WO 2006/ 130231 PCT/ US2006/ 012786 -1 METHOD OF MAKI NG M XED METAL OXI DE
CONTAI NI NG SULFUR FI ELD OF THE | NVENTI ON [ 0001] The invention relates to a
nmet hod of mak] 3 and Goup 4 mxed netal oxide itabl e
for the deco%@gﬂ%ﬁ’zﬁof ethers to al kenes and al kanol ge%ﬁﬁgﬁz&zﬁrﬁodi ment ,
it relates to a nmethod of making a ceriumzirconium mxed netal oxide
catalyst. In an enbodi nent, the catal ystlrade by the process of the
invention is used for the production of isopropanol (I1PA) from i sopropyl
ether (IPE). BACKGEREHNB o MARGREMTRD FRIKE/GUDE CONEANENS startRe 1
correspondi ng al kenes and al kanols (aliphatic alcohols) is an inportant
reaction in a nunber of commercial processes. This reaction is used, by way
of exanple, to renove isopropyl pgifiehr chiEByweRT@gYced as the by-product of
the hydration of propylene to produce isopropyl alcohol (IPA or

i sopropanol ). | r{O&EHi t | Bre, inygatiothirdatesdnta peadeotiragkingeropp domd tGrenp bf

tertiary olefi ”%niké&’rﬁétmeo%d%%ﬁﬁlgét%@ta%fe fﬁ?tﬁ@d’ec&h@siﬁa oY\drtﬁ 5 %rhuéhéé%ﬂ&" over an
acid catalyst to selectively produce a tertiary alkyl ether, separation of
the ether from all{asols. chween sinhodimemif it relates teamethothof mikdng aiedonpastmiymmn of t he
ether to the desj; T [ i | on the
fact that terti %&%@?ﬁ%@e%@tﬁlggﬂ ) \?\,1];l taﬂ Bmg%%%dé’ﬁéé %?)arl%& {r?lg%f'%i @gb #?g%s ei t her
secondary or priafdheyinvdngbn ssusechbr tisnpredystiay éfdespropanol €fPg diony mopregyhod f or
extracting terti Al Iﬁfiefi ns, such as isobutene and isoanylene, froma m xed
ol efin stream FOr { e)‘purposes of this invention, a tertiary olefin or
isoolefin will be understood to be an olefin containing at |east one carbon
atomthat is covalently bonded to t e(%&(?&(mcar bon atons. [00031 Vari ous
catal ysts have been proposed for the selective deconpostion .of ethers. See
forl_exanpl e U. S.[008 ent TidoconderG8d of0efiByrs idShdiadomaipodding dlkéed aitiddkanolg)S Pat ent
Nos. 4, 320, 232 .5 US Patent No.. 4,398 051. US .Pate No.

2357, 147" ~pr o duBEAA AEPRER oY e tias etitun puRebs A ERe e on v
MIBE" by P.B. Milhis enctetn @lused, rbyRewyef dearhplé, nist detate ksopmopydi ahed (THERL r 0l €,

Patent No. 5, 147500 s s by RERER ol bl o iRt phfiee BoBGR nea

Pat ent Appl i cat i aavhol (IPA or isopropanocl). In addition, an important route for the production of

tertiary olefins involves reaction of mixed olefins with an alcohol over an acid
catalyst to selectively produce a tertiary alkyl ether, separation of the ether from
the remaining olefin stream, and then decomposition of the ether to the desired
tertiary olefin. This latter process relies on the fact that tertiary olefins react with
alcohols more rapidly than either secondary or primary olefins and hence provides
an effective method for extracting tertiary olefins, such as isobutene and
1soamylene, from a mixed olefin stream. For the purposes of this invention, a
{ tertiary olefin or isoolefin will be understood to be an olefin containing at least
one carbon atom that is covalently bonded to three other carbon atoms.
[0003] Various catalysts have been proposed for the selective decompostion
of ethers. See for example U.S. Patent No. 4,691,073, US Patent No. 4,254,290,
US Patent Nos. 4,320,232 and 4,521,638, US Patent No. 4,398,051, US Patent No.
4,357,147. “Production D’Isobutene de Haute Pureté par Décomposition du
MTRBE” by P.B. Meunier ct al. in Revue de L’Institut Francais du Petrole, vol. 46,
No. 3, May 19991, pages 361 to 387, US Patent No. 5,254,785, U.S. Patent No.
5,177,301, U.S. Patent No. 5,117,920 and Japanese Published Patent Application



WD 2006/ 130231 PCTI US2006/ 012786 -2- No.JP-A-06072904. [00041 Japanese
Publ i shed Patent Application No. JP-A-59010528, published January 20, 1984,

describes a p\;vﬁces for thermally deconposing a terti ar* etg%e?r to a
2 G e osa g

tertiary ol ef ?ﬂﬁ’?‘pﬁ’é presence of a titaniumor zircon St al yst

containing 0.1 to 20 wt % of S04-2 groups. The catalyst activity is said to
be high even at |ow tenperatures thereby.allow ng co-production of the
corresponding alcohol with negligible etherification. [00051 U S. Patent
No. 5,607,892 digCkDRE hrconiunm cerium m xed oxide having a specific
surface area of N;or.gg%g)%ofzh%% 10 n2/g. The m xed oxide is produced by
intimately adm 0] a Ziapamesw Rublished Patert Applicetm NomTB-@-39000eB givhlished F rati o

of the mean di angeter J. particle t i.rconi |t he nean

i amoter 12 of - ORLIA0 1854 MBS R e Trherkfy AR Syl 10 0
precipitating amaumaitianf olafibas e wewelcead @ Gueinmsoarironiua, oxddedeatuiyshy dr oxi de,
or potassium hydroxide.to,.fhe m.xtuse, regovering th regipjtate thus
forned and cal cicﬂ?tfl?ﬁmgﬁel toabfg‘g%&fé‘éf egrg'fpsa%g%ﬁ%a@“gf‘wgy g"’fsal%%{’?@gli, 000C. The
m xed oxide is Seaér_dattlﬁwllfempétﬁt&fe_bl khefb‘byalld\ﬂfn@cy«'pgodgﬂigﬁ&ﬂ'_&h@/&ﬁre&mﬁmﬁgt for
carrying out a varjety of reactjons,. suc as dehydrati on,

hydr osul furi zat i%ﬁi}ﬁﬁk}/@r“ﬁﬂ@aﬁ??tﬁrﬁfmon, desul furi zati on,

hydr odesul furi zgoeosn, delsy et a0 §80ALI2aksclok@ 0fiRdbrigm/cahaMivea bgidei ng,

cracking, hydrqcracking, hydrogenation, dehydroggnatjion, .isonerization,
di snutation, oX{¥R$ Grﬁpg‘éﬁ‘i’ Sract Srpff AL i Bk tOFT G  BRFIPERed 1 BH8<S or ot her

organ! c Comoun%ﬁodmﬁm%ﬁﬁaﬂy%ﬂﬂ{)@{g J‘ﬁfébhﬁﬁ:h_@@i \ﬁi@ﬁ@&érﬁﬂﬁsol,t\ﬂﬂre@l Res
reaction, treatnent of exhaust gases emanating frominternal conbustion

engi_nes, demet al®MiR ¢iohe mean Higpgier Brrighe patigles; of thszigoniuginsol fo tho@essa US Pat ent

NO-CG_, 150, 299 digpaheRs 85 ofthé BhrtiblBd ofHsl ceiufnCRDis WM dAs SE dading 5@%19?%@
containing sulfur, which is said to be active as an exhaust gas
purification cataioyaofabrsehivelh at aghspyssammepir, sedivm dyydipxige GHIOLEEYER um oxi de,

20 to 49% by wejyahidZ td ORI 3XdodeiRNEk prediBtaR D oRE UM caidihih@tne (SO4) . In

Exanple 1, the m xed oxi de was produced b i spersing cerous sodiumsulfate

doubl e salt (corresipifrtagt rEergpeaaute of i700f0kPIYES- | The migebogdots spditebeand addi ng

ggi d2?9e$ﬁ2n? Ol UiséiBhs QlcaalysiCR Rtk RifgoR 66 cbe AR &t vBGerd of Badiidns bdch ONi UM
as dehydration, hydrosulfurization, hydrodenitrification, desulfurization,
hydrodesulfurization, dehydrohalogenation, reforming, steam reforming, cracking,
hydrocracking, hydrogenation, dehydrogenation, isomerization, dismutation,
oxychlerination, dehydrocyclization of hydrocarbons or other organic compounds,
oxidation and/or reduction reactions, the Claus reaction, treatment of exhaust
gases emanating from intemal combustion engines, demetallation, methanation or
shift conversion.

( {0006} US Patent No. 6,150,299 discloses a cerium- and zirconium-based

mixed oxide containing sulfur, which is said to be active as an exhaust gas
purification catalyst and which comprises 50 to 79% by weight cerium oxide, 20
to 49% by weight zirconium oxide and 1 to 5% by weight sulfate (SO4). In
Example 1, the mixed oxide was produced by dispersing cerous sodium sulfate
double salt (containing 75 g as cerium oxide) in 1,000 g of water and adding an
aqueous solution of zirconium nitrate (containing 25 g as zirconium oxide). Then,
an agueous solution of sodium hydroxide was added until the pH of the mixture

became 13.5, whereby a precipitate was obtained. This precipitate was separated



an aqueous sol ution of sodi um hydroxi de was added until the pH of the

m xture becanme 13.5, whereby a precipitate was obtained. This precipitate
was separated WO 2006/ 130231 PCT/US2006/ 012786 -3 fromthe m xture and
heated in t hé"QW¥BP2800C for 5 hours. Anal ysis showed PHREUSPUEIA™Nnt ni xed
Oxide to contain 73.9% by wei ght cerium oxide, 24.1% by wei ght zirconium
oxide and 2.0% by wei ght sulfate. [0007]glnternational Patent Publication
No. WD 03/ 37506, pubI i shed May 8, 2003, d| scl oses a promoter or catalyst

support for an aut bile ex ris

zi rconi um ceri u%‘r %’t’:?“ﬁir‘?(%rﬂﬂﬁ %@%‘?%ﬁé@h% ?gg"cff |‘%‘r‘§aqys§ﬁh%"f’q{i£‘? with an
aqueous sol ut i OResAfkanBm¥iel 6£10¢ 8 Bofiain 73 O Byak Ak Gerfluflckidd, 74.0%Ib§ weight sul fat e
anion per nole of zirconiumcation at a tenperature not greater than 50C in

the presence of ZEcqudy exidesnd £-0pbyreight 8liexed ceri um zi r coni um hydroxi de and
then cal cini ng t[ﬁ(ﬁ?ﬁydrlﬁﬁéingﬁonﬁwa@en%?ﬁﬂ?ﬁitﬁ)hw&m 099306 pubRRREMagech as 650
to 850C. [0008] S. Patent No. 124,232 di scl oses a tungsten- nodi fi ed
zirconia catal nyQQ3 ;ﬁﬁ%@%eﬁpwoﬁ’bﬁ? é@tﬁlpﬁttséiPﬁ%*gfoflaFl(?@WbW Fﬁlaaﬁ’r‘i g&ﬁl on or
oxyani on of =t URGSILBohfishBe RIEREACER-bA Bl By r?h?dh@edt n a

sul fate-contai ning produc steam ng the sulfate-contal ning product;
recovering the sukkal mthemmuacmmswgthmf@momyn sali) coptaining 9,425 mple gf t he
product with wa r SHRYE BS2R b@i ng the
product to pr odttﬁglgat%&ééa}lt af%lg%eq}tf I I'S carglg‘ggtnsﬂlgaﬁ%ﬁuﬂfﬁ?leego &gﬁ@fsgte ions. The
catal yst is sai dntlmptﬁ@emcpfw@nm Stalrhto fomeqummnmmahsdfmwgnd[ooog] us
Patent No. 6,16 t f i ni ng
zirconium in aﬁh(fztl oﬁﬁ%%gﬁf%?fe}de?a{%tﬁgﬁrm °f%°§3‘lc}@8§@csg?h| %ﬁ]ﬁy&bﬁgef ul for

i S%TEI‘I zation of85f®°z§} affins, ring opening of cyclics, hydrocracking,

| Kyl ation, nat{.@n pRLY r i el ect v alytic
reduction of ni ﬂé@%ﬁ %g g)%lfe RL gﬁ%{o |%lgér’1r%g‘|£t§a %Ste%%?(%ﬁ;éed c&%fl ns.

[ 0010] US Pat entcaﬂhtyst prod@éd WGc@rﬁmitumgszmomaom&ssnfmmnpwrockwmmy gfhenol and
acetone fromcu drto({)err OeXI gf dmrlom |cq%tcun| egj %/id e.rcoﬁ%llfeg' s cont act
with a solid aci l% P(?%H‘prl Si ng 4o cerru d”a G oup
VB netal. product steaming the sulfate—contalnmg product; recovering the sulfate- '

containing product by filiration, washing the product with water in order to
remove the sulfate ions and calcining the product to produce a catalyst that is
essentially free of sulfate ions. The catalyst is said to be active in the
isomerization of paraffins.

[0009] US Patent No. 6,162,757 discloses a synthesis of a solid acid
containing zirconium, in addition {o a rare earth element, such as cerium, useful
for isomerization of paraffins, ring opening of cyclics, hydrocracking, alkylation,

hydrogenation of polynuclear aromatics, selective catalytic reduction of nittogen

I

peroxides, and oligomerization of light olefins.

[0010] US Patent No, 6,297,406 discloses a process for producing phenol and
acetone from cumene hydroperoxide, in which cumene hydroperoxide is contact
with a solid acid catalyst comprising a mixed oxide of cerium and a Group IVB
metal.

[0011] Unpublished International Application No. PCT/US2004/041546
discloses a process for selectively converting a dialkyl ether to the corresponding
alkene and atkanol, the process comprising contacting a feed containing at least

one dialkyl ether with a catalyst comprising an acidic mixed metal oxide having



[0011] Unpubl i shed-lnat-ernat-i-onal--Appli cati on No. PCT/ US2004/ 041546

di scl oses a process for sel ectively converting a dialkyl ether to the
correspondlng al kene and al kanol, the process conprising contacting a feed
containing at |east one dialkyl ether with a catal yst conprising an acidic
m xed netal &Q8e5/¥e1 ng WO 2006/ 130231 PCT/ US2006/ 012 #88/us2096/01218e f ol | owi ng
~-conposition: XmyZpOg where X is at |east one netal selected from G oup 4 of
the Periodic Table of Elenents, Y is at, | east one netal selected from G oup
3 (including the Lanthanides and Actinides) and Group 6 of the Periodic
Table of Elenents and,Z is at |east one netal selected from G oups 7, 8,

and 11 of the PEEfAQMESPIBPEHSE El enents: in, n, p and q are the at oni ¢
ratios of their respectlve conponent sxang, o, when inis 1, nis from0.01 to

0.75, pis from0Oto 0.1, and q is the nurrber of tg{_gen at ons necessary to
satisfy the val Bhee %oF & Husiareid srisgpbfes. Croie 4 fitheBerisdicdeletlef er abl y

contain sul fur, gieyphicakl % Bf 838NEne el SRR trodf Ch‘&;pt 8 @Gnciifingd gguch as up
to I wm% of the final mxed oxide conposition. The m xed oxides can be

prepared by i npkeiaideomdaictipiest sndidionp piof Beiteriodis TblerfiHiouranty andixt ur e
containing a soyr t and/ or

G oup 6 netal i %nag?eaft 08%4% che??cggﬁzf}%%ncgm ; 2?33@ Z?gfglﬁg%%d@?%% gfhave al so
been found usef Blemekigm, 1, pandg piefthazdernionativs Oéﬁmwpecgmpowwm@\s pr oduced
by an internal kO r VA e
t heref ore have %g%}rzﬂggeslcgfsbﬁdggwﬁ? §%q’| ﬁs@%ﬁ@&ﬁ 16%(3 ngtﬂ?e tbep@f@lS 478, 543,
5, 518, 699; 5, 532%xyLe8 atoB1s580:s5B6 fo SatER2hT S@encﬁpﬁme B8P copontits. 7Hig;

6 310, 676 6, SO A e AErep tousen P ey At g e MRS O e an
i npr ove:j rrFt hodwtif, sweliangp & duop’, 8f ﬂmcﬁlﬂmimdztmﬂnxmdpwﬁioal The inges], i
ce rco r a
PRC tecompos &1 Shtay G RCPEM Y BilnRhln o0, (ESeBld @l Rald i V™!
| NVENTI ON [ 0014 uiifiwe contaieing h gourdedf Gtm@dtmﬂalummandmsdmd obGrowp Riandjoran aci di ¢

En'1;<ed nmet al oxbg&p%a eta'ﬂ%the conposition expressed by the follow ng formula

[e012] Ceria-zirconia catalysts and- the like have also been found useful for
the purification of exhaust gases, such as produced by an internal combustion
engine, Such processes and catalyst made therefore have been described in, for
instance, U.S. Patent Nos. 5,478,543; 5,518,699; 5,532,198; 5,580,536; §5,582,785;
5,607,892; 5,712,218; 5,747.401; 5,908,800; 6,133,194; 6,150,299; 6,255,242;
6,291,719, 6,319,876; 6,506,705, and 6,605,565

[6013] The present invention provides an improved method of making Group
3 and Group 4 mixed metal oxides, particularly cerium-zirconium mixed metal

oxides suitable for catalyzing the decomposition of ethers to alkenes and alkanols,

SUMMARY OF THE INVENTION
[0014] The invention is directed to a method of making an acidic mixed
metal oxide having the composition expressed by the following formula (1):
Kn¥aS,04 (1)
wherein X is at least one metal selected from Group 4 of the Periodic Table of
Elements, preferably zirconium, Y is at least one metal selecied 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



X, nYnSpQg (1) wherein X is at least one netal selected from Goup 4 of the
Periodic Table of Elenents, preferably zirconium Y is at |east one netal
sel ected from Group 3 (including the Lanthanides and Actinides) of the
Peri odi ¢ Tabl nts, preferably cerium S is sul S
oxygen; ‘in, ,GWB éﬁgﬁare the atom c rati os WO 2006/ 130I§§iimsﬁ&%nolsd

PCT/ U82006/012786 -5 of their respective conponents and, when mis 1, nis
fromabout 0.01 to about 0.75, preferably-fromabout 0.10 to about 0.35; p
is 0.01 to about 0.50, preferably fromabout 0.10 to about 0.35; and q is

the nunber of OXYcQ‘%{éxrarte@@&wQ%&%ﬁﬁﬁﬂty aﬁd) wh%:@hi B8y ntidBoM ab&ROD105 abdye Ot her
conponent s made (%/ coprécipitatin Y from separate salts in the

presence of a sul®T¥ Pretsrrbbifaomegboy %é‘?@sﬁbo%oe%ﬁd?ﬁ&@l tp gk @58, raferaldy sul fate
ions. In a pref erf; RO %Edﬂéut ol e%nﬁlhtx@ e G BB DE @ﬁ%&tﬁ)ﬁtgx\ﬁ'sqgééss qparately

fromthe sources the Goup 4 netal - tal ning speCies used
in the mxed oxi osetwfmhp haderice Oﬁﬂlﬁpfbﬁréomeorgnts mefebiseppfesipyating X 4nd Ynizam t he

t f
and Voare Cpref or it oHs 658 GLAUR of o3 el ofFERE pARR Pl et P! o
preferred. enbodiafemifate tibes. i dwenpiefmrei sendbdla@tﬂedhﬁt @ul‘éltmmnhmde efovided maki ng a
cer | um 2 6Nt um J1Xegy Ghde GANAL LARBGRRTES LRALAAAG SRLLIT SR

zirconium from separate sources sSence
Advant ageousl y, uskkinghd MéOmesymﬂlesspmnmch@I the pafattied is ot thencoumtersour ces
of ceriumand zir.co use n_ the nt hesi thod, i.e. . 1 sulfate ion
is not the count e1§n FO(S SSFIO%Sd?ﬁ ga%‘} a%qupcdﬂ?téﬁggtﬁggﬁé’%mﬁg'eg aﬁ‘?%%ﬁ? i um and
gl rcgmG:Jm sozrceanef[eﬁﬂ&ﬁijrcohfmmﬁﬂcemmapapa:ﬁeelﬁnbodi ment , thle soulrces %O%fup
an oup are, salt ter-so e s
The i nwent on i 3 Wgb. o Pecpetoeh e HuRRRI e helfa pddiy T §bdeny o
di akkyl ether to mn@gcmamﬁ:pﬂmdmmg mmm&dmp&lsManﬂreo&pmﬁmg &ringp andnt act i ng
a feed containi (r;zgr?wgn a%ltSs Onﬁ?%i}%’r‘?if( eérf%ﬁi%fs}mﬁa%%mﬂ?e# st nad accordi ng
to the process odi ment ,
the invention is itk ﬁme@hsmﬁom&mﬂélyﬁﬁmkhmwc&%fmeﬂmﬁaﬁdmoﬂmﬁt acting

|PE with a ceri a-zi atal resence, of ter,.wherein said
ceria-zirconia ca l{]y eqyg gfggﬁ 10n1snotﬂlecom? ion for cermim

or zirconium species used as cenm'n and zirconium sources,

(0016} In yet a separate embodiment, the sources or Group 3 and Group 4
metal are salts, advantageously water-soluble salts.
[0017} The invention is also directed to a method of selectively converting a
dialkyl ether to the corresponding alkene and alkanol comprising contacting a feed -
containing at least one dialkyl ether with a catalyst made according to the process
of the present invention.
__ [0018] In a preferred embodiment, the invention is directed to a method of

( | making JPA comprising contacting IPE with a ceria-zirconia catalyst in the
presence of water, wherein said ceria-zirconia catalyst is made by a process
comprising coprecipitating ceria and zirconia from separate cerium and zirconium
sources in the presence of sulfate ions. In a preferred embodiment, the sulfate
ions are provided separaiely from the cerium and zirconium sources, i.e., the
sulfate ion is not the counter ion for cerium or zirconium species used as cerium
and zirconiwm Sources.
[0019] It is an object of the invention to provide an improved method of

making a catalyst useful for the conversion of ethers to alkenes and alkanols.



- conprising coprecipitating ceria and zirconia from separate cerium and
zirrconium sources in the presence of sulfate ions. In a preferred

enbodi ment, the sulfate 1ions are provided separately fromthe cerium and

Zi rconi um sourg@Spechadsy the sulfate ion is not the COUpLEt B@’i} f&r cerium
or zirconium species used as cerium and zirconi um sources. 12 ¥t is an
object of the invention to provide an inproved nethod of naking a catalyst
useful for the conversion of ethers to al&enes and al kanols. WD 2006/ 130231
PCT/ U52006/ 012786 -6 [0020) These and ot her enbodi nents, objects, features,
and advantages Wihdzo) beOR{IR AARACE BhbBmdnBl KBRS GeahiRes BAGIAL MdeBEwfiOl | OW NQ
detail ed description, preferred enbodi menfs, exanpl es, and appended cl ai ns.
DETAI LED DESCRI PHeanee apaept Fheefgreige it made ite thti follevie deileth desepptisied net hod

of making a m xe ' %@h ifok of the invention has the
following enpiri gjéﬁfg%?%lrnﬁgqﬂgg?si)% n%ﬁ%%%ﬁdyg%ac{ﬁ%e X is at |east one netal

selected from Goup 4 of the Periodic Table of Elenents, preferably

zirconium Y is at |east one net !Eg‘ﬁi t]ﬁ‘féfﬁ{} oup 3 (including the
Lant hani des and Acti ni des) of thg erl@éi c la P@@ El ements, preferably
cerium S is sul fld621] andll@ ibentonyig divectédrp an improwsddnaghedrod niakimgatraimed r at i os

of their respectiyve,c onents and..when.in is.1,.nJs.tromabout 0.01 to
about 0.75, prefer ab&;}ig 5 %‘&St:l%"é',rt" é"IBc.mlEJtn%hS N ]Ef‘sége felloying Fmpiniel,” about
0. 50, preferably folmtaiipbout 0.10 to about 0.35; and q is the nunber of
oxygen atonms necessary to satisfy the valence of the other conponents nade

by coprecipitating X and Y from sep %ngzou&fes in the presence of a
sul fur-cont ai ni ng speci es, preferabl ?"ir’ii’t e ormof sulfate ions. In a
preferred enbodi nent, the sulfate ions are provided separately fromthe

sour(ees of the Gulitfe B inafllectdt @UP nbtalredieckedCdit @rotipnd) oS e PefiSdic Tablgof t he

sul fate ion is n the coynter ion for, the Goup 3 and G.0 net al -
cont ai ni ng speci % o PISFTT e 2 OR e ﬁ&gl?ﬁﬁgwfﬁsﬁfcﬁeﬁdu{?& Wt Y are
preferably zirconindmatiagdhe Bhdibtiides @S aclidids) ¥t thERribae iTasle Gof THEhatpf

El ements referred to _herein_s e neegv_ not ati on descri bed in Chem cal and
Engi neer i ng preferably cerium, S is sulfur, and O is oxygen; m, n, p and q are the atomic ratiog

of their respective components and, when m is 1, n is from about 0.01 to about
0.75, preferably from about 0.10 to about 0.35; p is 0.01 to about 0.50, preferably
from about 0.10 to about 0.35; and q is the number of oxygen atoms necessary to
satisfy the valence of the other components made by coprecipitating X and Y from
separate sources in the presence of a sulfur-containing species, preferably in the
form of sulfate ions. In a preferred embodiment, the sulfate ions are provided
separately from the sources of the Group 3 and Group 4 metal-containing species,
e.g., the sulfate ion is not the counter ion for the Group 3 and Group 4 metal-
containing species used in the mixed oxide synthesis mixture. X and Y are
preferably zirconium and ceriuvm, respectively. The Periodic Table of Elements
referred to herein is the new notation described in Chemical and Engineering
News 63(5), 27, 1985, which numbers the groups from 1 to 18.

[0022] Preferably, the sources of Group 3 and Group 4 metals are salts,
advantageously water-soluble salts.

[0023] Suitable Group 4 metals include titanium, zirconium and hafninm,
with zirconium being most preferred. Suitable Group 3 metals include scandium,

yitrium and lanthanum, and metals from the Lanthanide or Actinide series, such as



News 63(5), 27, 1985, whi ch nunbers the groups from1 to 18. [0022]
Preferably, the sources of Goup 3 and G oup 4 netals are salts,

advant ageously water-soluble salts. [0023] Suitable Goup 4 netals i ncI ude
titanium zirconiumand hafnium wth zirconium being nost preferre

Sui tabl e G oup"SMEPEPE i ncl ude scandium  yttrium and I'EHE E(Pﬁménd net al s
fromthe Lanthanide or Actinide series, such as WD 2006/ 130231

PCTI US2006/ 012786 -7 cerium praseodym’_um neodym um sanari um europi um
-gadol i nium terbium dyspr 0Si um hol m um erbium thulium ytterbium
lutetium and thor i um erred Group. 3 net um [ 0024]
The invention is gts pms?oélﬁmeu&i d?ﬁéunh ST R P OXY aéd‘);hnm?lbrmj TR (1) numde
by a process of dmmmnplhbmhum,gerbﬁumndmﬁmﬁ,r wetdenainktien sodtieeiami nTiche
presence of sul fur (pS i Q‘% 02@ The process according to the present

i nventi on conpr|§l§§t5 e’m%r BT PEF D™ X and Y in fornula (1) froma
liquid mxture ipowbte prasenesionfis dso tﬁﬂbté@fbtﬁémﬁddﬂ fﬂdfal ofidesihdfrallay1) n t he

f orm of sulfatelog X and Y

L-QVi. a arate sour.ces, such as
ol 15, cach pr of SRADDY HPDH COPUTIBE trBlsS Gh GRAAPERe 1S Tt of or ably
an aqueous sol ut ipfencd BfsuHUBY ¥nsconpri si-ng the coprecipitate is optionally
aged by, for instance, storage in a steanbox or autoclave, preferably wth
agitation, for a!QPebet SFhti ROEESHAPBAHNS Lot hppbresenc ATERIE, GHIBISELECO4 or 5
hours to about 2QQipAfishSE XPmefveindbriilal (1 PH0:AR R Kebid hdxth@ 2R plesdidPoftour s, nore
preferably from about 20 hours_ to about 150 hours, _still nore pref erably
from about 24 hodpuce efsuligepreferablvip thedornpefulfyte sonpr et & #e AoMidedMper at ur e,
such as between %P%haé%ou@@s&ﬁ%:salﬁrea&{ eﬁ{'a%ﬁj M@ Qbthivio th ﬁ@s@lﬁ’tﬂiﬁt 200C, or
nore preferably about 75 to "about C. The coprécipitate may b
conveni ent |y r ecdXpshdgpig{erably anaatwoaﬁsolutwm ﬂbwmw@rgsmﬁghwareﬁn’éﬁe

cal é' nation of theqdigsiiliabihyC arskfile &Bﬁgé%sa%eahiﬁoﬁ &eautdéﬁﬁ@%feféiﬁﬁf“ bed
bel ow. [0026] The liquid mxture can be ared by conbining a first liquid

sol ution conpri sNﬁ@aaltaé’@&rfé’éaﬁﬁde@ﬂé@EdeﬁéP lime, suel aqifipr ahow oA KU qui d
sol ution conpri g} E\Quﬁzd@%ﬁﬁepr%ra%%& HotED A b RN 00 MR SbR ptdGattp DI Nati on

takes place under conditions sufficient to cause co-preci |tat| on of the
catal yst precur s dvonmgabowt 20 hours to about 150 hours, still more preferably from about 24 hours

to about 72 hours, and at a predefermined temperature, such as between about 50
and 250°C, or preferably about 50 to about 200°C, or more preferably about 75 to
about 150°C. The coprecipitate may be conveniently recovered by filtration,
followed by drying and then calcination of the resulting catalyst precursor in the
manner described below.

[0026] The liquid mixture can be prepared by combining a first lquid
solution comprising a source of Group 4 metél ions with a second liquid solution

comprising a source of Group 3 metal ions, wherein the combination takes place

PN

-~ under conditions sufficient to cause co-precipitation of the catalyst precursor as a
solid from the liquid mediwm. It is preferred that the two solutions be combined
by nozzle mixing as is per se known in the art. Altematively, 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 ammoninm 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 $ is caused to be about greater than 7 to at or below 9,



solid fromthe liquid nedium It is preferred that the two sol utions be
conbined by nozzle mxing as is per se known in the art. Alternatively, the
source of the Goup 4 netal ions and the source of the Goup 3 netal ions
may be combi ne¥OXM180231 si ngl e sol ution. This sol uti on nEFTUREPBREISUDj ect ed
to conditions sufficient to cause co-precipitation of the catal yst, such as
by the addition of a precipitating reagegt, such as ammoni um hydroxi de and
the like, to the solution. In a preferred  embodinent, an aqueous sol ution
of a base is added so that the pH of the solution cont ai ni ng X, Y, and 8 is
caused to be aboulrigRBXek® han 7 to at or below 9, WD 20061130231

PCT/ 0520061 01278600278~ Pr@fbleaRlntes2bOtHe Betall 802 fdr tﬁé“cblﬁ@cl lﬁtaﬁ&ﬂﬁrﬁ:ﬁﬁe of the
nmetal ions for the cop reC|c§|tat| on .include conpounds such as oxychl ori des,

chlorides, al koxi @a®oumgssychiag exyenlgrifis; ehigrides, aikpadesnenlfatet andi 1Eses. ~ 48 | east

one of the netal Sorle nfBbE&HER! atdsasPord W HiRtiBetal PlsqfrQER Rk Y sulfate. Sﬁrﬁﬁfaﬁfyea source of
sulfate ions is added to the liquid m xture fromwhich the catal

precursor is preciepittasewce o il iensispdduh o @@dﬂﬂ@émwesﬁpmay@h ﬁ i ncl ude

sul furic acid, anupjs ;ﬁgg Bl fseabut &g{ckm ﬁﬂjtéﬁh%l Lrconium
sul fate, and mxtures ereo?tp?TmOZ i ere the G up 4 "t i'ncl udes
zirconium the pr@lfemcr @dids eumeriunf sulfaje; @@@ﬁmmuilfstewmmwfaﬁﬁ,tmmmum(0029]

Were the Goup 3gmataliAglides.gerium the preferred source of ceriumis
a ceriumsulfate-sulfuric acid conplex or nore preferably cerium nitrate.
[0030] Cal cinati olf0ZH t h&hewtthd Geup groestal igdides greefitmcthe grefanppsaadelof in an
oxi di zi ng at nosp ture of at |east 400C, such as at | east
500C, for exarrplhéfgrglr?rl]tmé ou@rglg% to about 800C. The cal cination tinme .may
be ? to 48 hour 9028 uch Vsref the Gabzpud nBeied incdndah cartunp shehprefewsed fwrceedfanpl e f or
about 1 to about u . Y. e r i ul fate
ions, the calci na%e%’glﬁhﬁc%z%uwgﬂgatéé%gﬁlﬁ%%@g %@R&%o‘% ?1:8 or&gllsa{ﬂ?o&?‘é%ai n the
desired sul fur |esightein the final catal yst conposition. [0031] The net hod
of making a rrixed al f n enti provi fdes several
advant ages over Bﬁ} t@éio gtm%l\l?)iuazl Qatﬁfs?d’twé:%as o % egﬂc}‘?'d &%ﬁaﬂf i

omdlzmg atmosphere, at a femperature of at least 400°C, such as at least S00°C,

for exarnple from about 500°C to about 800°C. The calcination time may be up to

48 hours, such as for about (.5 to about 24 houss, for example for about 1 to about
10 hours. Where the catalyst precursor contains sulfate ions, ti'le calcination
conditions should be controlled so as to retain the desired sulfur level in the final
catalyst composition.

[0031] The method of making a mixed metal oxide of the present invention
provides several advantages over known methods. Non limiting examples of such
advantages include: the method produces very high yields per batch of mixed

oxide of formula (1); the method allows to produce catalysts with excellent

a

catalytic performance.

[0032] The mixed oxides prepared by the method of the present invention are
useful catalysts for the decomposition of ethers. The ether decomposition process
of the invention involves contacting an ether-containing feed with a mixed metal
oxide catalyst described above under conditions effective to convert the ether to
an olefin and an alcohol. Suitable ethers for use in the process of the invention

include those having the formula:



advant ages i nclude: the nethod produces very high yields per batch of m xed
oxide of formula (1); the nethod allows to produce catalysts with excellent
catal ytic performance. (0032] The m xed oxi des prepared by the nethod of the
present invent wunesd@osiisef ul catalysts for the deconposigcirRieni®isber s. The
et her deconposition process of the invention involves contacting an
ether-containing feed wwth a m xed netal oxide catalyst described above
under conditions effective to convert the%ther to an olefin and an

al cohol. Suitable ethers for use in the process of the invention include
those having the fornmula: WO 2006/ 130231 PCT/ US2006/ 012786 -9- ' R2-i._O i
---RS R3 R6 wherein R1, R2, R3, R4, R5 and R6 are the sane or different and
are selected from hydrogen, alkyl, arylalkyl and al kyl aryl species, each
preferably having up to 20 carbon atdins, wi th t he provi so that when all the
substituents R, through R6 are hydrogen (|.4, t he conpound is dinethyl
ether), the product is principal R thehot-C1068831 I n general, the
conditions enployed are not narrowy ¢lefi ned land depend not only on the
ether starting material but also ont desi rgd conversion rate and product
selectivity. Typically, however, the conditions will include a tenperature
of about 50C to about 320C, a pressure of about 0 kPag (gauge pressure) to
about 3500 kPag, and a weight hourly space velocity (WHSV) of about 0.1 hfl
to about 25 hr-1; wBucH pASRAR] SUPEY Al e eﬁm%ﬁ@%ma&%u&ed&&ﬁc a

pressure of about O kPas 0 about Pag and a wei ght hourly space

velocity (WHSV) obvdsssutaliylsryisloleed allspeyl smcxpﬁ, tach pordaily havingrie tpr5-’e9ct| cal
enbodi ment, the e‘%,g; L Qi rBﬁ?&jﬂﬁP\Qﬂdﬁ St & ElbR¥thents ©f frdabil Rs ther

(MIBE) and is pro “react m xed butene streamw th anol .
After- separat i on, hydwgepr@se the mmmct 1§ impihedl ethsris diceprofuc iy P@G@Dﬂbose t he
resul.tant MIBE toglggsput ene and nethanol. A simlar process can be used

wi th m xed pent enes to produce tert-anyl nethyl ether (TAVE) for selective
[0033] In general, the conditions employed are not narrowly defined and

depend not only on the ether starting material but also on the desired conversion
rate and product selectivity. Typically, however, the conditions will include a
temperature of about 50°C to ‘about- 320°C, a pressure of about 0 kPa, (gange
pressure) to about 3500 kPa,, and a weight hourly space 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 about 0.5 I to about 10 hr™.
[6634]  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 selgcﬁvely decompose
the resuitant 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 ecther
decomposition conditidns include a temperature of about 100°C to about 200°C
and a pressure of about 0 kPa, to about 1000 kPa; and a weight hourly space
velocity (WHSV) of about 1 hr” to about 10 hr,
[0035]  In yet another practical embodiment, the ether-containing feed contains

sec-butyl ether (SBE) and is produced as a by-product of the hydration of butene



conversio and“methanol. In this enbodi nent, suitable ether
deconposition conditions include a tenperature of about 100C to about 200C
and a pressure of about 0 kPag to about 1000 kPag and a wei ght hourly space
velocity (WHS t 1 hfl to about 10 hfl. [0035] | r
practi cal enbg%Pgéﬁ?QQ#he et her-contai ning feed containspcég%@@ﬂﬁép?ether
(SBE) and is produced as a by-product of the hydration of butene WO

2006/ 130231 PCTI US2006/ 012786 -10 to praduce sec-butanol. One possible
met hod of disposal of the SBEis as a fuel, for exanple by addition to

mot or vehi cl e gasohofie sBibutanBRtORo¥sitTBMhethbd 8f dfosa? HPIE SBEOast Y Onment al
regulation, it also leads to a | oss of butenes as a | ower- val ued conponent.

Mor eover, the SBE&REmAltbybedditiondp mpterswhisleagssding.sbw, &t rpglyemay. §apbhent

stream by convents{uﬂge@gﬁ SRREE AP RehiBEH ktqﬁeﬁmyi@gga %gyof}‘b

HeMasHigha € W th
cl ose-boiling bute i goners comnposed nos 0 e#elg{%\s Sf or med by

di meri zation of tvAkiebeamnooent. Mowsver the RBE(reaytriob bxpadilydfdlaishle bred singlhi ghl y

branched, woul d i oh- 0 i fwe: i onnent al
regul ation may r gglﬁﬁ?%n%ﬁ?%%é I gﬁ%g@%?%q%ék%&gpn%f %??Jﬁ%a%ﬁ&ﬂé%or di ngly,
a preferred deconhodéseiboiiing dnievayligomersSBEppEd byostpl ¢ slefins fagmed by but anol
and 2- butene in S a jmt I i zatho t e forned
and of the C8 ole i&%zg&%r ggréﬁr%t Eut%%g]SG? o@#g@%@?fgl éflgtéscglﬁ%%%ibtglﬁgﬁgé@ t he
present inventi obrackdasbidandkora gdod highedotrnt iadditicotvsssinenemyiroBimtd o

sec-butanol and 2-butene with.limted |.,i izat.ion of the.resultant

but enes and |1 m LR SEnarrs P RRoe st o His e, AstSiginER
present. At hi ghareftresipiecatposicon paiovay for SBE s byfcohteesimiaie sdihveamol andrzay be
dehydrated - to 2-RQutene according. t.o reaction.of .t he i ndi.gcated above
o encton (2. WIS I e e Rpkir et B pitt iR ot R RS

condi tions i ncl uddin@piessmper at ure of about 150C to about 275C, a pressure of
about 0 kPag to t 0 kPas, and.a wei.ght houyr.l ace vel qoci (VWHSV)
of “about 05 nt 1BREY" o0 eeE o eeBoung oh Mot miraiREEE et at al y o,
includes water i rseRetiliet civeisibn bHeSEBHo ‘éctbutdnble and| 2butedt iwithoflinitier to SBE

typically ranging fromO.to 3, such _as about 0.5 .to about .2, for. exanple
about 1.5. [0037]° BARErEHRSE W@Wﬁ?‘}eg Impifgd-gligamenzatinn/iggmerigation . ocess of

t he of any Cg olefins present. At higher temperatures, some or all of the sec-butanol -

may be dehydrated to 2-butene according to a reaction of the type indicated above
as reaction (2). In this embodiment, preferred ether decomposition conditions
include a temperature of 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.

( [0037] 1In another embodiment, the catalyst made by the process of the
invention may be used for the purification of exhaust gases produced by an
intemnal combustion engine, e.g., for use in catalytic converters, by contacting
such a gas with the catalyst according to the present invention.

[0038] In a preferred embodiment, the ether-containing . feed contains
isopropyl éther (IPE). In a more preferred embodiment the IPE is produced as a
by-product of propylene hydration, in a process for the manufacture of isopropyl
alcohol (IPA). Some IPA processes involve contacting propylene with sulfuric
acid. This can be accomplished with gas/liquid absorption or liquid/liquid



invention may be used for the purification of exhaust gases produced by an

i nternal conbustion engine, e.g., for use in catalytic converters, by
contacting such a gas with the catal yst according to the present invention.
10038] I n a prefennedeenbodi ment, the ether-containing . eadeentas ns

i sopropyl ether (IPE). In a nore preferred enbodinent the | PE is produced as
a by-product of propylene hydration, in a process for the manufacture of

i sopropyl alcohol (1PA). Sone |IPA proceséés i nvol ve contacting propyl ene
with sulfuric acid. This can be acconplished with gas/liquid absorption or
l'iquid/liquid W 2066bh30&Bile BEE[pusSEROOHNE DFR6utilizdilfoe xdveral ddcades, el e t hese
processes have been utili zeﬁl foF) seveéal g.gca%lesdvesor{e . iI roverregstss have
been made. The i nPPECEHERT s RcPife ™ 8% r 0c 8% s™RYRPFEU B TEn & RECSti 1 i zes a
uni que conbi nat i oton@ifurptidnghdtublizes bulipheccombindtion, of ahg floe] Bbeld caluimh @d t ank
reactor reaction sections [ n, of

C t o achi eve, hi gh caonver si dilute. or
Concent rat ed. pr op el etk ie Garion stilpBiip Hup e Pt ke o
propyl ene/ sul f uri goncéftdamdd ?fhpgeﬁ; 080 ParpéraCistopndesigadd fothe propenclififfic Furt her,
| oop reactors may h :

referred . to inprove mxjng integrity. [003 One
possi bl e net hod ofY# B’é‘ﬁWB’STa‘“Fq@ESGHF’Bd@EE’G “éi%‘i ag%rﬂ’ﬁ%ﬁ%qpoﬁ%%?éé‘fay FPA is as
a fuel but, not OpleRme®YS inBlove R&iHUREARY. t O environnental regulation, but
al so a hi gher econaom.c val ue can be achieved by sel ective deconposition of

the 1PE to propyl838 antngpessiblemmethopef figposy of ofused e dderredet dn i s

therefore shown WA @86 HiePBut(dok onll bl WkFEubfebt (tCERfblehEhkal egulation, but
CH3CHOHCH3+CH3CH CH2 &1@1 [ 0040] The challenge faced in the catalytic

deconposi tion of P2 pighengsonagtig valug gap beaghieve] Ry aelsqtixg denmrerdigpdf diei on of
| PA fornmed by reagid %’}rﬁﬂﬁe&%@"[@ﬂy|ﬁ9%pﬁ1ﬁﬁ§ﬁﬁﬂ‘.a§‘90ﬂthﬁ Q861 iOferbBle
CH3 CH3 -3 CH3CH=CH2 ¥ H20 (2) and secondly, mnimzing oligornerization
of the propyl ene fhorrdyrecin@ing to reaction (3): X CH3CH=CH2 -> ( C3H6) X

(3) [0041] Al though Q@H{CPREHJ) H,enen) »- CR.cusHes d cgatakyagd) the process
of the invention is effective to deconpose IPE according to_ reaction (1)
whi | e reduci ng [0040]  The challenge faced in the catalytic decomposition of IPE is two-fold,
firstly, minimizing the dehydration of IPA formed by reaction (1) fo propylene
according the reaction (2):
CH;CHOHCH; -» CHsCH=CH, +H;0 (2)
and secondly, minimizing oligomerization of the propylene formed according to
reaction (3): ,
x CHiCH=CH, » (C:Hg)x (3)
[0041]  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. Preférably, the conditions used
( 7 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 (WHSV) of about 0.5 hr! to about 10 hr', such as about 3 hr! to about
10 b, for example about 7 hr!, Conveniently, the feed to the catalyst includes
water in addition to the IPE, with the molar ratio of water to IPE typically ranging

from 0 to 3, such as about 0.5 to about 2, for example about 1.5.



| PA dehydration and propyl ene oligonerization. Preferably, the conditions
used to effect |IPE deconposition include a tenperature of about 100C to
about 320C, suych as about 200C to about 300C, for exanplg 2out 27 OCto
about 280C;, a %rzg@gfﬂz@ of about 100 kPag to about 3550 REIYSNR s about
400 kPag to about 1800 kPag, for exanple about 700 kPag to about 1500 kPag,
a wei ght hourly space velocity (WHSV) ofjmbout 0.5 hi' to about 10 hi',
such as about 3 hi' to about 10 hfl1, for exanple about 7 hr4. Conveniently,
the feed to the yst L1l th the
nolar ratio of vvac[t%ﬁ] ?%%%éég?%%ﬁ %H%%&H ér%érﬁnﬁ'é&%o{ngae st%g%rw as about
0.5 to about 2, fﬂmdmedabw@,laedatamt&kema@comume&@Q@lsePCT/ US20061012786 -12
[0042) The proces Nag:) i st at . ponary or
f1ui di zed bed, an @8‘%‘& 'htgep“’ gé%%%%gﬂﬁt%éé%gﬂsP’é%?@%@?ﬁ%@g_l’%fo%ﬁ%) The
processes of the ﬁeeﬂs&»nlts, mrtha;axyxasbmcludrrmmbmdmhsﬁsmgrogmnergenhenbon fiemdst ocks, or
they may incl ude d|Iue ch.as ni.tr car.b.

i kanes and the ftree 4R e WE O FEF PR SRR R Ve E Ry RRE bRt
together wth thmﬂemhemeﬁfeaﬁohﬁuﬁdzaﬂmyaﬁhdeﬁymkﬁuttﬁmamﬁhdldte resul t ant

al cohol s. 10044] d OXI of the resent

i nvention @Bﬁge Sﬂtleﬁl‘vgfy ithp IB?tH‘g‘i %ﬁ%@@é@ééﬂv ORI f or

produci ng phenol asdbe ﬁ&ﬁta@&@talfyﬁtgliﬁ eﬂwfep&ecebﬁﬁdrsaﬂeﬁpm @eadudify phepslngidi zat i on
of paraffin rin ning of c édr ocr.acki ng ?—fl?{’%/l ation,

hydr ogenat i on of %8?08 S e eymeng H’é’PFIE’é‘de dpamerizafon 04 py g BfHEEi on of
ni trogen oxides, @ &@REE hyddtrbdkingbiliabdi, h9&BEdnRSon Afﬂﬂmﬁreegﬁaetuc@n of

et hyl benzene to stgﬂene and, net hanat | Qqn, and, oxi dati on- guctl n reactions.

In a preferred ents M¥restalyticHaduHgteef Iest?%ﬁegmﬁtseﬁas%nsi}wtl lightalefis of t he

presént inventi ongdgiroR@atiseer o %Iﬁﬁkéie)’ﬁ)t Styiefie 61 AloiShatiDHPREAM b8ddtiBn- t he
treatment of exhaust gases., [004 Experi ment al [ 0046] The fol | owi ng

exanpl es are nmeantedfgiop anﬁéqnﬁ abeé R“?f@'fetﬁireé@eﬁb&“eiﬂnﬂié ﬁ’t"Feér‘t‘mdé?ﬂeﬂﬂ‘Fe&W de a

conparison W th ofB@bd BBhE Petsent MveRIoAYSayBiséd £&adataBRE o BatalyM Alippafts ANS ar e
possible and it is to be understood that within the scope of the appended

cl ai ms, the inventiesretmeyt obexigpshaaseted ot herwi se than as specifically
descri bed herei n.

[0045]) Experimental
[0046] The following examples are meant to illustrate the present invention

and provide a comparison with other methods. Numerous modifications and
variations are possible and it is to be understood that within the scope of the

appended claims, the invention may be practiced otherwise than as specifically

described herein.
[0047} Examples 1 through 11 describe the synthesis of ceria/zirconia
(' catalyst.

[0048] - Examplel. Ce(IIl) Nitrate Impregnated on ZrO2

[G049] A solution was prepared by adding 3.10 grams of cerium (III) nitrate
hexahydrate to 10 grams of distilled water. This solution was added slowly and
drop-wise to 10 grams of zirconium hydroxide obtained from MEI Corporation.
The catalyst was dried at 100°C overnight and then calcined in flowing air at

500°C for three hours. The elemental analyses are shown in Table 1, below.



[0047) Exanples | through 11 describe the synthesis of cerial/zirconia

catalyst. [0048] Exanple 1. Ce(1lll) Nitrate Inpregnated on ZrQ2 [0049] A

sol ution was PgEREGK y adding 3.10 grains of cerium (I

hexahydrate to ?8 5@%&@ of distilled water. This sol uti o%kmgiogd]giﬁﬁ slo

and drop-wi se to 10 grans of zirconium hydroxide obtained from NM

Corporation. The catalyst was dried at 100C overnight and then calcined in

flowwng air at 500C for three hours. The el enental anal yses are shown in

Table 1, bel ow. 06/ 4387 @zp%/%ﬂﬁ@t%@& tedlon i,QﬁSO] Exanpl e 2.

Ce(lV) Sulfate Ivirr%i%)nat ed ol% Zr02e 0051] A sol utaleon was &é}red by addi ng

2.40 grams of cerl0OFH (1 VA selitipmwes Prﬁmleﬁ(b’yqﬁ@mzw gmngtofpwm wfate Thi s

sol uti on was add I Wi A Qadd ik Hydroxi de
. I3 y 2

obt ai ned from Wﬁg&gﬁg%ér%%@%ﬁpgirﬁ%ﬁc?% s%/}fs?“o Hadd %%s’elg&lgtzahég%g over ni ght and

t hen cal ci ned i n ¥0 grannof zifconiam MydOGAE btammr@@n W@porm élhe watplty |

Cocpl oci pi 1 at ed v it ROl oot ke SER BRSSO ER OIS o) 0

and 25 grans of demrsur'ﬁhéblbmyntalranalysasmkimwahny?ﬂzbéﬁh were di ssolved with
stirring in 1.5 liters of distilled water. A second solution containing 65
grans of concentrated NHMOH and 1.5 liters of distill water was prepared.
These two sol uti oj#852jer e Examrplentd at Ce{iH) MNatrate OCo-pb@ipitated nwith | Zigcoaylnozz| e

m xi ng. The pH of %lhe. final conposite was adjusted to approximtely 8 by
the addition of coNe®Afrated amonium hydroxide. This slurry having a

sol i ds content OH) edbgut %&%ﬁv&s&b@e@a {IJ_,H{zd nanHOiﬁygll’a&Q)ﬂfedéﬁumqut | es and

placed in a stea &100 for 72 hours. roduct formed was recovered

by filtration, wa%lﬁéts kel ﬂﬁ&@@@ﬁﬁ@lﬁ@mﬁaﬁwwerlédht% ofdistilled gyaterkd. The

filtlercake is drl%oﬂVﬂlﬁhﬂ%n@hng%@Fgmﬂw&ﬁ&énﬁﬁte& Em,bn* :ltﬂrp§|ﬁ%ré§f cal ci ned
at 700C for a total of hours in flow ng air and then | owed to cool. The

el enental anal ysedis@} @a@hm pxenambbrfbesm twe goigtiqns m@mﬂ gdhe e ofy| f at e
Co- preci pi tated Wsddi/dinhueP ¥ nozAd¥aRidgd&he pH of the final composite was adjusted to

approximately 8 by the addition of concentrated ammonium hydroxide. This

shurry having a solids content of about 2-3 wt % 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

elemental analyses are shown in Table 1.

[0054] Example 4, Ce(IV) Sulfate Co-precipitated with Zirconyl
( . Chloride

[0055) One hundred and twenty-five grams of ZrOCl,-8HO and 19 grams of
Ce(S04) 2 were dissolved with stirring in 1.5 liters of distilled water. A second
solution cbntaining 65 grams of concenirated NH;OH and 1.5 liters of distill water
was prepared. These two solutions were combined at the rate of 50ml/nin using a
nozzle mixing. The pH of the final composite was adjusted to approximately 8 by
the addition of concentrated ammonium hydroxide. This shirry having a solids
content of about 3 wt % was then put in polypropylene bottles and placed in a
steambox (100°C) for 72 hours. The product formed was recovered by filtration,



[ 0055] —One~Hundr e and twent y-11ve grans of ZrOC 2-8H20 and 19 grans of
Le(S04) 2 were dissolved with stirring in 1.5 liters of distilled water. A
second solution containing 65 grans of concentrated NHAOH and 1.5 liters of
distill wateryougs,pigrared. These two sol utions were corpiOgfahsd he rate
of 50m /mn using a nozzle m xing. The pH of the final corrp05|te was
‘adjusted to approximately 8 by the addition of concentrated ammoni um
hydroxi de. This slurry having a solids -identent of about 3 wt % was then put
in polypropyl ene bottles and placed in a steanbox (100C) for 72 hours. The

product formed WashheRRAYVELEd WiYer! iddl idtd @Na alk2R06M13aR311EGT 1ika20061012786

-14 washed wth excess water, and stored as a filtercake. The filtercake is

dried overni ghtovexngllt@@@0°¢héf?1ea¢f’teéﬂwtfiﬁecalﬁe|1% ealcingdeat 7Q0°€ forcd tatebiof  700C f or
atotal of 3 hadesid bW B tﬁ‘éﬁ anewsh ©hsa. q*hlaeteﬁa@mhoa\:}?%k prp i erTEnt al

anal yses are shown in Ta Exanpl e

Co- preci pi t at ed imfate Zi r conyl Nltrate 10057) Ninety granms of Zr Q' NO3) 2xH20

and 19 granms of Ce(SO4) 2 were dissolved with stirring in 1.5 liters of

distilled water. A second solution containing 65 grans of concentrated

NHAOH and 1.5 |i{0@56} ofExdingpie 5. GnﬂN@SuMsComrthwﬂEZ&emtymim@d utions

were conbined at_the rate of 50ml/ mn u5| n nozzl e mxi ng) The pH of the
iz

final conposite [0#8d) adjRlmets &4 o F5P8IGaw q)yalgl 1R eraps af GeEPictrDf

concentrated ampeéived Wydr Sxien TBi Bekl & BMiRAVIvAS 2 SQkiods sok@p ent of 3
wt % was then put in polypropyl ene bottles and_placed in a steanbox (1000
for 72 hours. TIFEMAREE S W%ﬂ%&%ﬂ%@ﬁ%ﬁéﬂfiw Yiprs of distily wateh¥shed with

excess water, angkpiied! QheRSwd sbiutidiR ek Somblitd d ikel RfeCAHlERMI/Mitihdids Over ni ght
at 100C. Thereafter the filtercake is calcined at 700C for a total of 3

s in  flow M§=as mixingd TheeH ohibe Siel gorprsite Bps admsted & gwerinatelnhlly yses are

in Tabl e the 3ddRRF chrcRRtRbR Bhmdnffa] Mdrodidd afifs ﬁiﬁn asghaburic Acid
Corrpl ex Co- precipitated with Zirconyl Chlori de 0059] Five undred and

sixty-three gr arﬁ@nfemwiﬁ@er@m@nawaﬂ%@mﬁlenfdioﬁeeémmﬁqeém § geagbox
hydr at e- sul f uri qi@PCf g GPMbLEX. hﬁé\%hﬁé%né@ua 1BV Bedlh P BRLNA watMel N Stirring

in 1.5 1liters of distilled water. A second sol ution codntaining 130
with excess water, and stored as a filtercake. The filtercake is dried overnight at

100°C. Thereafier 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.

[0058) Example 6. - Ce(IV) Sulfate Hydrate - Sulfuric Acid Complex Co-
precipitated with Zirconyl Chloride |

[0059) Five bundred and sixty-three grams of ZrOClyxH;0 and 95 grams of
cerium sulfate hydrate-sulfuric acid complex [CAS#17106-39-7] were dissolved

with stirring in 1.5 liters of distilled water. A second solution containing 130

J ™

grams of concentrated NH;OH and 1.5 liters of distill 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 adjusted to approximately 8 by the addition of
concentrated ammonium hydroxide. This shury having a solids content of about 7
wt % 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 ovemight at 100°C.
Thereafter the filtercake is calcined at 700°C for a total of 3 hours in flowing air



grans of concentrated NH4OH and 1.5 liters of distill water was prepared.
These two solutions were conbined at the rate of 5om/mn using a nozzle
m xi ng. The pH of the final conposite was adjusted to approximately 8 by
the addition ofo6eAs%eAtrated amoni um hydroxi de. This shgfi¥oliaNiRg a
solids content of about 7 wt % was then put in pol ypropylene bottles and
pl aced in a steanbox (100C) for 72 hours. The product forned was recovered
by filtration, washed with excess water;l®and stored as a filtercake. The
filtercake is dried overnight at 100C. Thereafter the filtercake is

cal cined at 700C ah@theRalltedko @bl. STHRRItkntaltnbly@¥vhre ghoin/in WEM20061130231
PCT(US2006(012786 -15 and then allowed to cool. The el enental anal yses are
shown in Table 1. [0060] Exanple 7. Ce(TV) Sulfate Hydrate - Sulfuric Acid
Co- precipitated podoh Zi Bt N t r at@rvhOS@iate FEpaatd ungamaki@ngtid icee grans of
Zr Q(N03) 2xH20 and 95 _gr ams, of cerium sul fate hydrate-sulfuric acid conpl ex
[ CAS#17106- 39- 7] REesiRitatekwith qigonyhNitFatet i rring in 1.5 liters of distilled

wat er. Anot her s ion cont.ai Qi a r NH4 and 1.5
liters of distil ﬁb%}her &8‘%@Fgrﬁgr%%‘%%g?ﬁ‘%;s“é%?%@dsadﬁfiﬁ%ﬁg&%gejfgs?mégggbi ned at
the rate of 50ml/ceriam yslfaighplrateznioeic reidi cogpled NEASHIFL @F3% Hevdre datohednposi t e
was adj usted to approxi.mate by .the. addition o concentr.at ed ni um
Py ox de. Thi o ST RUHRBG A e e heuBbReeh  Aapher, SHESS i A1 e

di vi ded i nt o fourgrasus]cop@ntratel WHOH addbe lied ofdishill eraighwil prephpgdr Gkieseat el y one
hour | ater, sanpl

e A s recovered. by, filtration, washed with. exgess water,
and stored as a fti‘”lotsglpvg%?é‘{eresc&md %y%?tea?flasbwgﬂiqlg'@taﬂozé% T m *1e
t enper at ure over npXbf tenkhal b&npdsHe e bdiastddytofapprokiadatedns byahd edlitidntdf excess
water, and stored as . a filter.cake, '‘Sanple. C S, put .i.n pol |.ene
bottl e and of acedopannded bGHER bt T sy Tnk ot ehtel Szt ag by
filtration, washegh 94 Wfas anesisided\aite MomrdaflalSpifid 48 @bdldd hefresge . p.Sanpl e D

was put in pol ypropyl ene bott|e and placed in a steanbox (100C). for 72
hours, then reco lgefms@te@iorl? O i1 S %H%Wﬁre@&gﬁgﬁ%t\w@eda\ﬂ st or ed

as a filtercake. ddagstwater,amaators dsrOfikdpd06 USinsplAB WdIr0bgks 18 e aerobinl ed
overni ght at 100C. Thereafter the filtercakes were calcined at 700C for a

total of 3 hours RPFPBTEHEERtandkeorrroersd PofiEeiorovedet VitrReessgaifent al
anal yses are showmdistbrelia b Gltdreake.' Sample C was put in polypropylene bottle and placed in

a steambox (100°C) for 24 hours, then recovered by filtration, washed with excess

water, and stored as a filtercake, Sample D was put in polypropylene bottle and
placed in a steambox (100°C) for 72 hours, then recovered by filtration, washed
with excess water, and stored .as a filtercake. The filtercakes from products A
through D were dried overnight at 100°C, Thereafter the filtercakes were 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.

[0062] Example 8. Ce(II) Sulfate Co-precipitated with Zirconyl
Nitrate

[0063] ‘One hundred and thirty one grams of ZrOMNO;)xH,O and 28.4
grams of Cey(SQ4)s were dissolved with stirring in 528 grams of distilled water.
A second solution containing 65.9 grams of concentrated NH;OH and 366.9
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

adjusted to approximately & by the addition of concentrated ammonium



[0062] EXAmprée 8. Ce(ITh Sul fate Co-precipitated with Zirconyl Ntrate

[ 0063] One hundred and thirty one grans. of Zr Q' NO3)2xH20 and 28.4 grans of
Cez(SM4) 3 were dissolved with stirring in 528 grans of distilled water. A
second sol uti owocomnstiaizei ng 65.9 grans of concentrated NHPOHUSRA/BEB69 grans
of distilled water was prepared. These two sol utions were conbi ned at the
rate of 50nml/m n using a nozzle m Xxing. Tgﬁ pH of the final conposite was
adj usted to approxinmately 8 by the addition of concentrated amoni um WO
2006/ 130231 PCT/ US2006/ 012786 -16 hydroxide. This slurry having a solids
content of about Ipshoxidss Thisshrdevng i sdids ceniendef 2hput Be, igsdkenfaged 20 hour s.
The product for 9&@}{ il wat er,
and stored as anﬁalt%@%?%é@g O?Q% Ht?ﬁrgerqt:htg Zéd\‘/l\ggﬁrgjr ?@ﬁpﬁg@ﬁeﬁrﬁ Eitﬂhgl'?§1200
Thereafter, the fwashed vtk exosesswaier, eidhoredins 7 @digotksr 'Jéhetﬂitemakmwas &iefours in

flowng air and t r own in
Tabl e 1. [00641 EXaath 6 fRn ] ple e SR L r WP E Bl OV
Nitrate in preseni:éom‘& iSdlowingi ar Al ffler] G06E&E tOveolhUHicr deneanted abdiyses yweone gr ans
of Zr Q( NOB) 2xH20, sho %1?%% of Ce(N03)4, and 17 grans of concentrated

H2SO4 wer e di ssol V&d stirring in 466 grans of distilled water. A
second sol ution containing 94.8 grans of concentrated NHoO—| and 528 grans

of distilled wate d The ol ytions, i ned at the
rate of 50n /nin G@Fﬁ kﬁg e mi mﬁméﬁst 8‘6?“5“’5\!’\% ny %%Bgﬂ te was
adjusted to appr oNitm&ﬁlgreﬁnhbwftShHuﬁdAbiﬂl on of concentrated amoni um

hydr oxi de. This sl urry havi ng asolids content of about 7% and was then

aged in an aut ocI HP6STat  {lwo bundgd apgd thiy prs. erappreof Fr@@RsixEe0r Retigomsofr ecover ed
by filtration, waghegh, o 19><§§§§oid\§}n€€ntrat@&‘@izﬁ4%é‘r@ d@Solfed i LighifRdee. The
filtercake was dried overni C. Thereafter, the filtercake was

cal of ned at 700C #4fr g cfadistdled Ivaigur 4 fororid] eition cemiainingd94-hexamel Powed to
cool .” The el enent gl,.afdled 38508 ﬁd%ﬁﬁmﬂs%ﬁ{i@@ﬁe@ viater A9 Bfbarb AR S k-

Ce(l111) Nitrate Co-precipitated with Zircon Nitrate i n presence_ of
Sul furic Acid solotions were combined at the rate of 50ml/mm using a nozzle mlxmg The pH

of the final composite was adjusted to approximately 8 by the addition of
concentrated ammonium hydroxide. This shurry, having a-solids content of about
7%, and was then aged in an autoclave at 100°C for 72 hours. The product
formed was recovered by filtration, washed with excess water, and stored as a
filtercake. The filtercake was dried overnight at 120°C. Thereafter, the filtercake
was 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.

[0066] Example 10. Ce(IIT) Nitrate Co-precipitated with Zirconyl
{ ' Nitrate in presence of Sulfuric Acid

[0067] One hundred and thirty one grams of ZrO(NOs3),-xH;0, 36.1 grams of
Ce(NO;)s, and 17 grams of concentrated H,S(O, were dissolved with stirring in
511 grams of distilled water., A second solution containing 76.5 grams of
concentrated NH4OH and 426 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 adjusted to approximately 8 by the addition of
concenfrated ammonium hydroxide. This slurry having a solids content of about

7%, was then aged in an autoclave at 100°C for 72 hours. The product formed



[ 00671 One hundred and thirty one grans of Zr Q' NGB)2xHzO, 36.1 grans of
Ce(N®B) 3, and 17 granms of concentrated H2ZSO4 were dissolved with stirring in
511 grans of distilled water. A second solution containing 76.5 grans of
concentrat ed Nvihekdsadachi426 grans of distilled water was peepaR@izidhese two
solutions were conbined at the rate of 50m /mn using a nozzle m xing. The
pH of the final conposite was adjusted to approximately 8 by the addition
of concentrated amoni um hydroxi de. Thist’slurry having a solids content of
about 7% was then aged in an autoclave at 100C for 72 hours. The product
formed WO 2006/ 132 3toveety W&ﬁtﬁ:&a@&&ﬁ%wzth dxbessatter,end elredchs A\filtkichder at i on,
washed with exce ter, and st red er, er cake was
dried overni ght g@’ \%g feakerjas é’ﬂ?cfg}'e ]Izb c‘te g&%%st e(ﬂ{efﬁa ed®at 700C
flor a tolt al o:‘ 3 chiekied ati T00¢d Maﬁgtaﬁfﬂﬂja-dﬂfbmmgg]l@gﬂm:ih&ﬁhilﬁﬁége t(olc\c}ﬁﬁhﬁ_

el emental analys e sho in e anmpl e itrate
Co- pr eci pi t at ed m%{eﬁiﬂrf‘tg&\ﬁ%’ses e agfnén;l"#?) ‘esence of Sulfuric Acid using

Hi gh Sol i ds Preparati on [0069] Two hundred and sixty two grams of Zr QCNB) 2

xH2O, 145.8 grams é and 34 grans of concentrated H2SO4 were
di ssolved with stf’qqs] ng Wmﬂﬁélgr ange(B) Nitete Coprecipitaipd viths Zirgomy! sol ut i on

cont ai ni ng_189. 6 Mii{Hin plesef @O Sl Atk DNHGH,RRGUAIFeglialy Of disti |l ed

water was prepared. These two solutions were corrbl ne t the rate of
SOM imn using a [0t e Twihmglredldne sixky mmfgrhﬁneoﬂZroaﬂOQ@m@sﬂ‘iﬁeSmadj ust ed

to approxi mately itio con a U roxi de. This
slurry having a S Ilégég‘oﬁ}ad tgx%?sog%STftemaiE%%%‘s"eﬁeﬁ ‘?S‘ EHW&’&W“&M ocl ave
at 100C for 72 hoigbsgranihef rlfsﬁnhnlctvatfalormecbcomn&lmnmoﬁtramdugbys%d pitatnatof on,
washed with excess waj rcake. The frltercake was
dri e(d, over ni ght a‘iDnTﬁﬁ%d ﬁé% gféfg & gff‘i‘ﬁtlklgcfgﬁtﬁ’éwe%%relja&eéir FEdYat 700C
for {a total of 3 sohHos wee Ed]ﬂﬂnddgatﬂierrataaﬂsarﬂlﬂﬁnaim ¥BekzleOnikingl The gie

el enental anal yse own in Tab WD 2006/ 1302 PCT/ 006/ 012786
“16 Tabi e 11l orfbribtnanapyanste GBS i 5 AR, § e ﬁ%ﬁm%m fur
Ceri um Zi r coni um couéehttsted@mdbnifin hydroxide. This shurry having a solids content of about

14%, was then aged in an autoclave at 100°C for 72 hours. The product formed

was recovered by filtration, washed with excess water, and stored as a filtercake.
The filtercake was dried overnight at 120°C. Thereafier, the filtercake was
calcined at 700°C for a total of 3 howrs in flowing air and then allowed fo cool.

The elemental analyses are shown in Table 1.



Exanple %! ! noles noles nbples n mP 1 11.40 60.87 0.10 0.08 0.67 0.01
0.12 1.00 0.01 2 7.89 58.48 3.04 0.06 0,64 0.19 0.09 1.00 0.30 3 17.80
54.15 0.15 0.13 0.60 0.01 0.21 1.00 0.02 4 13.10 57.02 1.10 0.09 0.63 0.07
0,15 1.00 0. 1}VOB%KORY 50.81 0.52 0.13 0.56 0.03 0.24 1°CFVBUGBI2™ 12, 00
56.95 1.10 0,09 0.63 0.07 0.14 1.00 0.11 7a 15.00 55,07 1.10 0.11 0.61 0.07
0.18 1.00 0.11 7b 14.90 53.26 220 0.11 _Gg59 0.14 0.18 1.00 0.23 7c 14.30
53.83 0.88 0.10 0.59 0.06 0.17 1.00 0.09 7d 14.90 55.48 0.97 0.11 0.61 0.06
0.17 1.00 0.10 1. 51.40 2,00 13 0.22 1.00 0.22 9 18.00

55 50 1.0 0. 13 8k Memgrdhings @rzgmpg il 20 05750"1 70 0 12 0.55 0. 11
0.22 1.00 0.19 11 18.@@m5]2pcorumQQ SFdr3 QOCHE 0. ZpEwE, 23ndr 00 V. 11 223 1%.50
59.95 0.07 0.08 ® 8B 0.0 0.1 1.00%0. 01 ™'94 140 57%6 0. 5 0.0 0. 863 0100
0.16 1.00 0.01 [0070] I’fk“&rrpl 88712 t‘HPough"“M de$¥ri bed®l PE c?é’corrp‘d"sl ti%n over
the catalysts prepared above;8nd ti6 conjerciaffy aviyllabl & cat df ystO%Z

[0071] Exanple 12.; | PE Decompogitio over (rrly Ni trate I0 nat e
Zr@2 [0072] The d%COﬁpq%tl on,Qf IR vvas dlpvestbgat edyh N a fl,; xe&? 005

m croreactor. 0.5 grang,@f thgescat ahyst ofg Exanphie 1 yere lg@adedgp nt g 3/ 8"
O. D. stainless stgel neactorssgnd drbed wih N2gat 21, C. Aisanplee ofon

i sopropyl ether (@ PE) dswom tshe Batza Rouge Chemiscal dhant otappraxi netel y 95
w %I PE) was fed7eto tiwe reast:or atsta WHBV of &sohf' .okn additi omp | -o5LC
grade water was c@ffed #8 thé4%react®r atoian IPEﬂHZO ol ar oati ovof 1039,
React or tenperatur® was’®10C %ftd pt8ssurt?was 99 p g;;‘ | PB2tonve?si d# i s
defined as (I PEprcf’duct 1800 pEr %#q) /“I“PEf e‘élc"] ahd | P A e| e&z? Vi t}P i s defined

as | PApnduct / (T oretiffal | proij7 ced 3} om | de rrpos EA ﬁF\ | d
(Per Pass) is def p%ed agz(gt he %ﬁoduc lgof t hié IPEE)EOonver si on’ and t A

Sel %’Ctl vity. Note: "Theoretical |IPA produced" is the nunber of noles of |PA
that—are formed when a W®l e oyl PE gieconpases via 0.0 012 100 oo
24 14.20 57.46 0.05 0.10 0.63 0,00 0.16 1.00 0.01

[0076] Examples 12 through 24 describe IPE decomposition over the

catalysts prepared above and two commercially available catalysts.

[0071] Example 12. IPE Decomposition over Ce(III) Nitrate Impregnated
on ZrO2
[0072] The decomposition of IPE was investigated in a fixed-bed
microreactor. 0.5 grams of the catalyst of Example 1 were loaded into a 3/8” O.D.
stainless steel reactor and dried with N; at 210 °C. A sample of isopropyl ether
( (IPE) from the Baton Rouge Chemical Plant (approximately 95 wt % IPE) was fed
B io the reactor at a WHSV of 5 h'. In addition, HPLC grade water was co-fed to
the reactor at an IPE:H,0 molar ratio of 1:1. Reactor temperature was 210°C and
pressure was 90 psig. IPE conversion is defined as (IPEpruquct - IPEseed) / IPEgecq,
and IPA selectivity is defined as TPApyayc: / (Theoretical IPA produced from IPE
decomposed). IPA Yield (Per Pass) is defined as the product of the IPE
Conversion and the IPA Selectivity. Note: "Theoretical IPA produced” is the
number of moles of IPA that are formed when a mole of IPE decomposes via

reaction (1) above. Thus, if one mole of IPE decomposes to form 1 mole of TPA

!

i



reaction (1) above. Thus, if one nole of |PE deconposes to form1l nole of
| PA WO 2006/ 130231 PCT/ US2006/ 012786 -19 and 1 nole of propyl ene, then the

| PA sel ecti vi t‘yogﬁg/!qqzﬁe equal to 100% If less than Ongcﬂﬁézg‘%ﬁﬁfb’g’} PA is

produced, e.g., 0 subsequent dehydration of the |PA Sene, then
| PA selectivity would be less than 100% If additional IPAis forned, e.g,
by hydration of the propylene formed backigt-o | PA, then IPA selectivity
could be greater than 100% [0073] The reactor was run for 24 hours. VE

conver st on ¥as. <k BBk, ARk By Whalith WBIEHARRION 0] Sher or o, The

data show that t trate | r egnat on zirconia was I nactive for
| PE deconposi ti othan[o8@mdle oEaisipeoduced, ¢.PEdRde swbpewent idelydation ofGbg 1Y) Sul f at e

| mpregnated on Z Q75) T QHB | & folP ' [ .ed in a
fixed-bed mecr o?%g%ﬁ?n.e’ ?%ﬂ% %%s? 0 qﬁ%& Qﬂegl%ggtl%g%@g%%%gﬁﬁ &/tés?e | oaded
into a 3/8" O D. forskdi atkebyg hyfreidn pedet popderd rmeidbasktta W2, dhen2lPh. C. The

Pl ant Jas. i n_Exarteir G R B I cact or at a WSV of S b4, In
addi tion, HPLC gieofs] watBr wasorc of ath o 2¢ HeurseadPBreoatersion WeE: <4140 nol ar

ratio of 1:1. Reactor te ture was 210C. d presgur s 9 I g. The
Gata for | PE condEPGREH: MaEAPRels St TRREreRghARe) bt qppeay thifie
Deconposi ti on of J:AE) ek rtfegilch ah eirdofiaray fatttd f@MPFaddmpdstizposi tion (W .

% Feed Product Tine on Stream (hrs) 20 50 Propylene 1.13 8.35 2.93 f
| sopropanol IPA 1.29 9.63 4.67 |sopropyl Ether (IPE 82.42 63.39 74.40 |PE

Conversion % 23. Jo#4y | BAnpié egd.i Vi IPE 7Debordposilion | RierYi eb@vy Pevltdtass % 17. 2
7.0 [0076] As thg data in Table 2 show, the catal yst shows sone activity for

| PE _deconposi ti ppregrated gp P2t i s, however, not stable, and activity for
I PEC [0075]  The decomposition of IPE was investigated in a fixed-bed

microreactor. 0.5 grams of the catalyst of Example 2 were loaded into a 3/8” O.D.
stainless steel reactor and dried with N3 at 210 °C. The same grade sample of
isopropyl ether (IPE) from the Baton Ronge Chemical Plant as in Example 12 was
fed 1o the reactor at a WHSV of 5 b, In addition, HPLC grade water was co—fed
to the reactor at an IPE:H,0 molar ratio of 1:1. Reacior temperature was 210°C
and pressure was 90 psig. The data for IPE conversion and IPA yields are shown
in Table 2.

Table 2: Decomposition of IPE over Ce(IV) sulfate irnpregnated on ZrO,

Composition (wt. %) Feed Product
Time on Stream (hrs) 20 50
Propylene 1.13 8.35 2.93
{" Isopropanol (IPA) 1.29 9.63 4.67
- Isopropyl Eiher (IPE) 82.42 63.39 74.40
1PE Conversion (%) 23.1 9.7
TPA Selectivity (%) 74.6 71.8
IPA Yield (Per Pass) (%) 17.2 7.0

{0076} As the data in Table 2 show, the catalyst shows some activity for IPE
decomposition. The catalyst is, however, not stable, and activity for IPE
decomposition decreases rapidly with time. Comparing Example 13 with
Example 12 shows, however, that the catalyst prepared by impregnation of Ce(IV)
sulfate salt on zircomia has higher activity than the catalyst prepared by



deconposition decreases rapidly with time. Conparing Exanple 13 with

Exanpl e 12 shows, however, that the catal yst prepared by inpregnation of
Ce(lV) sulfate salt on zirconia has higher activity than the catal yst
prepared by WowRQEeAI30231 PCT/ US2006/ 012786 -20 i npr egratrwsmoaiizishe
Ce(lll) nitrate salt on zirconia. [0077) Exanple 14. |PE Deconposition over
Ce(1lll) Nitrate Co- precipitated wwth Zirgconyl Chloride [0078] The
deconposition of I PE was investigated i n#fixed-bed mcroreactor. 0.5
grams of the catal yst of Exanple 3 were |oaded into a 318" O D. stainless
steel reactor andmpregnatiomplithe SelllBmitpeGalCon Arcgnigpl e of i sopropyl ether (I PE)
fromthe Baton Rouge Chem cal Plant (sane grade as in Exanple 12) was fed
to the reactor at a WHSV of 5 h-'. In addition, HPLC grade water was co-fed
to the reactor at[06] | PEExdd@plerddar ABE i Becofmpésition Reerc Coflll) NipeatatCor e was
210C and pressur J ..The reactor was run for 24 hours. |PE
conver si on was <i§oc\€@ﬁartegd8g og Fo:érﬁ@ﬂll%bg\eyi el ds were approximtely zero,
showi ng that the [0688] | | | THeZrde®nopmbitibry s¢f [P pwae dnipptigatedprieca piitedttedn was

inactive for I PE__.deconposidtion 08 p| . 1L.P o) siktyon over
Co(1v) "Sul fat e CERERRAERE N ah st Cimetes AR gs  Seredeitpo B DT e
deconposi tion of stdiffessvatselireaces hhdadeddvitinNaatf218 €0- Bedmpis drigpapelt alier 0. 5
grans of the cat st. of anple 4 yere ed into a 3/8" OD, stainless
Jreel reactor andminitet e eroRaoue S PRAGm ot i Brmig o afhe " (1 pe
from the Baton Roug® thihesiteat a RS of SEhEmgdditen, 3PLCprdds anpr ead &y-fedas fed
to the reactor at VHSV of S_li |, |In addifjon, BPLC grade water was co-fed
to the reactor at® IFG}SE)}'ﬁgH’ Whl%ﬁo ?‘Blf‘ﬁ’iﬁm%#k?'lgﬁﬁ@ég?’g’rmg’éﬁﬂé?gOu e was
210C and pressursmdprssulOvI0gsig.The data for | PE conversion and | PA yields
are shown in Tab . 2006/ 130231 PCT/ US2006/ 012786 -21 Tabl e, 3:
Decdnposi ti on of HP&@?OVZ\&?C@?&F "é"ﬁl‘?lﬁtg@g- ﬁ?‘lﬁ%i pﬁ)f%afcg’am\%"? hvas <5%

throughout, and IPA vields were approximately zero, showing that the

Ce(IIl)/ZrO, catalyst prepared by co-precipitation was inactive for IPE

decomposition.

[0080] Example 15. IPE Decomposition over Ce(IV) Sulfate Co-
precipitated with Zirconyl Chloride

[0081] The decomposition of IPE was investigated in a fixed-bed
microreactor. 0.5 grams of the catalyst of Example 4 were loaded into a 3/8” O.D.
stainless steel reactor and dried with N; at 210 °C. A sample of isopropyl ether
(IPE) from the Baton Rouge Chemical Plant (same grade as in Example 12} was
fed to the reactor at a WHSV of 5 b, In addition, HPLC grade water was co-fed

to the reactor at an IPE:H;0O molar ratio of 1:1. Reactor temperature was 210°C

R

and pressure was 90 psig. The data for IPE conversion and IPA yields are shown
in Table 3.



——zZircon- e erT dECoposTtion W .~ % Feed Product Tinme on Stream (hrs) 50 65
Propylene 1.13 17.97 13.43 1so ro anol (IPA) 1.29 23.31 22.10 Isopro 1
Ether (I PE) 82.42 43.76 50.28 | PE Conversion %47.0 39.1 |PA Selectivity %
96.4 109.5 |WA2ficatodsi( Per Pass) % 45.3 42.8 [0082] Asrprihvesmedoae7eer Table 3
show, the catal yst shows significant activity for |PE deconposition.
Conparing Exanple 15 with Exanple 13 sho that the catalyst prepared via
co-precipitation with the Ce(1V) sul fate*lsalt has significantly higher
activity than the catal yst prepared via inpregnation using the sane cerium
salt. [0083] Exdinbllest: BecompgsitivaceldPB overi CellV0 velfatCeo-preyipiated with Co-
precipitated w tdircgiyl cdngidle Ni trate [0084] The deconposition of |PE was
i nvesti gated i n |&ohipesitiesbéd. % cr or eactlor .Fegd5 qr anms ofProtectcat al yst of
Exanpl e 5 were l{oaded i nt @inge @/ Biea®(ds) | st ai nl egs stWel rpact 6 and dried
with N2 at 210 QPrdyragrpl e of isopropyl| et hgs | PE)7.947r om t ha3Bat o Rouge
Chem cal Plant ((9a&pRp8icBdRARS | N Exanplle 12¥owas Tm@ito theapgactdr at a
WHSV of 5 h4. | iggdfpliEme: (PBELC grade Wat epp.apas [COo-fe@ TD (R@E€actor at an

| PE: H20 nol ar rgrtr ool 1T eratuare S47g0C [anthgy eSSjur e was
90 psig. The dathPEgjgg%%f%O d | PA yi grdspgge swy\qgjtlgrr abl e 4.

Tabl e 4: Deconpdsttionygyf V) sul f atre~cgzprecipirtgigdw th
zircon | nitrat Qmpog?ﬂtTXio‘a C\‘ﬁﬂg% et—Protuct- %‘Eﬁrg”{%“ S‘r%g:ﬁ%%brs) 50

65 Propylene 1.13 16.51 15.76 1Iso ro anol (I1PA) 1.29 27.32 26. 34
| sopropyl Ether [(0D&E 82A4 thedBiaBH Tl SehoiwPihe Canlys sisiwanighifica)t adl¥itd foé8. 4

IPE decomposition. Comparing Example 15 with Example 13 shows that the

catalyst prepared via co-precipitation with the Ce(IV) sulfate salt has significantly
( higher activity than the catalyst prepared via impregnation using the same cerium
h salt,

[0083]) Example 16. IPE Decomposition over Ce(IV) Sulfate Co-
precipitated with Zirconyl Nitrate

[0084] The decomposition of IPE was investigated in a fixed-bed
microreactor. (.5 grams of the catalyst of Example 5 were loaded into a 3/8” O.D.
stainless steel reactor and dried with N at 210 °C. A sample of isopropyl ether
(IPE) from the Baton Rouge Chemical Plant (same grade as in Example 12) was
fed to the reactor at a WHSV of 5 h'. In addition, HPLC grade water was co-fed
to the reactor at an IPE:H,0 molar ratio of 1:1. Reactor temperature was 210°C

and pressure was 90 psig. The data for IPE conversion and IPA yields are shown

in Table 4.
(.
Table 4: Decomposition of IPE over Ce(IV) sulfate co-precipitated with
zirconyl nitrate
Composition (wt. %) ' Feed Product
Time on Stream (hrs) 50 65
Propylene 1.13 16.51 15.76
Isopropanol (IPA) 1.29 27.32 26.34
1sopropyl Ether (IPE) 82.42 40.86 42.53
IPE Conversion (%) 50.4 48.4
IPA Selectivity (%) 108.8 109.3
IPA Yield (Per Pass) (%) 54.9 52.9




| PA Sel ective % 108.8 109.3 |PA Yield (Per Pass (% 54.9 52.9 WD
2006/ 130231 PCT/ US20061012786 -22 [0085] As the data in Table 4 show, the

catal yst sho ' ant activity for |PE deconpositi ) Ng
Exanpl e 16 wﬁ‘%%@gﬁl%@ 15 shows that the catalyst pr epg?rrgﬁg@%éen

cO-precipitation with the zirconyl nitrate salt has inproved performance
over the catalyst prepared via co-precipiz2ation wth the zirconyl chloride
salt. [0086] Exanple 17. |IPE Deconposition over Ce(lV) Sulfate Hydrate -

Sul furic Acid Conplex Co-precipitated with Zirconyl Chloride [0087] The
deconposition of |PE was investigated in a fixed-bed mcroreactor. 0.5

grans of the catd%9p8t ofAstha gt B Bbirdrstow.dhrratrlyshihgwa signifioantgchyvity 6% ai n| ess
steel reactor andpﬂrde&sﬂng\%lﬁ& N@oﬁ{om%%eaxgm pif 1%am Bx nplé wraﬁ&gyﬁa%t?wer (1PE)

fromthe Baton Rouge Chém cal Plant (sane grade as | was fed
to the reactor tcatalmma@ﬁ\@wnrecwmh@mmth thsreiropipl Gingespald hosinwroveds co-f ed

to the reactor ﬁ:e&&niaﬁ@ 5P tﬁ@k%ﬂ%ﬁg:té%pae foial ¢ %Ere R il TR & {: € was

210C and pressure was 90 psig nversion an yi el ds
are shown in Talshleridesafabl e 5: Deconpositi on of | PE over 10% Ce(1V) sulfate
sul furic acid conplex co- reci itated with zirconyl chloride Conposition
(wt. 9% Feed Product Time on Stream (hrs) 50 70 Propylene 1.13 12.73 12.07
| so ro anol (| PA)[0G86R9 2Bxatﬁpl@17 2 IPE| Bepmppsjtionttvee ICe@VE Snfgte Mydv@e 51. 15 | PE

Conver o0, (9, 40,5l B LRSSl AN i,/ 751 (F
significant acti \/[Dﬂl!yl] f or Thd REcdmmﬂmsmft TP . wih eineestigitc s:lnoav fitedtbel he Ce( V)
;;JIeLZ'; gt Ihgﬁr 212 et ;{gi%l&%era? Qr- ;) ;,%raxm &fctgt%}a?yst of?—ixamgllé Iﬁtwaelbel lg m 0d ?/‘Q)K Obor the

stainless steel reactor and dried with N at 210 °C. A sample of isopropyl ether

(IPE) from the Baton Rouge Chemical Plant (same grade as in Example 12) was

fed to the reactor at a WHSV of 5§ b, In addition, HPLC grade water was co-fed

to the reactor at an IPE:H,O molar ratio of 1:1. Reactor temperature was 210°C

and pressure was 90 psig. The data for IPE conversion and IPA yields are shown

. in Table 5.

Table 5: Decomposition of IPE over 10% Ce(IV) sulfate sulfuric acid
complex co-precipitated with zirconyl chloride

Composition (wt. %) Feed Product

Time on Stream (hrs) 50 70
Propylene 1.13 12,73 12.07
Isopropanol (IPA) 1.29 23.10 21.27
Isopropyl Ether (JPE) 82.42 48.73 51.15
IPE Conversion (%) 40.9 37.9
, TPA Selectivity (%) 110.2 108.7
( IPA Yield (Per Pass) (%) 45.0 412

{0088] As the data in Table 5 show, the catalyst shows significant activity for
IPE decomposition. These data show that the Ce(IV) sulfate hydrate - sulfuzic
acid complex is a suitable precursor for the preparation of the ceria-zirconia

catalyst.



catal yst. V\D 2006/ 130231 PCT/ U82006/012786 -23 [ 00891 Example 18. |PE
Deconposition over Ce(lV) Sulfate Hydrate - Sulfuric Acid Co-precipitated
with Zirconyl Nitrate - Effect of Gel Aging [0090] The deconposition of |PE
was i nvesti gafEH20p6d13823% | xed- bed microreactor. 0.5 gr ansPE@AEA006P12¢86t al yst
sanple A, C and D from Exanple 7 were Ioaded into a 3/8" O D. stainless
steel reactor and dried wwth N2 at 210 A sanpl e of isopropyl ether (IPE)
fromthe Baton Rouge Chem cal Pl ant (sams% "grade as in Exanple 12) was fed
to the reactor at a WHSV of 5 h-1. In addition, BPLC grade water was co-fed
to the reactor af008% | PExppplert$ o IPE Derompesition pyer o0 SifatcHpdmtaur e was
210C and pr essur guifas: £3a eSigd emﬂ_tﬁeﬂ%lﬁzﬁé’&nyiﬁﬁratéoﬁ\féﬂ&@QA%B& | PA yiel ds
taken at 15 hours tine-on-streamfor eac ested are shown in Table
6. f Table 6: Dewﬂ?iosutngndwmeMI@v@f BE §’Eﬁ5f avestigatedr inciapifixad-befl wi t h

zirconyl nitrateyp; 9 ACD
Pr opy! e 1.13 239 11.'6%'5%%.“%\8%0 °st%a5fﬁ ano‘{l‘g% %?‘ﬁ?%%@gmz‘&fﬁm 22. 40
| sopropyl Ether loaf)in@2s 8 S0D.9gai8ess seboaar anprEriahmitk Nei210661.46 36. 7
13 8 0o0 et M ol el S PR ok TanB el ©

43. 6 [0091] The has on the

per f or mance of 'gi'aée esin dxysple I’I}masa@dtnghe)featth:eatgéNHSV oélS atlmaﬂcﬁtemperatures
and for | onger d on rease e, | PA |eI d. s, 92 le 19. | PE
Pecormosi i on ot Edrie VG TS Ted Mpb it § S moR st o TR £ ace

[ 0093] The deconmmtdrltemp@ituﬁe%svmﬁ%t v pressyyeet mﬂs Qmpagfl’Bhecﬂataeﬁlr IPE

m cr or eact or. ) r ans at al yst Ex | e wer.e | gaded,into a
3/8" OD. stainl eg%vgrs.q{og ez‘n lgé %lgs Ea%er}/ at 150 Lours %H%—on—sgeam for each safiple

tested are shown in Table 6.
C
Table 6: Decomposition of IPE over Ce(IV) sulfate co-precipitated with zirconyl nitrate
Composition (wt. %) Feed | Product
' Catalyst Sample A C ‘ D
Propylene 1.13 22,17 11.66 12.68
Isopropanol (IPA) 1.29 20.86 21.44 22.40
Isopropyl Ether (IPE) 82.42 39.98 52.15 50.21
IPE Conversion (%) 51.5 36.7 _ 39.1
IPA Selectivity (% 78.5 113.2 111.5
IPA Yield (Per Pass) (%) 40.4 41.6 43,6

[0091] The data of Table 6 show that gel aging has an effect on the performance of
the catalyst. The aging of the gel at elevated temperatures and for longer duration
increases the IPA vield.

[0092] Example 19. IPE Decomposition over Ce(JII) Sulfate Co-precipitated
with Zirconyl Nitrate

[0093] The decomposition of IPE was investigated in a fixed-bed microreactor, 0.5
grams of the catalyst of Example 8 were loaded into a 3/8” O.D. stainless steel reactor
and dried with N; at 210 °C. A sample of isopropyl ether (IPE) from the Baton Rouge
Chemical Plant (same grade as in Example 12) was fed to the reactor at a WHSV of 5h’’,
In addition, HPLC grade water was co-fed to the reactor at an IPE:H,0 molar ratio of 1:1.

Reactor temperature was 210°C and pressure was 90 psig. The data for IPE conversion



and dried with N2 at 210 C. A sanple of isopropyl ether (IPE) fromthe Baton
Rouge Chem cal Plant (sanme grade as in Exanple 12) was fed to the reactor
at a WHSV of 5h 1. In addition, BPLC grade water was co-fed to the reactor
at an | PE: H20wwmioag/i3p8ii o of 1:1. Reactor tenperature vwaan&ki@6oemd pressure
was 90 psig. The data for |IPE conversion WO 2006/ 130231 PCT1US2006/ 012786
-24- and I PA yields are shown in Table 7., [0094] As the data in Table 7
show, the catal yst shows significant act’izf}l“ty for I PE deconposition,
denonstrating that the Ce(lll) sulfate is a suitable precursor for the

pr epar at i on 24 IRAweldeart shopinin datila’.cat al yst. [ 00951 Exanple 20. |PE

Deconposi ti er ( b { eZ%:l(a-p W'l - e itrate in
presence of qg%gla uri (C:}(\S &%%%at%@%je ewﬁ%%&ﬁ%&%ﬁ@ﬂsﬂm@#ﬁ%ﬁg |llnI\?§st i gat ed
in a fixed- biscbmmiosition, eteotoosiratiny Biat freaba(I[Hf sulflte i at giitgde pofukorafeplie 9 wer e

| oaded into " . stainles eel reactor and dried with N2 at 210 C
A sanpl e of p??%%ﬁ%%ﬁ%t%e%e é’?lr?of]ﬁgta%tbm t he Baton Rouge Chem cal Plant (sane
grade as in Exanple 12) was fed to the reactor at a WHSV of 5 h'. In

addi tion, BPR rade, wat er -fed to.the r . at | PE: .H20, nol ar
ratio of 1:@%? Re?&“B}P?% %‘)ﬁ@?}’& F%I“B\%@m?ﬁ’@' %@{’gﬁgéﬁﬁﬁé'%%l"g@dpri g. The
dﬁta for IPFwitEﬂnmyENﬁghtaﬂ(brdeﬁce)dfShlﬁ&im&dShOWn in Table 8, denobnstrating
that a cata pr epar e usi, S rate squrces rium (TV), zjrconium
bna sul fat o Wi oo fHapipoh SRS WA BroREers  HreESmutesln o oA
Table 8 | Decgampost tht oaalod othEm?meHg gngze(llohﬁedﬁhtp 33/8° 00 pﬁ?&hs;étéegte%aoﬁévi th .
zirconyl nitrate in, sepce, osi tion eed Product i me
on St r wam (b VB NaF off 1t SETRlS of BOREPY SgOTP o be HAR K 3. 56
21.78 | soprOiplicabPlaet! (sdefide82indkatfle33) Wi @btoltiredctit ved WHIV dis49. 1 43. 1

| PA/Sel ective % 93. 8,5 ,IPAYield (Per Pass) %45 9 42.4 [00971_Exanple
(PPE" Boc oo JTPLSy Bpdasrier 1 daef I e CompE at PR imols 1t of

1:0.8. Reactor temperature was 210°C and pressure was 90 psig. The data for IPE

conversion and IPA yields are shown in Table 8, demonstrating that a catalyst prepared
using separate sources of cerium (IV), zirconium, and sulfate species has significant
activity for IPE conversion to IPA.

Table 8: Decomposition of IPE over Ce(IV) nitrate co-precipitated with
zirconyl nitrate in presence of H,SO4

Composition (wt. %) Feed Product
Time on Stream (hrs) 50 65
Propylene 1.13 18.89 15.80
Isopropanol (IPA) 1.29 23.56 21.78
Isopropyl Eiher (JPE) 82.42 44.51 49.76
IPE Conversion (%) 45.1 43.1
‘ TPA Selectivity (%) 93.5 98.5
. IPA Yield (Per Pass) (%) 45.9 42.4

[0097] Example 21. IPE Decomposition over Ce(lII) Nitrate Co-precipitated
with Zirconyl Nitrate in presence of Sulfuric Acid

[0098] The decomposition of IPE was investigated in a fixed-bed microreactor. 0.5
gramns of the catalyst of Example 10 were loaded into a 3/8” O.D. stainless steel reactor
and dried with N, at 210 °C. A sample of isopropyl ether (IPE) from the Baton Rouge
Chemical Plant (same grade as in Exaraple 12) was fed to the reactor at a WHSV of 5 bl
In addition, HPLC grade water was co-fed to the reactor at an IPE:H>O molar ratio of



with Zirconyl Nitrate in presence of Sulfuric Acid [0098] The deconposition
of IPE was investigated in a fixed-bed mcroreactor. 0.5 grans of the

cat al yst of were | oaded into a 3/8" O D. stai react or
and dried w Fﬁ@@ﬁ%&gﬁo C. A sanple of isopropyl ether lﬂrﬁ’é?m élg%the Bat on
Rouge Chem cal Plant (sane grade as in Exanple 12) was fed to the reactor
at a WHSV of 5 1i I. 1In addition, HPLC-@8ade water was co-fed to the
reactor at an ]PE: H20 nolar ratio of WD 2006/ 130231 PCT/ 0S2006/ 012786 - 25
1: 0. 8. Reactgg.t 0 data for

| PE conversion gﬁ%&%&%@gﬂﬁﬁ&g%ﬁg@? (5:)}\%11&% %&?'%ﬁe lggerrrrgezg?% g%r!%g again
that the caf@ivgsion apd ﬁfamhisasq WoWs dn deble 8. dunmsteting peaie it fhe Catrlyst,
zirconium a S [ V. to | PA
Tabl o 0 DoboRack EbE sl bF Ak ifhabbntich Aha Wl BB AEERAE P

zi rconyl ni eetivits fGrAPHeayersioetodPAH2S04 Conposition (w. % Feed Product Tine
on Stream (Ins) 20 Propylene 1.13 16.88 1so ro anol (IPA) 1.29 25.53 1Iso
rol Ether (IPE) 82.42 43.25 | PE Conversion (% 47.6 |PA Selectivity % 105.1
| PA Yield (Per Pl 9:9DE@nmpofiios el IPExyepCeliZPnitrnteeoPredpipatat withon over Ce(1V)
Ni trat e Co- preci grdoayladtratein pregtinccailfdiSHii trate in presence of Sulfuric Acid
using H gh Solids Preparation [0100] The deconposition of |PE was

i nvesti gated in |aCémposiliob@glt. PA)Cr or eact of . PBedd gr aBBedukt t fe cat al yst of
Exanpl e 11 were || oaded I ntfimeos8iBan@hid) | St al nl es|s stgel reactor and dried
with N2 at 210 G pibpydadpl e of 1sopropyljethas (TPE) 14.89m fhe Baton Rouge
Chem cal Plant (lSgiRofdhad@®AgS 1N Exanpl € 13powas| Teds§p the reactor at a
VHSV of 5 h71. Bopashil EfmGTIPEPLC gr ade| Wagghy Was C@3p¢d fo the reactor at
an | PE: H20 nol ar{Tatio of Iﬁ;ﬂn@gmﬁﬁﬂ = TENper |t U gnes 210C and pressure
WaS{QO psi g. Therdatafor P A Selechvity (%) P and | ﬂﬁﬁgyb are shown in Table
10, denpnstratin agonm ha P Palk ’j‘t prepa ed gooum:eparate sour ces of
cerrum zirconiu as—Ss g‘lll‘;'r_i cant—=a rl‘V'TL;r

' [0099] Example 22, IPE Decomposition over Ce(IV} Nitrate Co-precipitated
with Zirconyl Nitrate in presence of Sulfuric Acid using High Solids Preparation
[0100] The decomposition of IPE was investigated in a fixed-bed microreactor. 0.5
grams of the catalyst of Example 11 were loaded into a 3/8” O.D. stainless stegl reactor
and dried with N, at 210 °C. A sample of isopropyl ether (IPE) from the Baton Rouge
Chemical Plant (same grade as in Example 12) was fed to the reactor at a WHSV of 5 b,
In addition, HPLC grade water was co-fed to the reactor at an IPE:H,0 molar ratio of
1:0.8. Reactor temperature was 210°C and pressure was 90 psig. The data for IPE
conversion and TPA yields are shown in Table 10, demonsirating again that the catalyst
prepared from separate sources of cerium, zirconium, and sulfate has significant activity
for IPE conversion to IPA.

Table 10: Decomposition of IPE over Ce(IV) nitrate co-precipitated with
zirconyl nitrate in presence of H,SO, using a high solids preparation

Composition (wt. %) Feed Product

Time on Stream (hrs) 20 50
Propylene 1.13 13.28 11.44
‘ Isopropanol (JPA) 1.29 21.66 19.07
Isopropyl Ether (IPE) | 82.42 51.10 55.59
IPE Conversion (%) 38.3 32.9
IPA Selectivity (%) 109.3 111.2
TPA Yield (Per Pass) (%) 41.8 36.5




for I PE conversion to | PA. Table 10: Deconposition of |PE over Ce(lV)
nitrate co-precipitated with zirconyl nitrate in presence of H2SO4 usin a
hi gh solids preparation Conposition (w. % Feed Product Tinme on Stream
(hrs) 20 50 R, 1.13 13.28 11.44 Iso rdpanol (IP 66 19. 07
Iso ropyl Et hé’?8?°¥%¥>§§}ﬁé2.42 51.10 55.59 | PE Conver sion 3@%‘}%@?”5&‘1“%
Selectivity 9% 109.3 111.2 1PA Yield (Per Pass) % 41.8 36.5 WO 2006/ 130231
PCTI US2006/ 012786 -26 [01011 An inportank-feature illustrated by the above
exanples is that using a recipe wth ceriumsulfate, the solids content is
limted by the solubility of ceriumsulfate salt to about 7 wt %or |ess.
Adding sulfuric acid to ceriumsul fate either neat or conplexed doesn't

si gni fi cant [101kpr ovAn wlotisit Fsetuge Wpsteate bivtheiahererexaaplesds thahesingragetivtes an
nferior  Calfl &b IS me BRasRORERIY il bR IR Bk Dbl St Of the
present invention Is adding sulfuric acid’to a ceriumnitrate solution

whi ch provi cebeuti hrt Yverdessol Addingistlfurizredid talckbws skfaipheatherssat ofscoppiexeit

ti | : f : ' f at tent. Th
oy oved sortsarhsHERAG DL 3bbil oF b b ME} A brodilis B ekl PO 10°
copr eci pi t atdatiyst oThe, the prefamse dhoitel |of alabine the catalyh ofl the preedueinverdiorndbodi nent s
th lid t ent,.of id. sl oo t. | t. about .10 wt. % .¢ f bl
at | east abotimE T R 18 ptpin Birat soluger Wiy PiRyithe merova ey sd o O
nor e pref er adilows &fighkiesdiils abhertt prépaiatiSts 4nQlibdpenfas doatrdlov the cervmmphds ar e
di ted t i all i | apl i a-  zir.coni lysts. [01031
o oo v GTEERg, oS R A P B B B o8 o
15% ceL i a Coﬁﬁxlﬁlﬂtetdmcipwioﬁitm?ﬂinﬁz[em @A @BovEawS ‘ﬁan jn]ih&rﬂeemwmt britd og of | PE
over this cata s nv i ga in a fixed-bed mcrare r. 0. rans
of the Gac etthf)é‘%j‘\%§ B%AP@%PJQT?@@"W&F é‘Fg?SBg?fé‘H{(} WF%“ 5‘°?l%afgr@§)lb.a?]§?sgf‘l?ﬂu ss gt eel

r ea&{t or and thwewd, silltiorblPrefirabhl 4} 1€ast Ao aABW1S4,Gfill more preferably at least about

20 wt %.
[0102] The following examples are directed to commercially available ceria-
zirconia catalysts.

[0103] Comparative Example 23
[0104] A sample of a ceria-zirconia having a nominal 15% ceria content was
obtained from Grace Davison. The decomposition of IPE over this catalyst was
- investigated in a fixed-bed microreactor. 0.5 grams of the Grace Davison catalyst were
loaded into a 3/8"” O.D. stainless steel reactor and dried with N, at 210 °C. A sample of
isopropy! ether (IPE) from the Baton Rouge Chemical Plant (same grade as in Example
12) was fed to the reactor at a WHSV of 5 h™'. In addition, HPLC grade water was co-fed
( ' to.the reactor at an IPE:H;0 molar ratio of 1:1. Reactor temperature was 210°C and
7 pressure was 90 psig.
[0105]) The reactor was run for 24 hours. IPE conversion was <1% throughout, and
IPA yields were approximately zero. The data show that despite being similar in ceria
content to the catalysts according to the present invention, the commercially available .

catalyst was inactive for IPE decomposition.

[0106] Comparative Example 24

[0107] A sample of a ceria-zirconia having a nominal 17.5% ceria content was



i-sopropyl ether (IPE) fromthe Baton Rouge Chenmical Plant (same grade as in
Exanple 12) was fed to the reactor at a WHSV of 5 W. In addition, HPLC
grade water Wapg 595168 to the reactor at an | PE H20 nol T{%%Bdﬁ{lﬁ_ qg 1:1.
React or .tenperature was 210C and pressure was 90 psig. f% %e react or
was run for 24 hours. |PE conversion was <1% t hroughout, and |PA yields
were approxi mately zero. The data show t-Bdt despite being simlar in ceria
content to the catal ysts according to the present invention, the

comer ci al | yobeuai i8Rl Magn6im Estontas TiRaRtdnRsition oﬂﬁod@@mmystww [0106]
Conpar ative Exanpl e 24 10107 A sanple of a ceria-zirconia having a nom nal

17. 5% cer i a Bys4gafd %EW@GQGGGTP@WSP Wqﬁj@@%ﬁa}%w&e@ad@b{n@g ned from

Magnesi um El £4kf 0D, lsBifntesd B6cl F8LRFRAB i dd ARiHON Aﬁ&o@@em Eﬁlp?e @ﬁ&@k
investigated in a fixed-bed nicroreactor. 0.5 grans of alyst wer e

| oaded i nt o ctier §FB) fran the B@to&.&ﬁua%ghm@éﬂawéwadaﬁﬁmcﬁxa@ale\mmasrﬁzi at 210 C.
A sanpl e of {SAPLARN o WBRY &I FF). t AEACHPAE PbdBOHE SReHGRL B ant (sane

grade as in Exanple was fe reactor at a

addi ti on, HPE@tcgrata@re 26 mplasragio of &d. (Reaqidrdempezaivre gvas i 0°Snantl PRSHRO rml ar
rati o of 1: or tenperature was 210C and pressure was 90 psig. [0108]
The reactor vvas u for 24 hours. |PE conversion was <1%t hroughout, and

| PA yi el ds m@i@]appr’ﬂwirmtoews mefer. 24‘hhHSd§’tEaposmﬁpnwmﬂﬂ’e&mughpub@hdlg simlar

in ceria c e, he ca Ot t he
commer ci al catAa)F%/lg{ &&%s“i’l’l?" acti éeaﬁ’ or (1{3% E‘ tﬁatom t%%gg?&flﬁq%“]%%ﬁ ade
nanes used hm&hmoahecdtahﬁtmbcedﬁngyo the phdsey urbeaimomrth(ercyymmymabbatalyst mds cat i ng
t hat the nanes NE 5otect d by certain trademark rights, e.g., they may
be register B °a§"@g eﬁom?oﬁ V%rious jurisdictions. [0110] Al patents and

pat ént appl i ae9]ons, Tﬂamharmsomdhhemm (usumlhcaed Aﬁ'ﬁvi‘%mhb:ﬂsqr ® Uyl hods, and
the like), and. other docunents .cit herein.are.fully.incaor ate

reference to"&ﬁée%mg%aé% ngnu"'?ﬁfn@'%e(ﬁr‘gtgﬁ? e yics? %ttra‘ilenngg(nlg@&gﬁt’%

i nvention anntgjfstaredahdema;hsﬁnsaﬁhonstjmmnbm whi ch such incorporation | s
pernmtted. rlca limts a‘ﬁv limts are
listed herei ﬁ&i‘l&rangg p%? Wﬁ?e tcf’\RB cap?%tf’“ﬂ?c% E%@é?sﬁwgpﬁﬁpg

cont enpl at edUL\Muthods,tdae the hkedtana tothée documents cited herein are fully incorporated by

reference to the extent such disclosure is not inconsistent with this invention and for all

Jjurisdictions in which such incorporation is permitted.

[0111] When numerical lower limits and numerical upper limits are listed herein,
ranges from any lower limit to any upper limit are contemplated. While the illustrative
embodiments of the invention have been described with particularity, it will be
understood that various other modifications will be apparent to and can be readily made

by those skilled in the art without departing from the spirit and scope of the invention.

o—
F i
v i

Accordingly, it is not intended that the scope of the claims appended hereto be limited to
the examples and descriptions set forth herein but rather that the claims be construed as
encompassing all the features of patentable novelty which reside in the present invention,
including all features which would be treated as equivalents thereof by those skilled in the
art to which the invention pertains.

[0112] The invention has been described above with reference to nnmerous
-embodiments and specific examples. Many variations will suggest themselves fo those
skilled in this art in light of the above detailed description. All such obvious variations
are within the full intended scope of the appended claims. That being said, it will be



enbodi nents of the invention have been described with particularity, it wll
be understood that various other nodifications will be apparent to and can
be readily ose skilled in the art w thout de ' t he
spirit and gg‘ggemg’%m%ﬂe i nvention. Accordingly, it is ngkléigﬁsgf}]{&gﬂ‘ t hat the
s5cope of the clainms appended hereto be limted to the exanples and
descriptions set forth herein but rathes2&-hat the clains be construed as
enconpassing all the features of patentable novelty which reside in the
present i NVgRbi@Rd that PrdrtaNGuidliimehQ adfihe Sradbiit ClRvapBiH theliRe tHaRREGSE aS

equi val ents thereof by those skilled in the art to which the invention
pertains. [Weered apec npihedhof wekinga asidigmired anetah oxide bying e edmmogiier ence to
nuner ous e&gg%jegrg‘pfgm specific exanples. Many variations wll suggest

t hensel ves to those0 s‘%glgﬁ)ed inthis art in light of the above detail ed
description. Al such obvious variati SadnZfke within the full intended scope

of the appe Al | | ' ¢l 1

PCT1 USZOOGlg%g glghggﬁﬁg‘%ﬁeé?gg%ﬁﬂ}ﬂ fn}f“de e“\rlwrféll‘cf %ﬁ%‘}éﬁﬁ%&é@%&he present
i nventi on i ¥ad$ atideasPanetmatalIseledted frqun Sfamprie@hchrding the hanthiavidesofnd fekinides) an aci di ¢
m xed net al L de. havi Si L1 ' X formula (4): XmynZPQg
wherein X i gp%% g?%oglfc;t T%%ee&ﬁ@f”g%‘@% 1%%1%1@13, afn(raﬁgcé@g%gg ot Staﬁa(;qgléer%%)di c Table
of El enent satomi¢ ratfosaif theirasipedive compaknts ehd othed of isdpn @ Hop aBowtiod Itudi ng t he
Lant hani des_,an tinides of otcne Periqdic Table of FElements, S.is sulfur,
and 01 oxdano e flotIE apbls oisflertialis U BypiRP pEpRle R Ricksy R pect | ve
conponent s satidfy théenlemei of the other sorfiponentalbmadé bf.cOfretigitatiap GLtndY7/omp is 0. 01
to about 0.50 n i,s the nupber.of oxygen ato necessary t atisfy the
val ence of - FRer e 05 i ieh P2 RlerEtasgRN e e PR PRk ateferef o

sefjar at e sakdngesi o€ tiese plomsenaids ob @t St heremotnive); i pHcEpefol edediatlso
contenplatin referre ranges of these atom.c ratios a t forth

her ei nabove)"fﬂw %&gﬁaﬂw} oe?hegetf’e t i PErpon \%‘Fﬁ r"i'ﬁcll fﬁ@f‘@r E@el PEFREr to the
correspondi bgngiisign@nabthga b kadiobontdiligy Rt desiSene AP ethemgitk cantaalystng a f eed

containing at | east one di.al kyl .ether with a catalys C ising an acidic
T xed et o) CORIRER TG TR e U T e PP ORI O P G v- 700y wher i 1

X is at |least one netal selected fromxXgwEm4 of the Periodic Table of

El ements, Y.is, at.least one netal | ected fr G oup.3. (including the
Lant hani des “hFfginAL isidh feast &ne metal sel%cte‘? terom oup 4 oip t{;% Pen%glg Tablg of glements,g
Y is at least one metal selected from Group 3 (including the Lanfhanides and Actinides)

of the Periodic Table of Elements, S is sulfur, and O is oxygen; m, n, p and g are the
atomic ratios of their respective components and, when m is 1, n is from about 0.01 to
gbout 0.75, p is 0.01 to about 0.50, and q is the number of oxygen atoms necessary to
satisfy the valence of the other components made by coprecipitating X and Y from
separate salts in the presence of a sulfur-containing species (again, contemplating also the
( preferred atomic ratios set forth hereinabove); a process for selectively converting a
H dialkyl ether to the corresponding alkene and alkanol, the process comprising contacting a
feed containing at least one dialkyl ether with a catalyst comprising a cerium-zirconium
catalyst in the presence of water, wherein said cerium-zirconium catalyst is made by a
process comprising coprecipitating cerium and zirconium from separate salts in the
presence of sulfate ions; a method of making a cerium-zircomivm mixed oxide comprising
coprecipitating cerinm and zirconium from separate salts in the presence of sulfate ions; a
method of making IPA comprising contacting IPE with a catalyst comprising a mixed

cerium-zirconium oxide catalyst in the presence of water, wherein said cerfum-zirconium



of the Periodic Table of Elenents, Sis sulfur, and O is oxygen; m n, p and
g are the atomc ratios of their respective conponents and, when mis 1, it
is from about Qg GhsAfazsiabout 0.75, p is 0.01 to about 0. pBruapintkiss the
nunber of oxygen atons necessary to satisfy the valence of the other
conponents made by coprecipitating X and Y from separate salts in the
presence of a sul fur-containing species {#gain, contenplating also the
preferred atom c ratios set forth hereinabove); a process for selectively

converting acataliisBiskifdde@iyntie pioest B copRiciReRQEing Al kRemivad doflskgired , t he
process conprising contacti nq a. feed c€nt ajnin one | k et her

. .at .| east. [ yl
with a cat al & tcBABrsEcH gt sHRE IPRRRDY Pichh AIoRmS H‘?"épff@g" lﬁeﬂt%%td%ﬁgéence of
wat er, wher eifly Bfuethr&hhrdéteridell 69 Bhd 60 ik AF s tfollowiiReRich nag be RFIBESS
conpri sing COEI{‘&? pitating cerium and zi rc_ﬁr_u ym from separ a%gl salts in the
presence of ¥bifif 3¢ &afibhappagniie ALY BrinFRKHG el P BASEFPR ShiteATSTked oxi de
conprising @eddsakt Rid adrluflzifeBhin PaRR if 2808 Hg‘rcfcééyﬂn@l_ﬁp%lﬁﬂr@inﬁﬁé@ s in the
presence of sulfate ions; a nethod of naki n%?ag_ A conprising contacting | PE
with a cat al g8¥ecEpnppelafioncroataminged Y.candi S iny (ragtisulatynoeriany eirgiivat, 8¢ in t he
presence of rs I L ki I i V\Qn%;) ;
PCT/ US2006/ o%%%am%%_@gng‘fl AL A i"gﬁ‘ﬁ%‘% Sating
cerium and z#peEgnicl flteimgnsaite plarma te recaver tas filiercakpie(d) dedemend eflcining saide i ons;
any of the a N, odj.ner i y h ﬁ%@;acterized
by one or rm?géro .tﬁe_gPt%ﬂl g@m@n‘%ﬁﬁmﬁﬁ%ﬁ%ﬁwﬁg&;&p Igﬁﬁgﬁ;%ﬁ{ e readily
apparent to eectsrizesk i agiitlymosk preferrphembrdirggnt, bynwhrseis afies istsp (o find brforpr esent
di scl osure: ' [ j ' ' g 3 t her
conpri sing: 128 © SEE LMY & doEE Bk Bnk leplpfrafiR iy P iR e
(patticul ar | yimeemeluny foy b pem afrsbod fchowrsud Alaue 200bkmys ot edpemerdtwebf/fiomi th a
s Coron UL Bt 30187 bik SN tr 2(Bhiod SEUSLI ARG b athi 160 bk b1 1 €1 O
said slurry to recover a T1ltereake; rying and calcining said
filtercake t tempbtahirsofSing amet $Utnabout GO Cufor mipred afebahe 2¢ Witircto abey 7Be f ur t her
characterize I n oAl referted bo : rej fter step
(b) and bef orﬂtélmE gtt %E)e%’pgsatuéglgéggﬁﬁﬁorus 7:5 go aagéehgqgé Egr%mrl égé'?” él\ré%lﬁnsg@n‘f%ﬁper ature
for g pr eggg evlntioned e rquecisoimontrinmh ydxsxi;ih solsticimrwmq'sugﬁ isdziwbnﬁébmmtz' ;5 Pour s
t o about Ul Sy, a .1e ature. of, from ou .10.ahou , for a
period of abci“btlj1 e SYH%G?%&QE% eOUIﬁeTBIO H%@?f’s‘”dae?b[’g ik ?reor?péggélf tj‘lr%ettog? %?%om about
50 to about 286 atidrompipe ripecaldyf prefored beR@ drolfmi doul calmplek ofPcerivoisals at. a

t t i t 75 1 t. 1500 and.al i sai d basi
ot on i o SeiEIRE s miRahf s Fab e R0yt a Rl TR, i fhecory

nitrate; sulfate ion is sulfuric acid, ammonium sulfate, sodium sulfate, or 2 mixture thereof, and

even more particularly wherein the source of sulfate ion consists essentially of sulfuric
acid, ammonium sulfate, sodium sulfate, or a combination thereof; and also wherein Y is

cerinm and is provided by is a cerimm (III) salt and/or a cerium (IV) salt; and where Y is

P

cerium and is provided by cerium nitrate. Another preferred embodiment includes use of
the catalyst comprising the material described by formula (1) in. other reactions wherein
certain feeds, which may include exhaust gases (especially exhaust gases from an internal

combustion engine) contact said catalyst.



wherein Y is ceriumsulfate, wherein Y is provided by is provided in the
formof a sulfuric acid conplex, especially preferred being a sulfuric acid
conplex of a ceriumsalt; wherein at |east one source of Sis the sulfate
i'on S04-2, and nore particularly wherein the sulfate ion is sulfuric acid,
amoni um sul fate, sodiumsulfate, or a m xture thereof, and even nore
particularly wherein the source of sulfate ion consists essentially of
sul furic acid, amonium sul fate, sodiumsulfate, or a conbination thereof;
and al so wherein Yis ceriumand is prot¥ded by is a cerium (111) salt
and/or a cerium (lV) salt; and where Y is ceriumand is provided by cerium
nitrate. Another preferred enbodi nent includes use of the catalyst
conpri si ngm erial described by formula (1) in other reactions wherein
certain fe ? i ch may include exhaust gases (especially exhaust gases
froman internal conbustion engine) contact said catalyst. -30- CLAIMS: W
claim 1. A nethod of making | PA conprising contacting |PE with a catal yst
conpri si ngV?éF clgitked ceri um zirconi um oxi de catalyst in the presence of
wat er, wherein said cerium zirconiumcatalyst is nmade by the process of
coprecipitating ceriumand zirconiumfrom separate salts in the presence of
sul fate iols. 2A mbthodeif making [IA aiomplisinglven@attngs BRI widr 4 uaeRst conprising a
catal yst is nade by a process ., further conprising: (a) contacting. ,a solution
cont ai ni ngTEEd G PRCSEHIN rAxidt qatalypts it dhe Bicsensp 19 WalshsMacrelopaid | SHURD
forma slu i) i bzaﬂ] ; 14 rd I :
recover a ?r?/%néén?acﬁggg?gfwgggi g grgzé)dégﬁr gf ﬁi?]%)émf;%%ﬂg%f% ter %ﬂéﬁ%dgﬁ%%tfg%
sai d cer i usepratesalts imthaipreeehosf delfate ®ns.The net hod of C aim 2, wherein after
step (b) and before step (c) said slurry is aged at a predeterm ned
tenperature for a predeterm ned period of tinme. 4. The nethod of Caim 3,
wherein sapd agirR@methotl O RaiRel, vlttr&h sAQ QetiurR-zHOoHi 9m (cAtaBRO I madl (s t@sat a
tenperature of from about 50 to about 250C. 5. The nethod of C aim3,
wher ei n~ agfvrther eomprising: peri od of about 20 hours to about 100 hours at a
tenperature of from ut Lo about. 200C. 6.. The nethod,.of .Claim 3, .
wherel n ont d nglBASHEHRHE o Rhyhch BRCHbing dRim Drirebinl Shil ik s M Fbasic
solution to form a shurry;

(b) recovering said slurry;
(c) filtering said slurry to recover a filtercake;

(d) drying and calcining said filtercake to obtain said cerium-zirconium mixed oxide.

3. The method of Claim 2, wherein after step (b) and before step (c) said slurry is aged at

a predetermined temperature for a predetermined period of time.

4. The method of Claim 3, wherein said aging is for a period of about 5 hours to about

200 hours at a temperature of from about 50 to about 250°C.

5. The method of Claim 3, wherein aging is for a period of about 20 hours to about 100
hours at a temperature of from about 50 to about 200°C.

6. The method of Claim 3, wherein said aging is for a period of about 20 hours to about

72 hours at a temperature of from about 75 to about 150°C.



72 hours at a tenperature of from about 75 to about 150C. -31- 7. The net hod
of Claim3, wherein said basic solution is an aqueous anoni um hydroxi de
solution. 8 The nmethod of Claim2, wherein zirconyl nitrate is the source
of said zirconium 9. The nethod of Claim2, wherein ceriumsulfate is the
source of said cerium 10. The nethod of Claim2, wherein said ceriumis
provide in the formof a sulfuric acid corrpl ex of a ceriumsalt. 11. The
met hod of Claim 10, wherein said cerium §i is ceriumsul fate. 12. The

met hod of Claim2, wherein at |east one arce of sulfate ion is sulfuric
acid, ammoniumsulfate, sodiumsulfate, or a m xture thereof. 13. The

nmet hod of Caim 12, wherein the source of sulfate ion consists essentially
of sulfurigc ac f t. '

Chercof . 14 T aRRAUSTRL], lsfen REALRED Rl Fan Bochul BIRLARHBlbRe | -
(ren) saItSOMﬁBn The method of Caim2, wherein the source of ceriumis a
cerium (IV) salt. 16. The nethod of CI aim2, wherein the source of cerium
is ceriumnitrate. 17. A process for selectively converting a dial kyl ether
Lo the corkespond ARyt e.is ]:I%H??Qi?éon 1R R i OEESEOBPLIELRAnRANT act i ng
a feed containing at |east one JY Her mnt a catalyst conprising a
ceriumzirconium cat al yst in the presence of water, wherein said
ceriumzirconiumca d C nprisin reC|p|tat|ng
ceriumand”-zir ﬂ?ﬂ?‘% rql@ﬁ’g"gleéey‘%‘é?rf ?‘ﬁ affh‘éq‘rﬁ'ség@ﬁ(?gs%g FHTat e i ons.
-32- 18. A process for selectively converting a dialkyl ether to the
correspondi ng al kene and al kanol, the process conprising contacting a feed
cont ai ni ng 1& | dAsmethnsl ofi Glriny 2, wherein saidt deriam is areidesin the fpymi ofi anplifaric adgiddi ¢
m xed rretal0 Fg haV|1ﬂ lpe foll ow ng conposition: XmYnSpOg wherein X is at
| east one ety F@g?% 5t om G oup 4 of the Periodic Table of Elenents, Y
is at |least one netal selected from Goup 3 (including the Lanthani des and
Actinides) of the Periodic Table of Elenents, Sis sulfur, and 0 is oxygen;
in, n, p adld q dhemsthodatSiaim Hwhseeingaid ?%’é‘l’ffksaﬁé%@%ﬁ% aorponent s and,
mhen mis 1, nis fromabout 0.01 to about 0.75, pis 0.01 to about 0.50,
and q is the nunber of oxygen atons necessary to satisfy the val ence of the
ot her cond@nentThe mgdkodyl Ciyimed; i yoherah iandeadt amedsodrder ohsudfafratoatie sslfilricsadid) t he

resence of a sulfur-
P ammonium sulfate, sodium sulfate, or a mixture thereof.

13. The method of Claim 12, wherein the source of sulfate ion consists essentially of

sulfuric acid, ammonium sulfate, sodium sulfate, or a combination thereof.

14.  The method of Claim 2, wherein the source of cerium is a cerium (1II) salt.

15.  The method of Claim 2, wherein the source of cerium is a cerium (IV) salt.

16.  The method of Claim 2, wherein the source of cerium is cerium nitrate.

17. 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 a cerium-zirconium catalyst in the presence of water, wherein said

cerium-zirconium catalyst is made by a process comprising coprecipitating cerium and

zirconium from separate salts in the presence of sulfate ions.



cont ai ni ng speci es.

-32-

18. 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:
XmYuSp0q

wherein 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 Elements, S is sulfur, and O is oxygen; m, n, p and ¢ are the atomic ratios of
their respective components and, when m is 1, n is from about 0.01 to about 0.75, p is 0.01 to
about 0.50, and q is the number of oxygen atoms necessary to satisfy the valence of the other
components made by coprecipitating X and Y from separate salts in the presence of a sulfur-

containing species.



