METHOD OF MAKI NG M XED METAL OXI DE CONTAI NI NG SULFUR
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4,320, 232 and 4,521,638, US Patent No. 4, 398, 051,
pcaqt@lm't tng.electlvely produce a tertiary alkyl ether, separatlon 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
isoamylene, 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
MTBE” by P.B. Meunier et 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



4,357, 147. "Production D |Isobutene de Haute Purete par
Deconposition du MIBE" by P.B. Meunier et al. in Revue
wa@leook/18023t i t ut Francais du Petrole, vol. 46, NeCT/BS20W912786
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 Appl-i cati onNo.

JP- A-06072904. [0004] Japanese Published Patent

ApR). Teat.oeavadios. JP- A-59010528, published January 20,
1984, describes a process for thermally deconposing a
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gases emanating from internal 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 aqueous solution of sodium hydroxide was added until the pH of the mixture

became 13.5, whereby a precipitate was obtained. This precipitate was separated
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[0009] US Patent No. 6,162,757 discloses a synthesis of a solid acid
containing zirconium, in addition to 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 nitrogen
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 alkanol, the process comprising contacting a feed containing at least

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



essentially free of sulfate ions. The catalyst is said
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wQ@dopasest No. 6, 162, 757 discl oses a synt hesi sPCF/U82006/012786

solid acid containing zirconium in addition to a rare

earth el ement, such as cerium useful for

i someri zati on of paraffins, ~fi-ng openi ng of cyclics,

hydr ocracki ng, al kyl ati on, hydrogenati on of

Pele/fioH6WRB copipasEbA.CS, sel ective catal ytic reduction
of nitrogen perOX|des and ol igonerization of |ight

oI efins. [0010] US Pat ent XM¥nZ8)297, 406 di scl oses a
VRS, S0k JRPOHE AP ASARY BB ARSROPSr OB SUTE bt of

roper umsne

cmnaeﬁits WYt s at Slehst dordC insbtslabelboisd RANPGE&IPNG &nbludidg the
oxi de of ceriumand a Go oup | VB net al

0011
URpuibRrRidereand Aetivides) pthrourdpef t{ﬂﬁtPeaﬁdlmcLafable 3 Elements and Z
PeTLYeaP Qb %—éﬁﬁ@}(eg AL WiofoeT. O HE 11r AEPRALLY Taklc of

converting a e’ correspondi ng al kene
aﬁ@bxﬁxkamln, ptdmrd are chesstonnxrmmbs bﬁguemspacmvm@mﬁemﬂ and,

cont ai ni.n as al k th a ca S
MRS ime i Tondh ef i R et Sl tad i g nimber or
f ok REmS WRERhy Rf‘sati&ﬂ?'ﬂ% FaleSceAbf |tl%a§€he9'&8m56ﬁéi‘1lts The
selected from G oup 4 of the Periodic l e of

Etrren%@gdes\@rﬁﬁr@ﬂy Pertsin sulfer, rfrmleﬂllysnfbmt mdarf arponrGofup to 5

3 (;ncl d| n d s -and ACtl |des nd oup .
ot B B ot ¥ PE Rt i AR S s . | T P
Oﬁﬁldﬁ@tcaﬂl b%ﬁn%p&re@l Hyr ﬁﬁ@r%lﬁi'ti@ﬁ & b}8 coé}ﬂéhﬁ;ﬂan@ﬁ ﬂnﬁﬁ a liquid

Peri odi ¢ Tabl e of El enents; are

alBHiUES GoRiaiRag 8fSoulse of GF@?p‘bWFal' @né@ﬁééﬁemg 05ﬁaouw%@ni/or
W@égu&,l@ﬂgt §oﬂ‘srom0 01 to 0.75, pis fromO to 0.1,

e nunber of oxygen atons necessary to
S @013] y t h]enualreasme cathlysts emdtthe fike hixpoaBotheen Thmdnisefad for

es.prefer contain fur ically. ent
aﬁ’eaﬂlﬁéfig&a p?x sk SRR, S ’i‘? a@du{é) v%fl%fmifc"?’r‘?ém‘m
T eRigthe. Mkl pRIELEEs GRAPASIVE xﬂﬂde R e B¥LA Eéscﬁﬁé!i RE for

pr epar ed by | npregnation or by co-precipitation froma
| iinggtande, i Bt Batentdost A478,043;8, BB 5,682,885 80, ¥t 4J582,785;

| 3007389, 8,7194418° 597 G028 998 308! 8133,194; 6,150,299; 6,255,242;
6,291,719; 6,319,876; 6,506,705, and 6,605,565
[0013] 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):
XY2S;0q (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 selected from Group 3
(including the Lanthanides and Actinides) of the Periodic Table of Elements,

preferably cerium, S is sulfur, and O is oxygen; m, n, p and q are the atomic ratios
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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 IPA 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 separately 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 zirconium 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.



preferably zirconiumand cerium respectively. [0015]
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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 cerium, 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 hafnium,
with zircontum being most preferred. Suitable Group 3 metals include scandium,

yttrium and lanthanum, and metals from the Lanthanide or Actinide series, such as
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[0026] The liquid mixture can be prepared by combining a first liquid
solution comprising a source of Group 4 meteﬂ ions with a second liquid solution
comprising a source of Group 3 metal ions, wherein the combination takes place
under conditions sufficient to cause co-precipitation of the catalyst precursor as a
solid from the liquid medium. It is preferred that the two solutions be combined
by nozzle mixing as is per se known in the art. Alternatively, the source of the
Group 4 metal ions and the source of the Group 3 metal ions may be combined
into a single solution. This solution may then be subjected to conditions sufficient
to cause co-precipitation of the catalyst, such as by the addition of a precipitating
reagent, such as ammonium hydroxide and the like, to the solution. In a preferred

embodiment, an aqueous solution of a base is added so that the pH of the solution

containing X, Y, and S is caused to be about greater than 7 to at or below 9,



nost preferred G oup 3 netal is cerium [0024] The

invention is also directed to the m xed netal oxide in
wo oooad@3( 1) nmade by a process of coprecipitatP@myuUXoasici2786

Y from separate sources in the presence of sulfur (9S)

ions. [0025] The process accordlng to the present

i nvention conprises copreciptation of X and Y in

formula (1) froma liquid mxture in the presence of a

serr&abi9fabsutlg ur, preferably in the formof sulfate

ions. X and Y are provided by as separate sources,

sl 7hs s&nitable sauisepoéithe amdtyl iong oy the capieeipitatiarh énclude

<Py sl & oy RECeE sl MuRRNRS G Pt o

byne E@bodiffhe M€ EsastSdrRy c&gtﬁe infbtdls 3 HRENONs Qrsubfbte0 Hraféeably, a
preferably wth afgl tation, for a predeterm ned period

ofeparate sodge lof sulirleciens b added tor ths g snikbire fom vdugh the
h%’tﬁﬁrst @%ﬁrgcgqp b%’ecgo'it%fygou ) H%lblz]:% Oéja?at@%QMIc slcgfosuTtg 'Bn include

nor € °pr re to ap
heuwifigic atid| Iantmanﬁumr glléita bbadifirh osnl &) UserRdn halfhts, tzirconium

about 72 haurs, and at a predeterm ned tenperature,
s St ang aupEss thes ‘Eﬁa 50 and 250 C, or preferably

alpsyaig) S0 tV@hefi’@ﬁiétG%q 4Cnefd in¥RIdEs PHESHEAPHY ppoWdd dodree of

to about 150 C goprem pitate may be conveniently
rexrmmmdstl!)whylmtraﬂel on, followed by drying and t hen

at| t he, resyl tin St. curs i.n_the
el e e b BaBins poBDi s Sy enpieined Sl of
bgerire piarae@eﬁmcaﬂfatdﬂmgma adid Jonipléiuiofl 1Bk UprefRably cerium
conprising a source of Goup 4 netal ions with a

saim | iquid solution conprising a source of Goup 3
m@:o% I ONEya1d 58' & ttlﬂ:e o f g?éch?s%r 1§k8’fec%da(i§plgélgf in an

ions suitfrcient to c co-precipitatio

c akidixted atpiosphrs,cit aaSmpemﬁire: of &t Iaastt4l®e°d: | syoh ds meléastrﬁomc
It |s preferregtha he two_sol utions be conbi ned b

n SQE) pCeFO ahouk B i etcglemggipn time may bey up to

Qlﬁg %‘:Bﬁlgt ésu})ég Laéé (feo o?@uﬁpy f&%ouo‘gf 24 Prg%rgﬂ# %ﬁagnﬂrfg f(ﬁlabbﬂnlsto about

c éﬁ‘diqmeszl iWhere ahs icatplyst podcutsoorvontbiisssudfateut tqnsn thca«yalcmatlon
Iggndl donssh Ll%%te con%rollgdp sr]odélst tloq*gtsams‘élllf f(fesureed 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
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:



to cause co-precipitation of the catal yst, such as by
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preferred enbodi nent, an aqueous solution of a base is
added so that the pH of the solution containing X Y,
and S is caused to be about -Qreater than 7 to at or
bel ow 9, preferably about 8. [0027] Suitable sources of
the netal ions for the coprecipitation include
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i nclude sul furic acid, amoni umisul fate, sodium
sul fate, cerium sul fateRszirconifem sulfate, and
m xtures thereof. [0028] Were the G oup 4 netal
i ncl udes zirconium the preferred source of zirconium
is zirconyl nitrate. [0029] Were the G oup 3 netal
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275°C, a pressure of about 0 kPa, to about 2400 kPa, and a weight hourly space
velocity (WHSV) of about 0.5 hr”! to about 10 hr™.
[0034] In one practical embodiment, the ether-containing feed contains methyl
tert-butyl ether (MTBE) and is produced by reacting a mixed butene stream with
methanol. After separation, the present process is used to selectively decompose
the resultant MTBE to iso-butene and methanol. A similar process can be used
with mixed pentenes to produce tert-amyl methyl ether (TAME) for selective
conversion to isoamylene and methanol. In this embodiment, suitable ether
decomposition conditions include a temperature of about 100°C to about 200°C
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
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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] In another embodiment, the catalyst made by the process of the
invention may be used for the purification of exhaust gases produced by an
internal combustion engine, e.g., for use in catalytic converters, by contacting
such a gas with the catalyst according to the present invention.

[0038] In a preferred embodiment, the ether-containing . feed contains
isopropyl ether (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
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or all of the seéec-butanol
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X T&&l] Although each of reactions (1)—(3) is acid catalyzed, the process of the
invention is effective to decompose IPE according to reaction (1) while reducing
IPA dehydration and propylene oligomerization. Preferably, the conditions used
to effect IPE decomposition include a temperature of about 100°C to about 320°C,
such as about 200°C to about 300°C, for example about 240°C to about 280°C; a
pressure of about 100 kPa; to about 3550 kPa,, such as about 400 kPa, to about
1800 kPa,, for example about 700 kPa, to about 1500 kPa,, a weight hourly space
velocity (WHSV) of about 0.5 hr! to about 10 hr, such as about 3 hr to about
10 hr', 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.
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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(III) Nitrate Impregnated on ZrO2

[0049] 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.
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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,-8H,0 and 19 grams of
Ce(S0,) » were dissolved with stirring in 1.5 liters of distilled water. A second
solution centaining 65 grams of concentrated NH4OH 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 slurry 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,
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oxi dati onreduction reactions. In a preferred
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the present invention may bé“ﬁsed as catal ysts or

catal yst supports in the treatnment of exhaust gases.
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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 hundred and sixty-three grams of ZrOCl,-xH,O 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
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 slurry 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 overnight at 100°C.
Thereafter the filtercake is calcined at 700°C for a total of 3 hours in flowing air
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Co-precipitated with Zirconﬁl Nitrate i
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(III) Sulfate Co-precipitated with Zirconyl
Nitrate

[0063] ‘One hundred and thirty one grams of ZrO(NOs;),xH,O and 28.4
grams of Cey(SO4); were dissolved with stirring in 528 grams of distilled water.
A second solution containing 65.9 grams of concentrated NH4OH 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 8 by the addition of concentrated ammonium
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cool. The elemental analyses are shown in Table 1.

[0066] Example 10. Ce(IlI) Nitrate Co-precipitated with Zirconyl

Nitrate in presence of Sulfuric Acid

[0067] One hundred and thirty one grams of ZrO(NO3),-xH»0, 36.1 grams of
Ce(NO3)3, and 17 grams of concentrated H,SO4 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
concentrated 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
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el enrental anal yses are shown in Table 1. [0066]

Exarrple 10. Ce(l1l) Nitrate Co-precipitated with
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were dissolved with stirring in 511 grans of
distilled water. A second solution containing 76.5

gr[l?d]ﬁ] of Example 12. IPE Decomposition over Ce(IIl) 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
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. IPE conversion is defined as (IPEyroquct - IPEgeed) / IPEfecds
and IPA selectivity is defined as IPAproaue: / (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 IPA

{
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Table 2: Decomposition of IPE over Ce(IV) sulfate impregnated 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 Ether (IPE) 82.42 63.39 74.40
IPE Conversion (%) 23.1 9.7
IPA 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 zirconia has higher activity than the catalyst prepared by
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[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
and pressure was 90 psig. The data for IPE conversion and IPA yields are shown
in Table 3.
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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
Isopropyl 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




[0077] Exanple 14. | PE Deconposition over Ce(lll)

Nitrate Coprecipitated with Zirconyl Chloride [0078]
wab@edarsnposi ti on of EPE was investigated i n BCT/US2006/012786

fi xed-bed mcroreactor. 0.5 grans of the catal yst of

Exanple 3 were | oaded into a _3/8" O D. stainless steel

reactor and dried with N2 at2210 C. A sanple of

i sopropyl ether (D?E) fromthe Baton Rouge Cheni cal

Pl ant (sanme grade as in Exanple 12) was fed to the

reactor at a WHSV of 5 h"1 . In addition, HPLC grade

wi85] was Asdhd @aﬁa ioTetie 4shaws tbe C&fﬂlyafrﬁhEWE signibiaent aptivity for

ot g B Gk PRBE B LE M RGN v e
24ataRst @epﬁ%vﬁowpfesipﬁatlmsmﬁa% tzhécmyg Inﬁtate sﬂﬂﬁadﬁlﬁﬂoroved
yi el ds were approxi mately zero, show ng that the

ceetformangs over e sptplyst preepadevia LgP-RISCIpiteiqnoMitht therzirconyl

Wg@ Bg@ggf ve for EPE deconposition. [0080] Exanple 15.
| conposition over Ce(1V) Sulfate Coprecipitated

vvi t h Zirconyl Chloride [0081] The deconposition of EPE

d-b
il * Bl 17 < Pt Degampantion Ayt & ey ubits Hydgate -
3/S§lfu9c %m&t%iﬂﬂl@ﬁ@o%ﬁ%&bltﬁﬁﬁ%lﬁi Zﬁ‘w Pg@lﬁqri%t h N2 at

A sanpl e of isopropyl ether fromthe
BzﬁQQﬁﬁ] Roudbe Cdesrinagasitina raf (IEErmvagr ani@swtcﬁdn Bx arpfized-bed

s fed V. of hel..ln ., on
2qtirE RS0 poapiat BEGah-(raBalti Ner orictinteh 35 0.
aktadilesERieeHaek 0P bad dfidd Wathafl, dt 310 Reaet Simple BP @opiophPether
vvas 2100C and pressure was 90 psig. The data for EPE

\Fa dpmp thepaoEBuge Ehemicgl BI@h@ﬁmelﬂliadFa%I ig Examgly £2) was
3 P
R N R L e e
dad Ehel macT@bdtemaPEHd»_@ nidber ratdd af ydt Réunm t&hgeﬁhmjrecwm 210°C

| \Z%{I‘%H\I;%% f lg"(r?fs %§1%§ etq%gq }OE E@E cgr?vers%rll o Ean gi%lds 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 (IPE) 82.42 48.73 51.15
IPE Conversion (%) 40.9 37.9
IPA Selectivity (%) 110.2 108.7
IPA Yield (Per Pass) (%) 45.0 41.2

[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 - sulfuric
acid complex is a suitable precursor for the preparation of the ceria-zirconia

catalyst.



catal yst prepared via co-precipitation with the Ce(1V)
sulfate salt has significantly higher activity than

W0 b@eaai2al yst prepared via inpregnation using POEUSEN®012786
ceriumsalt. [0083] Exanple 16. |PE Deconposition over
Ce(lV) Sulfate Coprecipitated with Zirconyl Nitrate
[ 0084] The deconposition of-2PE was investigated in a
fi xed-bed mcroreactor. 0.5 grans of the catal yst of

Exgigo) e Spwe 1é Qsldeﬁut ﬁi&oﬁpséﬁ n @vek c%tmrﬂ;lﬁﬁﬁe $hyaehte -

reactor and d d wwth N2 at C A sanple
i §m#‘uo§gyxcnéﬂmepre¢ipmyedwamltlmthNnmtRo L!Eg@c@ﬂﬁtle@gmg

Pl (sa grade as. d,to the
ooy ¢ e wREgpiieh, S RES Al iRkl i flctinedbed
WeikiErford¥ator. COngeﬂnﬁ 8achitE chiaBet npd AaQ ahPD ﬁ‘&@ Emhip'le 7 were
ratio of 1:1. Reactor tenperature was 210C a

pressisd rll@towa§/8§(9 Ps|S@1n1%$ét@éﬁ%cf%rang@e€o‘ﬁ\ﬂéNv.l BRAnE- A
Decoﬁ,pgéf?% @’,@;ﬁgf Qﬁgé( é%&?lﬁl)]gag %I #{ ltléé Chemical Plant (same

8 Qrfcesip Bxainplt 12)twaszbd &Dﬂiﬁlreﬁdtdiﬂe&taeW@lBB])f Adr't He addition,
ata in Tabl e 4 show, the catalyst shows gni fi cant

i+ gpde graterprag ey é%&thﬁrsw orc%tn%h%az plaY eatipeof 1:1.
Wﬁeac@ ?é}ﬁ)j%e@atﬁfé %Qmoida ahd tﬂ?@ss&l%t #hy'9b aﬁg{gep%@ddava for IPE
co-precipitation wth the zirconyl nitrate salt has
i wpneveon ped fIBANFiskds Bker at A8 hparskigstompstesenr &t sdch sample
Co-precipitati ith the zirconyl chloride salt.
[ ??%ﬁ”%@%ﬂ?ﬂ]’é‘olnf?\.{gé'PE Deconposi ti on over Ce(lV)
Sul fate Hydrate - Sulfuric Acid Conpl ex

Co-precipitated with Zirconyl Chloride [0087] The
Table 6:)Beeampesitiomal HIE pyer Ge(EV) sultate corprecipifated wi pxbpitrate

Compasitiomdmea¥or. 0.5 grlansFedd t h¢ catal yst of PErdugtl e 6

wer e | oadrchiysoBampled/ 8" O. D. s$tai nlAess sft eel Ceact gr D

Propylea®d dried with N2 at] 2109 16 A|sanpi g7 of | sopgnaey! 12.68

ISOpI‘Op%&?IPA)I I-’l:) rTromthe BayoQ HOnge éé'l%ﬂ cal Plzquﬁ (sanme 2940

4.0\

Tsopro e o ExanpteT: =d 13991(—_‘ reaustér 5at G 5021
IPE Conversion (% T 95T 5 0 .’7 coTree 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 yield.

[0092] Example 19. IPE Decomposition over Ce(III) 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 Ny 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 51",
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



to the reactor at an | PE: H20 nol ar ratio of 1:1.

Reactor tenperature was 210C and pressure was 90 psig.
wabmeda2al f or | PE conversion and | PA yi el ds arBCHO82406/012786

in Table 5. Table 5@ Deconposition of |PE over 10%

Ce(lV) sulfate sulfuric acid comlex co- reci itated

with zircon | chloride [0088§ As the data in Table 5

show, the catalyst shows significant activity for |PE

ande@?fé[H%%é&HoWhmﬁﬁBfe@ data show that the Ce(l1V) sulfate
drate - sulfuric acid conplex is a sujitable
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prepatsitibh oF the@eriyzirbbriis edialyst. Effect of Gel Aging [0090] The
deconposition of |IPE was investigated in a fixed-bed
m croreactor. 0.5 grams each of catal yst sarrpl e A C
0 nd Do
1009555 FCRBPLCHE P, Detiihori B ChENT gidte Bghrsginigeed
with Ziarogiyd leratcsmmmmdce of SaMuxit Bejd f r om t he Bat on Rouge

Pl d fed
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gram$I5PHe HRIRE oMER il € detOlohdd PR GIPE” BID afaihiREs kﬂ%@ reactor
nolar ratio of 1:1. Reactor tenperature was 210C a
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erformance of the catal yst. The agi ng of . the ge
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I
con 5188258y o £ o PSR GRARRIR 6 d B o
using viepdratéi somesey | ofNbcrivat €V)D@B3¢niting adé colfje sipcies had sightficant
vesti ated n a fixed-bed mcroreactor. 0.5
a"tl"lf\g’la% eovESIQUP st of Exanple 8 were |oaded into a

3/8" O D. stainless steel reactor

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

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 Ether (IPE) 82.42 44.51 49.76
IPE Conversion (%) 49.1 431
IPA Selectivity (%) 93.5 98.5
IPA Yield (Per Pass) (%) 45.9 42.4

[0097] Example 21. IPE Decomposition over Ce(III) 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
grams 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 Example 12) was fed to the reactor at a WHSV of 5 ™.
In addition, HPLC grade water was co-fed to the reactor at an IPE:H,O molar ratio of



and dried wth N2 at 210 C. A sanple of isopropyl

ether (IPE) fromthe Baton Rouge Chem cal Plant (sane
w@er@da3rsl i n Exanple 12) was fed to the react oPCHUSH06/012786

WHSV of 5 h 1 . In addition, HPLC grade water was

co-fed to the reactor at an | PEi H20O nolar ratio of

1:1. Reactor tenperature was2210C and pressure was 90

psig. The data for |PE conversionand | PA yields are

1:0.8.5 'iBiok Rerhp&th@re’ wak @484¢ A8 friQuitatvas V0 pkab! ané &ROYr IPE

the cat algst_ shows significant activity for |IPE
convegsen apd P Aiyaelds desndsmy iat Tahle Ohdemenséralteg pgaih that|the catalyst

povsed, Py BB PSP Sl QUL BERRY B SRRL Ll it
activibeop RIS dvesibnasdPACe(1V) Nitrate Co-precipitated with

Zirconyl Nitrate in presence of Sulfuric Acid [0096]
The deconposition of IPE was investigated in a

fi -de ' : .

B I 6 SRSy Mptiphih o,
r 88¢& Ag dPiPEE Wt R at 210 C. A sanple of

I sopropyl—ether (LPE}y—F+omthe Baton Rouge-Chem cal
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bactor at al'weop Siream (irs) | | n addition, 29PLC drade
aPrpyleas co-fed to the redctod.1dt an | PE.$RO npl ar
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A £ 2N c]f‘s A y"(%:;t e speci eshas 8: gri-Hi cant

abtivity PR NVIPGHPERRasS) (/d 1o 1 pA~ Tabl 308 |

Deconposi tion of | PE over Ce(lV) nitrate

100983 DAERRRIE o Beslbptbn bt ELN) MRS ROcfrebpcated
with Zirconyl)Nitwiate it greSimep m_ésilﬁhtiamw usinp Hhgh Soligd Pidparaticn
oton PR S Srnpa S Tt i it EaE e B 03

gramOoPthd'cafilysPbf EanpRt1al wat 184deialBR §/32® PeklinlRadRd reactor
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and dvied ikoNaat 2000°QCA sensplenof ésopfopiyk ofenE) &ohethe(Bars) Rouge
f t Bat R Chem.cal Pl.ant [ -1
chenbd S a5 SRR PR P BRI s

In addition, HPLC grade water was co-fed to the reactor at an IPE:H,O molar ratio 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 10, demonstrating 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 (IPA) 1.29 21.66 19.07
Isopropyl Ether (IPE) 8242 51.10 55.59
IPE Conversion (%) 38.3 32.9
IPA Selectivity (%) 109.3 111.2
IPA Yield (Per Pass) (%) 41.8 36.5




I h addition, HPLC grade water was co-fed to the
reactor at an | PE:H20 nolar ratio of1:0.8. Reactor
w0 eoppas@Bure was 210C and pressure was 90 psi gpCTing2006/012786

data for | PE conversion and EPA yields are shown in
Tabl e 9, denonstrating again that the catalyst
prepared using separate sourées of cerium (111),
zirconiumand sul fate has significant activity for |IPE
conversion to I PA. Table 9: Deconposition of |PE over
Ce(lll) nitrate co-precipitated wth zirconyl nitrate

[0101] n pr Asampertait feage ilewety wdhapbevexsxampies is that using a recipe

wi GEGRRFRIL NP LA PO EROMFSSEBL R S

abouthi 9l 9ok ileks. PAxdar allfieir dc@ll @0¢eribne sel€aeo B HeaOBr edmplexed
| PE was investigated in a fixed-bed mcroreactor. 0.5 |
doesng signifieantly HEprayeasolubilityfor mligwphighar salide @and prerliges A dnfgrior

g . ) : e -
caalyh T Bhe BlcRrRaIRRnSd SEmASARCHEicaBify BENRED G i¥enithn i
addingatkfiridRecid¢o Sheriimalitrik aolutifs ariclgpadeleaimprovédk sotpbidity and
12) was fed to the reactor at. V of 5 In.
allows, réﬁfl_ ey %f&@arwé&r@@%a@eg@ﬁﬁ@at belih ot g and
sulfat@lcoRdnt. PEhél iIprmE@rsohﬁflié? afBbwd sBtid cdMé lo?Tthe slurry recovered
tenperature was 210C and pressure was 90 psig. The

from theet eopfesipitalipn ¢o he dncséased wistl abpye Jivel Us Tarprefshredrenibediments

ble 10, de strati i n.that,the catal yst
the sl PR R o1 Qs IR0 s o PRl o bt about
14 wtndstilinbad srefeasbl$ bOlRhdtiabautt 182wt Yo/ stilt nio2é plfrably at least about
conversion to EPA. Table 10: Deconposition of |PE over

20wi@e(I1V) nitrate co-precipitated with zir con | nitrate
nre . . 0 [ .
01024} | PEEE TSN, PR o MincheROl) Sopn Bt DMHY Horia
zirconis cathlgttsusi ng a recipe with ceriumsulfate, the solids
content is limted by the solubility of ceriumsulfate

salt to about 7 wt %or less. Adding sulfuric acid to

[0103§€r | U@oﬁiaﬂafr ife Bdliple 2322t or conpl exed doesn't
significantly 1 nprove solubility or allow higher ,
[0104§ 0l | d& sandplprafda cesiagircomé draving e atomipalt 15%hemsia cdmdent was

.pr.eferr net hod of Ki t he .cat al of the present
obtaifRflv R SHaf% DaftioR T rdiPpiopgafidh fs B, St A Garard was
inves@gdtad O fivbd-681 BhQYtcdesr.i 0B @Y@E of Ghd Gidck Davadd catall@svere

I gher solids content preparations and independent

loadefg' e cl/8'0P-R naipless sipsl aprgtariant gried it Nnet 2HheC. A sample of
isoprdgulgg r%{rﬁéle ﬁggg?g@ewetﬁa‘[&{ k8¥1‘§e éﬁ!ﬁhfézﬁl SRRt &Qllne %fra&eha% 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,0O molar ratio of 1:1. Reactor temperature was 210°C and
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



fromthe coprecipitation to be increased well above 7

w % In preferred enbodi nents the solids content of
wg@adod/13d2erry is at | east about 10 wt % nore pPEr/ERBING/Y12786

at | east about 14 wt % still nore preferably at | east

about 18 wt % still nore preferably at |east about 20

W % [0102] The followi ng eXampl es are directed to

commercially available ceriazirconia catal ysts. [0103]

obtairfe@ TRAN #do¥&silet RN Rc. [ PADddcotpdsiiBh 8f THE Gver this catalyst was

) ceria-zirconia having a nom nal 15%ceria content was
investigsatesi inedfifaddrad@nigtaaeaninri Sohgramseof dee M sstalysbwerst lopged into

« 38 B3 o nBel RS e TR AT TR 056, SAEBTEF raprons

ether (IRE} fib@atle Batoht Rouge $/Binida] Pland {saink| g5kt tieBkampRALYkvas fed
and dried with N2 at, 210 C. A sanple of isopropyl
to thearepeipr pf PEYHSNop § A - BhY adflitkeny dePlch empdeawatel sap codgdnto the

r H i o
reacto 3R ZPEED fFSRF Pt dE1:1 1 Bk oo e FACH Chncpressure
was 90@sifiged to the reactor at an | PEiH20 nolar ratio of

s 1. actor tenperatyre was 0C and pressure. was, 90
l0108!1)si g. %Fme@sﬁor Ve FHERE 28 Folis ﬁﬁmﬁwwﬁ% 14 thigghou, and
IPA 1:98Y ¥eid YpriBihafelyt LBl CHEN@HE shdhdt RBspiiceAiss YRIiBr in ceria

approxi nately zero. The data show that ‘despite being

conteti 101 thacatalystseaccerdingrtoethe prasenthisvendioa) theteonaseroiaticatglystowas
. t.t hf ?ent i nyention, the commercially avail able
1nactiys 05@]“: SEEWPISHRL: i ve for | PE deconposition. [0106]

[0109F0NPaTaide Vigansanddd eheddin kOitHicAtedabP! £ "8f symabol or ® symbol,
__ ceria-zirconia having a nomnal (17.5% ceria content
indicafjng dhat dheveamesany heproiastadiyErastein Badenek rights, e.g., they may be
. i %] : hi s catal yst was
rengtlgjlﬁges %%K%%%Ogéﬁﬁfg%ﬁ%%% m croreactor. 0.5 grans of
[0110] he MAIll pagdntd arsitpavent epplicadi@d, fest roeeddrdd (suoh@s ASTM methods,
stainless steel reactor_and dried with N2 210 OC.

UL migiipdh F a1 ) LB PePiE e i h el esagated by
referetPE R §2lexBnf Sk GadTBgE RA&t 38cdnBisteAiRth §hik 2hvel@isn Rd for all
to the reactor at a WHSV of S h 1. In addition, HPLC

jurisdiptiadeinwhieh swdisncmpdration s pehmitiedact or at an | PEr H20

[011 1,!';?'62; \ atnI rﬁm?efric%f 1]()'WerR fflncl%soz{ndt I?qugeel‘{c%} H{)peervﬁan‘?itszgfr%Cfis?ergidherein,

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.
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 numerous
‘embodiments and specific examples. Many variations will suggest themselves to 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



was 90 psig. [0108] The reactor was run for 24 hours.
| PE conversion was <1%t hroughout, and | PA yields were
wapproxi2emt el y zero. The data show t hat despi t BCHER29096/012786
simlar in ceria content to the catalysts according to
the present invention, the conmercial catal yst was
i nactive for | PE deconposi ti [0109] Trade nanes
used herein are indicated by a (tn) synbol or (r)
underSSHPhat profieat dnibdidiaits toTeths %@&nﬂﬁﬂvéﬁﬁoﬂ rip¢1eed edrtylarly
certain trademark rights, e.g %/ may be registered,
preferradaaternammicthodrofirasliing en Jagndlcs@il@ﬂu mﬁtg 0>fldq hayingtpaeenposition
ten )pl i cations, test procedures (such as ASTM
descnﬁecﬁwp %L& t hods, and the |like), and other
docurrents cited here| n ar & fyrlQ, i ncor por at ed by
reference to the extent such di scI osure is

whereit&dp gt loas one wata selspisd fiopeRrowmrt ahthert @Flo‘élICITable of Elements,
t
Y is ak gaﬁﬂe%éﬁf%elééﬁd%rgnlh%gﬁg4112:3(?&119% \El\}%rﬁéﬁ’lﬂla!nﬁies an% Actinides)

of thenIBm‘Rﬁla:?ﬁhbla o Blerthems, t$isas1ﬂﬁ1|ri aﬁde@ ihexggen, mi,angesnd e the
.any. lo l[imt to any u t ar.e_cont | at ed.

atomigydtios O BeiT FeSDEHVSPTRORSHLD ANoRRSE BriS (@ I %g‘mﬁ 0.01 to

about 12ME pPR &N A5 dub 8% Wahd gRafhd AtthBE dVoxyigbn ‘ﬁ’tdnlns ﬁ’é:‘eessary to

underst ood that various other nodifications wll
satlsfj)a[tipfawénmcet of dredothan compemat mdqwecmectlmﬁémgsk :mdebf from

wi t hout departi Jromt rit Sco
separdifsqfidn B arfidniiBF o SRR oRGyE Rl oS opbruRiing PRae=c
ranged F Heapatdhict REos| R & ARME ﬂg&ﬁlabﬁ@{ Q Eﬁ)cbssmfdredelédhvely
t he exanples and descri ptions_set forth erei n_but

conveptiighdr il ether do athscoeesponding (alkengs akd Baneb s theg process
t r 0 t I res de .l
compifihe oLl I BaObothil A sl 84, dilIc el AR O chilys
compiigitig ﬁln hddicmeiat® thetad oeidahueihg tltescoln’rp@smofn dfifotnnds €1):
skilled in the art to Whi%gé’t i nvention pertalns
[0112] The invention has mZn%scr I bed above with
wherdie X85 %Pfégstto?ie DAHTRI QIS8 TR G?&IH 5 o I%?i%ﬁfcf"fa%le of Elements

exanpl es. Many variations w | uggest themsel ves
Y is at &ﬁzas*eormlmnbﬂab seleated from (alronlpl%(nhqlghng tife Landhamlides end ActldeS)
taile eSCr.| ti n. Al | lous variations,are
of theg el TAE R Bhplter s e BB B b RS adh b B fre the
atom1a_ hzﬁioshﬂ"tﬁ&r Pébtlvletcoﬂdpbherﬂéf dﬂdﬂ exidno@dis tih atis Foph @b&ed.01 to

nbodi nents of the present invention include
about |ﬂa’}5t, ipcigl GP1 Yo 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
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-zirconium mixed oxide comprising
coprecipitating cerium 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 cerium-zirconium



preferred are: a nmethod of making an acidic m xed
nmet al oxi de having the conposition described by

wo oooad@3( 1) . XmynZ pOg wherein X is at | east POEUSEDEN12786
selected from Goup 4 of the Periodic Table of
El ements, Y is at |east one netal selected from G oup
3 (i ncluding the Lanthani des2lnd Acti ni des) of the
Periodic Table of Elenents, Sis sulfur, and Ois

cataly@X¥UQRde BY thb ploc@B bftopfRipitien@ et ahdtAi@sni@ bR deparate
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cont ai ni.ng at. | east one dialkyl ether w th a catalyst .
sturyg G GG S8 SHEF e Throeet amlieats b Shive dgd, it said
filtercaRP@S lobta@l Msaf deflMUiRobili MBRACLRIAE [Whith m8RShe Offther

nmetal selected from G oup 4 of the Periodic Table of

charagtbdzadninsa stitl inoregprefessd embodinnent.diy: sdierein afierfstepnibiead pefore
Lncl udi.ng _the Lant hani.des. _and Acti.ni des), of th .
step ({4 G5 19 B 5 e RPAERIAEE BPErh 1) € BBlnb8 period of
time, XH0&for A pefiod [of AB6UtSH BeEs td18barit Q0D holidtdt aste@berati@t bf from
respective co&onent s and, when mi [ rom
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i he val ence of the ot her conponents nade by
hoursca r eeaippratat iaf fron abolutY/S tcoabae1a04dl)e asdhise wieréihesaid basic

.presence of a sul fur-cantajni .specj es. (agai n, .
solutifi it cifp FAePHY “EIBHIR ST afoo P BHok: Bt & rodirgeyl nitrate;
wherdi® ¥t Bs B&Gh %H_Q%ei)v;heﬁ:irpm%e?ﬁvf&ﬁ BeiehiviRlYin the form of a

converting a dial kyl ether to the correspondi ng al kene

sulfurimatiditdmaplek, espévdallyrprefesrsd beimgrai syifiige ead camplengia cegen salt;
cont.ai ni ng at | I one.dialky.ather with a catal,yst.

wherdhf BBt bl s e F30 s B FufileaiSouc il Sleiparfufih Alibia te

sulfat® o\t Ifurivacidhim®aiveh 6idfdtl Bodiuht afaNoe atrabgt thefeof, and

made by a process conpri si &g coprecipitating cerium )
even gEe PRtiewATLY Avherdmtlicopaiwen ef sfatesioncoppists essentially of sulfuric

acid, ammonium sulfate, sodium sulfate, or a combination thereof; and also wherein Y is
cerium and is provided by is a cerium (II) salt and/or a cerium (IV) salt; and where Y is
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.



presence of sulfate ions; a nethod of making a
ceriumzirconi um m xed oxi de conpri si ng

W@ oweasi2pi t ati ng ceri um and zirconi um from sepBCEHUS2006/012786
salts in the presence of sulfate ions; a nethod of
maki ng | PA conprising contacting |IPE with a catal yst
conprising a mxed cerium Zzi 3%&oni um oxi de cat al yst in
the presence of water, wherein said
CELIAIMIS:I r coni untatal yst is nade by the process of
coprecipitating ceriumand zirconiumfrom separate
salts in the presence of sulfate ions; any of the
ats ggppti oned enbodi ments of which may be further
characterized by one or nore of the follow ng, which
may be applied as would be readily apparent to one of
ordinary skjl|] in the art in possession of the_ present,
dﬁscl odu rnéeﬁh%‘{ai ‘Hﬂ U@E}I@maz CPEGRIATRPEEMa i ed | i, Fompyising
AcdPr@GfitHi it i )
o N QR o (PR O W Pocnpe o sulfat
censum zirconium and sulfate ions, respectively)
with a basic solution to forma slurry; (b) recovering
said slurry; (c) filtering said slurry to recover a
f 21 t er Thkdiettod )of ANatinNg fiavitckr eaplisihprg said fil tercake
to obtain said ceriumzirconiummxed oxide (which may
be f ur () seniapting asehitiva containipg Seripm, pispanipnepnd sefte ions
e Qitﬁgl@rs 1uB¥n (o RELE .ter step (b) and before step
(c) sal s?urry I'S ‘age > a predeterm ned tenperature
for a () echevedng sagtlsipey;j od of tinme, such as for a
peri od@)f about (? hours to abofﬁt 200 hours at a
t enper &9 Giterg saq PHi i tRcows alfteaeskgs 250 C, for a
peri od(Pfard aTet 0 0, ca. :
Ferper S Lo o g L el R St B g Py rrconium
pateddxade. about 20 hours to about 72 hours at a
tenperature of fromabout 75 to about 150 C); and al so
wherein said basic solution is an aqueous anoni um
hy.dr OXT%\}J;ﬁ@Eéétdc_@(ﬁdin\gf@r@llaﬁn 3, whereld &R Ydtep[H) a8l Before step
wher ei n is ceriumsul fate, wherein Y is provided by
i &) paid wiwrsgisiaged Aea prdatesningd sempaiatire fot iadredsigyingned period
eshghLal 1y preferred being a sulfuric acid conplex of
a certumsalt; wherein at |east one source of Sis the
sulfate ion SO4 2, and nore particularly wherein the
s%l fate ion is sulfuric &gi d, anmmoni um sul fate, sodi um
sl f at 'Ehe Byocessaceqrdmg torfelain 3, vdisePie @id agingels for a period of
Paolut SUhcid Yo WHAI €100 Adies %F?rt@ﬁ SatY ok 3t 'aBBut 50 to about
consi sts essentially of sulfurl g acl d, anmoni um
sA0f@t e, sodiumsulfate, or a combination thereof; and
al so wherein Y is

5. The process according to Claim 3, wherein said 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 process according to 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.



ceriumand is provided by is a cerium(lI1l) salt
and/or a cerium(lV) salt; and where Y is cerium and
w0 go0pnanzsded by ceriumnitrate. Anot her preferP@rus2006/012786
enbodi nent includes use of the catalyst conprising the
mat eri al described by fornmul a (1) in other reactions
wherein certain feeds, which ]may i ncl ude exhaust gases
(especially exhaust gases froman internal combustion
engi neJrheoRkdel SR CHiGARA WIReiflMdVBasi¥esdtitdinMis hn Ayueous
nmet hod of making a ceriumzirconiumm xed oxide
c emenjus hydrexige eaiien-at i ng ceri um and zirconi um from
separate salts in the presence of sulfate ions. 2. The
method of Caim1l, further conprising: (a) contacting
a 8s ol utlheNmetod addobrdfheC @ | anf od o€ ahe Uikcedity Slaithgt wherein
ions with a basic solution to forma slurry; (b)
r EEEUBY Pittptasisitlep SoMTReQf ZIreQDium; | tering said slurry to
recover a filtercake; (d) drying and cal cining said
filtercake to obtain said ceriumzirconium n xed
0¥i de. The nidtisodoacooriis @camgroak of thegpréteding cﬂaims/nwhen’em cerium
aft r st before step (c) said slurry is aged
tﬁ?%ﬁ@?éi‘%?%“?@hper ature for a predeternined
perlod of time. 4. The process according to Caim 3,
wherein said aging is for a period of about 5 hours to
alfut Ibe nthdsacgerding teramaroat 0f hegfredading cdioist whereingeerium
about 250C. .5.. The ess _accor Gl.aj m
RSB EL T R gt T OTRER R BT our
to about 100 hours at a tenperature of from about 50

to about 200 C process according to Caim3,
wiér ei Ehgam@rha@uaﬁ@orﬂ@gff@r Clpirpe},i whergip said cerium salt is cerium

sulfate.

12.  The method according to any one of the preceding claims, wherein at least
one source of sulfate ion is sulfuric acid, ammonium sulfate, sodium sulfate, or a

mixture thereof.

13.  The method according to Claim 12, wherein the source of sulfate ion
consists essentially of sulfuric acid, ammonium sulfate, sodium sulfate, or a

combination thereof.

14.  The method according to any one of the preceding claims, wherein the

source of cerium is a cerium (III) salt.

15.  The method according to any one of Claims 1-13, wherein the source of

cerium is a cerium (IV) salt.

16.  The method according to any one of Claims 1-8, wherein the source of

cerium is cerium nitrate.



about 20 hours to about 72 hours at a tenperature of

fromabout 75 to about 150C 7. The nethod of C aim 2,
wob@easn3sai d basic solution is an agqueous anoPCT/IB2006/012786

hydr oxi de solution. 8. The nethod according to any one

of the preceding clains, wherein zirconyl nitrate is

the source of zirconium 9.-Fhe nethod according to

any one of the preceding clains, wherein cerium

sulf at @ inSethd¥e ob ISRy TPACEShpHRingl Qonthbigng BN OKlith a catalyst

according to any one of the preceding clalns, wherein

cepmprsing apmiieadoeegiuThZIr¢eaive ror dsf cadalysy| ihhe presepep of water,

c | ex of said cerj. A1 T L.; .

¢ SRS it oo hEBERNE Gkt read T oREbgERo i E0b iR ating

Sgbrivah @nd 2iZcontiie 1Bt Separadecaalis ¢ he pte3ereyof etlgatoforshe

precedi ng clainms, wherein at |east one source of

sulfate ion is sulfuric acid, amonium sul fate, sodi um

sykf at ' h The 3 . d

S48 ithe Hed UL 150RhERlx salPoerthif ESHAM catalys is made

i by agonsssfustheiseandrisalg:y of sul furic acid, anmoni um

sul fate, sodium sul fate, or .a conbi nati on .t hereof. 114..
?ar) g sulfate ions

The mefHRPREACHB? & IRUHAY SRRAIBINE SFIUMh SIEoHERY 2R

Ch@iBhasi B ioR 6 REmSP4LGS, of ceriumis a cerium (I11)
salt. 15. The nethod according to any one of O ains

1- 13, Weeedveringeaidslrye of ceriumis a cerium (1V)

salt. ene nethod accordin 0 _any one of C ains

16, whe e RO SRR AE Ve P AlAeR® cer um

ni trat ed)ldrying &Rl bOcinbie K ifilgrchA s obfal Sdid Gerium-zirconium
contacting IPE with a catal yst conprising a m xed

c 8HKeh9%fl9.coni um oxi de catalyst in the presence of

wat er, wherein said ceriumzirconiumcatalyst is nmade

by the process of coprecipitating ceriumand zirconium

f 16m sé&hamadtkod af Céaimnl §, hehepein sftec stepf(bs and beferd gays (c) said

slurry is aged at a predetermined temperature for a predetermined period of time.

20.  The method of Claim 19, 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.

21.  The method of Claim 19, 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.

22.  The method of Claim 19, 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.

23.  The method of Claim 19, wherein said basic solution is an aqueous

amonium hydroxide solution.

24.  The method of Claim 18, wherein zirconyl nitrate is the source of said

zirconium.



18. The nmethod of Claim 17, wherein said
ceriumzirconiumcatalyst is made by a process further
w@owpn3@sng: (a) contacting a sol ution contai NPE@ILUS2006/012786
cerium zirconium and sulfate ions with a basic
solution to forma slurry; (b) recovering said slurry;
(c) filtering said slurry to3¥ecover a filtercake; (d)
drying and calcining said filtercake to obtain said
COpl UMTRE QRO BY IB1x%ad 19X ivl6reinl Seriubh &ulfRie o dh® kot @ioMsaid
18, wherein after step (b) and before step (c) said
skemyy. i s aged at a predeterm ned tenperature for a
predeterm ned period of tinme. 20. The nethod of C aim
19, wherein said aging is for a period of about 5
hadrs tae attd F00lahnuBswatret datdpetudt W grovidefifi @e form of a
about 50 to about 250 C. 21. The nethod of Caim 19,
wefeicacihearngplpxs of peerginpeali. od of about 20 hours to
about 100 hours at a tenperature of from about 50 to
about 200 C. 22. The nethod of O aim19, wherein said
agiing The hethedl qfellaiad2 @ fwleban taid Oedon salt isceabmusnlfe.
hours at a tenperature of from about 75 to about 150C.
23. The nethod of Caim 19, wherein said basic
sokut i e iSctAtl 3EYEAUS 18 RAEMLA BY BaXbtesi@bdibi eMlfatdon is
The nmethod of Claim 18, wherein zirconyl nitrate is
t lvelfigtnacid anfmaaind suifate,moidivm QEfateThea maxthodthefeofd ai m
18, wherein ceriumsulfate is the source of said
cerium 26. The nethod of Claim 18, wherein said
cepi UMThs REBYE A Chithh2s,f @hefelf tie Sollrelfof Csubfatedion consists
conplex of a ceriumsalt. 27. The nethod of Caim?26, .
wiseseatigilysef sliveriagid, gamoniyn sulatgnsodinm skiéate,q 2 qopgbination
n%#éfggoq. of Claim 18, wherein at |east one source of
sultate ion is sulfuric acid, amoni um sul fate, sodi um
sulfate, or a m xture thereof.

30.  The method of Claim 18, wherein the source of cerium is a cerium (III)

salt.

31.  The method of Claim 18, wherein the source of cerium is a cerium (IV)
salt.

32. The method of Claim 18, wherein the source of cerium is cerium nitrate.

33. A method of making an acidic mixed metal oxide having the following
composition:
KXmYnSpOq

~ 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 g 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



29. The nethod of O aim 28, wherein the source of

sul fate ion consists essentially of sulfuric acid,
w@novonswzal sul f at e, sodi um sul fate, or a conbi NnBCT/UR2006/012786

thereof. 30. The nethod of Claim 18, wherein the

source of ceriumis a cerium(lIll) salt. 31. The

met hod of O ai m 18, wherein-#he source of ceriumis a

cerium(lV) salt. 32. The method of C aim 18, wherein

t REmPOnELmAde B R EdHBRIPBatHIX YAl Y frbmt &ﬂar‘aﬁz- safs Wt GHlesence

of making an acidic mxed netal oxide having the

f of b owlifircpoptaippg PRECEA:  n pUg wherein X is at | east

one nmetal selected from Goup 4 of the Periodic Table

of Elenments, Y is at |east one netal selected from

G3gqup 3 ( 1The methodgtd1ginl 36)twirpdial 8Sis alttorAahiand deR)cetiim.

the Periodic Table of Elenents, Sis sulfur, and Ois

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

regpectiv , [ , is. f

aBaat 0. 01 F SERRERkGHERE to 1A% Ty'ch . shckein f from apout
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t he val ence of the otherconponents nmade by

coprecipitating X and Y from separate salts in the

PRESeNgge Hethod Ybdovding 36 @93, SPE6E 88, whfrein! BAd catalyst is

nmet hod of O aim 33, erein Xis zircontumand Y is

c exada by a3BoceThiiriiet eryapristeyr di ng to C ai m 33 or 34,

wher ei n i .rom about 0.,10.to about , d i S .
ey ke bbb F 5ot e i @R o B Y i i ks with
a@a®akidisolRtib®tddoath M shdry; 34 or 35, wherein said catalyst

is made by a process further conprising: (a)
cont actP)dgeeyesng saifl Sirweont ai ni ng a source of X, Y, and

sul fur é@qﬂ&n\ﬁ%gﬁd%m;}?@ggﬁ hﬁ&c&l&;f orma slurry;

(b) recoveri sai
(d) drying and calcining said filtercake to obtain said cerium-zirconium

mixed oxide.

37.  The method of Claim 36, wherein after step (b) and before step (c) said

slurry is aged at a predetermined temperature for a predetermined period of time.

38.  The method of Claim 37, 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.

39.  The method of Claim 37, 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.

40.  The method of Claim 37, 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.

41.  The method of Claim 37, wherein said basic solution is an aqueous

amonium hydroxide solution.



(c) filtering said slurry to recover a filtercake; (d)
drying and calcining said filtercake to obtain said

W@ 2006080221 r coni um m xed oxide. 37. The net hod PET/TCEB06V12786
36, wherein after step (b) and before step (c) said
slurry is aged at a predeterm ned tenperature for a
predeterm ned period of ti me3538. The method of O aim
37, wherein said aging is for a period of about 5
hgors tr@e aRavdd #00108 %swﬁtereﬁl EIRORST itrefeSis Whe §0PEB of said X
about 50 to about 250 C. 39. The nethod of C aim 37,
whasei n aging is for a perl od of about 20 hours to
about 100 hours at a tenperature of from about 50 to
about 200 C. 40. The nethod of C aim 37, wherein said
agsng The fndth@l PECIDE I8 valeih c&furh GuIfsteti® tiabeutce/dX said Y
hours at a tenperature of from about 75 to about 150C.
410nsThe nmet hod of O aim 37, wherein said basic
solution is an aqueous anoni um hydroxi de sol ution. 42.
The nethod of C aim 36, wherein zirconyl nitrate is
t A¢. sodhe endiliodsafi Cladn i36nwhepéﬁx Y Theerimeh hod saifl c&Hainns pvide
wherei n cerium.sul f source. of said Y ions.
40 thefarpat ada‘ioﬁi‘ ‘3‘0 ki s cerium and
said ceriumis provide in the formof a sulfuric acid
conplex of a ceriumsalt. 45. The nethod of C aim 44,
WHEr ei Ths aathaslerfi Clains 44, twhesein eaidl geniwn isalhisecering, sulfhie.
met hod of C aim 36, wherein at |east one source of S
ions is sulfate, which is provided by at |east one

SPECI eTheeh@BIEEf I Ich¥heedi/ft 1680 9h6 kowrge 6f SSuhd idrsutfate,
aci d, ammonj um sul fate, and sodium sulfate. 47. The

metaeyisgrrodidad By 46 leash ene ppecien sclssigd deorp thes gropptcensighipg of
I I C, , anmoni um
su@%@ée%“g%gnu%rﬁh%l %ﬂf?[g and Sggliﬁ%:norlflgﬁnat i on thereof. 48.
The et hod of CI al m 36, V\,herel n the source of Yis a

cerium(l11)
47, e method of Claim 46, wherein the source of sulfate ion consists

essentially of sulfuric acid, ammonium sulfate, sodium sulfate, or a combination

thereof.

48.  The method of Claim 36, wherein the source of Y is a cerium (III) salt.

49.  The method of Claim 36, wherein the source of Y is a cerium (IV) salt.

50. The method of Claim 36, wherein the source of Y is cerium nitrate.

51. 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.



49. The nethod of C aim 36, wherein the source of Y is

a cerium (I1V) salt. 50. The nethod of C aim 36,
wob@easn3t he source of Y is ceriumnitrate. 51PCEUS2006/012786

process for selectively converting a dial kyl ether to

the correspondi ng al kene and al kanol, the process

conprising contacting a feed Qontalnlng at | east one

dial kyl ether with a catalyst conprising a
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