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[0005] Unpublished International Application No. PCT/US2004/041546

discloses a process for selectively converting a dialkyl ether to the corresponding
alkene and alkanol, the process comprising contacting a feed containing at least
one dialkyl ether with a catalyst comprising an acidic mixed metal oxide having
the following composition:

XmYnZpOq
where X is at least one metal selected from Group 4 of the Periodic Table of
Elements, Y is at least one metal selected from Group 3 (including the

Lanthanides and Actinides) and Group 6 of the Periodic Table of Elements and Z



El ements; m n, p and q are the atomc ratios of their

respective conponents and, when mis 1, nis fromO0.O01
WO 2000/13B35p is fromO to 0.1, and g i s the nunber/usion6/012967

oxygen atonms necessary to satisfy the valence of the

ot her conponents. The m xed (2: des preferably contain

sul fur, typically present in“n anmount of up to 5 W%

such as up to 1 wt% of the final m xed oxide
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t oxhigal @@m& sece$peryd v shiogfyrshe velenee watthe ;ﬂéhertdn)atponents The

sel.ec rts the the al cohol wt

< TEE By perRN g Seee T TP fhf il o 1o s

cofvesaends ng el Bhit%, ofike GahlamhiddCoed E&h .OfThé hixed

ceria-zirconia catalyst is influenced b met hod of

mekideg cert prepared dyiimpreanaet er by sz@arqmta%/ orbf(p@ea ligigidl mixture

f S r 0

R bRl el of o bRt Sl o sibeXs Group 3 apdor Gpou

alrhetalfibgt the catal yst performance. The present

i nventors, however, have di scovered a

chﬁ)Qﬁh sulQnsr of rtbeieynfialienespsin drgioniag thiseteghaglpgy is the
A

e G RSB et Uk esisR it

d isnesetyeehttyodchydiakieg thetlabhaxo diee catrespysding olgfins | Theoeatalytic

havi the f.ol | owi n ir forrrula - XmYnSp .
CprfaingS ot fae Gt deediuhlaf it i Piolbaca b e MR peking
4 SFfthd E9iab8FcoRR HixtaRhRalUxide e fictors IR BMtAOLtia content, pH
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having the following empirical formula (1):

XmYn Spoq (1 )

where X is at least one metal selected from Group 4 of the Periodic Table of
Elements, preferably zirconium, Y is at least one metal selected from Group 3
(including the Lanthanides and Actinides) of the Periodic Table of Elements,
preferably cerium, S is sulfur, and O is oxygen; m, n, p and q are the atomic ratios
of their respective components and, when m is 1, n is from about 0.01 to about
0.75, preferably from about 0.01 to about 0.35; p is from about 0.01 to about 0.50,
preferably from about 0.05 to about 0.35, more preferably from about 0.10 to



[0008] X and Y are preferably zirconiumand cerium

respectively. [0009] It is also preferred that sulfur
wheoopniaeent in the conpound accordi ng to formuP@r/{33006/012967

the amount of fromO0.50 to 1.25 wt % nore preferably

in the amount of fromO0.65 tq less than 1.00 wt % and

still nore preferably in the anount of from0.65 to

0.85 wt% [0010] In a preferred enbodi nent, the
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obj ect of the invention to provide one or
cRifssHse of sutace sulfspeciest having Sid vieetclging vibtation in the region of

e di 1 nd.jot her obj ects, features,
a@gg\%%@gg{éﬁ%&% légg'gggegﬂpar ent as reference is
ni@aE2]t o Tetilf ahdthmiprefested abedmeRS G iRbdridn iPERESIESA by
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i@ ngs, like reference nunmerals are used to denote
i ke parts throughout the several views. [0017] Figure
100B3]a plotyeohndthék prefenetdf engodihenty eeofvestidd @Ndiéctdd to a

ercent. sulfur in a catal yst according t

versus ..t 0
PSR s BRisBwapitRN gt elbersgo uoresmcmendi Spensls dnd dkenes
Cel st nFdré pRIFErdBlyTh % §Ro @Y 8 the production of IPA from IPE, and also
still more preferably to a process for the production of sec-butyl alcohol from sec-
butyl ether.

[0014] It is an object of the invention to provide one or more compositions for
each of the above-recited embodiments.

[0015]  These and other objects, features, and advantages will become apparent
as reference is made to the following detailed description, preferred embodiments,

examples, and appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0016] In the accompanying drawings, like reference numerals are used to
denote like parts throughout the several views.

[0017] Figure 1 is a plot of IPA yield from the decomposition of IPE versus

the percent sulfur in a catalyst according to formula (1).



in the region of 1500-1 100 cm1 . [0019] Figure 3

shows DRI FTS spectra for cerium zirconi um oxi des after
wa@dmenpi2sdn OF CD3CN i n the regi on of 2400- 2000P€CTUS$2006/012967

[0020] Figures 4 and 5 show the Acidity o

Characterization using 1- Arp'4n_opr opane Deconposition

of catalysts according to the present invention and

ot her catal ysts. DETAI LED DESCRI PTI ON [ 0021] Accordi ng

t $0Q18% i négwrésoh shaveeDRIIKES spretralfooedrnhen giadamiiyts tmixed oxides

c sit.ion t i nvention has the follow ng

e%ng?‘%ir%%{f’n%ﬁﬂ?rﬂ%é)ﬂ? ‘XmvpSpQy (1) where X is at

| ¢6099] one gkl SRWSCHRIFTS QPR Hh 0P céﬁ%a%iﬁ%nﬁlﬁ{ loQfdlef after

Table of Elenments, Y is at |least one met selecte
f povorRtsgs GPCMhinl tharegion ¢i2408r200indes and Acti ni des)

0 Pert odi c ,Tabl.e .of , El epent s,. ..and s sulfur; m
niOnggnd gkgg‘?ées &gt gmsgo‘?a%oﬁddﬁh%f hg‘sqra tgdzatien yeng 1-
C AnpiacEnhaneddetompdsitiomof Satdlysi acforlii@ b AROptesdht hbeh@on and
about 0.75, preferably from about 0.01 to ‘about 0. 35;
po(%@rfqiﬂbﬁ*t&bout 0.01 to about 0.50, preferably from
about 0.05 to about 0.35, nore preferably from about
0.10 to about 0.30, still nore preferably from about
0.10 to about 0. 20; DETAIGEDDESHERITONT of oxygen

a necessary tq satisfy the val ence of the other
ci)@gghent .ccefﬂé‘gPéPi g?ﬁ cInYeio, othe Elnﬁﬁ%t@e%f @¥1F1t@d°@t91yst
hesiBpditich $tRe AVEMRA Kas TRPIoRoW Wi | 515l i3 AL O
doacrmed Chemtgg]l and Enawge%}%g@q\lev\s Bt 27,
1985, which nunbers theXg¥al§3, f€lgm 1 to 18. [0022]

' e up, 3 net al.s | ncl.ude sgandi tirium and
PURARK D 0B Rt RSl e R b o b Habe of
SEleneefts, SYIC a6 168K | 48 nf¥fd S8 UPim NERAPTBU Thcluding the
sanmari um europi um gadolinium terbium dysprosium
hg?fﬁhﬂmeSénsif%ﬁﬂmdeﬁmf ihmPeriedie riableraf Blements,.andethis sulfur; m,

- : DL 3 netal i um .
L, BB U 51480 SRR BB
zisrfoomiaboutadl bebivsut 9,7 3ipkdferablyCRom WHolE).00 td@Bbut 0.35; p is

I ferred enbodinent, Xis
g S%gé{hroeﬂp&[]] 38\2;1%%151‘[ 5@61 glfr??erably from about 0.05 to about 0.35, more

preferably from about 0.10 to about 0.30, still more preferably from about 0.10 to

about 0.20; and q is the number of oxygen atoms necessary to satisfy the valence
of the other components. The Periodic Table of Elements referred to herein is the
Periodic Table using the "new" notation described in Chemical and Engineering
News 63(5), 27, 1985, which numbers the groups from 1 to 18.

[0022] Suitable Group 3 metals include scandium, yttrium and lanthanum,
and metals from the Lanthanide or Actinide series, such as cerium,
praseodymium, neodymium, samarium, europium, gadolinium, terbium,
dysprosium, holmium, erbium, thulium, ytterbium, lutetium and thorium. The
most preferred Group 3 metal is cerium.

[0023] Suitable Group 4 metals include titanium, zirconium and hafhium,
with zirconium being most preferred.

[0024] In a preferred embodiment, X is zirconium and Y is cerium.

[0025] While a primary factor for the acidity and selectivity of this mixed



[0025] Wiile a primary factor for the acidity and
selectivity of this m xednetal oxide catal yst appears

wo o00ba3i2shked with the concentration of all thr€RUS2006/012967
conponents in the preparation, the presence of sulfur
is critical. In a preferred enbodinent, in addition to
t he above characterization, "sul fur should be present
in the conpound according to fornmula (1) in the anount
ofmetal oonide 5@tat}(st pp@ravo U Imked witkeftbe abheenimtiomef all three

nt o m 0. 65 10 |.ess than nd, stil
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WetHbodigfeAB lin khaditibe tdPihe a8 v & ehaPA RGBS B o, %ﬁlﬂiiaéﬂoﬁﬂi Eegﬁresent in
compound accordlng to fornula (1), the Group 4
nitetosnnonad eepnrdisE o farewld ¢1onn gl mmmﬁ of froxrh@swceééﬁ od %,

oLt Pirpe B LR AR BT GRLAES Fieht pl T g e i more

e'ptdﬁmblg i the atins af frodf0. 6Ll U @%by addi tion of
hPer sul fur cont ai ni ng sal ts for exanple amoni um
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Al $9EMPCRLRY 30kt 1Ol SOLHBELIIcL B L e

cprqsencsmfgsmifug mﬂefmrzéxty pé tsalfgte] Snapinionn pfdfm@igedbwment the
for..i nst ance, _st.or i.n a_steampox or autoclave for .a

o PSS CRP RS PO wHO ifhEr 2 581teie b pResaiten ok b Addition of
ab@et stfircont@ sa?t§qg1r eiF1e ARy AP QHEate/ 5 10 about

150C, and from about’ 5 to about 100 hours, preferably

f [Qﬂ%ﬂhboutX aml ﬁ@mmov@edabm sepaTdie kalts; sachTineferably highly soluble

cj pi.tate eni ent C
¢ AP BECORAIER. FarRindt Bl Ot Al SHREHTC Sreitum: eymessing
t e copBedipitald i€ ap@onally dpee Uy FOF istnb)estoBBORE a steambox or
descr.i bed bel ow. [0028] The liquid m xture can be

prepelreuios rredrseiineg Reriod of time apdi temperivrg shch as about 50 to
tal
o g3 e oAbl 7S 138G a3 B £, oyt 100
nmhowk, prefmaleﬁmneaHDut be mafmbmhbum halee.s The @6pretipitete may
condi tions sufflc:lgg i{o caug)? reC| pitation of the
CBF S9yeRIepHEassPEgrd By BlTation: {pliore by Heving sl themeaiciaation of
| theirSsubtif SHiA154 prddatsol ANk M&J dé%ér%ﬁ b@ﬁ)\&p orbi ned by
nozzl e mxing as is per se known in the art
Al®0@Bhat i be yl;lqulmemsmnc anobe tma)a@cbdvp domleinaig b oftist liquid
the source of
c O R, 2 SoE o LB R 7 a1l onsa il Geene T sotuton
t bmﬁpxbe&ng BRbeet o Grour 9mektali ieAs vekdih %eemmslﬁat&ﬁyﬁﬁes place
o recipitation of the catal yst such as by t
of icopdif pnssuificientdp cavserry-preaigtation afitbe C@tglyahmmra@n as a
B?cg{dgfrfélgghéﬂqufdt}ﬁedlﬁljﬁ?’lt s pljef%?reﬁ WhS Rvo sdluflons be combined
by nozzle mixing as is per se known in the art. Alternatively, the source of the

Group 4 metal ions and the source of the Group 3 metal ions may be combined
into a single solution. This solution may then be subjected to conditions sufficient
to cause co-precipitation of the catalyst, such as by the addition of a precipitating
reagent, such as ammonium hydroxide and the like, to the solution. In a preferred
embodiment, an aqueous solution of a base is added so that the pH of the solution
containing X, Y, and S is caused to be about greater than 7 to at or below 9,

preferably about 8.



enbodi nent, an aqueous solution of a base is added so

that the pH of the solution containing X, Y, and Sis
wWGeawsas28d be about greater than 7 to at or beP@WUS2006/012967

preferably about 8.[0029] Suitable sources of the

nmetal ions for the coprecipi-t&ation include conpounds

such as oxychl orides, chlorides, alkoxides, sulfates

s. Prefer | east one of t he. '
" Q00 SRR | sIrEhT R P el TRR 6 B bR Gh Sinctude
i QBﬁlpbﬁndsdEiL&ﬁﬁ 09 dxiyehlbhidrsl Ehivrdesir gikbxiaes, Whilfatest A1 nitrates.
catal yst precursor is precipitat ed. [0030 VWhere t he

GPé@fsrahlm@{t a¢ast Ar¢ Qfidle Pictalsolsi RTAsent Be apfudlpter anskorso gewee of
CyEAESBALITMA R % LR Sogh L 868 g i

cq'jrd:dupl’tates:l a ceriumsul fate-sulfuric acid conplex or

nmore preferably ceriumnitrate. [0032] Calcination of

t HR0 t%?@tthﬁr@&ﬁps‘brm‘?@ Briudes éHCOTthBr ¢hg pyefergedy pource of

ggg@ at a tenperature of at | east
&%brﬁsuc as at Hﬁlglgest 5000C, for exanple from about
5q0a31] thém uhe 63@@@ 3 ]ite&al dadloden aeriom, thermefmyd lseurup of cerium
48 hours, bout. 0.5 to ab 24 hours f or
XS AGFIR é‘r" %IBS ric‘t cHpRRIEX QOmREURTEL er PRI Ritrate.
Cghed 2 CalBhATHH SOthe Caflyat fh%cx%’é&f RlfeRAStypldafy in an oxidizing
cal cinati on conditions should be controll ed SO as to

r @trapsphpme atohet@mpemtlga lof wlease4@0°G suchias at least] SOPSE afoy sxample

- TP 2o SpeC W2 Ahaut K005 ale SfeinBpH Pl iy BB RS %8 hours,

aczsﬁai &K fog absuttohetol A6 RN Idtrd ffbexaiplecfon abi@. to[aBORAI0 hours.
The m xed oxi de conpositions of the invention are

usthere e casaluytyireeursqy eonfaing sulfatefionshdhe cglcination conditions
r %ﬁ&ﬁlh%scon[tgﬁg(ﬂso l§ +§ I?&%Hndthg %e&ipéiie&ﬁfu&’ qgveg hl‘?‘ttheI flﬁal catalyst
present 1 nven i's directe a composi

nubh@bmmbhch conprises the actlve phase of a catalyst

aly ste nd t hat ri ous, ot her mater.ials,

£ o ffée eteiical (penule Bysaebpye and 13n8rs B atemtic raties are for
angk &Jiﬁpéunhﬁ acdas?dingﬁ) 40 MRchBsh &@ér RIAABES such as to
provi de strength, porosity, and the ke, to make the

f |[ﬂ&34] mat €he alixecoxide bgmmsetmrlsaxfdhtt ha't:ntmmamfuscﬁub aneatglysts

ossession of the present

dllgélvggﬁtp' I%ggﬂplgafrrgg%ow make such final materi al
Wi[00BB]t MR éhoultP Be n@Mdbdsibd ShBE tHeBibatt | iention is directed to a

composition of matter which comprises the active phase of a catalyst or catalyst

system and that various other materials, for example cocatalysts, binders,
supports, matrices, and the like, may be combined for purposes such as to provide
strength, porosity, and the like, to make the final material actually used, and that
one of ordinary skill in the art in possession of the present disclosure could readily
make such final material without more than routine experimentation.

[0036] The mixed oxides of the present invention are useful catalysts in a variety
of chemical reactions, in particular in the decomposition of ethers into the
corresponding alcohols and/or olefins. Accordingly, the present invention also
relates to a process for decomposing ethers to their corresponding alcohols and

ethers, using a mixed oxide as described above as catalyst.



[0036] The m xed oxi des of the present invention are
useful catalysts in a variety of chem cal reactions,
w0 poopas28Tul ar i n the deconposition of ethers POTI/US1006012967
correspondi ng al cohol s and/or ol efins. Accordingly,
t he present invention also r? ates to a process for
deconposi ng ethers to their "correspondi ng al cohols and
ethers, using a m xed oxi de as descri bed above as
Cdﬁﬁﬂﬂ'ﬁfhe [eﬂ&ﬁl]ec&hposaidaeprod&s @fjibs irtveatiorp imvobes cohtattieg an
i nyention invglvyves contactin ther cont ai f eed
mh?r-aorﬁﬁlﬂagtg f arithhgiraered a%eg?ly% %@%talwbé%ﬁcagﬁfﬂ gbove under
1t181%”gffédt1‘?/9 So ecfofl weeeﬁl fBY Rldrid i & R&lonbP Blitable
In and an al coho SU|ta e ethers for use in the
p redmesfbr o$e inhke provess of e invesitiod endlintesthodechaivimg théformula
formula RL R4 ] R3 Rwherein Rl, R2, R, R4, R and R6
are the sane or different and are selected from
hydr ogen, al kyl, arylal kyl and al kyl aryl species, each
preferably having up tog0 carbog atonms, with the
provi so that, when all tjhe substlﬁuents R1 t hrough R6
are hydrogen, i.e. the conpound Is di methyl ether, the
product is princi pdtry HeTh&NoT-CTU0B8] In general ,
the conditions enpl oyed [are not harrowl y defined and
depend not only on the e;her starying nmaterial but
alyirQh R hﬂz,qf?sm &tl, G nﬂﬁﬁﬁ'tﬁ’@sd}ﬁé &r &ErRf A& selected from

select|V|ty yplca owever, the conditions wll
i tytlregen,calkydrpryiadicyd raad orﬂkmrwbspes&s: ¢ach pbeferabB2g@ingup to 20

pressure of about 0 kPa sur d herel

0 st abert L i ol A FRRL AT I SRRV € el Bifigp Ro are
3998rdgBia, i.8Ndhe cvgipslihd hie Udﬂrr)ﬂet}%ﬂ agtBen ethe Cpiouét VS \prineipally
about 0.1 hr 1 to about 25 hf I ; such as a

t apde@l.ur e of about 100C to about 275C, a pressure of

gg?:}ge ] 819 lgjl"i‘er P tﬁ%t&é@ %gﬁwg;ﬂrteﬁ 819% ﬁ%t\r’\ﬁfg)%y g@gﬁ%&’ THl %erpend
1 .nof 616)139311 the eﬂi&ﬁ‘ startagtrhatatial b alio rmr’the de¢died conversion rate and
ok S S et S i
o S o e P B T 1k (oG8 Hod eren
MeBEgigei resshtes amntesaotherveisd apmiﬁedé\ ts lahmit 3500 kPapas] & aright
b%oﬂrsig dspace velocity (WHSV) of about 0.1 hr' to about 25 hr; such as a
temperature of about 100°C to about 275°C, a pressure of about 0 kPa to about
2400 kPa and a weight hourly space velocity (WHSV) of abdiit 0.5 hr! to about
10 hr'.
[0039] In one practical embodiment, the ether-containing feed contains methyl
tert-butyl ether (MTBE) and is produced by reacting a mixed butene stream with
methanol. After separation, the present process is used to selectively decompose
the resultant MTBE to iso-butene and methanol. A similar process can be used
with mixed pentenes to produce tert-amyl methyl ether (TAME) for selective

conversion to isoamylene and methanol. In this embodiment, suitable ether

decomposition conditions include a temperature of about 100°C to about 200°C



with m xed pentenes to produce tert-anyl nethyl ether

(TAME) for selective conversion to isoanylene and
woredokasmBs | n this enbodi ment, suitable ether PCT/US2006/012967

deconposition conditions include a tenperature of

about 100C to about 200Cand _a}i_pr essure of about 0 kPa

to about 1000 kPa and a wei ght hourly space velocity

(WHSV) of about 1 hr 1 to about 10 hr 1 . [0040] hi
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f 0 i - but.yl; et her BE) and is produced as
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sqo64d0)tianet anéher pRsHiaDevraihad ok éihér%ﬁ?akniﬁ%tf%égﬁcontains

SBE is as_a fuel, for exanple by addition to
v ére-brtyl ghein(SBie ands produecdos a/byrayodubi of the hydiaien bf butene

enyi ulation,. qit S ads to I . of

ooy BRRRPERDy B OBt Bfints mhfo! RiPalfe SERGis ape fuel
ndyr exdmile byeatdition tos eloddratdinclaszasolfileNBhe @ BRBNERY this be
stream by conventional separation t echni ques, and fmay

f SHRire tienyieranchtal Fegylatin, woalsq egdutn & inss of byisnes as a lower-

C y fol for | Peri.zation .
PARRASERLLY s s e Spoab P Ko Rt TRRLERL 3 vl
hicgimpynént stnezinebly covwehidormah kepasatiga acthhiq@bs, @fid a3 form a mixture
addj,tive onﬁg‘aiol i ne,. environnmental regul ation

- St PESSEPT e RiicBR oUEOTRE SSBPAEROMAHY STy elsns Tormed by
AQEREHREH Yof thePbERLST € HARGRIPABIIL fe ggatcﬁé!ﬁ}é fb%glgsﬁl:gmy

i's by conversion to sec-butanol and utene in
pbeebesd, trald makiet & godd higheodtamt adslitif to pasoling,eervironmental

f . of the .ol.efi t. [.0041] The .
SRR M lsob e BRI LS B S S e, ety
aptdfsreed docoipbsitich g&hwuse f&OSBE i$bP Boiersibttd &c-butanol and 2-
sec-butanol and 2-butene with limted oligonerization

oPUiERR I 2 Bipcesshat dimitsneligometization efdlie butene formed and of the Cs
Obic%a feis;ZKﬁ‘“ on/isonerization of any C8 ol efins
present. At higher tenperatures, sone or all of the

s (04| The alatahysy doenpdeikiptls aif etfle tyResenb U @AEORACEO@LiRE HP the
a reaction of .t heaiy e_indi cated above_ as reaction

(Fl°cUVE CRRETpmho  tr egceiuiang] o and 2dutsaap it jlinited
CoRgtirhdrafion BEMEIEs ﬁaﬂt%?&{ bl Rt 815/58)' izati
abo%jc{ 275C, a pr esgu'r e o g%out 0 E‘E’gﬁg%&%%%& 8161‘1221'[101‘1
kPaanyaQglolgfing prgisent h Atrtighes peroperstatescsdmye GMHBYY thefsec-butanol
a . r to.apout 10..hr 1. Copvenjently,. the
7 B84 be Jeflieed 10,9y BB hedoRtiBe GiareR v ROL B VARILE g hove
SBEreattiéh (2)heln i@ embadin®nd préfrtel étl%r%x%%@éiﬁ@ﬁ lc¥nditions
ranging fromO to 3, such as about 0.5 to about 2, 1For
eYsigE @ terparatute ¢f about 150°C to about 275°C, a pressure of about 0 kPa to
about 700 kPa, and a weight hourly space velocity (WHSV) of about 0.5 hr! to
about 10 hr'. Conveniently, the feed to the catalyst includes water in addition to
the SBE, with the molar ratio of water to SBE typically ranging from 0 to 3, such
as about 0.5 to about 2, for example about 1.5.
[0042] In another embodiment, the catalyst made by the process of the invention
may be used for the purification of exhaust gases produced by an internal
combustion engine, e.g., for use in catalytic converters, by contacting such a gas

with the catalyst according to the present inventioin.



[0042] In another enbodi nent, the catal yst nmade by the
process of the invention may be used for the

w@oooefi3eat i on of exhaust gases produced by an POT/ERI986/012967
conmbustion engine, e.g., for use in catalytic
converters, by contacting su&h a gas wth the catal yst
according to the present inventioin.[0043] In a
preferred enbodi nent, the ether-containing feed
c {43] irs ai oferred enbetineent ( theEthertoontinimg deqdr @medine thopropyl
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cont acti ngégropyl ene with sulfuric acid. T
atlPénp SeriedBAvIredestps sitvdlvrit ahtariting ppanyteame ovith sulfuric acid. This

liquid/1iqui. xt.r.action.. ile.these cesses have .
B LBl i S Bl ST S el Wit
haiese pREBssERHSve DERE ulilBEP YR ERME! ddRaddidSorRe REPOFERents have
configuration that utilizes a uni que conbi nation of

pbeap Madey, Thepimmsovamanth inchide ¢ Ipoerses serifiguetionathit utilizes a

r ea: [ y td achi eve hi gh conversion
L s R
cremtidon skesivgnedachivve thigh pedpwWianef &illté 6t téncafirsted propylene.
ahsorption/extraction section can be used. Further,

! r RETESEs fiyoBe pYestedef ed fto ithpr oeriere/agfuric  acid
| B8 R@stl dnYex th Ao Ec GRS Qh.eF{gﬁﬁe%?%ﬁoﬁgeaggo%;ﬁ?gIgF Bleferred

| PE produced as a side-product
btet improve midigg meogrithi s be subject to environnental

r lLation, hut also,a.highe nonj ¢ yal ue can pe
BRSBTS o
PisaRYd RBEMRIMELtI0RA maY ehi§ BE siBjkctRE elWiRohnital rédhwation, but also
reaction is therefore shown by reaction (1):
( ThiEbeCs@Pomiq GHECHOHR) amlmWWedeWoﬂtmg IPE to
[ | Lenge..f a LN the, catalyti.c
S8 Nsnd 8 08 rfR AR P Bilph By ket By i€ s pre shayn by
t teactimh@@gr at i on of | PA fornmed by reaction (1) to
pro (érﬁg:a cording the reaction ﬁa: CH3CHOHCH3 (r)
& LB RS PHEHe) Socen e oticth n s egCH: ) (1)
O[004S]"Fhé £RA1EN O i tiHC -
rIOUEDTEL EaRRe Torti' G RS bR BE Y B by foe
efishlypminigrzing olms déHydr4tidn ofSIPAC fatmedttsl yeaetbn (Ieto propylene
pgc%%ledsn?g %fe rgapc%on 2):
CH;CHOHCH; - CH3;CH=CH,+H,0 (2)
and secondly, minimizing oligomerization of the propylene formed according to
reaction (3):
X CH3CH=CH2 - (C3H5)X (3)
[0046] Although each of reactions (1)—(3) is acid catalyzed, the process of the
invention is effective to decompose IPE according to reaction (1) while reducing
IPA dehydration and propylene oligomerization. Preferably, the conditions used
to effect IPE decomposition include a temperature of about 100°C to about 320°C,
such as about 200°C to about 300°C, for example about 240°C to about 280°C; a
pressure of about 100 kPa to about 3550 kPa, such as about 400 kPa to about 1800
kPa, for example about 700 kPa to about 1500 kPa, a weight hourly space velocity



invention is effective to deconpose E according to

reaction (1) while reducing | PA dehydration and
w@e@psbese ol i goneri zation. Preferably, the copdi/UBmNg012967

used to effect |IPE deconposition include a tenperature
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of the resultant al cohols. [0049] Several exanples of

the preparation of conpounds according to the present
mﬁ] e arsergl geampled ofvthd pRHO]tiGX Pércompntads §d@0fig to the

e
T Ll ow,ng exanpl es are neant to illustrate the
p egéé]gtel(‘%gﬁﬁ%ﬁ%%m& ovi de a conpari son with other
MEIBoHs. Bkipeingdigalnodi fications and variations are
possible and it is to be understood that within the

stsEl of The foljgvdng exerenles mes, meate 9 Aklestreteotiie mpugsehteinvention
DAFE PR L, 0 PSR St 535 hons

syarfatiess areopossibde ard iitaiszior b nhdersiabd iy twithih GBS 3tope of the
Exa (%ie ]] Five hundred granms of  zirconyl chloride |
h‘iﬂﬂgg & claimsgthe Iyepiéon way beAprgrticed QSherpdse; ihan @p wpecifically
Sidsb bR hekgh SO 4) 2 were dissolved with stirring in 3.0
liters of distilled water. A second sol ution

ck99b2li ni Axapelsgl dhwugh & deseiber the egynitiddiO-bfatiet erl/zirconia
léattéel{rssts of distill water was prepared. These two '

[0053] Example 1.  Five hundred grams of zirconyl chloride hydrate,
ZrOClyxH;0, and 14 grams of cerium (IV) sulfate, Ce(SOy), were dissolved with

stirring in 3.0 liters of distilled water. A second solution containing 260 grams of
concentrated NH;,OH and 3.0 liters of distill water was prepared. These two
solutions were combined at the rate of 50 ml/min using a nozzle mixing. The pH
of the final composite was adjusted to approximately 8 by the addition of
concentrated ammonium hydroxide. This slurry was then put in polypropylene
bottles and placed in a steambox (100°C) for 72 hours. The product formed was
recovered by filtration, washed with excess water, and stored as a filtercake. The
filtercake is dried overnight at 250°F. Thereafter the filtercake is calcined at

700°C for a total of 3 hours in flowing air and then allowed to cool. The



solutions were conbined at the rate of 50 m /mn using
a nozzle mxing. The pH of the final conposite was
w@odjogaseast o approxi mately 8 by the additi on oPCT/US2006/012967

concentrated amoni um hydroxide. This slurry was then
put in polypropyl ene bottles ﬁnd pl aced in a steanbox
(100C) for 72 hours. The pr“o]]l ct fornmed was recovered
by filtration, washed with excess water, and stored as
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rate of 50m/nmin usi ng a nozzle m xing
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w th excess
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recovered by filtration, washed with excess water, and stored as a filtercake. The

filtercake is dried overnight at 250°F. Thereafter the filtercake is calcined at
700°C for a total of 3 hours in flowing air and then allowed to cool. The

elemental analyses are shown in Table 1.

[0056] Example 4. One hundred and thirty one grams of ZrO(NOs),-xH,0
and 72.9 grams of Ce(NOs),s were dissolved with stirring in 483 grams of distilled
water. A second solution containing 109.8 grams of concentrated NH,OH and
528 grams of distilled water was prepared. These two solutions were combined at

the rate of 50ml/min using a nozzle mixing. The pH of the final composite was



filtercake is dried overnight at 250F. Thereafter the
filtercake is calcined at 700C for a total of 3 hours

WO poobl1a028Hg air and then allowed to cool. The BCEIBI&EDI2967
anal yses are shown in Table 1. [0056] Exanple 4. One
hundred and thirty one gransl2f Zr Q' NO3) 2- xH2gq and
72.9 grans of Ce(NCB)4 were dissolved with stirring in
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Elmpgnhal Anal yses of Cal cined Materials

Table 1: Elemental Analyses of Calcined Materials

Cerium Zirconium Sulfur Cerium  Zirconium  Sulfur Ce Zr S
Example % % % moles moles moles n m P
1 2.86 65.55 0.52 0.02 0.72 003 ° 0.03 1.00 0.05
2 18.70 52.00 1.00 0.13 0.57 0.06 0.23 1.00 0.1
3 3.42 64.69 0.78 0.02 0.71 0.05 0.03 1.00 0.07
4 18.60 53.90 0.19 0.13 0.59 0.01 0.22 1.00 0.02
5 16.40 54.60 0.75 0.12 0.60 0.05 0.20 1.00 0.08
6 11.50 60.00 0.12 0.08 0.66 0.01 0.12 1.00 0.01



Cerium Zirconium Sul fur Cerium Zirconium Sul fur Ce Zr

S Exanple % % % noles noles nboles n mP 1 2.86 65.55
w@2®28/180282 0.72 0.03 0.03 1.00 0.05 2 18. 70 52rODUS2000012967

0.13 0.57 0.06 0.23 1.00 0.11 3 3.42 64.69 0.78 0.02

0.71 0.05 0.03 1.00 0.07 4 18.60 53.90 0.19 0.13 0.59

0.01 0.22 1.00 0.02 5 16. 40 54,60 0.75 0.12 0.60 0.05

0.20 1.00 0.08 6 11.50 60.00 0.12 0.08 0.66 0.01 0.12
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mper-at ur pressure was
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d d f IPA that are
PahEosn Phov S PrRenlcriulied & 19 uedieh et ty B
abenRrsidhwad thé PAeSABIRiIQf NbfE: d?ﬁ&ﬁ&ﬁfaPiPAOprB@ﬁdéﬂ'l is the
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than one mole of IPA is produced, e.g., due to subsequent dehydration of the IPA

to propylene, then IPA selectivity would be less than 100%. If additional IPA is

-
o

formed, e.g, by hydration of the propylene formed back to IPA, then IPA
selectivity could be greater than 100%.

[0062] The reactor was run for a length of time sufficient to determine the
maximum IPA yield. The maximum yields are tabulated in Table 2, below, and
also shown graphically in Figure 1.

[0063] These experiments show the unique character of the composition with
regard to the amount of sulfur present, especially in and around the level of about
0.50 to about 1.25 wt %, more preferably in the amount of from about 0.65 to less
than 1.00 wt %, still more preferably in the amount of from about 0.65 wt % to

about 0.85 wt %, and yet still more preferably about 0.75 wt % sulfur.
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| A006d ed  djsie tthas Sho SompBRIIF Gpvailihicaestalyptzwes anpstivaifer IPA
ép&hgf ul fur species and acid sites present in
18~ SUl'f ur - zi r coni a sanpl es described in Exanples 1
t Ho@deyh 6 Ewaneplet l;lGl ed Difisel AlecBRcET InHaeed r Speetrescopy

recaorded on a Nicol et Magna-| ectro ter
edDRIFLD) ghanactexizations. i lhlemq:§§uggrp ecisy 2 dagidsites present in
; esof\&ﬁﬂu' L rchiie sﬁﬁg]yeg ek ek iR Aples TN&rREY HvBle studied by

ution was 0067] The results are shown 1 n
FilRRIFE'S2 aERIF'i[‘@uslaacﬁa were recorded on a Nicolet Magna-IR 560

spectrometer equipped with an in situ DRIFTS cell. Samples were prepared in the

conventional manner. The spectral resolution was 4 cm1,

[0067] The results are shown in Figure 2 and Figure 3.

[0068] Figure 2 shows DRIFTS spectra in the region of 1500-1100 cm™ of
the sulfur species in the ceria-sulfur-zirconia samples. The samples were first
calcined in 9 vol % O; in He at 250°C for 1h, then cooled down in He to 50°C.
As can be seen, the DRIFTS spectra show strong bands in the range of 1400-1300
cm™. These bands are correlated with S=O stretching vibrations (C. Morterra, G.
Cerrato, V. Bolis, Catal. Today 17 (1993) 505). With a low sulfur loading, the
S=0 band is observed at 1350 cm™ but shift to higher wavenumber (e.g. 1365-
1390 cm™) with a high sulfur loading. This DRIFTS spectra suggest the formation
different oxy-sulfur species on the samples. From a catalytic point of view,
catalysts producing the best IPA yields have surface sulfur species with S=O
stretching vibrations in the range of 1420-1300 cm™, preferably 1365-1390 cm™.
[0069] Figure 3 shows DRIFTS spectra in the region of 2400-2000 cm’ after
adsorption of deuterated acetonitrile (CD3CN) on the ceria-sulfur-zirconia

samples. This technique is known in the literature and has been used as a



[0068] Figure 2 shows DRI FTS spectra in the region of
1500- 1100 cm 1 of the sulfur species in the
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5079; Scokart, F. Declerck, R Senples and P.

Rébwéi}%’rbedﬁDﬁl‘ém Soc. Faraday Trans. 1, 1977, 73,

Rg&gtlF Tl uzt&@:;c 18??sor efg eer%xazé}%ggj%th?{'iv (IZN) vibration is
Ke%ﬁeagﬁrtherfﬂngé oKOREH. S50 bk, Phe GHATBT HOG (clgr on to

Trans. 1, 1975, 71, 2421. 50070 Bef ore adsor ption of
Chabs; Wamusdmsl (eg. w22 drn)sis attebutied taithicrcoprdimtioto®CD;CN

n. at 250¢ for hen own in 50C.
it a%élfﬁs fnesw e ebibE bRES highos Diseonime® prechgrelated
f Qhithlan mcfbas@i%l ESIchP §ftds! dre ﬁgﬂaearfd%%r Qbhteht. VBN A yield
the sanples with pure He at Cfor 15 mn in order t
r eomespopdsywith csaimptbs@@?ﬁig a V(CN) IR vibrations in the range of 2340-
2280 cm™. and more preferably having two peaks, one at about 2302 cm™ and one
at about 2264 cm™.
[0072] The results of the DRIFTS experiments shows a multiplicity of acid
sites, with one peak in the vicinity of 2300 cm™ indicating one type of acidity and
another peak at 2260 cm™ indicating another type of acidity. The intensity of
these peaks are roughly in balance for the optimal catalyst. According to the
literature, cited elsewhere herein, these peaks are ascribed to different acidity

types, i.e., Bronsted and Lewis sites, although the inventors do not wish to

speculate as to which peak indicates which type of acidity. Nevertheless, while



[0071] When the CD CN is adsorbed on ceria-zirconia

the v(CN) vibration is observed in the range of
WQ286A2282 cm 1. The shift of the v(CN) vibrat PONUS06/012967

hi gher wavenunbers (e.g. >2260 cm 1) is attributed to

t he coordi nation O CD CN Wltl[l] acid sites. These shifts

of the v(CN) to higher waven %ers are correlated wth

an increase in the acid sites strength and sul fur
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and a ba aclid sites are necessary
satork t:dmdupysdtbm/&ﬂ deort¢ ewhGlls Pricen Seqrfveinsiance, €rhdy, M.C. and

Yist 8- 7o Chtanibe 7. GREBArtshey NET OIGSER 1 and
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[0074] Sone of the sanples described in arrp i-5

a%m@ &-a¥-s6aighdl 4c34 (19888 EreusaKptkesiltle and Gorte RJ J.
i . b h
Ol A28, ST LI 0, RO LARATHAL )

arﬁmﬂl B4.a1TV (ES180);) GaamuKetke TS GegdrR.q l,landa«{dqmam ICﬂT J.
literature and has been used to el uci date acidit

| g 6 s BoBl ne. Db, A ,LKow@laoeGge@nd%one
f(i’(f 1.1 B55120GE. @aﬂl& 1%%, ov@ﬁ.]?,.é ?,t%.:gl‘.,%?ﬁ?otgrl]od G.T.

Chem 89, 1305 (1
Fand étante, RUE. J. Gatal:eltBél 252981994;&41’@%63).7 EeieorasCKH dtailo,

(Fobaid BBrte T kol 338, S a4 Kahiai, O Deglpa M. and
11’510«3 23‘33, (11@’891)' 1461 228"@954’)’ kfd KAdazire(ZOV! @ooféﬂr K.N¥Nghd Price,

Kokot ai | 0, A:P
G.L. Catalyszs Letters 24,227 (1994).

[0075] Details of the characterization method used are as follows. The

evaluation sample is placed into a sample cell and heated to 200°C at a rate of 3-5
cc/min in flowing helium (typical flow of 25-30 cc/min). The temperature is
maintained for 1-hour to remove physisorbed water. The sample is cooled under
flowing helium to 50°C and held at this temperature for a minimum of 5 minutes.
A stream of 1-aminopropane saturated helium (obtained by directing the helium
stream through a saturator vessel containing 1-aminoproane liquid with sparger
tube in series before the sample cell) is sent through the sample cell. After 5

minutes, the saturator is removed from the gas stream. The sample, maintained at



Catal 54, 177 (1989); Gicus Kofke, T.J., CGorte, RJ.,

and Kokotailo, GT., J. Catal. 116, 252 (1989);
w@a006i180265 DJ., Adanp, A T., Kokotailo, G T., BEEUS2006/012967

Corte, RJ., Appl. Catal. 67, 107 (1990); Biagl ow,

A l., Adano, A T., Kokotailo,.GT. and Gorte, RJ., J.

Catal . 131, 252 (1991); ParTHb, DJ., Pereira, C,

Kokotailo, G T., and CGorte, RJ., J. Catal. 138, 377
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J. Catal. 146, 228 (1994); and Kanazirev, V., Dool ey,
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t stapdard tfon isf type 96 mmaswrement fidre mumler@snuuabereial yources. The
ReSﬁQnse?P%TCE) oftthe effl.tuent stream fromthe san‘gl e .
c &Y JUFSHEC pfoéd DU FIRRP SR SEforShE RetS RESEtenveyton 1s
NBASIE, SITERM And Txhidhs c&emgﬂaot%fn&,bﬁaup c8R6herdi [(SA3G°CS than
1- am nopropane sorbed on the sanple and deternine
athiediaoliteof Cehemsandptieconjudd peidegslans e showinrtp tale no acidity

B8R Fsup e dined Ay EE R e Dl Adopanabg A fpentance
usf B dddeical of QiR ttb Paethch 0GeRHECactive Qéwhrd IFH! Edhvirsion to

cogares the acidity of a conposition according to the
pFP ent invention (sanple #3 in the tabl es above),

' hat Faui-asi . 7eol d . s
pUITBL o PR s Bttt Tl WBRIRS 20 Rordt bl SBippogiions
st@oding td dre piesant tiyyeatioh for i ceneidion 1@ MTPAUNBAised on these
commer ci.al sour e acidity neasured for the

ces. T ‘e
COTIE ] 50 BREs 6 dh7idhere MEDSA BEBRE D3lpRse MeBsRN agidity in the

temperature range of about 300 to about 450°C and for activity at temperatures

greater than about 450°C to optimize conversion. For the samples evaluated, the
preferred ratio of 300-450°C to >450°C acidity is less than about 0.5 based on
approximate peak height of the largest peaks in that temperature range (as can
simply be measured from the graph). Acidity measured <~250-300°C is residual

1-aminopropane and is not considered to be important for CeZrSO materials.

[0079] Trade names used herein are indicated by a ™ symbol or ® symbol,

indicating that the names may be protected by certain trademark rights, e.g., they
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understood that many variations will suggest
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AR EF SF R T el SR b sy s EP oE B SR componens,
aphahaetatictiized afyoataningd seifinapeciesnivith DRIFTSeS=stretching
conposi tion, conpri a _conppun fol |l .ow ng

e ,-pﬁ rafieny infthe FAREE 0 11%6% 1>§99ﬁ:3b Gﬁn‘? ﬁl?l?ghl rg y %Q glrther charactenzed

by one or more of the following: wherein n is from 0.01 to about 0.35; p is from

about 0.05 to about 0.35; wherein p is from about 0.10 to about 0.30; wherein p is
from about 0.10 to about 0.20; wherein sulfur is present in the amount of about
0.50 to 1.25 wt %, based on the total weight of the compound according to
formula (1); wherein sulfur is present in the amount of about 0.55 to less than 1.00
wt %, based on the total weight of the compound according to formula (1);
wherein sulfur is present in the amount of about 0.65 to 0.85 wt% based on the
total weight of the compound according to formula (1); wherein, after CD3CN
adsorption, the compound of formula (1) has at least one DRIFTS v(CN) IR
vibration after in the range 2280-2330 cm’, more particularly having at least two



where X is at | east one netal selected from Goup 4 of
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Sis sulfur; m n, p and g ae. the atomic ratios of
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q are the atom ¢ ratios .of thelr respective

c ahp oorapdisidaacdordidgan formiwda (1); wherein sulfur is present in the amount of
about 0.65 to 0.85 wt% based on the total weight of the compound according to
formula (1); wherein, after CD;CN adsorption, the compound of formula (1) has
at least one DRIFTS v(CN) IR vibration after in the range 2280-2330 cm’, more
particularly having at least two IR absorption peaks for v(CN), one at one at about
2302 cm™ and one at about 2264 cm™; further characterized by an Acidity
Characterization using 1-Aminopropane Decomposition having at least two
Thermal Conductivity Response components, at least one component being

between about 300°C and 450°C and at least one component at greater than

450°C; and also a preferred embodiment of a method of decomposing an ether to
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about 0.05 to about 0.35.

3. The composition of Claim 2, wherein p is from about 0.10 to about 0.30

4. The composition of Claim 2, wherein p is from about 0.10 to about 0.20.

5. The composition of any one of the preceding claims, wherein sulfur is present
in the amount of about 0.50 to 1.25 wt %, based on the total weight of the
compound according to formula (1).

6. The composition of any one of Claims 1-4, wherein sulfur is present in the
amount of about 0.55 to less than 1.00 wt %, based on the total weight of the

compound according to formula (1)

7. The composition of any one of Claims 1-4, wherein sulfur is present in the
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where X is at least one metal selected from Group 4 of the Periodic Table of
Elements, Y is at least one metal selected from Group 3 (including the
Lanthanides and Actinides) of the Periodic Table of Elemeﬁts, and S is sulfur; m,
n, p and q are the atomic ratios of their respective components and, whenm is 1, n
is from about 0.01 to about 0.75, p is from about 0.01 to about 0.50, q is the
number of oxygen atoms necessary to satisfy the valence of the other components,
further characterized as containing a sulfur species with DRIFTS S=O stretching
vibrations in the range of 1365-1390 cm™.

12. The method of Claim 11, wherein n is from 0.01 to about 0.35; p is from
about 0.05 to about 0.35.

13. The method of Claim 12, wherein p is from about 0.10 to about 0.30



further characterized as containing a sul fur species
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19. The method of Claim 18, having at least two IR absorption peaks for v(CN),

one at one at about 2302 cm™ and one at about 2264 cm™.

20. The method of any one of Claims 11-19, further characterized by an Acidity
Characterization using 1-Aminopropane Decomposition having at least two
Thermal Conductivity Response components, at least one component being
between about 300°C and 450°C and at least one component at greater than
450°C.

21. A method of decomposing an ether to the corresponding alkanol and alkene

comprising contacting said ether with the composition according to Claim 1.

22. A composition comprising a compound having the following empirical
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23. The composition according to Claim 22, wherein said compound is further

characterized by at least one of the following:

(a) plural S=O0 stretching vibrations in the spectral region of 2260 to 2350
cm™ as obtained by DRIFTS;

(b) wherein, after CD3CN adsorption, the compound of formula (1) has at
least one DRIFTS v(CN) IR vibration after in the range 2280-2330 cm™’;

(c) having at least two IR absorption peaks for v(CN), one at one at about
2302 cm™ and one at about 2264 cm’;

(d) an Acidity Characterization using 1-Aminopropane Decomposition
having at least two Thermal Conductivity Response components, at least one
component being between about 300°C and 450°C and at least one component at

greater than 450°C.



