1 PROCESS FOR MAKI NG Tl TANI UM MAW ZEOLI TE FI ELD OF THE | NVENTI ON Thi s
invention relates to a process for producing a titani um MWWV zeolite and
its use in olefin epoxidation with hydrogen peroxi de. BACKGROUND OF THE
| NVENTI ON, Many different nmethods for the preparation of epoxi des have
been devel oped. Cenerally, epoxides ane formed by the reaction of an olefin
with an oxidizing agent in the presence of a catalyst. The production- of

propyl ene oxi de from propyl ene and an organi c hydro eI‘OXI de oxi di zi ng
agent, such as et hyIP'%&géﬁfq@M%é%Il 'HIM'NE’I’W Bhydr operoxi de, is

comercially practiced technol ogy, see, e.g., US. Pat Nos 3,351, 635 and
4,367,342. Anot her conmmer ci alf|gLpracrHeaNViEaFEhosl ogy is the direct

epoxi dation of et hyl ene to ethyl ene oxi de by reaction with oxygen over a
si | ver cat al ysthis UMedfianustates {p a Prreess IfoéIm@léﬁ'%ﬂl adtamys-MAW seglie @ndsef ul

| n_comerel @le iFRMAAHIRBIG With 8@fogeh BEdite. Besi des oxygen and
organi c hydroperOX| , anot her IZI ng agent useful for the preparation
of epoxides is hydrogen peroxide. U S. Pat. No. 4,833,260, for exanple,

di scl oses the epoxidationg Fg(m, t eroxide in the presence
of atitanium zeolite cat aﬁyé@ @P%rﬂﬂe@nm%ggg)r@h is conducted in the
di rect epoxi ddtarynditiéreot meihusisiprt the pxgpeatiena’ ¢pmtidegdave Meay devélbpednt
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metal suct er 389 %g %{(ﬁ'%ﬁg SFV‘%E e?lyl LN bﬂgoﬂ%r\?f( PFt%ni um
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Unfortunatel y, the previous processes to produce titani um MW are | engthy.

The ref er@ﬁ%b@ tb’ﬁmuﬁ'ﬁw tBApEivar grk st Jﬁsamﬁi PEVEENUSS Y clBs SUBMEFR|ui r i ng
pr ol ongeder%&@tawrgmaﬁl B30Gedr 1 day, 150C for 1 nore day, and finally 170C
for 5 or re dayst conplete the titanium MW synthesis. 2 In
sum new pr oc Bssislesfaygpn aodciragnic ilydripgraxidag\angist joxiskzing agateldedu!

Parti cul o] hyachigwhtonncad-al ysts
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2nd_ heat (RIS BIEDERY efonGipYed RIS g PN AT TEST fi e PR 160
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The processtfing Beioll UM hiRalisticH B8 alisuidheils Btaniuhh tidsdlien MWW zeol i te.
Titani um zeolites conprise the class of zeolitic substances wherein,

titani um at om&ngr BeW iarivmuzealits gatalyshdert Hem ivlafineerRaNqation "sBEHRNSI IS t he
lattice T amenaningf G0l eCtiAlunsivEve: -Holidai dre lez%%didc%d' $yaapor ous
nol ecul ar SI eve zeol iI'te having an MEL topol ogy analogous to that of the -
MWWV al unidrséimat arystaliasition egocesbtie.afoniegmple. s dercabedn $LiBsPrt Ned in
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f r amewor @7 qur?tuéﬁ‘ grcystaﬁj LI?'IIT]%OC&SE,%S ? e%@pr?g ﬁ%&é& do&aﬁlﬂgonq?g Cfc?can be
renoved bydegntsace foi 1 nare degi dhd fiahlhyhOLEIT fuir oor moteudaygs @f camgate tkuni num
sodi um pot assi U\Z\zW g%er and the Iike may be present. The

titani umiRANR-MEYsYBNGRIFI general |y have a conposition corresponding to
the following enpirical formula xTi02.(1-x)Si 02 where x i s between 0.0001
and 0.5. More preferably, the value of x is from0.01 to 0.125. The nol ar
ratio of Si:Ti in the lattice framework of the zeolite is advantageously
from9.5:1 to 99:1 (nost preferably from9.5:1 to 60:1). The use of
relatively titaniumrich MWW zeolites nmay al so be desirable.



3 The process of the invention conprises first heating a gel forned
froma titanium conpound, a silicon source, a boron source, an
MAVV-t enpl ating agent, and water at a tenperature in the range of 35 to 75C
for a period of 8 to 30 hours to forma pre-crystallized gel. Al though the
process of the invention is not Iimted by choice of a particular titanium
conpound, suitable titanium conpounds useful in the invention include, but
are not |imtéusum, new processes Koxpreiscingi itanivonMVMAM dedliteaat merdedt es
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especi al leffigastfyerred. Preferred titanium halides include titanium
trichloride and titaniumtetrachl oride. Suitable silicon sources include,
but are not limted to, colloidal silica, funmed silica, silicon al koxi des,
and m xtures thereof. Preferg@gdivgiRY oo IAE I{meﬁtersomr e
tetraethylorthosilicate, tetramethylorthom a“@hﬁ(ﬁ&w I|k t

silica is espd@pdnyaptig ds ararecess for prodygiag %Qﬂ '?éjse
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Gener al | Yornt hies gwmmmww aeolitat | Bise aéolaeldafttervléss (:astad@ﬂl withl anradidrigs of

nol es of enpl at i 02 and nmol es of Ti 02) which
conpri se e}% l?%%od“ 'PQ? r}htr\ygpog%% = 0.5-5:100; and
MAWM t enpl ati ng agent Si 02 = 10- 50: 100. The vvat er: Si02 nolar ratio is

F 21 0oy be i the r CRgAIdHD DEOAREoN OF tPRTN RO e s it apl y
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to produdeoleadaggipve. P daripabIYWWizesligels apRioys énwagular fjﬁvebfze%%ﬁﬁwggt 0
about 13. NAVE HARnboliésE Ytk ecsmusng of
MAV t enpl atlp%Lb(aﬁ%lﬁw %nﬁlé%o hﬁggg?(tthg lfﬁhou h oth erl basi c'corrpoundsésuch as
anmmoni umhltqrdmm)at@”es @ubﬁt&uteamtwraraﬁwwm yedibsiainges, cund thpis eraseicieided t o

t he gel i AV =z tey i arried
out by ar%é(g}él% 8‘?’% th(?r sta?ﬁ;dzr}txlgrgl 41%& |§)é‘t{lll\l:érsrb‘nea’t egoalgtd ‘ﬁ’”tezﬁf)e‘{ ature
in the raH‘mye Ohei35E, 2&01?505f;mr28@7per| od of 8 to 30 hours to forma
pre-crystalli e

t enper at ur e Oﬁ'ﬁﬁoga{wm] Orzng%erppgfapa% r%)ﬁ%lfrﬁs A %ﬁéﬁt@ g{he? than

prefer ab|t‘j{arf|umn‘su4&ﬁ aad tREeramdhaosttice frefenablt it wmcamamtam asﬁ@mﬁdam
heating tine ferabl does not include th re 1 to reach the
desired t rEon Bﬁ?t G Yot IRENefedY r‘?&f‘%ﬁf]&nge?“ egt %Jggt 'he
desired ta(ﬁﬁmﬁﬂs’:lbﬁf&} alihghehabbdiumt petadsiemgebppes apdehe tilebhnpy heatresknt.n a

seal ed vessel _under  aut ogenous pre?sure ﬁ groduce th? re-crystall.ized
gel . The titanium-M zeolite will generally have a composition corresponding to

the following empirical formula xTiO2+(1-x)SiO, where x is between 0.0001 and 0.5.
More preferably, the value of x is from 0.01 to 0.125. The molar ratio of Si.Ti in the
lattice framework of the zeolite is advantageously from-9.5:1 to 99:1 (most preferably
from 9.5:1 to 60:1). The use of relatively titanium-rich MWW zeolites may also be

desirable.



After the | ower tenperature pre-crystallization, the pre-crystallized gel

is heated to a tenperature in the range of 160C to 190C for a period of 5
or nore days to formtitanium M\ M zeolite. Preferably, the
pre-crystallized gel is heated at a tenperature of 165C to 185C for a
period of 5 to 8 days, and nore preferably for a period of 5 to 7 days. The
pre-crystallized gel is preferably heated in a seal ed vessel under

aut ogenous pr égsupmcess of the Fi'nﬂrélpamqmpms@e firsehealyng al 9&l Afetmegkifrons aheat ed

at a tenmperature in the ranp 0 5 or_.a 3 0 hours
prior to tﬁggy%aorgpo%nqee%ggéq 'JC% q %@ro& asn%%eé%fanlm\}t%%g%@ %\%rnz’
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{enmer at PR inPiaE P aHgaY o S GbSta tnsoeloteds'of A By BilaR 15y JERE ot i on,
the titaniHyBMVYYarralar tiganivm pRipeahd, yswtea@weamdm Smpalvlde usenl irt the
recovery nethods i1 nclude filtration and washi n Preferat&{% Wl] h de| oni zed
wat er untinvertiog iprluge. PHearg et dnged do.apigniki @ﬂ@& des, Bianiyn g éle

evapor at i fny,£& ”@h%*édfgatpr@ferre@”@ténhﬁﬂ blK@xndJ@earéeﬁﬂahk@n W@Mai@@‘pﬁébbﬂﬂe at a
tenperature greater than 20C, preferably from 50C_t . I'n order

to pr oductéalahmadeif@%th@&tjal pae  figniuwp olatidarioxise. t hg'tﬁﬂ'ﬂﬁhltﬁww zBolite
i tan um SECaay ERRE, C e RECHEnRR FRRHES Inld iy SADALS e ¢
Pr ef er abltitanitimetetiecitotide.ni tric acid or sulfuric acid. Preferably, the acid
and 1's pr ef or SO0 HHE SRR ARRER, b yRhorIien 67B0RR: g ticR 2
every gr agiioaf éalldoaneUme*/Vaneom:meresPt‘ref@rfablareferr‘édthécmlaﬂ(%dﬁsa@ﬂe occurs

addi 1 on 'SLaePURBOPHU et dRsaranyor BT, 0 S o WSIRE Bl%e oK

aci d washedpgpiaipbleferreroves some of the MWWV- terrpl ating agent cont ai ned in
t he zeolltepres iates the conversion of fromits

2- di mensi onal ?V\g’ot;eﬁ’: NG rRgek SegiaiaRly RiRRi NG rq’gf(a'f"(?&]r}den%nm%v@rng t he

acid Conta%Patmar{tJﬂe drhdndRiudMm MiYxideol | PepdrRliy ehsd abbyarésyledeimiridh svat er
nore preferably it is washed with water until the filtrate has a pH of 4 or

great er . Particulany piefgegst, @nd pireridinedn Mast RIRIS%ol ite is cal cined to renove
any remai ni ng Jyhi-e BRI sagc@gwlu@é boRBRRIA br8A rieﬂnaeé Ap&entiyyBABE, nore
preferably from530C to 600C. The calcination typically is preferably
conduct edddrateamstexssgend d@ﬁﬁhlbﬁfa’igs asyabs heplsali siRipl Reradgs: Oé)org; AFidt Bre of
oxygen ag%rﬁ‘éhléﬂ%rteeq Ag such as nitrogen. The catalyst may al so be cal cined
(pyrolyz t’he presence of an inert gas such as nitrogen, and then
optional ly, cdllei gedlsm camposggemicsoninaadiitian tt wetsphether solvents spge as

epoxi dat i 0 ) e ® ASi t and
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contai n famedo ONde GHRWBIOS Waral%tlbabltﬂﬂcal@afrmxa‘dout hyodor.@oxab 100tdrer, ,if

car bonyl , cyano or nitro groups, or the lik f§r5§ ss of the invention

i s especi ey thesss\ant P %fﬂ?é?tfq Mgy bedp{NeREde S ne oxi de. The
hydrogen per oxiyle LBy, nbse gaﬁlﬁﬂ%eéba%d 8y rﬁ&m@stﬁe'déstr@@ s6DR%s Batiimum,
reaction. Hydrogen peroxide ma erived fromany suitable source,

i ncl udi ngoassi.daed siicon %lﬁtmﬁn@n'@%ﬁge@u@w watdrsip ypRMEsylak AEler.

ant hr aqui oce i C r X n. The
oncent T a T aea G e o, Y e
epoxi dat i M\?i\lweampiarbmglﬁmthtarw Welerals. mRppivtl amesondmmsdrayarioneny per OXI de
concentrations rang rM‘ﬁW Y% r

water, pr grap 58pgpe1 e SI @%?Lbrhg t[%gr PARY: %mBI%Bﬁ&%hert{'t gﬁg%q'erptg 9&1
hydr ogen thergexi Ef%fe@btyhmea@@mm(twé hat efphh of sbawdto torabtout:a:is Tbejbamgt of
suitably the nolar ratio of hydrogen peroxide:olefinis from 100:1 to
1: 100, and nore preferably in the range of 10:1 to 1:10. One equival ent of
hydrogen 6 peroxide is theoretically required to oxidize one equival ent of
a nono-unsaturated ol efin substrate, but it may be desirable to enploy an
excess of one reactant tb optim ze selectivity to the epoxide. The
hydr ogen peroxi de may al so be generated in situ by the reaction of hydrogen
and oxygen in the presence of a noble netal catalyst. Although any sources

rred



7 the range of about 0.1 to about 4.0 nlL/g, nore preferably from about 0.5
to about 3.5 nL/g, and nost preferably fromabout 0.8 to about 3.0 nL/g..
Preferably, the average particle size of the support is in the range of
about 0.1 to about 500 pm nore preferably fromabout 1 to about 200 pm
and nost preferably from about 10 to gbout 100 p.m The average pore
dianeter is typically in the range of about 10 to about 1000 A, preferably
about 20 the raiatut iS66ntAYlledrtsy thesampurdfaMdBiVW-terbplatinGager wivoluts 38ded.

Si Tver - pHEBLAGrR G e G POV S ot AT o CHTaRe ol ey

pl at i num aERbdiunaRgrBkive ¢aaSidoliey anfedabehgaeltrigturar | y desirable. Typically,
t he amount of noble matfa present | orted ca be in the

) n the sup | yst, wil
range of fromYNgEsis 8F 2be EayHI-Y eﬁ?o,“%pr’gfc&né% 3?“%.%&50% Q%qtbev\%ﬁlght
percent, apstaRastidnC Uty dof iOnSdteli @t 8 t¥Rpefturaeh ERNfangd lBe3sENRETS Crfonhi ch t he
noble netal Is incorporated into the supPorted cat al %lét }‘S not .consi dered
3 ,l VS 68

to be parpériodiefrd {p 8¢ hevieap. forpa RigaammtalizadgelnJopeer U€UBpor t ed

by 1PI €G08y 2 HITHERIIEI 4B%EEH PHIAIIANperRd $1R) hbkig o AhtRuRAkofEl Y, the
nobl e metal can %e I'ncor porated by ion-exc ange with, for exanple,.

t et r aammi prefauably HOMuAS @ T &G, ded most prefereiramedhe 190 £cuihgrheating
restrictign j the ' gx used
e the. solPeerSFRpR RS BT e B R oy Fp bR e RIRRE 1.

sui t abl e mampbuthdstirnadhatdbe gekisnidated et thesddsireti gsmphetirdedretergply, the
chl ori de brom. des r hoxyl at e . 1 anponLum
conpl exezﬂlﬁ gﬁg]t'ﬁ é’r%%?gﬁ%’s?’ea%d b gI éleeaé%lot\/%gsfél S@ﬁeéraﬁgaodb Z‘r%lggﬂ ﬁent (r){? t he

i nvent i ongrotiie: BpPre-datsitalivedfgedl ef i n, hydrogen and oxygen is carried out in

t he presence of,  a noble netal-cantainin i,l.apiu Lch i.ses a
fobl b ot al - artter HBet IV ERMGARKS fé%-ﬁ?vﬁéa"W”?%?W%ﬁ%’[%mﬂ"ﬁi'§
embodi menteatédeo BABMPerRU@ ini theirangs pONaYEItd NOCQ fie d pérand ondAdvviorzeol i te
by the nethods descri bed above. . _ E%Peﬁ:d' n%mon tt Qe dgl e'f.l n t% bag h
react ed, 998 tefer HanBMVIbEeRlity  PeeferRd MR gystalifebeclda PP But in
the 1iqui giphasigiurd BE16EE RNESERC 161 a bBridd16f 5 upgideys tdneahoeiasrrabhen a

liquid reaction mediumis used, the cat,al%st is preferably in the farm of a |
suspensi on Pefiod jof &dtope dlayghel sy Beegystativeh gehisr pisfarakly Lﬁ’???:?& 9 2 5REAuous

f1ow, se@ésggltme%u%gggﬁ%g?%g%ﬁg operation. 8 Preferably,

epoxidation I's carri e liquid (or supercritical or subcritical)
phase. It is dietemkigdbapresrystalicedtosd ipheated o adempetoeratke Biweiof t he
presence 0 f-o ; [ : iy hing i Hheai cal
that is aP%Ol (:e'ltr}:gd1(‘%un(g[e"(?re‘f’rl égbif(?‘gf\gé%? ihiola?n@:&?é\élgaﬁi n_ég]t,n&{but_ rqgt{ayefi mted to,
oxygenat e@nby df dGaP®dns1 9OACHh Msreapreidrebly, thet prererystelizest gel igritbakied shas,
aromatic and aliphatic h 0carhe : N T S I I SES
SUch as. aEBPSHLA Teind) A &7 QR8T R s el 2P ER0S plrc
state), anshtingtzt b tefipefaurabh hesaingent $60%ectouk®®°Ci quid 002, nitriles,

al cohol s, ket s, . water, and m xtures.th f. Prefer i tr] j{ ncl ude
acetontrile aﬁzg’?'BWH@r Chistallize gn,wﬁen t'ﬁﬁ?%ﬁ% eze\%[i ef‘é @E)FC&!}{ Irle{:é/\i%?%ir'ef erred
al cohol s gmelhidecbmeerecaldrphatinedd lindddalfitehiohsasd etasamgngprdfarably, witbhanol , .
i sopropanol, and tert-butano|, Oé g%xtur.es t her eaﬁfl' 1%I)UO£' nat ed alicnohol S
can be us%?”‘ﬁ%t’vaﬁréﬁgwgﬁ pH qffae dfiaje it 2PROKEIAEAN D) BHaTafgpPoraton.

i sopr opan@ntrifg&idre bhd QHé Akl Thuwakelite rody e Xtiva e attb@pertureldreatsr than
particularly preferable to use m xtures of the cited alcohols with water.

| f epoxi de Conreferablrfrera§0cuto 1R0%he 1iquid (or supercritical or
subcritical) kd SRV SR AGEOUSHAIRIUSE RoRMBGISH, - thEhRamufteuywi | |
typically be gﬂg@geg 1(t)$ tdﬁgdlzégl \%Qn_t Ito forg‘n)? a bue?)foer _slol,uti on?1 The buffer

sol uti on revlitanjsl ogridcied wite aneadd itorretmyve ntiadralhdacsyare®iinTaPeYPiicol s or
gl ycol etﬂgrrﬁ dgé'v{%ﬂ.a%o&’ﬁ&é?ﬁ‘r’ai BBronB{H{uiEﬁra%tsaégB‘P&Qt DEWNitk tPrereRdily,

Buf fers udeful” M "thiS’ Pnvention | nclude any suitable salts of oxyacids,

t he nat ureanit sriopiordcicoorssidfuriofzicth Prefaralgy nthetagiceis aaracidadhtiamased he pH of

their solutions preferably.r f t. f rom 4
to 10 and® ﬁBE?erBrr%ggBr’%ﬁ?eyraf’\g&ﬂfﬁ g/FE? é%%&b‘?@%@[a{%@; g?e%%yiio% Iisrbé'c(gfnt ain
an ani on andoGat ioPrhe Atia saniton fppevdrgyrah dffitarsatMVidYy zeolite udretamatdns such
as phosphate, carbonate, bicarbonate, carboxylates (e.g., acetate,

pht hal ate, and the like), citrate, borate, hydroxide, silicate,

alum nosilicate, or the like. The cation portion of the salt may include
cations such as ammoni um al kyl anmoni uns (e.g., tetraal kyl anmoni uns,
pyridiniuns, and the like), alkali nmetals, alkaline earth nmetals, or the
i ke. Cation exanples include NH4, NBu4, Nwe4, Li, Na, K GCs, My, and Ca
cations. Buffers may preferably contain a conbination of nore than one



The gel is prepared following the procedure outlined in J. Phys. Chem B,
2001, 105, p. 2897. Piperidine (876 g) is dissolved in deionized water
(2259 g), stirred thoroughly for 10 m nutes, and the solution is split into
2 equal parts. To the first part of the piperidine solution, tetrabutyl
orthotitanate (TBOT, 57 g used when SigzTi ratio is 39; 73.5 g used when
Si:Ti ratio is 29; and 66 g used when Sl Ti ratio is 34) is added under air
and the nihet acid sdritacteccaunt iat el@ateBGTMperatliresompeel refegabie uadeolrefiuxess

i th i gof e 1 AR Mraning BFRLARS; RaceDERErahet S BB, o

produce atHel éc&@lwaﬁhctppbammrmgoxgﬁl soni® of ke Nwmhténnﬁmttngodgdﬂh@opiapmdi idi ne
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ACt ivity ﬁmmﬂlyg@-f(gmeﬁ hyaspggn peroxide concentrations range from 0.1 to 90 weight
percent hydrogen peroxide in water, preferably 1 to 10 weight percent.

The amount of pre-formed hydrogen peroxide to the amount of olefin is not
critical, but most suitably the molar ratio of hydrogen peroxide:olefin is from 100:1 to

1:100, and more preferably in the range of 10:1 to 1:10. One equivalent of hydrogen



ratio (gel) Crystallization Tinme- Tenperature Profile Total

Days Nature of

Product Activityl 1A* 39 130C - 1 day 150C - 1 day 170C -10 days 12

crystalline 21 1B* 29
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peroxide is theoretically required to oxidize one equivalent of a mono-unsaturated
olefin substraté, but it may be desirable to employ an excess of one reactant to
optimize selectivity to the epoxide.

The hydrogen peroxide may also be generated in situ by the réaction of
hydrogen and oxygen in the presence of a noble metal catalyst. Although any
sources of oxygen and hydrogen are suitable, molecular oxygen and molecular
hydrogen are preferred. Thus, in one preferred embodiment of the invention, the
“epoxidation of olefin with oxygen and hydrogen is carried out in the 'presence of a
noble metal catalyst and the titanium-MWW zeolite produced by the methods
described above.

While any noble metal catalyst can be utilized (i.e., gold, silver, platinum,
palladium, iridium, ruthenium, osmium metal catalysts), either alone  or in
combination, palladium, platinum and gold metal catalysts are particularly desirable.
Suitable noble metal catalysts include high surface area noble metals, noble metal
alloys, and supported noble metal catalysts. Examples of suitable noble metal
catalysts include high surface area palladium and palladium alloys. However,
particularly preferred noble metal catalysts are supported noble metal catalysts
comprising a noble metal and a support.

For supported noble metal catalysts, the support is preferably a porous
material. Supports are well-known in the art. There are no particular restrictions on
the type of support that are used. For instance, the support can be inorganic oxides,
inorganic chlorides, carbon, and organic polymer resins. Preferred inorganic oxides
include oxides of Group 2, 3, 4, 5, 6, 13, or 14 elements. Particularly preferred
inorganic oxide supports include silica, alumina, titania, zirconia, niobium oxides,
tantalum oxides, molybdenum oxides, tungsten oxides, amorphous titania-silica,
amorphous zirconia-silica, amorphous niobia-silica, and the like. Preferred organic
polymer resins include polystyrene, styrene-divinylbenzene copolymers, crosslinked
polyethyleneimines, and polybenzimidizole. Suitable supports also include organic
polymer resins grafted onto inorganic oxide supports, such as polyethylenimine-silica.
Preferred supports also include carbon. Particularly preferred supports include
carbon, silica, silica-aluminas, titania, zirconia, and niobia. |

Preferably, the support has a surface area in the range of about 10 to about
700 m?/g, more preferably from about 50 to about 500 m?/g, and most preferably

from about 100 to about 400 m?/g. Preferably, the pore volume of the support is in
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the range of about 0.1 to about 4.0 mL/g, more preferably from about 0.5 to about

" 3.5 mlL/g, and most preferably from about 0.8 to about 3.0 mL/g. Preferably, the
average particle size of the support is in the range of about 0.1 to about 500 pm,
more preferably from about 1 to about 200 pm, and most preferably from about 10 to ‘
about 100 um. The average pore diameter is typically in the range of about 10 to
about 1000 A, preferably about 20 to about 500 A, and most preferably about 50 to
about 350 A.

The supported noble metal catalyst contains a noble metal (i.e., gold, silver,
platinum, palladium, iridium, ruthenium, osmium). Palladium, platinum, gold, and
mixtures thereof are particularly desirable. Typically, the amount of noble metal
present in the supported catalyst will be in the range of from 0.001 to 20 weight
percent, preferably 0.005 to 10 weight percent, and particularly 0.01 to 5 weight
percent. The manner in which the noble metal is incorporated into the supported
catalyst is not considered to be particularly critical. For example, the noble metal
may be supported by impregnation, adsorption, precipitation, or the like.
Alternatively, the noble metal can be incorporated by ion-exchange with, for example,
tetraammine palladium dichloride.

There are no particular restrictions regarding the choice of noble metal
compound or complex used as the source of the noble metal in the supported
catalyst. For example, suitable compounds include the nitrates, sulfates, halides
(e.g., chlorides, bromides), carboxylates (e.g. acetate), amine, and ammonium
complexes of noble metals.

In another preferred embodiment of the invention, the epoxidation of olefin,
hydrogen and oxygen is carried out in the presence of a noble metal-containing
titanium-MWW which comprises a noble metal and the titanium-MWW zeolite of the
invention. In this embodiment, the noble metal is incorporated into the titanium-
MWW zeolite by the methods described above.

Depending on the olefin to be reacted, the epoxidation according to the
invention can be carried out in the liquid phase, the gas phase, or in the supercritical
phase. When a liquid reaction medium is used, the catalyst is preferably in the form
of a suspension or fixed-bed. The process may be performed using a continuous

flow, semi-batch or batch mode of operation.
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Preferably, epoxidation is carried out in the liquid (or supercritical or subcritical)
phase. It is advantageous to work at a pressure of 1-200 bars and in the presence
of one or more solvents. Suitable solvents include any chemical that is a liquid
under reaction conditions, including, but not limited to, oxygenated hydrocarbons
such as alcohols, ethers, esters, and ketones, aromatic and aliphatic hydrocarbons
such as toluene and hexane, nitriles such as acetonitrile, liquid CO; (in the
supercritical or subcritical state), and water. Preferable solvents include liquid COo,
nitriles, alcohols, ketones, water, and mixtures thereof. Preferred nitriles include
acetontrile and other nitriles with appreciable water solubility. Preferred alcohols
include lower aliphatic C4-C4 alcohols such as methanol, ethanol, isopropanol, and
tert-butanol, or mixtures thereof. Fluorinated alcohols can be used. Most preferably,
the solvent is methanol, ethanol, isopropanol, and tert-butanol, water, or mixtures
thereof. ltis particularly preferable to use mixtures of the cited alcohols with water.

If epoxidation is carried out in the liquid (or supercritical or subcritical) phase,
it is advantageous to use a buffer. The buffer will typically be added to the solvent to
form a buffer solution. The buffer solution is employed in the reaction to inhibit the
formation of glycols or glycol ethers during epoxidation. Buffers are well known in
the art.

Buffers useful in this invention include any suitable salts of oxyacids, the
nature and proportions of which in the mixture, are such that the pH of their solutions
may preferably range from 3 to 12, more preferably from 4 to 10 and most preferably
from 5 to 9. Suitable salts of oxyacids contain an anion and cation. The anion
portion of the salt may include anions such as phosphate, carbonate, bicarbonate,
carboxylates (e.g., acetate, phthalate, and the like), citrate, borate, hydroxide, silicate,
aluminosilicate, or the like. The cation portion of the salt may include cations such

~as ammonium, alkylammoniums (e.g., tetraalkylammoniums, pyridiniums, and the
like), alkali metals, alkaline earth metals, or the like. Cation examples include NHy,
NBus, NMey, Li, Na, K, Cs, Mg, and Ca cations. Buffers may preferably contain a
combination of more than one suitable salt. Typically, the concentration of buffer in
the solvent is from about 0.0001 M to about 1 M, preferably from about 0.0005 M to
about 0.3 M. The buffer useful in this invention may also include the addition of
ammonia gas or ammonium hydroxide to the reaction system. For instance, one

“may use a pH = 12-14 solution of ammonium hydroxide to balance the pH of the



170C - 6 days 7 crystalline 14.5 Activity = granms PCE produced/ gram of
catal yst per hour. * Conparative Exanple 12 TABLE 2: Effect of Initial
Heati ng Tenperature on Ti-MWVW Fornmation Catalyst Si/Ti nolar ratio (gel)
Crystallization Tine- Tenperature Profile Total Days Nature of Product
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reaction system. More preferred buffers include alkali metal phosphate, ammonium
phosphate, and ammonium hydroxide buffers. '

The process of the invention may be carried out in a batch, oontinuous? or
semi-continuous manner using any appAropriate type of reaction vessel or apparatus
such as a fixed-bed, transport bed, fluidized bed, stirred slurry, or CSTR reactor.
The catalyst is preferably in the form of a suspension or fixed-bed. Known methods
for conducting catalyzed epoxidations of olefins using an oxidizing agent will
generally also be suitable for use in this process. Thus, the reactants may be
combined all at once or sequentially.

Epoxidation according to the invention is carried out at a temperature effective
to achieve the desired olefin epoxidation, preferably at temperatures in the range of
0-150°C, more preferably, 20-120°C. Reaction or residence times of from about 1
minute to 48 hours, more preferably 1 minute to 8 h.ours will typically be appropriate.
It is advantageous to work at a pressure of 1 to 200 atmospheres, although the

reaction can also be performed at atmospheric pressure.

The following examples merely illustrate the invention. Those skilled in the art
will recognize many variations that are within the spirit of the invention and scope of

the claims.

EXAMPLE 1. PREPARATION OF Ti-MWW CATALYST
The gel is prepared following the procedure outlined in J. Phys. Chem. B,
2001, 105, p. 2897. Piperidine (876 g) is dissolved in deionized water (2259 g),

stirred thoroughly for 10 minutes, and the solution is split into 2 equal parts. To the
first part of the piperidine solution, tetrabutyl orthotitanate (TBOT; 57 g used when
Si:Ti ratio is 39; 73.5 g used when Si:Ti ratio is 29; and 66 g used when Si:Ti ratio is
34) is added under air and the mixture stirred until the TBOT is dissolved to give a
colorless solution. Fumed silica (198 g) is then gradually added to this solution with
vigorous stirring, and then stirred for a further 1.5 hours to produce a titanium-
containing gel. To the second part of the piperidine solution,-boric acid (528 g) is
slowly added under vigorous stirring until dissolved and then fumed silica (198 g) is

gradually added with vigorous stirring, and then stirred for a further 1.5 hours to form
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a boric acid-containing gel. The titanium-containing gel is added to the boric acid-
containing gel and stirred for an additional 1.5 hours to form a translucent gel.

The translucent gel is fed into stainless steel autoclaves without Teflon liners
and the mixture heated according to the temperature protocol shown in Tables 1 and
2. The autoclave is cooled and the solid is separated from the liquid by filtration
either under nitrogen pressure or under vacuum. The resulting white solid is
repeatedly rinsed with deionized water until the filtrate pH is about 10, the solid is air-
dried, and then further dried at 60-80°C in a vacuum oven for about 16 hours to
produce the Ti-MWW zeolite. |

The Ti-MWW zeolite is treated with nitric acid (2M HNOs3) at reflux for 24
hours (20 mL HNOj; solution for every gram of solid). The solid product is filtered,
washed with water until filtrate pH is greater than 4, and is then dried in a vacuum
oven at 60-80°C for 16 hours. The solid is then calcined under air at 600°C for 6
hours to form the Ti-MWW catalyst. The Ti-MWW catalysts are analyzed by XRD to

show the crystalline or amorphous nature of the solids (see Tables 1 and 2).

EXAMPLE 2: EPOXIDATION OF PROPYLENE

A 100-mL Parr reactor is charged with a 70:25:5 wt.% solution of t-
butanol/water/hydrogen peroxide (40 g) and Ti-MWW catalyst (0.15 g). The reactor
is sealed and charged with propylene (23 to 25 g). The magnetically stirred reaction
mixture is heated at 50°C for 30 minutes at a reactor pressure about 280 psig, and is
then cooled to 10°C. The liquid and gas phases are analyzed by gas
chromatography. Propylene oxide and equivalents (“POE”) are produced during the
reaction. POE produced include propylene oxide (*PO”) and the ring-opened

products propylene glycol and glycol ethers. Results appear in Table 1.

The results show that 12 days total heating time is required to form active
crystalline Ti-MWW when the published preparation technique (130°C, then 150°C,
followed by 170°C) is utilized. If this preparation is reduced to only 7 days total
heating time, amorphous, non-active solid is produced (see Comp. Cat. 1B).
Surprisingly, heating the gel at a temperafure in the range of 35 to 75°C for a period
of 8 to SQ hours, followed by temperatures in the range of 160 to 190°C for a period

of 5 to 8 days resulted in crystalline titanium-MWW zeolite. Initial heating
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temperatures that are lower than 35°C, or higher than 75°C, fail to produce

crystalline titanium-MWW zeolite, as shown in Table 2. In fact, if the gel used to
produce Comparative Catalyst 1G is held at a temperature of 25°C for up to 10

months, there is no noticeable change to the crystallinity of the resulting product.

TABLE 1: Effect of Time-Temperature on Epoxidation Activity

Catalvst Si/Ti molar Crystallization Time- Total | Nature of Activity!
y ratio (gel) Temperature Profile Days Product y
130°C — 1 day
TA* 39 150°C - 1 day 12 crystalline 21
170°C — 10 days
130°C - 1 day mostl
1B * 29 150°C — 1 day 7 hy -
170°C — 5 days amorpnous
50°C - 0.75 day
130°C - 0.25 day .
1C 39 150°C — 1 day 8.5 crystalline 242
170°C - 6.5 days '
50°C - 0.5 day :
(18] 29 150°C - 0.5 day -8 crystailine 21.7
170°C — 7 days
50°C - 0.75 day :
1E 29 170°C — 7 days 7.75 | crystalline 20.5
50°C - 1 day :
1F 29 170°C — 6 days 7 c_rystallme 14.5

! Activity = grams POE produced/gram of catalyst per hour.
* Comparative Example




170C - 6 days 6.75 anorphous IN * 34 80C - 0.5 day 150C -0.5 day 170C -7
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conprising reacting an ol efin and hydrogen peroxide in the presence of a
titanium MWWV zeolite, wherein the titanium WVW zeolite is produced by:
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TABLE 2: Effect of Initial Heating Temperature on Ti-MWW Formation

Catalvst Si/Ti molar Crystallization Time- Total Nature of
y ratio (gel) Temperature Profile Days Product
25°C — 1 day
mostly
1G* 34 150°C — 1 da 7
, 170°C — 5 dayys amorphous
35°C - 0.5 day
H 34 150°C —- 0.5 day 8 crystalline
170°C — 7 days
" 34 51070(‘2(.3—977%:;}, 7.75 |- crystalline
1K 34 Ao %:;g 575 | crystalline
it 34 71%%5%%253” 6.75 crystalline
M 34 81975559g5d§5g 6.75 amorphous
80°C - 0.5 day _
1N * 34 150°C — 0.5 day 8 Crystall;]ne +
170°C ~ 7 days amorphous

* Comparative Example




(a) heating a gel fornmed froma titanium conpound, a silicon source, a
boron source, an MWW-tenpl ating agent, and water at a tenperature in the
range of 35C to 75C for a period of 8 to 30 hours to forma :
pre-crystallized gel; (b) heating the pre-crystallized gel to a tenperature
in the range of 160C to 190C for a period of 5 or nore days to formthe
titanium MWW zeolite; and (c) contacting the titanium WWVWV zeolite with
an acid. 2. The process of claim1l wherg n the titanium conmpound is sel ected
fromthe group consisting of titanium halides, titanium al koxi des, and

m xtures thereof; the silicon sourcejligmeel ected fromthe group consisting
of colloidal silica, funed silica, silicon al koxides, and m xtures thereof;

the boron gourcg hocs e6hpBhkihg A8adtinG QfﬁQillé'ﬂncgﬁélrﬁlﬁtd@@noﬁerb%ﬁbcmambd bor on
hal i des, boron hydri des, borate esters, netal borates, and m xtures

thereof: aPi@sene WINANRRIHEMYWgZegfimt WhereR pJeri iR MsMWW zeolte °R
hexanet hyI fBLLAdE: 3. The process of claim1l wherein the acid is selected
fromthe group consisting of nitric acid and sulfuric acjd. 4. The _process

of claim1 wher & heghed & €@'CW§?%Iqunk@dt"@8!u”1 sompaney &8I50R SRYEPafure i n

the range of 1206ohQodReCard MWW-tBﬁfpléPlﬂ @geﬁt bAd Ratdral aSepe@turé i thgat i ng at
a tenperature in the %%ﬁge of %9 The process of C|%Iml

wher ei n reacti off"ge % t? amé fﬂwP%réf@nOfp%tPo%g hRurs Lo 98P ARTREYSIAIZ289s 0l vent

sel ected fromtga group consisting of nmethanol, et hanol |sopr opanol ,

tert-butanol, water, and m xtures. thereof. 6.The rocess of 1 V\,herel n
t he hydrogen pefhd Rrating the prp-rrata i‘?e? 8! o gmpgrat d?l”ﬂfn"aﬁﬂel‘?ﬁél&g?etﬁ and

oxygen in the pi@pensea perict Srapbrembmidlys Eafornitsé titanium-MWW zeolite; and

(c) contacting the titanium-MWW zeolite with an acid.

2. The process of claim 1 wherein the titanium compound is selected from the
group consisting of titanium halides, titanium alkoxides, and mixtures thereof; the
silicon source is selected from the group consisting of colloidal silica, fumed silica,
silicon alkoxides, and mixtures thereof; the boron source is selected from the group
consisting of boric acid, boron halides, boron hydrides, borate esters, metal borates,
and mixtures thereof, and the MWW-templating agent is piperidine or

hexamethyleneimine.

3. The process of claim 1 wherein the acid is selected from the group

consisting of nitric acid and sulfuric acid.

4. The process of claim 1 wherein the pre-crystallized gel is heated at a
temperature in the range of 120°C to 155°C for a period of 8 to 30 hours prior to
heating at a temperature in the range of 160°C to 190°C.

5. The process of claim 1 wherein reaction of olefin and hydrogen peroxide is
performed in a solvent selected from the group consisting of methanol, ethanol,

isopropanol, tert-butanol, water, and mixtures thereof.

6. The process of claim 1 wherein the hydrogen peroxide is formed by the in

situ reaction of hydrogen and oxygen in the presence of a noble metal catalyst.



