaved.

The catalysts used as the inventive catalyst from example 1 in the form of cylindrical
extrudates of size 3 mm, and the noninventive commercial catalyst Specialyst 071 from

Evonik Degussa GmbH (precipitated aluminosiiicate with 21% AlLOs, doped with 10%



1 0.07 0.07 WO 2012/123292PCTJEP20121053835 26 Table 4: Conversions, selectivities and
temperatures of the cleavage of MTBE with the comparative catalyst Specialyst 071 Experimental
duration [hi 100 250 500 750 1000 1500 Temperature [CC] 240 252 258 259 261
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MgOj} in the form of cylindrical tablets of size 3 mm. Due to the high catalytic activity of

the inventive catalysts, it is diluted with two times the mass of inert material, for

example a commercial a-Al O3 such as Spheralite 512, in order to be able to establish

an equal WHSVY.

The composition of reactant and product mixture was used to calculate the iscbutene
conversions, the selectivities of dimethy! ether formation (DME selectivity = 2 * number
of moles of the DME formed relative to number of moles of MTBE converted) and the
selectivities of octene formation (Cg selectivity = 2 * number of moles of octene formed
refative to number of moles of MTBE converted) at various reaction times. These

values were compiled in {ables 3 and 4 below.

Table 3: Conversions, selectivities and temperatures of the cieavage of MTBE

with the catalvst prepared in exampie 1 (gilufed with two times the mass of inert

material)
Experimental duration {h] 200 | 400 600 | 1000 | 1400 | 1600
Temperature [°C] 220 230 240 245 248 248
MTBE conversion [%) 85 85 85 85 85 85
DME selectivity [%] 0.15 0.3 0.4 0.6 0.7 0.7
Cy selectivity [%] 6.3 017 | 009 | 0.08 | 0.07 | 0.07
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Tabie 4: Conversions, selectivities and temperatures of the cleavage of MTBE

with the comparative catalyst Specialyst 071

Experimental duration [h] 100 | 250 500 750 | 1000 | 1500
Temperature [°C] 240 | 252 258 259 | 261 262
MTBE conversion [%)] 85 85 85 85 85 85
DME selectivity [%] 16 | 24 | 26 | 32 |34 37
Cy selectivity [%] 019 | 012 | 0.08 | 0.08 | 0.07 | 0.06
5 interpretation of the experimental resuits

Table 1 in exampie 5 shows the experimental resulis of the MTBE cleavage with the
inventive catalysts in powder form compared to the noninventive commercially available
catalyst Specialyst 071 {likewise as a powder). In addition, inventive catalysts with

0 different atuminium contents and different BET surface areas - 20, 50, 80 and 200 m%/g

- were compared.,
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‘ 0.08i0.07 0.06 Sinterpretation of the experimental results Table 1 in example 5 shows the

experimental results of the MTBE cleavage with the inventive catalysts in powder form compared to
the noninventive commercially available catalyst Specialyst 071 (likewise as a powder). In addition,
inverrl@ cg‘éilggtgg\%ll h odifferent aluminium contents and different BET surface areas - 20, 50, 80 and
200 78 1édtmpfred. WO 2012/123292PCT/EP20121053835 27 RGT &A1 Has3es5
noninventive catalyst C with a DME selectivity 0f%2.29% has the highest value of all catalysts tested.
The catalytic activity is likewise relatively low, since a low WHSV of 8 111 has to be established to
attain the conversion of 85%. The C8 selectivity is likewise quite high at 0.1%. In comparison, the

inventivescaladyst Brathralundininoe eevéepstbipdevmans showatheRestyigswis, baeconversion of
85% is achieved at a WHSV of only 18 h-1. At the same time, the selectivities for DME and C8 are

very |60 BEYRYGELP 005 ahE 5. RYipr s ARy Bearilyiy is il vaReriniativelaria: Bnos by
mass angvBETHBNase e ah20nBl shawssaweniowasseledivitigsdasthe fyayaduets, fut results

only in a conversion of 35% at a WHSV of 8 -1 due to its low catalytic activity. The inventive catalyst A

with aRFRARHY BB rtS 22 %He RIS 3iéviie exhibits relatively low by-product selectivities and a
highercaialylisradivinhthan tigibaeniaNen iy e iefarrnee catabskdnthe case 0l daehME %ﬁlﬁCﬂVity’

with a value of 1.16%, it is somewhat Igtlgorer than the inventive catalyst B with Al content 1% by mass;

in theRe&lc 8P e ddetam@isian 86 S(Qti,siﬁ%ﬁéﬁﬁyaﬁ)&t\é‘f%ﬁm@%ﬂWh@dﬁal@étttﬁ/ﬁm
alumigiwe certentiefhAte Hyrraswexhifistheiohes astlyiB values of 0.63% and 0.06%

respectively.

Catalyst E with aluminium content 0.1% by mass and BET surface area of 20 m%yg
shows even lower selectivities for the by-products, but results only in a conversion of
35% at a WHSV of 8 7' due 1o its low catalytic activity.

The inventive catalyst A with aluminium content 11% by mass likewise exhibits
relatively low by-product selectiviies and a higher catalytic activity than the
noninventive reference catalyst. In the case of the DME selectivity, with a value of
1.16%, it is somewhat poorer than the inventive catalyst B with Al content 1% by mass;

in the case of the Gy selectivity, in contrast, it is slightly better at 0.03%.

-

he catalyst D with an aluminium content of 50% by mass exhibits the highest activity
of all catalysts tested, but it aiso exhibits relatively high by-product selectivities.

The NaOH-doped catalysts F, G and H with aluminium content 1% by mass from
example 3 exhibil, depending on the pH established, a slightly lower aciivity than the
corresponding undoped catalyst B. However, they exhibit, in comparative terms, even
fower by-product selectivities with regard to DME or Cg formation.

The phosphoric acid-moderated catalysts | or J with aluminium content 1% by mass
from exampie 4 exhibit, depending on the pH established, a higher activity than the
corresponding unmoderated catalyst B. At the same time, even lower DME formation Eé
observed, while Cg formation is only slightly increased.

Compared to catalyst B with aluminium content 1% by mass and a BET surface area of
200 m%/g, catalyst K with a BET surface area of only 80 m*/g exhibits a lower catalytic

activity. The selectivities for the by-products are at a similar level.
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- of aII’cataIysts tested, but it also exhibits relatively high by-product selectivities. o0 The NaOH-doped

catalysts F, G and H with aluminium content 1% by mass from example 3 exhibit, depending on the pH
established, a slightly lower activity than the corresponding undoped catalyst B. However, they exhibit,
in comparative terms, even lower by-product selectivities with regard to DME or C8 formation. The
phosphtn @it hiddérted catalysts | or J with aluminium content 1% byPfRA4E R H5a3E54
exhibit, depending on the pH established, a high8|8activity than the corresponding unmoderated
catalyst B. At the same time, even lower DME formation is observed, while C8 formation is only slightly

increase UMMt phredNt P et aRET e Wiera thesture tdttetialothsy nexed inveative Toat@ixets area of

200 mgitatalyshikavitharRES siwfase aied ofoaly BRBRIG-exibits %W&ﬁt%%%gigr%%‘fﬂggy- The
selectivities for the by-products are at a similar level. WO 2012/123292PCT/EP2012/053335 28 In

sumniAF S vAS B TfeVEd 7o thact tisaivRaniss #o(BlnJenadeidarjists exidbiriathiger
catalyfisaelivivrangh lewsiormaion ehthe ymwanisskhy %%ﬁ?&@?&yéﬁgr@rﬁn : 90,

2,4,4-trimethylpentenes (08). In addition, it is evident that a low aluminium co e'case of the

inventSRASaNRESHYaRinHBI frAIpEPE, BiERISadInerhEpulie Eoiiviatiorhdseatsottendwer

catalyicaagiixity i bfesamedreng ise\ddantin thgsnqrease in the sodium content. Table 2 in example 5
shows the results of the cleavage of tert-butanol (TBA) with the inventive catalyst B having an

aluminium content of 1% compared to the noninventive, o commercially available catalyst C,

Specialysid BLirinAaspRASe AR feiid i avlensfetedns e Kyepiyq FRR ek bits both
a higher catalytic activity and lower formation of the unwanted by-products 2,4,4-trimethylpentenes
(C8) dRUTEY @ SR Ne YRS P inivecamipR O 5HSW thereserstof e tomirerniive,
expergnansiMRBE snaaoeidhe inypotive catglypt B hay Iyminiym coptent of 196 by
mass and the nor?;}jr?ventive catalyst C, S’pecsialyst?g?l, from ;%i{%?t]gp%%\% Eﬂﬁi @gTygﬁﬁie%e%sed
here eIl RSt BHigbR deYs HiMarraialystrm dikiiapetvadighaustelitio higivitamhdioactvity, the
inventiyecatalyst & isidiuteghwithibMice,the mass.of inertymatsrial, é iniu ide)..In hoth
experiments, it is evident that, due to theghsglow deactivétibn,%ﬁg‘?éﬂ %éﬁ%l;ﬁr%bha@t%x beg I}é\i’lse‘ﬁl%y
20-30E2iBsIA’AEfirst approx. 1500 h. In the case of inventive catalyst B, however, this takes place at
a lower temperature level compared to the reference catalyst C, and so the temperature limit of the
apparatus is not attained until a later 5stage, In most cases, in industrial operation, the catalyst lifetime

in the CRYGEge BraIkyiteaxakieticsbaidrertesedinols, wrhohg-strrokprepirative of MGHBREUrity
o I B S R R P Rl e
the noninventive catalyst C, Specialyst 071, from a pilot piant. Both catalysts were used
here not in the form of powders but in the form of shaped bodies. Due to the high
catalytic activity, the inventive catalyst B is diluted with twice the mass of inert material
(o-aluminium oxide).
in both experiments, it is evident that, due to the siow deactivation, the femperature has
to be raised by 20-30°C within the first approx. 1500 h. in the case of inventive catalyst
B, however, this takes place at a lower temperature level compared to the reference
catalyst €, and so the temperature limit of the apparaius is not attained uniil a later
stage.
in most cases, in industrial operation, the catalyst ifetime in the cleavage of alkyl tert-
aikyl ethers and tert-alcohols, with the aim of preparation of high-purity isoolefins,
however, is restricted not by the activity of the catalyst but by the production of
unwanted by-products. From a particular amount of by-products, the industrial plant is
no longer capable of removing the by-products to such an extent that the desired

product specifications are attained. The inveniive catalyst B clearly has the advantage



ono longer capable of removing the by-products to such an extent that the desired product
specifications are attained. The inventive catalyst B clearly has the advantage WO
20121123292PCT1EP20121053835 29 here since it forms a lower level of by products More
particﬁély é}%g élgézg is difficult to remove, is formed to a lesser degree, W
2012/ 2% T? 121053835 30 Claims 1. Mixed oxide composmoﬁggﬁﬁppf%@ﬂéﬁ}sww
silicon-aluminium mixed oxide powder which is pfésent predominantly or completely in the form of
aggregated primar partlcl s 5and in which a) the w t ratio (Al203/Si02 11 in the overall primary
partlclaeirs @Eﬁff %’6@3& ?&%H?‘f?b%% B)@ﬁﬁcﬁdgg)b‘?e? s/ oB MR which) itheitfieidht ratio

(AI203¢SERAYsurrackhafthe torimasspadigiesdn a layer close to the surface havmg a thickness of
approx. 5 nm is less than in the overall primary particle and c) the BET surface area is 50 to 250

m2/g, preferably 100 to 200 m2/g; and alkali metal or alkaline earth metal oxides. 2. Mixed oxide
composition according to Claim 1, obtainable by treating with an aqueous alkali metal or alkaline earth
metal hydroxide solution, where the pH is 5within a range from 5 to 6.5. 3. Mixed oxide composition
comprising a silicon-aluminium mixed oxide powder which is present predominantly or completely in
the form of aggregated primary particles and in which a) the weight ratio (Al203/Si02)1ri in the
overall primary particle is 0.002 to 0.05, :Opreferably 0.003 to 0.015, more preferably 0.005 to 0.01, b)
the weight ratio (Al203/Si02)surrace of the primary particles in a layer close to the surface having a
thickness of approx. 5 nm is less than in the overall primary particle and



c) the BET surface area is 50 to 250 m2/g, preferably 100 to 200 m2/g; obtainable by treatment with
acidic agueous solution, where the pH is within a range from 0 to 6, preferably from 1 to 2.5 and more
preferably from 2 to 2.5. WO 2012/123292PCTIEP2012/053335 31 5. Mixed oxide composition
accor%ga to Claim 4. characterized in that the phosphorus source is selected from phosphoric acid,
phosphtnié &k 168698ninic acid, polyphosphoric acid, dihydrogenphospR&E FP Ai%aID637RS
composition according to any one of the preceding’claims, characterized in that binders, temporary
assistants and fixatives are added to produce shaped bodies in a shaping process. 7. Use of a mixed
oxide coMPbsition according to any of the preceding claims as a catalyst for cleaving a starting
compound of the formula Il K2 Rl - CH2 - C - 0- R Il to isoolefins of the formula | R2 - CH=C , NR' and
a compound of the formula Ul R - OHUI where the R radical in the formulae Ito Il is H or an alkyl

radical haiffg OREBF G BB AGTTESIIRE RISHBRIPIIFIGRE MdtRgl oxidthpradranaiththe R2
o S LI B e SRRt same

a) the weight ratio (Al0/SiO2 )y in the overall primary particle is 0.002 to .05,

preferably 0.003 to 0.015, more preferably 0.005 1o 0.01,

b) the weight ratio (Al,03/Si0:)surace Of the primary particles in a layer close to the

surface having a thickness of approx. 5 nm is less than in the overall primary particle

and

¢) the BET surface area is 50 to 250 m%/g, preferably 100 to 200 m/g;

and alkali metal or alkaline earth meta! oxides.

2. Mixed oxide composition according to Claim 1, obtainable by treating with an
aqueous alkali metal or aikaline earth metal hydroxide solution, where the pH is

within a range from 5 to 6.5.

3. Mixed oxide compoesition comprising a silicon-aluminium mixed oxide powder which
is present predominanily or completely in the form of aggregated primary particles
and in which

a) the weight ratio (ALO3/Si0,)y in the overall primary particle is 0.002 to §.05,
preferably 0.003 to 0.015, more preferably 0.005 to 0.01,

b} the weight ratio (AlO3/SIO2)surace of the primary particles in a layer close to the
surface having a thickness of approx. 5 nm is less than in the overall primary particle
and

c) the BET surface area is 50 to 250 m°/g, preferably 100 to 200 m%g;

obtainable by treatment with acidic aqueous solution, where the pH is within a range

from 0 to 6, preferably from 1 fo 2.5 and more preferably from 2 o 2.5,

4. Mixed oxide composition according te Claim 3, characterized in that the pH is

adjusted by means of a phosphorus source.
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' 32 8. Process for cleaving a starting compound of the formula 11 R2R'-ClI2-C-0-R Ri 3 to

isoolefins of the formula 1 /R2 5 RI - ClI - C, Nit | and a compound of the formula Ill R - OH where the
R radical in the formulae 1 to Il is H or an alkyl radical having one or two carbon atom(s), the R1

radic%l—%g{ iﬁg%or ethyl radical and the R2 and R3 o radicals are each meth#/%[ or eg}a}ll radicals,
where 4 dicals may be the same or different, characterizeQG TREEE TP %ae
composition according to the preceding claims isUsed as a catalyst. 9. Process according to Claim 8,
charaéter' ed in that the catalyst used is a mixed_oxide composition which is Eroduced by flame

hydro ‘siéﬁé)ﬁ RS RCRITBRRULLARTOEHIBH: . SIRETN 5p268c88HARAr BUPRREPRSS®2), b.

aluminiursoQrte 5@%dayortass, prrferablysPHori20%chy, niass RerPratesabhbsdditadby-mass

lculated as AI203), .
(calcula b osp%?onc acid, dinydrogenphosphate.

6. Mixed oxide composition according to any one of the preceding claims,
characterized in that binders, temporary assistants and fixatives are added fo

produce shaped bodies in a shaping process.

7. Use of a mixed oxide composition according to any of the preceding claims as a

catalyst for cleaving a starting compound of the formula I

Pl

S
RI—CH2—§~~~O~R
) i
to isoolefins of the formuia |
2
R’ ~CH-C::§3 E
and a compound of the formula lii
R~ OH i
where the R radical in the formulae | to il is H or an alkyl radical having one or two
carbon atorr(s), the R1 radical Is H, or a methyl or ethyl radical and the R2 and R3
radicals are each methyl or ethyl radicals, where the R2 and R3 radicals may be the

same or different.
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" ¢, alkali metal: 0 - 15% by mass (calculated as M20) or alkaline earth metal: O - 30% by mass

(calculated as MO). 10. Process according to Claim 8 or 9, wherein methyl tert-butyl ether is used as
the starting material. WO 20121123292PCTIEP2012/053835 33 12. Process according to Claim 11,
wherein tert-butanol in an azeotropic mixture with water is used as the startin ﬁ? material. 13. Process

accordiffd P EfAIREY2 9, wherein the temperature and is within a range e ER 834868834

Process according to Claim 8 or 9, wherein the p?’gssure is within a range from 0.1 to 2 MPa(abs).

8. Process for cleaving a starting compound of the formula §

y

R?
. I
R —CHZ—Cﬁkng
R’ i

to isoolefins of the formula |

R —CH:C/R~
~g?
and a compound of the formula i
R~ OH 1
where the R radical in the formulae | fo HI is H or an alkyl radical having one or two
carbon atom(s), the R1 radical is H, or a methy! or ethyl radical and the R2 and R3
radicals are each methyl or ethyl radicals, where the R2 and R3 radicals may be the
same or different, characterized in that 2 mixed oxide composition according to the

preceding claims is used as a cafalyst.

8. Process according to Claim 8, characterized in that the catalyst used is a mixed
oxide composition which is produced by flame hydrolysis and has the following
composition:

a. silicon: 50 — 98.9% by mass (calculated as Si0O;),

b. aluminium: 0.1 — 50% by mass, preferably 0.1 — 20% by mass, more
preferably 1 — 11% by mass (calculated as AlO3),

c. alkali metal: 0 — 15% by mass (calculated as Mo0) or alkaline earth metal:
0 — 30% by mass (calculated as MO).

10. Process according to Claim 8 or 8, wherein methy! tert-butyl ether is used as the

starting material.

11.Process according to Claim & or 8, wherein teri-butyl alcohol is used as the starting

material.
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12.Process according to Claim 11, wherein tert-butanol in an azeotropic mixture with

water is used as the starting material.

13.Process according to Claim 8 or 9, wherein the temperature and is within 3 range
from 110 to 450°C.

14.Process according to Claim & or 9, wherein the pressure is within a range from 0.1
to 2 MPa(abs).



