-WD 2006/ 130235PCT/ US2006/ 012967 - 1 - M XED METAL OXI DE CONTAI NI NG SULFUR

- FIELD OF THE | NVENTI ON 100011The invention relates to a conposition of
matter corrprlsm at | east one netal from Goup 3, at 0 tal from

Goup 4, sulYYu# “gﬁaz:"?)xygen, particularly useful as a cg@‘?{%gﬂ[ﬁ}af%geet her

decorrp05| tion to al kanols and al kenes. BACKGROUND OF THE | NVENTI ON

100021M xed oxi des of Goup 3 (including the Lanthani des and Actini des) and

Goup 4 netals are known to be useful in catalyzing oxidation-reduction

reactions such as exhalMEXERAMBNAL OXAE TANING SULFURe of such catal ysts

in the purification of exhaust gases part| cul arIy gases produced by an

i nternal conbustion engine, have been described, for instance, in U S

Patent Nos. 5,478,543; 5,518, G%LDSQIS’BEEMENSKB‘BO 536; 5,582, 785;

5,607,892; 5,7 18; 147 .4 e 6, 255, 242;
6 291, 719; 6,3%@?@76;T§5§B%m98§ﬂmg‘t CEE mggk%Fgﬁ%i%VmS e deeh Llyst have
been proposed b mtthlefrolec@omns, 4t ilast «m‘e wtthlefrap Granped,lzetfir ddsoiygdned, for
instance, in U_S

Pat ent S. 1,073; 4, 254,290:. 4 2. 4,521, 638;
4308 051: 4, 3BFIED SR S ep ol s ethepdser iR el e oy 2R s
Decorrp05|t| on du MIBE'" by P.B. Meunier et al. in Revue de L' Institut
Francais du Petrole, vol. 4 s 361 to 387, US Patent
No. 5,254,785, U.S. Patent §69ﬁ§39§9ﬁg§%?%%%%%Eﬁgﬁgﬁt No. 5,117,920 and
Japanese Publ i §ioez] PaMitdd Jpjeb bf Gkduprs {ihnludir%themﬁﬂﬁﬂﬂ&é and G@GGEHdINpubl i shed
I nt er nat i onal i cat . PCT/ US2004/ 1546 i scl os cess for
sel ectively co%ﬁquﬁg ?eﬁg‘f:ﬁ)}‘fmé‘l ﬁ‘bg ¢ 4y h‘& c 15‘? ‘é’gp%ﬁﬁﬁ?{breg‘fc%%e and
al kanol, the practmssehapeihaisngs padfiadsd ng a feed cont ai ning at | east one

i al kyl her w I in [ | oxi havi n
? hg f)clﬂ | ng ﬁg myh‘gbgl t] tﬁus)ésgf gu?: cata?ystsgma%eagun catzon 0 %xhrgtslsgtagaso de ha 9

particularly gases produced by an internal combustion engine, have been
described, for insiance, in 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
[0004] Various catalyst have been proposed for the decomposition of ethers,
have been described, for instance, in U.S. Patent Nos. 4,691,073; 4,254,290;
4,320,232; 4,521,638; 4,398,051; 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 No. JP-A-06072904.
[0005] Unpublished International Application No. PCT/US2004/041546
discloses a process for selectively converting a dialkyl ether to the corresponding
alkene and alkanol, the process comprising contacting a feed containing at least
one dialkyl ether with a catalyst comprising an acidic mixed metal oxide having
the following composition:

KmYnZy 04
where X is at least 6ne metal selected from Group 4 of the Periodic Table of
Elements, Y is at least one metal selected from Group 3 (including the

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



-[err] where X is at |east one netal selected from Goup 4 of the Periodic
Tabl e of Elenents, Y is at |east one netal selected from Goup 3 (including

t he Lant ham\’?&%o?]?ﬂ%ﬁc“ ni des) and Group 6 of the Perlgélllfﬁszgoaﬁ%[]iﬁ of El ements

and Z - dast one netal selected from G oup & 11 of the
" Periodic Table of Elenents; m n, p and q are the atomc ratios of their

respective conponents and, when mis 1;2n is from0.01 to 0.75, pis fromO
to 0.1, and q is the nunber of oxygen atons necessary to satisfy the val ence

of the other ceRQaLNdrR meld)QelbitdEHoCregs 7p8 .cna 12 YneCRubdiL Tasiblof UT
typically present in an amunt of up to 5 wt% such as up to 1 w% of the
final nixed OX|E69€1366n‘60%|pH“8ﬁ1 arerihg a sl JRedr TESRRCUNE SYERBENH§% npr egnat i on

or by co-preci pinkRtd 8N, Bﬁ@ffbxﬁd(llClHlOd?SfTbXstﬁ'dSrﬁOCt@f@tlabﬁH 96 @Re aRHbERF0f G oup 4
nmetal ions and a source of Group 3.and/or G ou netal ions, 10006] One of

the key chal | eRgEEsn 3P iefelsrsy iy sy theevalmss @gth etherhempel@isodient of a

catal yst that sﬁk&%dé@baéf&am/%ﬁ& stuﬁlﬁr %&%ﬂy biesehi aﬂ'aﬁ@ﬂxﬁ'of‘ﬁ?w?m
subsequent |y deh%gr ating the "al cohol to ‘the corresponding ol e

catal ytic perf ovthmsesh asfupttpd ‘c’@@ﬂ(éﬂzﬁ ﬁ@ﬁérﬁriﬂéﬁdc@ftl@l spgposigon. nThamixedd by t he
met hod of making;qaf ¢ aﬁmrﬂ?ﬁ_'ﬁn%é'og s Q{Hnaor%k’&gg ﬁ’ifrpphﬁlon%&rpae ﬁ;let\ﬂ'gt ors such
r 0

as the ceria content clpitati cl nation

t enper at ure al |conthifimg souhiee of diratpyonetpdprfsandapraiece OTﬁEDUpB@B@mGIIOWé ntors,
however, have q]ifle?aﬁ?o‘ﬁ?r ed a ceriumsul furzirconium catal yst that has the
desired level of activity and selectivity for this reaction. SUWARY OF THE
| NVENTI ON [ 00079006 i nO=nof dire key dhallengeedn tdgveiopiisx 8ds iwhedlogyxisdéiecat al yst

conposi tions h i (1) where
%15 at 1 onst abbboldifor s Rl G AERVEL ERlvel ABPUNR  Blaiolhor Vi (O)

El ements, pref enlsbduentyy debydriating thy alcghchto the aswrespordingatiefin. sBicantaliticf r om G oup

3 (including t i,.de e r of
El ements, pref g’r%g@%]%%gsr}it%m&n QCOA @h’gl ﬂnr@éﬁw% %nﬁe@%ﬁ%f%ﬁ and q are
the atomic rat iaﬁﬁmec:feri&-kisioniamesqlﬂenetalwaldcmmpdms s.uclamjthe mmruomcntspli nis from

about 0.01toa ut . Q. 75, frably about 0.0 5 pis
from about 0.0% tméc tau m; @e{%ggg ecfll§ "?tnanf g%ﬁ\ tE‘)'I':u%u Bﬁﬁgb@ cat% sl?JEt 0. 35,

nore preferabl ypeffomrm@bdﬂte Oestd 1tﬁ03ntors Bowevaﬂadlarte dsc8@redsd cdriumnsmifer-pr ef er abl y
from about 0. 1021%19%1%11@ %gtgl sq tﬁag h61§ ﬁér&mresd leve? HR% agé 58%:(9{191‘%)? f(ﬁ-tgﬁg‘s necessary

to satisfy theVv onen
reaction.

SUMMARY OF THE INVENTION
[0007] The invention is directed to a mixed metal oxide catalyst compositions

having the following empirical formula (1):
XmYnSpO0y (1)

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



- [0008] X and Y are preferably zirconiumand cerium respectively. [0009]1t is
al so preferred that sulfur be present in the conpound according to formula
(1) in the amount of fromO0.50 to 1.25 w % nore pref he anount
of fromO.6AW¢BE3Sthan 1.00 wt % and still nore prpgi@gjaoé‘f’dl%ﬁi t he anount
~of fromO0.65 to 0.85 wt% [0010]In a preferred enbodi ment, the invention is
directed to a conposition conprising tl%e conpound of forrrul a (1) above

havi ng the proper distribution of Bronsted and Lewis acid sites. [0011]In
anot her prefergog @E@)%@!I%&E préfI8oly BERNIYRN0 16 1 LA ELES éu?de&' iPet he presence
of surface sulfur spécies having 5=0 stretching vibration in the region of
1420- 1300 cm 1numiektioxsgsnpiors gecess3nbo sy the gisag|of fhesthier fompepttfer pref erred
enbodi ment, thgopdivent Ly bs pbl;a@}g 3iRbhitSdn®¥eribAVic@cdesi ft in V(CN) of
adsor bed deut e@atsgd acetonit tﬁ§?1 relat er teﬁan > 66 gﬂq [0013) I n yet

anot her pref erW@QP]enﬁbmaiﬁEMEfel’teﬁéhai @anmﬁeiﬂsnél‘iercempwdta@poedlwtecess for the
deconposi tion LIS t%p 1%5(9 at kanpl gs and still
nore preferabl 5&’?@ gﬁp@o&(l:egllisﬂ?j e p%g’ug’?ﬁl on Of I%R?e?g%ﬁ and al so
still nore pretruabbfirom %%tﬂd@@s@aﬁ bPO twih &6, pand ditit thaze pmﬁerﬁér:nbtmyl al cohol
from sec-butyl 0 Ihtecl So,an oObj ect of the invention to provide one
or nore conposl l{mgnsf Ln&geg%ﬁsgfﬁ{he above-recited enbodi nents. 10015] These
and other obj e[®0H) fdama‘slxedaamdaoantmamﬂagwnﬁmib dipetedite azppaesitivn as

reference is nade .t.0 hefo det.ai L ed descr.iption.. preferred
enbodi nent s, ogrgﬁlfl@% ecﬁﬁlp peng‘g%l E gar?gv % P’ﬁ%bb&f‘ THE
DRAW NGS 10016]Sionst¢dmda,emmndmyesng dravm ngs, Iike reference nunerals are
used to

[0011] In another preferred embodiment, the invention is characterized by the
presence of surface sulfur species having $=0 stretching vibration in the region of
1420-1300 cm ™, preferably 1390-1365 cm™.

[0012]  In still another preferred embodiment, the invention is characterized by
having a shift in v(CN) of adsorbed deuterated acetonitrile to greater than 2260
cm’.

[0013] . In yet another preferred embodiment, the invention is directed to a
process for the decomposition of ethers to the corresponding alkanols and alkenes
and still more preferably to a process for the production of IPA from IPE, and also
still more preferably to a process for the production of sec-butyl alcohol from sec-
buty] ether. |

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

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

examples, and appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0016] In the accompanying drawings, like reference numerals are used to
denote like parts throughout the several views.
{0017] Figure 1 1s a plot of IPA yield from the decomposition of IPE versus

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



_denote |ike parts throughout the several views. [0017]Figure 1 is a plot of
| PA yield fromthe deconposition of WE versus the percent sulfur in a

catal yst according to fornmula (1). - 4 - 100181Fi gure | FTS
spectra forWOeP6(i#A235 r coni um mi xed oxides in the regi Sﬁwﬁ?“%qﬁ%ﬁ 100

-cnmferr]. [0019] Figure 3 shows DRI FTS spectra for cerium zirconi um oxi des
after adsorption of CD3CN in the regi ed-of 2400-2000 c[err]. [0020] Figures 4
and 5 show the Acidity Characterization using 1- Am nopropane Deconposition

of catalysts CBREQ di ngighRs b REVAITSIIENS spedieh c@inPRftoRLShix6RbaAKST S- _
DETAI LED DESCRI PTION [err] According to the invention, the m xed netal oxide

cat al yst conpo@itheregiongf 168E1108¢ENt i on has the fol | owi ng enpirical formula
(1): [err] wh is I . : f the
e;rog%s% ﬁ%&ms‘a’eé\@ﬂnﬁsgﬂgtf‘ﬁ'?tsﬁéctr§ eleghifd z}ilrc&mr@o%es 4nd

Peri odic Tabl e El ements, _ east one npetal selected from Goup 3
(i ncl udi ng t headserptidrof CHREN amde regioniof 3962003 crihe Peri odi ¢ Tabl e of El enents,

and S is sul fug: Ny n ace e sat o £.r af | -t heL.r_rgspective
conmponent s andf,’oo%/ﬂ]en ;Fnlglgrseglz?'j a(r;fdié ¥¢Ogmﬂgeb%lrﬂ&5. g& ?%cng%%({?t ﬁ%}B%SF pref erably
from about 0. OAmiropmpaetDeorgmsitipn bEcafalysmaadvoditg ©.USIpresentabutior0ando,
preferably fro arlg%llt t9.05 to about 0.35, nore preferably fromabout 0.10 to
about 0.30, sti T “hore ‘preferably fromabout 0.10 to about 0.20; and q is

t he nunber of oxygen atonms necessary to satisfy the val ence of the other
(I;g;ripggie(r:lt isl'ébrgeu;e;i odi c "'I'abl ?Dﬁgﬁﬁﬁ*ﬁﬁé@ﬁﬁf zred to herein is the
g the "new on scribed in Chem cal and
Engi neeri ng Nel#82¥3( 5Accaieding 198 The \ilweotionn uitd emsxetl heegl caxde fopalystl to 18.
[0022] Sui t abl eco%rp%glgon?)otr{l?é ig\lre%titi)nr&?als H]%%Olﬁ)%n%dém%%cayito}nglau {P):and | ant hanum
XmYnS;0q (1) '
where X is at least one metal selected from Group 4 of the Periodic Table of
Elements, Y is at least one metal selected from Group 3 (including the
Lanthanides and Actinides) of the Periodic Table of Elements, and S is sulfur; m,
n, p and q are the atomic ratios of their respective components and, when mis 1, n
is from about 0.01 to about 0.75, preferably from about 0.01 to about 0.35; pis
from about 0.01 to about 0.50, preferably from about 0.05 to about 0.35, more
preferably from about 0.10 to about 0.30, still more preferably from about 0.10 to
about 0.20; and q is the number of oxygen atoms necessary to satisfy the valence
of the other components. The Periodic Table of Elements referred to herein is the
Periodic Table using the "new" notation described in Chemical and Engineering
News 63(5), 27, 1985, which numbers the groups from 1 to 18.
[0022] Suitable Group 3 metals include scandium, yitriom and lanthanum,
and metals from the Lanthanide or Actinide series, such as cerium,
praseodymium, neodymiurm, samarium, europium, gadolinium, terbium,
dysprosium, holmium, erbium, thulium, ytterbiurh, lutetium and thorium.: The
most preferred Group 3 metal is cerium. '
[0023] Suitable Group 4 metals include titanium, zirconium and hafhium,
with zircontum being most preferred.
[0024]  In a preferred embodiment, X is zirconium and Y is cerium,

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



.and nmetals fromthe Lanthanide or Actinide series, such as cerium
praseodym um neodym um samarium europium gadolinium terbium
dysprosium holmum erbium thulium ytterbium |lutet] rium The
nost pref er VOR3P 3 metal is cerium [0023] Suit abl epc@ﬂg%g%tz%gt al's
“include titanium zirconiumand hafnium wth zirconi um bei ng nost
preferred. 100241l n a preferred enbodi+fent, X is zirconiumand Y is cerium
[0025]While a primary factor for the acidity and selectivity of this m xed

- 5 - netal oxingg 6atalmslystaRPRAT & bPlihed!winkaR whidhrite soaremder ati on of
all three conponents in the preparation, the presence of sulfur is critical.
In a preferred EPEBatnBRe PIePAraien: W BrFsnse hellip s/ ieHarB etreFast i on, sul fur

shoul d be presgiodinnt, B aRTRIRE 2RRE QARG Zhtdn! QMAENBuIA LY plefent e amount  of
fromO0.50 to 1.25 wm % nore preferably in the anount of fromO0.65 to | ess

than 1.00 wt 9t semapospd pecordingdo fraple (bR he el fBuht0 Bf1-3r¥ie0. 65 to 0. 85
Wt % [0026] I n ﬁ&%g&ﬁ%ﬁgﬁme%&ﬁeé iR 0.65 8K Ieh A EOCHMROMAG R GlR di Ng T O

formula (1), the oup 3-and 4 netals are coprecipiated fromsolution in the

presence of supkigrablygn dreamantyf Giom § 951985 Wi a nore preferred enbodi nent,

t he sulfur con I St,.0 ' J j r cerium or
fﬂﬁtﬂﬂ In F‘%ﬁ#l@ﬁgeé) éro‘déés NGr %é{ﬂ% P’l@ &HJ)%)%%%F a&%}% i

0
by addition of other su contalning salts or e e am nloum sul fate.
[0027] X and Y famulpr(byiteketrduy sandat atetalssat tegpreaipiatnd frowf salutighyin Hhgghl y sol ubl e

in the sol uti op. i 6 hidy rf;&&&gﬁg% Yl AUCOu @sykgy%%%odmﬂa Sheir 1y

conprising the coprecipitate i I I nstance, storage in
a steanbox or swifupcdnteneisfobrainad py wiket eitheri asatatp ealf algernfm o1 hyeeddrtidn tEnper at ur e,

such as about g@ertfglggﬁgﬁtm%gg&sffg{%%9%?;%41&%;%%&3;o about 150C, and from

about 5 to abou ours, “pre hours to about 72
hours. The copli82Tlpi t K andihyre peviehinesepante Isaltsy excloprefeeatilyihighly sdlubde i on,
fol |l owed by dryi d then,cal cinatio f the resulti C .St precursor
in the manner e@gF‘fﬂntéo ’E@‘]c}é\}\? rf%ﬁ%]afﬂa@gﬁu?qﬁ(ﬁ%mﬁi ;ﬂthﬁrsgl (fﬁ%g%é{%gr epared by
conbi ni ng a fi tistcopiecjpitade $obptibnadly agedrpy.i B Ngtances Glorage imh s@ambgx 4r net al i ons

with a second |iquid_solutjon conpr.isi a urce of ,oup, 3 al ions,
wherein the co%&x Y %rnalfr%fi? @B?dﬁegoéﬂg%?e %“?S‘?i%ﬁ‘?er%‘f{% Sgﬁﬁﬁsiagflgrl\?/ﬁtt%o cause
CO- preci pi t ati soubd?sq Qeprefaiablly yibdut 35 eCabosY5S04E aad fomiabiodt Somabdue 100 qui d
medium It is preferred.that the.t solutio be nbi ned by nozzle m xi ng
et o her se Rt Frofen M ot zp SPwR st o) Loate SHERRRSErR BN oup 4

met al i ons andbé bavanettlyeecoverddve fliraviap, Bllavwet &l divingundrehgn balcigaishbfed i nto a
single solution. This salution ma hen be.subjected to conditions

Suffi ci ont -t o HisoguliBe SRR PRRRRT b Bt EEPYSY. | Cuch s by the
addition of a (028] pi tHiei lgid emgentcan Shtc frepded bipoiombininy arfiorxti Hidnd t he
like, to the sol.ution. ILn af;rg)refe?]@ed %an%i.ment. an agueous Pal ution of a
base i s added SYUYRPTIPHENERPWCSOf TR 4 PO HI PRy Maudyollon o j o
caused to be abatris@gesdoarce bhGtouy 3intetd tioms) whedin teompineder talkeds plaabout S. - 6
- [0029] Suitable soutces .the netal ions for e ecipitation include
conpounds such“‘éfgﬁr S@HWP%F%@ toccrﬂl%?rcioifé%cfp“ﬁ?%gfi[tgeecs‘f‘?a%gg[ﬁ?%%% 2hd nitrates.
Preferably, at séliiaftém ¢Hediqaid rhddeniER &l [BefeedabIBntwoasiutiomslefcafmbinad/ or a
source of sulfgte i ons, i.s added tgﬂthe. ItLqui d xture from whi t he

catal yst precuP%8PZAsmnEasd; PL e own in the'art. Am:matwel%', the source ofC tEe

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 § is caused to be about greater than 7 to at or below 9,

preferably about 8.



- [0030] Where the Group 4 netal includes zirconium the preferred source of
zirconiumis zirconyl nitrate. [0031] Were the Goup 3 netal includes
cerium the preferred source of ceriumis a ceriumsulfate-sulfuric acid
conpl ex or noT&HIFRrably ceriumnitrate. [0032] Cal TAMFOYBIt he
" catal yst precursor is effected, typi cal_%y in an oxidizing atnosphere, at a
tenperature of at |east 400C, such as at |east 500C, for exanple from about
500C to about 800C. The calcination tinme may be up to 48 hours, such as for
about 0.5 to al¥f#f] Sutaplsusayrces if g ampiple 19151 o bHAt coprecipitigispuinclide hour s.

Where the catal sQr k1S f.at g1d , i: i on
cY¥PbouRli€ SWhS P)g)gﬂmea, cHibtided! SrbQRs, s.gﬂ{%s %gcgﬁfh%s.

condi tions should be control so as to retain the desire ur level in
the final cat alfyeferaldpmpdesist onsrof[tOBSRIFhe Pxepept pd & ahifafeomdldr & ingenf above and

ranges for at Oirgélga.té Fbé%%zic@%gtof @k 1ng8 nﬁgﬁ}%oﬁ‘&ﬁ%h?c@ﬁﬂé gle t%)ﬁac&rpoq' jk nvent ion

after cal ci nat m xed oxi de conpositions o e 1nvention are
useful as cat alpysipgiatedh a variety of chem cal reactions. [0035]1t should be

under st ood t hat resent.invention s, directed to conpasi.tien of matter
whi ch conpri seéoqgﬂg“ﬁlgrtei Ve Gﬁﬂ'ﬁ’sg néeftﬁaméélz Cal <o té%tpgelﬁi/nse VY é’?ﬁ and t hat
vari ous ot her matehinaissircdogrnieaanpl e cocatal ysts, binders, supports,

matrices, and t i.ke be_conmhi.n for. purposes such as. to provide
strengt h, poroép‘ﬁ)ﬂ, hé‘ﬁ’éﬁ’ "F%ér(ﬂ“ﬂ%é?et & %Secepﬁlgl’ @?Rgﬁﬁﬁéf%?ea?sf?g "F'Eal |y used,
and that one ofis peddinmanifatekilfutic kdid Edngplexrdr niofe efbably sérivmn tifratthe present

di scl osure coul ily.ma such final material w.thout nor.e than routine
experi ment at i 0480:{28@%6‘]“%“!‘}%0‘%%[?&)(@ R RS TR e?{‘?‘é“‘iy‘}%‘@ﬂ?“}?ﬂ/%ﬂ&?‘&ﬁ are useful
gat alysts in aauﬁdssblﬁetre,g a0f te@b@ﬂﬁﬁﬁa:lratneaamob%l_suchiamlamaﬁtSwed:,&gr/éxh}nﬁ:aef_
econposi tion of ethers jnQto.the corr ondi n cohol s an ol efins.
Accordi ngly, tﬁjﬂmb?bé’%iﬂo $|’f§/%br‘?f"i %ﬁ ('Lal gg&f‘a I%Pg’%g’inﬁnﬁylf%&ﬁé%%ﬂ‘%ﬁ"“’decorrposi ng
gt hersbtg tBei Fsuﬁmsrf@‘sablﬁﬂ@lm@abﬂucmm, &ﬁéxeﬁtplﬁbﬁabouslitﬁ@b@tm@m& .oxi de as f
escri bed abov s catalyst. -7- 100371 _The ether decanposijion process o
the invention ie\?qgfé?\%esc"é%}’ﬁ FEEIHY %Pﬁt“&lshsé‘?f?%dﬁ‘fsai%?ﬁ FFS“‘P"@EE‘W‘ WS i xed

met al oxi de catsabils be dafRINEDQNasH Qutin UND@dsireDdiut 1e0¢1Sn el Bl kmalydt0 convert
the ether to an olefin and an al cohol. Suitable ethers for use 1 n the

process of the PH¥E¥9%n incl ude those having the fornul a R2-C0-CR5 |
R3R6 [0033]  The empirical formula given above and ranges for atomic ratios are for

the compounds according to the invention after calcination.

[0034]  The mixed oxide compositions of the invention are useful as catalysts
in a variety of chemical reactions.

10035] It should be understood that the present invention is directed to a
composition of matter which comprises the active phase of a catalyst or catalyst
system and that various other materials, for example cocatalysts, binders,
supports, matrices, and the like, may be combined for purposes such as to provide
strength, porosity, and the like, to make the final material actually used, and that
one of ordinary skill in the art in possession of the present disclosure could readily
make such final material without more than routine experimentation.

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

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



-wherein R, R2, R3, 114, R3 and 116 are the sane or different and are

sel ected from hydrogen, al kyl, arylal kyl and al kyl aryl species, each
preferably to 20 carbon atons, with the prov en all the
substi tuentrsw[ﬁl ?h‘rjl%agh R6 are hydrogen, i.e. the corrp%%ﬁ@zp&ogggrgth I

" ether, the product is principally nethanol. [0038] In general, the
conditions enployed are not narrowly defined and depend not onI y on the
ether starting material but also on the desired conversion rate and product
sel ectivity. Tywayaiteyetheh Aeeupositidgroeansl the @ﬂslnwhhﬁvdlm lcbglgxtiag kenper at ur e

of about 50C to_about. 320C, . a gressure of agout 1cPa_ ( cgressures used
herein are gau§leprBEEREcEed itk amBehariH SBde Frdys dewyivedhabone gpders00 kPa,

and a wei ght hesdiins RAESVY & &vby HeWHRYto @h ofBRUhd Gn Jaiddholt OSwRgEt 25 hfl;
such as a tenperature of about 100C to about 275C a pressure of about 0 kPa

to about 2400 s MTAseinRe RioRessAS e igvestpndaciyds tinse hayinapsiprmee abottit 0.5
hi' to about 101111. [0039] In one practical enbodinent, the

et her-contai ning feed contains nmethyl tert-butyl ether (NWISE) and is
produced by reacting a m xed butene streamw th nmethanol. After separation,
the present process is used to sel égtivel yRdeconpose the resultant MIBE to
i so-but ene and net hanol. A sinilarﬁgrocess can be used with m xed pent enes
to produce tert-anyl nethyl eth@+—ﬁi¢&ﬁ&—#0%—sm§ectlve conversion to

i soanyl ene and nethanol. In this enbodi nen sui tabl e et her deconposition
conditions include a tenperature ofg about OC to about 200C - 8 - and a

pressure of ab t bau ce velocity
(WHSV) of abougmf %ﬂé I%bﬁ'h? tiubdl%% h{%&ﬂ%?’ ng}%&ettgﬁgﬁ%tg eeétgdpi?%%tlcal
enbodi nent, thély@‘ozmr alkﬂnmalalkwhgldfaéle@hnd@mcmsn@dsBn;femlpﬂ}yhavmgmprto@SBE) and is

produced as a ct c- but anol .
One possible rrle%w]) d‘?’@I%’Egﬁ“ﬁw‘ﬁaﬁ I%Béﬂl}g%{sj a %H@g@?ﬁ&gﬁpl e by
addition to rmthadromhn@l ehegasroimuné,ls bditngthplo ethem | the rm;dutthnss pbeciglipj ect to

envi ronnmental lation, it also leads to a | oss of butenes as a

| ower - val ued conponent. Moreover, the SBE may not be readily isolatable as a
single corrponer‘[003§1 hemlhytlrco:nndéﬁimis@maloy&bq:ramttliacruwtyehﬁn‘tdqamgiepmdd may form
a mxture with e-bai | |.n i onpQ S of Csoleflns
formed by di rneng’l éz)nz f’%ﬁl ot‘h ?%Bp @gtﬁlg%{b vc\’/eo\?jetﬁegg) &f(%n?%s]&lt%t f| ns, being
hi ghly branc heda,rodmtwlekdctrmkeTwl@di@,dioh«iegdx, tbe tandionddilltibaledetategpsahtene,

T eam  Accor digRy SR B e dspbE Pl Risht DT REore Seakre oy

C|0_nver sion to &@&%@gi ﬁxl&f)sbrealﬂdleﬁ-ot}iw\g@d’l@eblﬁe@ tﬂamesmotm;aﬂdiarﬁvé@t [0041]
ol 1 gonerl zation of the bufene a ILNg present.
The cat al yst cg’r?ﬁ%)é S?ﬁcﬁﬁ@ £‘&ﬁ§gfééé‘ﬂ‘t“t %n]\/g‘htfocﬁ“’ﬁ‘i' g; BB 5@‘ 52 the

sel ective convegspedhmelor 98at § Q0°6a6 abiH amC, a@ttsﬁrebwa%ﬁx kol dbbiitt ed
oligonerization of the resultant butenes and | im

ol i goneri zat i or*PQ heidAvsig hB‘FI%WCWIQﬂ%WVbP%@Q%WSR{ i P
tenperatures, sgm'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
embodi ment , pr dPEIO] by ors prasticalerBitodagnt, itom etberranteinia feqdheqnizns methdnper at ur e

of about 150C t1en-BRQLthe? (RFBERAY IS Bkih@d B réb@iila AixkbButb #aAHLiH00 kPa, and
a wei ght hourl y space vel oci t?a l g of gtr)out Oa 5xto lzlibout 10 \IN

Conveni ent |y, pkdr s sgmeahemt%ﬁ Igfgqenﬁ mieqeerde ysolde alectively derompess to t he
SBE, with the ”EHJ; Fsulfafh MerB%fto‘i\é%tb%né Qndsﬁﬁhﬁﬂbpl ﬁ%&dﬂarﬁ;@d’&%sﬂﬂn%& Q80 to 3,
such as about 0.5 to about 2, for exanple about I'n anot her

enmbodi ment , thewﬁamﬂglslenméoblyodﬂh@iﬁﬁr%&@tm ﬂthﬁfe('li"f{i\@hﬂrcﬁqleﬁ*&? be used
for the purificahidgulo %E&ﬂ&iﬁ}e SRS RSmMHR IS Gfs WtBBinteht QL. GREDUStI ON
engine, e.g., for use in catalytic converters, by contaéting such a gas with
t he catal yst acdeosmiposigion (oondhtempmhlém ténpesitire of zhout 1008C 1o ﬁmMBCLO"Cn a
preferred enbodi nent, the ether-containing feed contains isopropyl ether
(IPPE). In a nore preferred enbodi ment the WE i s produced as a by-product of
propyl ene hydration, in a process for the manufacture of isopropyl al cohol
(I'PA). Sone | PA processes involve contacting propylene with sulfuric acid.
This can be acconplished with gas/liquid absorption or liquid/liquid
extraction. Wile these processes have been utilized for several decades,
sone i nprovenents have been made. The inprovenents include a process
configuration that utilizes a unique conbination of plug flow, bubble
colum, and closed stirred tank reactor reaction sections to achieve high
conversion of dilute or concentrated propyl ene. Al so spargers custom
designed for the propyl ene/sulfuric acid absorption/extraction section can
be used. Further, |loop reactors may be preferred to i nprove m xi ng

a A



. X CH3CH=CH2( C3H. $) x(3). 100461 Al though each of reactions (1)-(3) is acid
catal yzed, the process of the invention is effective to deconpose VE
according to reaction (1) while reducing |PA dehydrati yI ene

ol i gomeri zatYQ#H/BPEF er abl y, the conditions used to efé)&é@&ge{feﬂgorrpo& tion
“include a tenperature of about 100C to about 320C, such as about 200C to
about 300C, for exanple about 240C to abBeut 280C, a pressure of about 100
kPa to about 3550 kPa, such as about 400 kPa to about 1800 1cPa, for exanple

about 700 kPa tagg aqg.s&uré%@@bdﬂ?@mM%%Hob@%h@ﬁ@@@ ¥ Holtly pace (VWHSV) ~of
about 0.5 hfl to about 10such as gbout 3 hit to about 10 hr', for exanple

about 7 Id 1. Ceaeb{MERY)PIahaybl hedeaboyt YHE .cat al yst i ncl udes water in
addi tion to thgodspFm 3\/&tanotﬁé?qxgﬁaéﬁrenfba&ﬂnemorhevwieﬁeon&a@mﬁﬁeaxeﬁtsaﬁé' y ranging

fromO to 3, such as about O. bout 2, for exanple about 1.5. [0047] The
processes of t lsec-huiether 6@153@@(1 B@T@Wﬁd@éﬂéﬁpmﬁluﬁOgﬂlﬁthb’éfﬁmnﬂfdmtem ui di zed

bed. - and my ¢ 3KEBLRSE GARD] THRUNILIONAR Guhaor 403ARY Hienf ccesses of

the invention ma conducte I'ng pure et edst oc ey may
i nclude a dil uém emmph ta/saddlttonog@mtora\regmh ga@dmb,obut,dmcmmnuemasaltlkahes and t he

ke In 8 PrelSiLed SUDMMIR b el ARl e B AQURLIRR D the ot her

feed to mnim ze]%pe | on o tan cohol’s ever al
exanpl es of t he'alpetb@mpanermnl\/.tofeoeumhoBBBsnaaromObﬁlemcglytlsnlatﬂﬂc mfeme exanpl e

are given bel ow, 0 per i e 1].The. foII exa es are neant
to illustrate A& rgtsSler?\ Wogv?&'g f‘Iﬁ) tlE’orn]otw ueas’ co ma%’r W Fr ot her

met hods. Nuner etith uh:seﬁbbilmgbuﬁamolgodwmammbae@mmsﬂy ef ﬁﬂskeﬁbé &matbyt is to be
understood that,.within t S eof t he appended thel ention may
be practiced ot HeFHrs ?‘ﬂg‘ﬁ gug e Weggrl’lvyg}'% g@%r(fc ggg%e e, h’% 052] Exanpl es
1 through 6 dedeanched, tvindd swakt heg:osmghctctme aédlm\a/mlgammeaewabmms

[ 0053] Exanpl e 1. Fjve hundred of ri de dr.at Zr OC12xH20,
and 14 grans ofeg@ky?rbma)(fe\%mesg &@FS%%]%O re ’sﬁcé Smﬁf{?l stirring
in 3.0 liters @f‘efd‘teﬂtdbdokl@dm’bi@i]ﬁ!hwa&\fmd bg @bnviersion t@@a&tlﬂltaﬂbll‘@dZGO grans of

concentrated N4. 40H and i.t ers_. of d| t|| te These two
sol uti ons vvere%B{?%’i“r?é’(‘j"cﬁfs ﬂf'aﬁgmt‘téf’]ég" ’% \Aﬁ“‘%ﬁ. &B&ﬁ‘% fi xi ng. The

pH of the finalolefi@aspresht e was adj usted to appr oxi rratel y 8 by the addition of
concentrated a roxide. This _slurry was then i ol ypr opyl ene
bottles and pl 3@'3&1 :ILi!]?F ﬁglgl’séa?ﬁ%%m{%d’é) ?(Bfegef‘é SR m%h"énb‘? Sﬁu@/ formed was
recovered by fistledtiati ﬁﬁlverwaﬁhﬁds\ﬂﬁho e¥eRuBnola ks , 2-Ritehes twiihe dinddted a
filtercake. The flltercal %%I ) dr| overn |ng?ed§ t 250F, Thereafter the

filtercake is CUBURGHEHGP é@mfaﬂ e"tﬁﬁf‘lﬁll EATRFrZatiop I9omSEFAYgR ai r and
then al | oned t @f a0t oldfiie 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.

[0042] In another embodiment, the catalyst made by the process of the invention
may be used for the purification of exhaust gases produced by an internal
combustion engine, e.g., for use in catalytic converters, by contacting such a gas

with the catalyst according to the present inventioin.



- WO 2006/ 130235PCTTUS2006/ 012967 - 11 - el enmental anal yses are shown in Table
1. [0054] Exanpl e 2. Five hundred granms of zirconyl chloride hydrate,

Zr OC12. x1120, and 140 grans of cerium (IV) sulfate, Ce di ssol ved
with stirri MPrRYBIBS|jters of distilled water. A secoﬁ%@ﬁff?ﬁ%ﬁ cont ai ni ng

" 260 grans of concentrated NHAOH and 3.0 liters of distill water was
prepared. These two solutions were com¥ned at the rate of 50nl/rnin using a
nozzle m xing. The pH of the final conposite was adjusted to approxinately 8
by the additi ofyal) 18 ONGRREEALRChRRGE the! B Ah@iking Seed Binging | ispFapyMas then put
in pol ypropyl ene bottles and placed in _a steanbox (100C) for 72 hours. The
product f or medetherdEc vemed pryerted embedimen thadBE erfodycedesedyesedugiat er, and

stored as a fi : i;lte ' ' rJai: t F.
Thereafter the% ?]IIOP @fgr%a e | gﬁ’cllélac rﬁgéégg(%ﬁ%%%ﬂéﬁg gérmlrg_o? 5%2{?132% ahf%QOl‘ﬁglour s in
fl owi ng air antPAhebemed IPAvweatesses inebie colaeting peapiiencwitaswiffsie exd. aFles shown i n
Tabl e 1. [0055 : Ve fril V- vzl rconyl
chl ori de hydr a%%%(&% @@5%3%@@3%@@;@%@%%%%@ Mlg@bl:{lg r%g%#pﬁ Oﬁ}ntﬁr ate

hexahydr at e, CHeMNaB)SEsEhhOewbeencutdizesivr yeydravilqchdes,tsome improvemedtsthatd t er s of
distilled wate eC i i,Ni 5 o rat ed
NG 54 gas Ui BRRoN Tt PRl SERAE e Shr B Mup GRREETE (0P,
wat er was pr epanigut cohtbdrston viphgpilow,i tmbige welnmen,codiiopeicstiabd tank reasive of

50ml/ m n using_a_nozzle mxing. .Fhe pH of t final copposite.was adjusted
to approxi mat ere;?dgmbsﬁm{‘)ﬁg}oaﬁgﬁg‘ﬁ 13%1 8%V%r§ﬁ%8ﬁ€i}u§? ed oﬁ?ﬁggﬁfi%"ﬂ{}ﬂ‘r‘?oxi de. This
slurry was therlgput spaaggpol wpstapy| éesenbbt tibes tand ppogicadsilfuria siéddhnbox (100C)
for 72 hours. The product..forned s re ed by filtratjion, .washed with
excess wat er, 5‘??8'@?‘8@%{30%@ Sg‘mfgp FEere: e&vﬁﬁ%ﬁf’?ﬁ/ &%CR%&Z‘@Y}’%P%?@F%% over ni ght
at 250F. Ther eaf ingtovie hexihg Integrityake i s cal cined at 700C for a total of 3
hours in flow j r. and en .al.l d t,o | .. The el gment al | yses are
Shown i 1 Tabl o 1043 BpERsseblk kP eieshibe i hromd e BP R BT B neof

Zr O( NOB) 2- xH20 iz fild bat, gotanty mdy thie blkibjedt wehardinestal regadativhfdut slké rri ng in
483 grans of distilled water. A second sol ution contai.pin granms of
concentrated N aer‘?ﬂn%ﬁ%vaé‘feéﬁlég%‘fcgﬁiv@ﬂ Sleg’ﬁnv\ﬁgf@?npﬁﬁgc’ %é%egl?ggo These two
sol utions wer epgpyiehd'ad A, The oftihiad pathwDHOFH (e Bactish 3haefozshben By Xi ng. The
pH of the final corrpgs_ite was - 12 - adjusted to approximtely 8 by the
addi tion of cofPE#@¥ed ammmoni um hydroxide. This slurry, having a solids
content of about(CHcHas)-QASHIOMIH, A9 (CH CHOHGHAHOCHAE-CM, 100@)f or 72 hours.
The product forpmed s recovered by filtratjon, washe ith excess water,
and stored as é@?ﬁ%é& @‘.ge'ﬁfé‘gi"? hee?a@i)ﬂ‘ééieﬁ%%pﬁp%ﬂgg%ﬂ%%‘gﬁat 120C.
Thereafter, t héirstly] néfi@Ringahé\ddhydalici sFeBAfornddQy fe@ttion (1)0bogro@fend hours in
flowing air and tgqen | | oned to cool. [0057] Exanple 5. Thirteen thousand,
five hundred aftf® ‘%‘gef‘?‘if@“&am of Zr QNGB) 2- xH20 and 7, 963 grans of
Ce(SM4) 2 were dissol ved WCHITISORCKH] Rg CICHACEB36 mgoang)of distilled water. A
second sol ution contaj ning, 4,055, grans of ncentrated NHAOH and 30, 096
grams of disti Wéame\%ﬁ%rmw"&%‘&gwéa?m%@ e PHBYIERt E’FPG%@“’%QP’S % onbi ned at
the rate of S50Q#kiidd @):Usi ng a nozzle mxing. The pH of the final conposite
was adjusted to approximately 8 by the addition of concentrated ammoni um
hydroxi de. This slurry, havi ng GEEHRs  dhe of)-about 7% and was then
aged in an aut qej4ay RitRdugh Qe Jrataciensh@D-is 18 cRERERLS thef Bbdmop@e ecovered

by filtration, washed with excess water, and stored as .a filtercake. The
filtercal ce wadn'gpids ifetiyg GriecontPosnBE acqqrdipg oy feartion (Reviilereuriag) ce was

cal cined at 70QA faekydmtibR b profylche RAPGFerizitich! PRSI the 8itditoRekedl | oved to
cool . [0058] Exanpl e 6. (conparati veg Exanple 6 is a commercial ceria-zironia

catal yst al so doffiest WErgcagmosition ingy mpde ofamul D0 fedbasiddiCs om Grace
Davi son. Tabl etsﬁch%s%ggd?b%"cpt‘@ %&6? ?(ﬁ)"@,f fopglaﬁ]bﬁ%gomglﬁ”d @laﬁout 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



. Exanpl e Cerium % Zirconiumoh Sul fur % Cerium noles Zirconiumnoles Sul fur
noles Ce n Zr m
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(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.

[0047] The processes of the invention may be conducted in a stationary or
fluidized bed, and may take place continuously or batch-wise.

[0048] The processes of the mnvention may be conducted using pure ether
feedstocks, or they may include a diluent such as nitrogen, argon, carbon dioxide,
alkanes, and the like. In a preferred embodiment, water may be added tdgether

with the ether feed to minimize dehydration of the resultant alcohols.

[0049] Several examples of the preparation of compounds according to the
present example are given below. |

[0050} Experimental

[0051] 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.

[0052]  Examples 1 through 6 describe the synthesis of the ceria/zirconia
catalysts.

[0053] Example 1. Five hundred grams of zirconyl chloride hydrate,

ZrQClyxH;0, and 14 grams of cerium (IV) sulfate, Ce(SO4); were dissolved with
stirring in 3.0 liters of distilled water. A second solution containing 260 grams of
concentrated NH,OH and 3.0 liters of distill water was prepared. These two
solutions were combined at the rate of 50 ml/min using a nozzle mixing. The pH
of the final composite was adjusted to approiimately 8 by the addition of
concentrated ammonium hydroxide. This slurry was then put in polypropylene
bottles and placed in a steambox (100°C) for 72 hours. The product formed was
recovered by filtration, washed with excess water, and stored as a filtercake. The
filtercake is dried overnight at 250°F. Thereafter the filtercake is calcined at

700°C for a total of 3 hours in flowing air and then allowed to cool. The
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elemental analyses are shown in Table 1.

[0054) Example 2.  Five hundred grams of zirconyl chloride hydrate,
ZrOChxH;0, and 140 grams of cerium (IV) sulfate, Ce(SO,4), were dissolved

with stirring in 3.0 liters of distilled water. A second solution containing 260
grams of concentrated NH4OH and 3.0 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 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
clemental analyses are shown in Table 1.

[0055] Example 3. One hundred and twenty-five grams of zirconyl chloride

hydrate, ZrOCl:xH,O, and 4.6 grams of cerium (III) nitrate hexahydrate,
Ce(NO3)36H,0 were dissolved with stirring in 0.5 liters of distilled water. A
second ‘solution containing 50 grams of concentrated NH,OH, 54 grams of
ammonium sulfate, (NH4%SQ4, and 0.5 liters of distill water was prepared. These
two solutions were combined at the rate of S0ml/min using a nozzle mixing. The
pH of the final composite was adjusted to approximately 8 by the addition of
concentrated ammonium hydroxide. This slurry was then put in polypropylene
bottles and placed in a steambox (100°C) for 72 hours. The product formed was
recovered by filtration, washed with excess water, and stored as a filtercake. The
filtercake is dried overnight at 250°F. Thereafter the filtercake is calcined at
700°C for a total of 3 hours in flowing air and then allowed to cool. The

elemental analyses are shown in Table 1.

[0056] Example 4, One hundred and thity one grams of ZrO(NQ;);-xH,O
and 72.9 grams of Ce(NO3)s were dissolved with stirming in 483 grams of distilled
water. A second solution containing 109.8 grams of concentrated NH,OH and
528 grams of distilled water was prepared. These two solutions were combined at

the rate of 50ml/min using a nozzle mixing. The pH of the final composite was
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adjusted to approximately 8 by the addition of concentrated ammonjum
hydroxide. This slurry, 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. Thereafler, the filtercake was calcined at 700°C fora
total of 3 hours in flowing air and then aflowed to cool. |

[0057) Example 5. Thirteen thousand, five hundred and sixty five grams of

ZrO(NQO3);xH20 and 7,963 grams of Ce(SQ,); were dissolved with stirring in
17,636 grams of distilled water. A second solution containing 4,055 grams of
concentrated NH4OH and 30,096 grams of distilled water was prepared. These
two solutions were combined at the rate of 500ml/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%, 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.

[0058] Example 6. (comparative) Example 6 is a commercial ceria-zironia

catalyst also containing sulfur, Product Code MIS15 purchased from Grace

Davison.
Table 1: Elemental Analyses of Calcined Materials
Cerium  Zirconium  Sulfur Ceriumm  Zirconium  Sulfur Ce Zr S
Example % % % moles moles moles n m p
1 2.86 65.55 0.52 0,02 0.72 003 ~ 0.03 1.00 0.05
2 18.70 52.00 1.00 0.13 0.57 0.06 0.23 1.00 0.1
3 342 64.69 0.78 0.02 0.7 0.05 0.03 1.00 0.07
4 18.60 53.90 0.19 0,13 0.59 0.01 0.22 1.00 0.02
5 16.40 54.60 0.75 0.12 0.60 0.05 0.20 1.00 0.08
6 11.50 60.00 012 0.08 0.66 0.01 0.12 1.00 0.01
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[0059] Elemental analysis of the samples were obtained using dispersive x-
ray fluorescence (WDXRF) on a Siemens XRF, Model SRS 3000.

{0060] Example 7-12. Performance comparison. The materials described
in Examples 1 — 6 were tested for IPE conversion to [PA in Examples 7-12,
respectively. The results are tabulated in Table 2 and are shown in Figure 1.
[0061) The decomposition of IPE was investigated over each ctalyst of
Examples 1-6 in a fixed-bed microreactor. 0.5 grams of each catalyst was loaded
into a 3/8” Q.D. stainless steel reactor and dried with N3 at 210 °C. A sample of
isoi)ropyl ether (IPE) from the Baton Rouge Chemical Plant (note: all IPE
decomposition examples herein use the same grade of IPE, which comprises
greater than 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 about 210°C and pressure was about 90 psig for each
reaction. IPE conversion is defined as (IPE gt - [PEfees) / IPEged, and IPA
selectivity is defined as IPApwau / (Theoretical IPA produced from IPE
decomposed). IPA Yield (Per Pass) is defined as the product of the IPE
Conversion and the TPA 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
and 1 mole of propylene, then the IPA selectivity would be equal to 100%. If less
than one mole of IPA is produced, e.g., due to subsequent dehydration of the IPA
1o propylene, then IPA selectivity would be less than 100%. If additional IPA is
formed, e.g, by hydration of the propylene formed back to IPA, then IPA
selectivity could be greater than 100%.

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

[0063] These experiments show the unique character of the composition with
regard to the amount of sulfur present, especially in and around the level of about
0.50 to about 1.25 wt %, more preferably in the amount of from about 0.65 to less
than 1.00 wt %, still more preferably in the amount of from about 0.65 wt % to
about 0.85 wi %, and vyet still more preferably about 0.75 wt % sulfur.
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[ 0059] El enent al

ray fluoresc
7-12. Perfor

"tested for WE conversion to I PA in Exanples 7-12,

nce arison. The materials descri bed

are tabulated in Table 2 and are shown-i4- Figure 1

: Table 2: wt % sulfur and [PA yield
Example Calalyst of S.wi% Max IPA Yield

Example
7 1 0.52 27
8 2 1.00 44
9 3 0.78 51
10 4 0.1¢ 9
11 5 0.75 59
12 6 0.12 0

[0064] The "Max IPA Yield" is determined by plotting IPA yield versus IPE
conversion. Such a plot goes through a maximum, which is the number reported.
[0065] Note that the commercially available catalyst was inactive for IPA
production.

[0066] Example 13. Diffuse Reflectance Infrared Spectroscopy
(DRIFTS) characterizations. The type of sulfur species and acid sites present in
ceria-sulfur-zirconia samples described in Examples 1 through 6 were studied by
DRIFTS. DRIFTS spectra were recorded on a Nicolet Magna-IR 560
spectrometer equipped with an in situ DRIFTS cell. Samples were prepared in the

conventional manner. The spectral resolution was 4 cm-1.

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

[0068] Figure 2 shows DRIFTS spectra in the region of 1500-1100 cm™ of
the sulfur species in the ceria-sulfur-zirconia samples. The samples were first
calcined in 9 vol % O; in He at 250°C for 1h, then cooled down in He to 50°C.
As can be seen, the DRIFTS spectra show strong bands in the range of 1400-1300
cm’. These bands are correlated with $=O stretching vibrations (C. Morterra, G.
Cerrato, V. Bolis, Catal. Today 17 (1993) 505). With a low sulfur loading, the
$=0 band is observed at 1350 cm™ but shift to higher wavenumber (e.g. 1365-
1390 cm™") with a high sulfur loading. This DRIFTS specira suggest the formation
different oxy-sulfur species on the samples. From a catalytic point of view,
catalysts producing the best IPA yields have surface sulfur species with S=0O
stretching vibrations in the range of 1420-1300 cm™, preferably 1365-1390 cm’™.
[0069] Figure 3 shows DRIFTS spectra in the region of 2400-2000 cm™ after
adsorption of deuterated acetonitrile (CD3;CN) on the cera-sulfur-zirconia

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

S 1-
respectively. The results

anal ysis of the sanples were obtained using dispersive x-

%'Mﬁ?g F) on a Sienens XRF, Model SRS 3?%9E§%%%$%Lﬁxanple

6 were



. [0061] The deconposition of | PE was investigated over each ctalyst of
Exanples 1-6 in a fixed-bed mcroreactor. 0.5 grans of each catal yst was

| oaded into a 3/8" O D. stainless steel reactor and dried with N2 at 210 C
A sanpl e of YC3MFBIS ether (PE) fromthe Baton Rouge EREHFRY1BPhnt (note:
~all WE deconposition exanples herein use the sane grade of WE, which
conprises greater than 95 wt % WE) was-fsed to the reactor at a WHSV of 5
11-1. In addition, HPLC grade water was co-fed to the reactor at an | PE H20

mol ar ratio of glodsge ?@ﬁ:gd%re {oe%?{@i% %e‘“@ﬁdi@pgi"tm%aéo&i@%dgg{cgls@ge Was

about 90 psig fior ea action. conversion 1s fi'ne pr oduct
PEf eed) | PEr eedholeantd i¥\&res,ethe ce(CH) twhbrat®nde ihnalDHN LiPAbsenddict atoupgdheor et i cal

| PA produced fr VE deconposed).. Yi el Per Pass) is defiped as the
product of t he22@°@ong}@W§Y%’nﬁ“§n¥fq\%®W“§gﬁ€é&°ﬁﬁeﬁy".’ Rt erron HOBYr et i cal | PA
produced” is tRgepairbghplefes TEDBENCS AJPAe tBaledafae rdpRisiiil WHERiB siEP| e of VE
deconposes via_reaction (1) above. Thus, if one nole of | PE deconposes to
form1 nol e of Brmaled arlawigh| Retejled infompation about the yse ofdhip teshmigiecenibgi t y woul d

be equal to 10G§6ngkf ! M8Sert R PORSoPPUENRE hEE. L8rdS, mx&%ﬁem.ee&m. due to
subsequent dehydration of the IPA'to propylene, then’ selectivity would be
| ess than 100%Fhys. 283 4.i&FhaFscriope Pt eBearreyggMepinihgnd Gt Moriest t he

propyl ene for Q&\fhk e e LY it I ter than
100% [ 0062] ngglr] eacf (l)égb\’/vgés‘?%%gr"lbf %.cr(}i[?t’?é%g‘?%&%?' ??nﬁé&s%???%%ﬁﬁfo det erm ne
t he maxi mum | PAhyine$ag. Farsday desus-nhud??7i &, 489; & EvaregbavaaKeHaliersbarggriasd 2, bel ow,

and al so shown griaphi | y:1 LQuRe.l. 0631 e i show t he
uni que char act ér Jg?’ ?ﬁ%ll'c}é]r#ﬁgsﬁtigbr%%g\ﬁ tlk?bir)’eg‘gr%aif ggt ﬁgﬁ%%%&%ﬁsul fur
present, especikaletepbrink, h§liemr ¥ognthraday Tans d) 1935, 7AbaMdl. 0. 50 to about 1.25 wt

St1T oo profardy v Ade AdRHtkn 8 LG AORHBIEHES %8 bR BIPHE LY 0 65 w
% and yet sti % Ogbride gr280%} fobllly, thdnoooleddavm mHedte SUAG. GIDsCN-adsbiption Tabl e 2: wt
% sul fur and | R ALfofrsAiiResn HRIMRWGE 15%hinS DERAS Bttt erd bR andr* P! €

purging the samples with pure He at 50°C for 15 min in order to remove

physisorbed CD3;CN.

[0071] When the CD;CN is adsorbed on ceria-zirconia the v(CN) vibration is

observed in the range of 2260-2302 cm™. The shift of the v(CN) vibration to

higher wavenumbers (e.g. >2260 cm")ris attributed to the coordination of CDsCN

"with acid sites. These shifis of the v(CN) to higher wavenumbers are correlated

with an increase in the acid sites strength and sulfur content. A high IPA yield

corresponds with samples having a v(CN} IR vibrations in the range of 2340-

2280 cm. and more preferably having two peaks, one at about 2302 cm’™ and one

at about 2264 cm™.

[0072] The results of the DRIFTS experiments shows a multiplicity of acid

sites, with one peak in the vicinity of 2300 cm™ indicating one type of acidity and

another peak at 2260 ¢cm™ indicating another type of acidity. The intensity of

these peaks are roughly in balance for the optimal catalyst. According to the

literature, cited elsewhere herein, these peaks are ascribed to different acidity

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

speculate as to which peak indicates which type of acidity. Nevertheless, while
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not wishing to be bound by theory, these findings appear to indicate that a
optimum concentration of surface oxy-sulfur species and a balance of acid sites
are necessary for high selectivity towards alcohols when converting ethers back to

their corresponding alcohols in the presence of water. |

[0073] EXAMPLE 14. Acidity Characterizations Using 1-aminopropane
(n-propylamine) Decomposition.

[0074] Some of the samples described in Examples 1-5 above were also
characterized for acid site distribution and strength based on the temperature(s) at
which decomposition of n-propylamine (to propene, ammonia and water) occurs.
This technique is known in the literature and has been used to elucidate acidity in
work conducted by R.J. Gorte and G.L. Price. See, for instance, Grady, M.C. and
Gorte, R.J., J.Phys. Chem. 89, 1305 (1985); Aronsom, M.T., Gorte, R.J., and
Fameth, W.E., J. Catal. 98, 434 (1986); Grcus Kofke, T.J., Gorte, R.J., and
Farneth, W.E., J. Catal 114, 34 (1988); Gricus Kofke, T.J,, and Gorte, R.J., J
Catal 115, 233 (1989); Gricus Kofke, T.J., Gorte, R.J., and Kokotailo, G.T., Appl.
Catal. 54, 177 (1989); Gricus Kofke, T.J., Gorte, R.J., and Kokotailo, G.T., J.
Catal. 116, 252 (1989); Parrillo, D.J., Adamo, A.T., Kokotailo, G.T., and Gorte,
RJ., Appl. Catal. 67, 107 (1990); Biaglow, A.L, Adamo, A.T., Kokotailo, G.T.
and Gorte, R.J., J. Catal. 131, 252 (1991); Parillo, D.J., Pereira, C., Kokotailo,
G.T., and Gorte, R.I., J. Catal. 138, 377 (1992); Kanazirev, V., Dooley, K.M. and
Price, G.L., J. Catal. 146, 228 (1994); and Kanazirev, V., Dooley, K.M. and Price,
G.L., Catalysis Letters 24, 227 (1994).

[0075] Details of the characterization method used are as follows. The
evaluation sample is placed into a sample cell and heated to 200°C at a rate of 3-5
cc/min in flowing helium (typical flow of 25-30 cc/min). The temperature is
maintained for 1-hour to remove physisorbed water. The sample is cooled under
flowing helium to 50°C and held at this temperature for a minimum of 5 minutes.
A stream of 1-aminopropane saturated helium (obtained by directing the helium
stream through a saturator vessel containing l1-aminoproane liquid with sparger
tube in series before the sample cell) is sent through the sample cell. After 5

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



.5 0.75 59 12 6 0.12 0O [0064] The "Max WA Yield" is determ ned by plotting
| PA yield versus 1PE conversion. Such a plot goes through a maxi mnum which

is the nunber reparted. [0065] Note that the commerci al ' e catal yst
was i nacti v& G BIPBEA production. [0066] Exanple 13.Di ffdfﬁg%@# #@%’ance

“ Infrared Spectroscopy (DRIFTS) characterizations. The type of sulfur species
and acid sites present in ceria-sulfurlzirconia sanples described in
Exanples 1 through 6 were studied by DRI FTS. DRIFTS spectra were recorded on

a Nicol et MagngpeERsp0Qed RAR HERTE R 30 SHMIRPEE: Wpbdrdhd thsadirkitr, DFleFTS cel |
Sanmpl es were prepared in the conventional manner. The spectral resolution

was 4 cm 1. 10@6PéThe is moped & agete of hdweimimfrein §0iCeto 58 danRihgidrabthis,

[0068] Fi gure 2, 3008 (DRleFahive 1796 blifueds" Thilehal EHaRARY rEI0e 1188y g™ 1 of
the effluent stream from the sample cell is monitored during the 50-750°C heating
step to measure ammonia as the decomposition product from the 1-aminopropane
sorbed on the sample and determine acidity of the sample.
[0076] As used herein, the phrase "Acidity Characteﬁzation using 1-
Aminopropane Decomposition" means the acidity characterization using the
aforementioned procedure,
[0077] Figure 4 compares the acidity of a composition accordihg tblthe
present invention (sample #3 in the tables above), with that of a Faujasité, type
zeolite, LZ-210 FAU, purchased from Katalistiks but readily available as a
standard for this type of measurement from numerous commercial sources. The
acidity measured for the composition according to the present inventioﬁ is
markedly different and exhibits a higher temperature component (>450°C) than
the zeolite. Cerium and zirconium oxides alone are shown to have no acidity
(their response lines are barely visible in Figure 4), demonstrating the importance
of the addition of sulfur to produce a material active toward IPE conversion to
IPA.

[0078) Figure 5 compares the acidities of several different compositions
according to the present invention for IPE conversion to IPA. Based on these
acidities, it is suggested that there must be a proper balance between acidity in the
temperature range of about 300 to about 450°C and for activity at temperatures
greater than about 450°C to optimize conversion. For the samples evaluated, the
preferred ratio of 300-450°C to >450°C acidity is less than about 0.5 based on
approximate peak height of the largest peaks-in that temperature range (as can
simply be measured from the graph). Acidity measured <~250-300°C is residual

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

{0079} Trade names used herein are indicated by a ™ symbol or ® symbol,
indicating that the names may be protected by certain trademark rights, e.g., they



-the sul fur species in the ceria-sulfur-zirconia sanples. The sanples were

- first calcined in 9 vol %02 in He at 250C for | h, then cooled down in He to
50C. As cann{agz een 35t he DRI FTS spectra show strong bands in the range of
1400- 1300 cn'O ¥¥d¥%Shands are correlated with S=0 st r B EHPH§PEr ations (C
Morterra, G Cerrato, V. Bolis, Catal._l;l'iquay 17 (1993) 505). Wth a | ow

sul fur loading, the S=0 band is observed at 1350 cm1 but shift to higher
wavenunber (e.g. 1365- 1390 cm 1) with a high sulfur |oading. This DRI FTS
spectra suggestmihe reebieied FFmEKs P SRRAYE TBRYSUWEf ur speci es on the sanpl es.

From a catal ytijgogepi Nt ARfpatéht®hd Ak laYSicatidh O Grdteddriesask AFiMYi el ds have
surface sul fur species with S=0 stretching vibrations in the range of

1420- 1300 cm 1,m1§h‘@ﬁ’elﬁ]aﬁle§}1°i%681tj}3%3)cﬁ'ﬁl_ other documen'.cs cited herein are fully

[0069] Fi gUrigeshe QMG DIRIEES BReSARudn id Rk RGiPReHisRAGRMARI0 cm 1
after adsorption of deuterated acetonitrile (CD3CN) on the :
ceri a- sul f ur - ziipeonereand densllaerisdithing in whibhsugh encprpoRievia permittcde Whener at ur e and
has been used . . HorToceleIMouy ol Fele al'é)l'sg%) g i ihe acidity
of nmetal oxides. &Hréa}llt é]mn%tpgﬁffe |s£fu?%e,h tﬁe v( q{e\%?%dtg%sg% Igf t he CD3CN
i s observed at aayduvedli2ReQanybpper himitavestontemplated( CN) wavenunber i ncreases when
el ectron donor - pt 066 Py e. d resenting
an acid site; B@@ﬁit ed%ﬁg@%ﬁ@%&at&t al éignefnﬁgtr‘qn%etinﬁ)v%ﬁa o]&% etﬁ%guse of this
t echni que can bdesdribexh avithnpa@icubdbityt et mal] bivl unBerstaed dhah ridapt vadationandilG. Cerr at o,
Phys. Chem Che P : , . . E , RPear r.oya
Mentruit and C.° ers{%rg?.‘%‘fl&ggﬁgthﬁé? P%ﬁ%%gbﬁﬁsiégq@d%taggﬁg (?(%ea‘rh%%{eﬂ. Decl er ck,
_IFg. SenEI es aEd dfgcg]ﬁﬁon(hﬂﬂ,such.obmd mag'_&iimsm‘éa\ria;dm t?ﬁﬂleinsrgds‘li@ézfﬂﬁ?), iggl Z.
varuzkova, K r rger P, .Ji eact. Kipet. .Catal. .Lett., :
2o 561 H knoUBRRGL Ay e ekl Readie: & Afpoul Smprsfhy 1 ane 1,
19753 71, . 2421.cob@ﬁﬁﬂ]lﬁ;ﬁhgﬂﬁfcﬂkd@bﬂgpmphhaldbnﬂwm, t he sanpl es wer e first
calcined in 9 vol %02 in He at 250&‘%@ | h,,then cooled down in He to 50C.
CD3CN adsorption was carried out at™5B P % flow for 15 min. DRIFTS
spectra were t akiene Xid=ieagungmerg stlacteds o Gesupw df khePeriedid-Babdd of 50C for 15 min

in order to renpve physisqrbed 71 en, i.h i s adsorbed on
ceria-zirconi ar?‘ﬁ%'ergs(’%afa@?aﬁtrogf ¢} a%%“%%%@?\%%“&h@ﬁi@wganege of 2260- 2302
cmd. The shift IninthahideswCNktiniddsy eftthedieribdic Matgd eff Elevaanes) arrdtfeis sulfug,.ng, >2260
crici) is attribute&i to the coordination of. CD3CN vvitth acid sites. These
shifts of the VP& aehe %’meg%ﬂii]?f'ﬂerF?e%vﬁcwoﬂjgf S8R IS 0D ner ease i n
thehaci d Isi teﬁ ﬁﬁbﬁjﬁgﬁlh(()gl\l)d) ﬂauhtfcmg,pﬁrﬁo@mboum.wtgbbdﬁ%s&}qed;zt?)ﬂegor;Sggonds
wi th sanpl es havi Vi IR vibrations.in the r e 0 40- cm 1.
and nor gp pr ef er%q%r%ﬁﬁ?ﬁ aloR)s nERESTRY 1o SaaTy the ¥ EEBEE%EEH‘?’TPO&FFES'OM at
about 2264 cm lfurth&QHatictéiRed Sbitthifing b silfve sgelef~ith BRIFTS Smmn&f tcgiggws ﬁn

0 c

multiplicity of .aci.d sites, wt peak i.n.the vici.nit

" ot g one. Yot e 471 0GR ke Tu 55 S s R 1 g

anot her type of byssiie@t ingre of 1R folldiv@igSvhateif h is s 0.0p &adbsutdl35; p Guiwd y i n bal ance
for the optimal .catalyst. According to.the literatyre, cited el sewhere
herein, these p@&R‘sO%QrtBa ﬁ?ﬁé@wﬁi Hf?f}Plé‘raE?l'{ttOQQ?%ﬁl‘{lD?t ()L@pa’g?reli“.péﬂ Br onst ed
andkL_evw;j_s si tesfrorﬁh'ﬁdilﬂﬁl@@tota?@]tb!ll]ﬁﬂie@dilﬁlselﬂlﬁria(pfelswtﬁhhmm‘lﬁﬁﬁﬁub?ge as to which
peak i ndicates ich ty cidity. ert hel ess, ile - - not

wi shing to be b@lg%@qt?? ‘{')‘E{ég’ﬁ?, op ﬁ'@é‘éa]f"fef%f ?l[ége cH5ppeaRd atcﬁorglﬂﬁlfocat e that a

opt i mum concent fophdl@(1):0fhesdinl fBGSs PreyenbinlthdimmRETiabst 8368 tAeR@amne of acid
sites are necessary for hjgh selecti i%%géogm rds al cohol s when converting

ethers back to Yhéipasedgmtbsigshusighy ohihe fecordine e Boapa o wat er .

[ 0073] EXAVPLE  1dherdf blfub % peddat acth@ihduimt bBsut U65R€0.85 3%, Bed 6p@Be
(n-propyl am ne) Deconposi tion. 100741Sonme of the sanples described in

Exanpl es 1-5 abigtab weightof the spmpound according to formula (1); wherein, after CD:CN
adsorption, the compound of formula (1) has at least one DRIFTS v(CN) IR

vibration after in the range 2280-2330 cm™’, more particularly having at least two



characterized for acid site distribution and strength based on the
tenperature(s) at which deconposition of n-propylamne (to propene, amonia
and water) ogcurs. This technique is known in the literature and has been
used to el uch¥"E 3% ity in work conducted by R J. GoPtEUSMYUET price.
See, for instance, Gady, MC and Gone, R, J.Phys. Chem 89, 1305 (1985);
Aronsom MT., Gone, R, and Farneth, W%, J. Catal. 98, 434 (1986); Gicus
Kof ke, T.J., Gone, RI, and Faneth, WE., J. Catal 114, 34 (1988); G cus
Koflce, T.J., aRdbiRfRn pBikd for viCN)Cotedd drieut atdd32303 889 )hnd delatabout<of | ce, Ti .,
Gone, R J., and Kokotailo, GT., AppL Catal. 54, 177 (1989); Gicus Kofke,
Ti., CGone, R J.2264pd Koilsr eharasteriggdpy an Acidits Chpracterieglionsipg 14989) ;° Parril | o,
D.J., Adamo, A d.; j : Gatal . 67, 107
(1990); Bi agl ow&“ﬂ?@@%@géﬁf""% E”Tr’.}favﬁlg%%]tg%?ﬁ&ﬁ&ﬂ’%] C%&G\éﬁge, R, J. anal.
131, 252 (1991)Respensé [coroponpits, aHeastonegompnnentdisiogibativieen abentB00°Ceand Gone, R .,

Caial . 146 208 P ou AL BRRLE R ents RO ar Mg @RS icBred.

Cat al ysi s Let t emsboRifnenA 4 n{ell®8 4§ maliGOIPAIdOepEsihsconfactitgdPE hithact er i zat i on

met hod used are _as follows...The eval uation.s le is pl d i,hto a sanple
cel | and heat edFBOSHTCORPISg LoogPOYiigayd tn}}le?]b i ”fglegl\ﬂﬁ??gﬁﬁgﬂlﬂﬁ?'(typi cal
flow of 25-30 cc/mn). The tenperat K& B8040 ntai ned for 1-hour to renove

physi sorbed water. Jhe sanple is cogl under fl.aw elibumto 50C and held
at this tenper a‘?féffee;fsoﬁlfeﬁsqpﬁflﬁfnﬁ@ﬁdgaﬂgg?ﬁi Kig?“é’s“."fﬁ?egtga%%%# ®% ani nopr opane
sat ur at ed hel i UBlefeal, &i in eidedstyond niert iddegd flom Grehp Jinchidirgahe t hr ough a
saturator vess ont.ai ni.ng.. 1- am nopy cane, liquid W th r tube in series
before the san?'raé‘ﬁ@%‘fi?s)anii @@Bﬂﬁ%ﬁ%ﬁ&ﬂggf W%%‘:Fﬁ?%c“ eﬂsd%aiﬂg@é’lr’%m nut es,

t1 ?e sgg gr at or impragmg?%d;]atc?mtalﬁ?s @alls);eh&wpeaitvbc&h;ﬁnsmmﬁwheﬁ&ﬁtlahtnﬁd at -

- , I'S purge el ium far m nut es er osure to the
saturator. The lﬁg'ﬁxﬁé‘y%ﬂtﬂroétq ’g’o}‘%’?%eﬂls o2 Pﬁttoemgf’ a]?:o—“h&@gﬂr‘ﬁ ®from 50C to
750C and hel d atumibei & ooeh Aioris hedeiraryab sutiefyfie vaiidcdoMhielotifer cobhnemd,
Conductivity Response (TCD), of the effl uent .stre%g t he S@g le cell is
moni t ored duri ¥ 6hasgstens ﬁ%‘&ﬂ“ﬁéaé‘llg‘bsﬂeﬁwﬁ’éﬁg :Brﬁg)rﬂtrﬁ“’ t he
deconposi ti on pripdiis id hend T 13690 R ORRBIemePLIRest ristifidien @anpl e and

determne acidity of the sanple. [0076 .used herejin, the phrase "Acidity
Characterizatioﬁ}gﬁﬂaﬁbe’f&‘%ﬁ%ﬁ?im%‘ﬁ‘% @&ml 1t hOripIS TR aci dity

characteri zati ORhdisih Re fdAE0.0f RI285R 035 e ol 068810580 a3, Whewine 4 conpar es
the acidity of a, conpositiaon according to t_hg@gresent |n¥)ent| gn (sanpl e #3

in the tables atbmfr@w,abewttﬂﬂott%ttoﬂbq-30éwgafa¥la?slf #heyt 0@ abew 0205210 FAU,

purchased from ¥edrah buitful et in tRedhdunt Bt BB R B35 #t % wedkadndnd or this type
of neasurenent from nunerous commercial sources. The acidity nmeasured for

the conpositi ontPRb¥eiEliohthe compayad pregrdimgito forpwla {Howheradn splfris sy £ f er ent and

exhibits a hi gh@lihd SIERAIALBHE0.SPENGE &2k 10542 O haskdaitht fbeal sefghi dre.  Cerium and
zi rconi um oxi des al one are shown to have no acidity (their response |lines

are barely visiPfemnoun ygerdng o fopalyisiyhsteimiylipne prepgabindheranoupkott ne

addi tion of sul fydit d.65 thHREUER baselBh B kaldl vatdht ¥ahd NRbehd\dEcE@RY RN Si on to WA
[0078] Figure 5 conmpares the acidities of several different conpositions

according to thiempHadahersin, aker(GhCNaAsombien bncamrernd pifymplk (U888 ed on t hese

acidities, it ig;SHq9epRaArs-hek) e8I diHer BehAralc0PRI- 28 lcANCRoRE Veen
acidity in the tenperature range of about 300 to about 450C and for activity

at t enper at ur espagicsktlp havitgem leasi oue IMBE@pEan pepksi fod W ENY onw &ion¢ graboor t he
sanpl es eval uat t he preferr |0 - 450C > acidity is |less
%g)% & (%‘P Qe a?abogt%2 2 Elln fﬁ&]heg?}gaﬁ%cﬁen]zecﬁ%eanéépd%

t han about 0.5 approxXirmat e pea 0 arggst peaks in that
t enper at ur e r anQiardcasizatian ushyplAynitperapeesecedpdsitmmhbvieg glapiivo Acidity

measur ed <-250-300C.i esi. | 1-am nopraopanpe and is not .considered to be

i mportant for Cﬁﬁ‘%‘*&PY‘&L@P"[”%?@Tﬁ%ﬂg aﬂlﬁﬁggnetfg’élamﬁgtrbeef“ﬁ are indicated
by a TM synbol wtwdeh hbdiy BITOC and 43501 Caidianigast b coirlpendpearpscattbthabe prot ect ed by
certain trademark, rights, e.fg., tq)eg. - ]f8 - m%y He re i.ster%d trademarks in
various juri sdi 430; (;3ad also a preferred embodiment of a method of decompdsing an ether to



10080] Al Il patents and patent applications, test procedures (such as ASTM
nmet hods, UL nethods, and the |like), and other docunents cited herein are
fully incorpora reference to the extent such di ,nhot

i nconsi st en?&zﬁoﬁﬁﬁ&p%’s invention and for all jurisdi C?ﬁ:lgﬁ%ﬂ{oﬁoﬂz i ch such
incorporation is permtted. Wien nunerical lower Iimts and nunerical upper
limits are listed herein, ranges from-@dy lower linmit to any upper limt are
contenpl ated. 100811While the illustrative enbodi nents of the invention have
been descri bedihatériesimaing alkkg! bid/alkent cosiprising eontavdey sidaker itathemany
variations wl| su est tBemsere to_t hose Snged inthis art in |light of
t he above det a?qng’(? %‘é‘i’f‘f;‘i’ )[ngb%anyp\?} he afpEgmegioncd GUmRPSHPR £ @i t hi n t he

full intended &geNRwalg doRBosARPEABEEmENRIWHEch aBb edppdsérft et@idiBgli Nent s. i ncl ude: A
conposition corrprl SI ng a.conpound having the foll ow ng engl rical fornula

(1): X, Y" SquPr(e 99“‘3@”1*§°8‘PP‘PS§5’§F°WW$&°8PP§@F]§‘EY‘ B3 f rom G oup 4 of

t he Per| odi c Tﬁm,@m embirRAEAhMa (Y):I s at | east one netal selected from G oup
3 (including the Lant hani des and Actl ni dee& of the Periodic Table of

El ements, and Sis sulfur; m n, p En¥n L the atomic ratios of their

respective comﬁa@&t@aﬁ%on\e/ﬁﬁmgewc&ahom%@pimﬂapé?faekﬂb]@aft0 about 0. 75,
pis fromabout 0.01 to about 50, g is unber of oxygen atons

necessary to s&lemspty 3{ﬁ@tlﬁéﬁté‘m@tﬁﬁelﬁwﬁﬁnhﬁrouﬁéﬁbpdﬁ@h&@e further

characterized | erBRG I ret ching
vibrations in g@ﬁgﬁg@ﬁ@m@uf%fé cm Il‘ﬁ%r?gﬂ\ﬁﬁm@ﬁag&-§ SE R?ﬁ{nf her
characterized by adaq 2oy thegipmicattios nétheloresmlwgommmeland rwhplsmfm bm0.01 to
about 0.35; p § H&'&hﬂ?&% Qu@éﬁ e %Eﬁ&t@él to"éﬂBS‘Jt%'S@%:&ﬁ& from about 0.10

to about 0. 30; erein rom a t o about wherein sulfur is
present in thenmnfomerammneges@@yto@at@f)z@ewcmot'ihsetder@nmpmnts,ot al wei ght

of the conpoun ma!rad sent in the
anount of abouf{ﬁu@ﬁﬁ@&q&t eeggs{o te d’glﬁ?/i\%hcx/wg agisd&dt Egpgf]%ﬂytssgé}g wei ght of

t he conmpound aem@tlngwgelﬂn@wﬁmr@po(un_q is fyrther diaractetidel by af lsaspereoéthe i n t he
amount of about, Wf;% to 0.85 wt % based on the total weight of the conpound
according to forrm (1); wherein, after CD3CN adsorption, the conpound of
formula (1) has at (Iab}alsltal Sﬁ(ést@t%hﬁiisibva(ti@@inmswcbalabgimnowﬁ@m2i3f5\0the range
2280-2330 cnmt | Yy having at least two - 19 - IR absorption
peaks for v(CI\I)mW%gD gﬂgﬁ%bout 2302 cnil and one at about 2264 cml;
further characteri z(b)jwbgremnaﬂ&c{?m(ﬂy adShapttiens ttler ¢onpbumelofdeirmdp (1) hadrk nopr opane

Deconposi ti on havin Wo Ther nduc i Response conponents,
at | east one céﬁgoﬁgﬁ?‘i@lgﬂm gﬁ%ﬂp% g?l%d'%éBEr’ahd at | east one
conponent at great e(@)héizﬂ@aﬁe@@tw@ﬂdalﬁb@ﬁoﬂ eH@N) esheabdit aBAt  of a

nmet hod of maki ng conprising contacting wWith a conposition conprising a
conpound havi ng QZl‘Fé“f‘li‘ldl"BWtr‘i‘B"“éﬁ?p‘?“rcf”cal forrrul a(1): X,,Y'Spa (1) where X

is at |east one net@ aﬁ&lm@ﬁ@m&feﬁmﬁaﬁwﬂgﬂmnom@m{%@dc&d &itibabl e of
Elements, Y is_at |east one netal selected from G oup i I ncl udi ng the

Lant hani des and2¥igs 3t frastdws B?mﬁjt@nﬁ‘éﬁm’&dgﬁs?%ﬁlcémﬁ?neﬁls $87€ and S is
sulfur; m n, Rodffhest bBME bbtherAibOM360°Caha 850°Chnd 41 9dakt @@S@ﬁp‘&wm conponent s
and, when mis 1, nis frogmabout 0.01 to about 0.75, p is fromabout 0.01
to about 0.50, BFaeEhEmA5%lnber of oxygen atoms necessary to satisfy the

val ence of the other conponents, further characterized as containing a

sul fur species with DRIFTS S3 stretching vibrations in the range of
1365-1390 cm 1; which nay al so be nodified in the same manner as for the
conposi tion enbodi nents set forth herein, for exanple wherein nis fromO0.01
to about 0.35; pis fromabout 0.05 to about 0.35; wherein p is from about
0.10 to about 0.30; wherein p is fromabout 0.10 to about 0.20; wherein

sul fur is present in the anmount of about 0.50 to 1.25 w % based on the
total weight of the conpound according to formula (1); wherein sulfur is
present in the anount of about 0.55 to less than 1.00 wt % based on the
total weight of the conpound according to formula (1); wherein sulfur is
present in the anount of about 0.65 to 0.85 wt % based on the total weight of
t he conpound according to fornmula (1); wherein, after CD3CN adsorption, the
conpound of fonnula (1) has at |east one DRIFTS v(CN) IR vibration after in
t he range 2280-2330 cmt 1, nore particularly having at |east two ER
absorption peaks for v(CN), one at one at about 2302 cm 1 and one at about
2264 cm1; further characterized by an Acidity Characterization using

1- Am nopr opane Deconposition having at | east two Thermal Conductivity
Response conponents, at |east one conponent bei ng between about 300C and
450C and at | east one conponent at greater than 450C, and also a preferred
enbodi nent of a nmethod of deconposing an ether to - 20 - the corresponding



Xn,,SpQq (1) where X is at |east one netal selected from Goup 4 of the
Periodic Table of Elenents, Y is at |east one netal selected from Goup 3
(i ncluding the Lant hani des and Actinides) of the Periodic Table of Elenents,
and Sis sulfur; m n, p and q are the atomc ratios of their respective
conmponents and, when mis 1, nis fromabout 0.01 to about 0.75, pis from
about 0.01 to about 0.50, q is the nunber of oxygen atons necessary to
satisfy the val ence of the other conponents, further characterized as
containing a nultiplicity of acid sites; especially such a conposition
wherein said conmpound is further characterized by at |east one of the

fol | ow ng; S: (a) plural S=0 stretching vibrations in the spectra

regi on ofg%ﬁggL%o 2350 cm as obtai ned by DRIFTS; (b) wherein, after
CD3CN adsorption, the compound of formula (1) has at | east one DRI FTS v(CN)

IR vibration after, in the r.an 2280- 2330 cntl. ; .. (¢) havipng at | east
two | R abi‘or pti dﬁetb‘é‘glf’g IPB'P“S/%EN) comppising cqyfpsting [B oith 2369Mp9§HoRand one at
about 2264 cmcbimprising a céripoudd hA\Ghgthé folIGhRE M RIchZBinAAN(1Ysi ng 1- Am nopr opane

Deconposi tion having at |east twy Therml Conductivity Response conponents,
at | east one conponent being bet weelrodtdlt  300C and 450C and at | east one

conponent at giRad Rristah astdSidGnetal stlected G BRupls of'\th¥EiRodic AfableBII Ng | PA

conprising contacting |IPE with a conposition conprising a conpound havi ng

the fol | owi ng B¢t c¥l ist 8 haptaoger metak seledisdrfrqm ) Grger & Gocjudingt theeast one
metal sel ect E%th%m@ﬁu%cgnfaés%fo?&e@e&a&eﬂ%@@manaﬁs,Eh@wmur;m Is at |east

one netal selected from up 3 (including the Lanthani des and Acti ni des) of
the Periodi c Tabked ¢freghegiemicgatios natitheir respestivef epmpongntsandpwhendn i lane t he

atomc ratios; hgl ' 0 t i ; is from
Sbout 0,01 +o SESHY bt LOTREahBACERERGR B o LB dis Be S|
nunber of oxygembetadivsygreatssaeyestay wattisfy the vilence af theotheotompveerts, her

conponents, f her, characterized.as taining. leSPecies with DRI FTS
S0 ot r et chi ndUTeE PFRIREE ¥ (B S5} el SR T PR or "l m
1, wherein n ivibritionsirth®angeol36sH3M @B, and p is from about 0.05 to about

0.35. 3. The nmethod of Caim2, wherein pis fromabout 0.10 to about 0. 30.
4. The method of Caim2, wherein p is fromabout 0.10 to about 0.20. 5. The

met hod of 2.0 aiThe methtd@F €ldimSyvheteininSs fora D tto wsout DSS5 ana Wik freh abheut 0. 50 to

1.25 wt % based on the total weight of the conpound according to fornula
(1). ’ 0.05 10 about8.3%. '9 mpou i ng

3. The method of Claim 2, wherein p is from about 0.10 to about 0.30.
4, The method of Claim 2, wherein p is from about 0.10 to about 0.20.

5. The method of Claim 1, wherein sulfur is present in the amount of about 0.50 to

1.25 wt %, based on the total weight of the compound according to formula (1).

6. The method of Claim 1, wherein sulfur is present in the amount of about 0.55 to
less than 1.00 wt %, based on the total weight of the compound according to

formula (1).

7. The method of Claim I, wherein sulfur is present in the amount of about 0.65 to
0.85 wt% based on the total weight of the compound according to formula (1).



6. The nethod of Claim1l, wherein sulfur is present in the anount of about
0.55 to less than 1.00 wt % based on the total weight of the conpound
according to fornmula (1). 7. The method of Caim1l1, wherein sulfur is
present in the anount of about 0.65 to 0.85 wt % based on the total weight of
t he conpound according to formula (l1). - 22 - 8. The nethod of Caim1l,
wherein, after CD3CN adsorption, the conpound of formula (1) has at | east
one DRIFTS v(CN) IR vibration in theshange 2280-2330 cm 9. The method of
Claim 8, having at |least two IR absorption peaks for v(CN), one at one at
about 2302 crici and one at about 2264 cm 1. 10. The nethod of Caiml,
further characteri zed an Acidity Characteri-zation using 1-Am nopropane

b
Deconposi 8i on %Wﬁ@"%t‘%@%@ 14 Woersine piteE) CIO6AY adsormiiony theeopwaud ebrponent s,
at | east one CRARARNHaOSH 138kt BRS mfrsaggtw?] ggqggatgﬂ% ﬁé%gg%s@hﬁoeast one

conmponent at greater ‘than 450C. 11. A econposihg an ether to the
cm uspondi ng atkanol and al kene conprising contacting said ether with a
conposition conprising a conpound according to the follow ng enpiri cal
formula (1): X Y,,SpQg (1) where X is at |east one netal selected from
G oup 4 of. t heTlandthal of Clgihl 8 ha¥inghtdemitneg IR hbsokptiontpedledat v(ONg, onettal sel ect ed
from Goup 3 (including the Lanthanides_and Actinides) of the Periodic Table
of Elenents, &g °§tgﬁ]|21cﬁlr -andpneat about 2264 emi 0 the atomic ratios of their
respective conmponents and, when mis 1, nis fromabout 0.01 to about O0.75,

p is fromabout 0.01 to about O0.50, is the nunber of oxygen atons
necessaryl®o sHie method € Glaime hoBurther ehgacistiped; by amphnidityt Sharpgigrizatiqn
characterized COR M IBERIn D SdddoH it SRS nE Sit Yhdt P PhEdndl Sondidnsiky €t chi ng
vibrations in ltgﬁig lr'gngedaod; 1%%5- lir{ggd cm | _n@ &th | ot uQnﬁFyr

Response components, at least one component being between about 300°C and

450°C and at least one component at greater than 450°C.

11. A method of decomposing an ether to the corresponding alkanol and alkene
comprising contacting said ether with a composition comprising a compound
according to the following empirical formula (1):

K YaS04 (1)
where X is at least one metal selected from Group 4 of the Periodic Table of

Elements, Y is at least one metal selected from Group 3 (including the Lanthanides and

Actinides) of the Periodic Table of Elements, and S is sulfur; m, n, p and q are the atomic

ratios of their respective components and, when m is 1, n is from about 0.01 to about

0.75, p is from about 0.01 to about 0.50, q is the number of oxygen atoms necessary to

satisfy the valence of the other components, further characterized as containing a sulfur

species with DRIFTS S=O stretching vibrations in the range of 1365-1390 cm™,



