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FI ELD OF THE | NVENTI ON 5This invention relates to a process for producing a
titanium MWWV zeolite and its use in olefin epoxidation with hydrogen

per oxi de. [3 OF THE | NVENTI ON Many di fferent n9§¢gﬁ§mfﬁﬁ%ﬁpe
preparation epOX|des have been deve] oped. 10 Ceneral epoxi des are
formed by the reaction of an olefin with an oxidizing agent in the presence
of a catalyst. The production of propylene oxide from propyl ene and an
organi ¢ hydr oper oxi RRQGESSA QY MAKING TELAMNILE- “@WH\!/ZE@é-hEéne hydr oper oxi de
or tert-butyl hydroperoxide, is commercially practiced technol ogy, see,

e.g., US Pat. Nos. 3,351, 635eaptod T8/ nBANTINt her comercial Iy
practlced technology is the 15 direct epoxidation of ethylene to ethylene
oxi de by reactTfWInmmlmrblse}Qj@ﬁfQ)emfo%@%lfpwl@fpdu@ﬂﬁlafﬁﬂmUmd’r”éVWLi-’ﬁ*QHt@I%ﬁd t he
silver c rcial epoxidation of higher

ol efins. %S%gle h Oéé’ﬁl é(;beé( d%i’%gﬂ‘hgﬁ@%e”ﬁ ydr oper oxi des, anot her
oxi di zi ng agent useful for the preparation of epOX|des i s hydrogen

peroxide. U S. Pat. d| scl oses the
epoxi dation of ol efi ns Wi F’%ﬁ‘%@&’é{ﬁ% OXI r\ej presence of a titanium

zeol i te cat al Wany difefene Hetiestis fbeﬂeajrebanasorcohelpmmmi havetheendieveloped.

epoxi datign of ol efins W|t OXﬁ eq and h P dlffgrent d|£ ect
epoxi Hat i BANLAHGISPSKE eﬁé(f’e %ﬁf Bﬁé%aeqﬁ' gf‘@éﬁ 'I’V" HEOXGFROAIEE Spr i ses
a nobl e nBkaresdite dfa §M@§@f t §fle Qtodudtivh AMipriepyianl bkige floaT pepgiepkeand P
4-352771 di scl oses the formati on of ropyl e eI oxi de L\//ﬁ g Eiyl ene,
oxygen, &t CHIAIIOREHORRIPNIGCLEHEIRY PIEN P%laﬁleﬁg‘/ DB NVATOPSIRIAR O'such as
pal | adi U”PeHrbLﬁyltHyH?c?Hér'éQ@é | leLQJnhrhgrmally practicEl @efRWIddyt @Bk UBGZ QIS tFeit.
catalyst for use’in ol efin epoxidation reactions is titanium MWVW zeolite.
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The refe erature crystallization processes, requiring
pr ol onge |t'%§%gﬁlg%'g% #'ﬁgml day, 150C for 1 nore day, and finally 170C
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pre-crystallized gel to a tenperature in the range of 160C to 190C for a
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titanium-MWW synthesis.



The titanium MWW zeolite preferably contains no el enents other than 25
titanium silicon, and oxygen in the lattice framework (it wll also
contain a significant anount of boron that can be renobved by contact with
an acid), %P%#%Eﬂ‘m nor amounts of iron, alum num sodjefisRpl@st um
copper and the |1 ke nmay be present. 2 The titanium MWW zeolite wll
general ly have a conposition corresponding to the follow ng enpirical
formul a xTi 02.101sw).Shew prheesses fios phedumden tiznoooMVaig zeoBes a0 neseed.

" preferabl ] : i r 5., I'h I i Si:Ti
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99: 1 (nostffipieefierably from9.5:1 to 60:1). The use of relatively

titaniumrich MWV zeolites nay al so be desirable. WO

2012/ 018408PCT/ US2011/ 022913 3 The process of the invention

conprises first heating a gsUvMMMReEDHE THE IBVENTAONUM conpound, a silicon

source, a boran source, an M\/\/\Nt?rrpl ating a garr;‘t wat er. at ata
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a pre-crygtifb bbgRdatdp of iR ISy 9&BRiGe OfThE PeodddY @BiipABed Bedliph
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tetr achi of 42 el i Trd RELHEE U e e BB F R ARag T,

col | oi dal fognl the djtarfiumedV\8WV| zexdite. siThe cenlital kisi dds contadtad withireesacid, is

tetr anet FOTSPUhSGHT cear gt dsd L AR B rhBREES 1 ca | o especi al |y
preferred. 15The MWWt enpl ati ng agent is preferably piperidine,
hexanet hyl enei m ne, or t ' de.,-Finperi di ne and
hexamtt hyl enei m ne ar Q%’dﬁqugﬁ%?%ﬂ@w&FﬂEoﬁ}%ﬁ@fl di ne i s nost
preferred. The procSss tofilthe iv@nGion SO Urseestoi probiucke abtitahemaMivay beulion

hal i des, boron hydrides, borate esters, and al borates, . such as al kali
met al bor HaEEUM gEplites LOMprise tb@ﬁ%%i%eaﬁ%s NSep gyherein ttaniumRlogs| 4 so

conpr i sesyaal @fstitdtéd 38diat pOioh CofVHeeEilicd R&Ims ah Ratattiss cfaraswarkcehal s may
al so be present. Al cohols such as isopropyl, ethyl and nethyl al cohol are

pr ef er r edNolgRdlar sispe opylNEINEMVIYY 7eoliés [se iParauy pelesdar gigve zeolite having
20 an MEL topology analogous to that of the MWW aluminosilicate zeolites, containing

titanium atoms substituted in the framework. Such substances, and their production,
are well known in the art. See for example, U.S. Pat. No. 6,759,540 and Wu et al., J.
Phys. Chem. B, 2001, 105, p. 2897.

The titanium-MWW zeolite preferably contains no elements other than

25 titanium, silicon, and oxygen in the lattice framework (it will also contain a significant
amount of boron that can be removed by contact with an acid), although minor
amounts of iron, aluminum, sodium, potassium, copper and the like may be present.

The titanium-MWW 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.

30  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.



Generally, the gel has nolar ratios of additives (as defined in terns of
nol es 25 of MWWV-tenpl ating agent, noles of Si02 and noles of Ti02) which
conprise the following nolar ratios: Ti02:Si02 = 0.5-5:100; and
MWW t enpl at, Si02 = 10- 50:100. The water: Si 02 L. 1S
typically #"%ﬁ%g{aﬁ 1000- 5000: 100 and; if used, the so%@%%ﬁ@%hgﬁrﬁ)l ar
ratio may be in the range of 0-500:100. The gel can be suitably prepared by
m xi ng t he desThedreeasscelsthef inventiomi apmpriss st dratingha ge¢ll fooved Wionh a
MWVVV-t e ' nt .and.. er. | ril r , a
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about 33. ciibiee baai gurfioul&ftitaen28bhA SURBAQG RO HBRDALEEREANYsAisehe intihet ure s
controll ed by the ampunt of MWWY-tenpl ati ng agent which is added, although
ot her basi®® %W'M@r%é‘oéﬁ‘%tﬁgﬁﬁ] Hgﬁ@ﬁ&ki xisfest EW&%M&%WM um

hydr oxi denfalred! serBsr. addefertdy ttighiga! aloXbbs CareSYRIRRS! 8tr8kopPBoxide,
titanium MWW zeolite is carried out by a hydrothermal s crystallization.
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of 8 to 3Qghay el | 256e95hcludE SR Hionbhe 38k

m xture igs eatlgdbfaégé'géc{ne%‘%ﬁeg{égr ggg nbfo%‘eﬁtg% 7OCC]:u orlazﬁ%gr?qu o(?e 10 hours
to 24 lhouti@hiumtadrashiefideabl y from 45C to 70C, and nost preferably from 45C
to 65C. The heat. j b V.0 of NG 4 jed to
reach the desi%é"t tergr%g&atgé@jgg %&%ﬂ?ﬁﬁﬁ%yﬁ?tﬁgﬁﬁddn@’ {:ﬂg)tl&&p @C%:@H{leg heat ed
at the desiicgdsilienpeatiatides, dhdefrixtatslsy therde. THuelpeledi siligmefaghoaiokey #reat ed in
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pre-cryst aspacralgt pyeferred. heated to a tenperature in the range of 160C to

190C for a period or re is.days to formtitani um zeolite.
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under aut BYERYALY preleises @ndmiraEisgP o% REe crystal lized gel is heated
at a tenperat us@gitdble 1ofor 80@Redfincldde HERE Ak, 1&En fiNlid8s, PBSoAthy@kid8s,t 0 30
hours prior to heating at a tenperature in the range of 160C to 190C. More
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5 the acid confRChel0&HUps saftalfy ?Ve}ia%’d be ARG LtHE Q@ sirdPESuRES betiRRlum, under
reflux conditions. In addition to renoving octahedral, inactive,

ext r a3¢ r ab@@or RNE isliganumith MV\ateneprialishagspi &l Water din¥sPaberiaroprdehe
MAMVVWV-t e I ' iy, the zeol | r t he
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agent at tenperatures from 400C to 800C, nore preferably from




10 530C to 600C. The calcination typically is preferably conducted in an
oxygen-cont ai ni ng at nosphere, such as air or a mxture of oxygen and an
inert gas such as nitrogen. The catalyst may also be calcined (pyrolyzed)
in the presgncs Afis@p inert gas such as nitrogen, and tpepyeptiRRat!y.

cal cined in an oxygen-containing atnosphere. |SThe epoxi dation process of
the invention conprises contacting an olefin and hydrogen peroxide in the
presence dfe trméuraclsdsmtmltﬂtbbdﬁq pnaunueh W@é@latmg agsni whishds dldeefins
include a f| I

general | ygm?&Jr%% Eh g%\s %Inrﬁ)oﬁﬁé S%@ re e%?@aﬁﬁggg%g@?ngf 3813%113@ gl iC
al kene of ahtnojnuﬁnmdﬁﬂldearalnmhcabeaaﬁdedtmethelgebresd;uref the invention is

particularly s bl.e foor 2 epoxi di. zi_ng., C2 fin e a

doubl e bond g @‘ﬂ? delhe, U P@Q'”BﬁW@ﬁ@'t%r'st?qr% qué%yeﬁahi‘ﬁ! n‘e%]ﬂgpol efin
nmay CORt akbfysRiizuticRr Pad gand hhy@n@aenemp@rmureqh tm@ter@@rdfasm tametd anal

groups such .as halide, carbox dr oxy I“a%/ﬁt her yano or nitro

gr oups, oPe't"PfEOWR‘ég’O'I‘I?é"SpI%@ saB RULE HEF o rq? @gp i |”§)X‘ij'§9efsu| for

converti nae%eexlaqeﬁnpteeatneqmoe@qo%P@l%ra?éahaa twm ng@n t@@m%ﬁe e be
generated prior to use in the epoxidation reactio gfn per oxi de may

be deri veareferghiydrm §t’§|(t3a%l7@ %cﬁﬂdc'@osﬁ mef%h*n@oakﬂ@& 00@5 e BAzidNgy

al.cohol s ﬁIT;I%[},r réb??ﬂ&@@ﬁ&%elu&@ﬁté“ﬂ%@rr@rﬁé”n‘e@%‘?eé’é@ﬁt%%srréﬂ"t'erfwﬁ@r%ttﬁer ect
reaction 0 rogen and oxyge he concentration of the aqueous hydrogen
per oxilole be’fa@‘tlarﬂte tingettial thEcged irehegios ot thea desiresaietperatie. ndefereblyi 8@ . 30
Typ| cal p f |d a S o 90
wl gt per Bartl 1S el tpaEaRe, o Eeapl BRSNS B s PSR,
percent. produce Teeprarmysiallizfd gele- f or med hydrogen per OXI de to the anount of

olefin is not caI ui I f dr.agen
per oxi de: ol efl’}r;\fr’“?r rI‘er 6%%0%”1%?%“? f%%gtéﬁa&'ﬂ%%rgg g"tee era IS%”IZ%Xt é@ 'r%ange of
10: 1 to 1hdfted & eMpevalentn vk aydes @geﬁo QM 20022 @ir&ﬂﬁBMbUSZBMbl@ZZMS 6

per oxi de i,s the retjcall uired e one e va en

mono- Uhsaf@ysaiod I%II'EWIW&WWFE?@ b%f'rg@/e BE- 8@ '5%‘? &8¢ 'SQEr?S‘?do@t an
excess of jeafpsant ant6H1T RP185TCZer é@bﬁ@d Vb ltc)'8tday§ hehdepord ;ﬁi%ferz'ﬂsie févydr ogen
per oxi de may al sqo be generated insitub reatlon ofF?AZ dro en and

oxygen i n@tifaiogrdsaité Hysa Hubppe- %%%I“Zé%@&ﬂﬁstfe PPl IR @es of

oxygen angsdaefaeutinsyd pakbee. nol ecul ar oxygen and nol ecul ar hydr ogen
are preferred. Thus, in one preferred embodi nent of the invention, the

epoxi dati on of Prfesably, fietmeskysiaivesree! iy healge mt issteawerated i dbe randengf
presenge t MY etar oduced
by thg&me? %ug:s dﬁggrgf ﬁggn&%‘gf/‘g)(étso%ﬂré Wuor tgtr%%wdr%b | e m%rgﬁtr%arfgl yst can
be utili zemg(%lofeIGO gaobd|90sEI vidpre ptﬁerﬁhwnihepaﬁ“wﬂawed getisutgatedi@héni um
osm um e t her. 3 i
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15 all oys, an orted. nobl.e t al. lIm'I"? nobl e
nmet al cat al ys'?}:s%‘lgﬁvﬁz)qguﬁgsﬁmbzﬁng ece'tag]ﬁ}eni pal I um an pa”Y F%\?neqé 1 oys.
Howeves, Baitdhle uealiteyrqaoetder nnetthodebhelun@tmtatmat amq/ea\teshmlge(psetpmmy adthnobl e
metal cataglysts conpri anb ta and a. s r r oted nobl e
net al cat&?'é@‘??d W %’ﬁﬂ)%PH% b?ét b 9p%r06|5r|133%§ Oé’orofﬁﬁ' g Alhoport s
are wel | - knamaghtior, Imdahta likdhehe zablte MoaypBeé drietilad b témpteratwblgmsteomamhe type
of support that are used. For instance, the support can be inorganic

oxi des, i Ag&NPiErOH HPNPOC 1R APBEn, and or gani ¢ pol ymer resins. Preferred
I nor gani C oxXi d@soidBE ksl dRoMxded s élftlvgc%myﬁ foB ephxidatiord, thd Jtitafiimliv@henent s.
Particularly preferred inorganic oxide supports include silica, alumna,
titanPh, 2¢QiEois aontarieri with Gxi aeid o removarciahndraxinasive IERIRBNPHXi des,
tungsten %hﬂ@? fgn%ema%ﬂat geIofrI Whibh CRis agretatt@ébsaéxuraegl Pretdrbig,

anor phous niobi a-silica, an 't ke. Preferred organic polymer resins

i ncl ude p’diIemeq/rsem@lC a@t@/tpres*téwdc\amdylﬂ’fefez@bm the peldyirsnsacic peyEeN HEen

pol yet hyl I | ude
organi c p%l nénQFZgniIgﬂqgef%p%ﬁ | n@r"ga‘aﬁﬁ?ggﬁ%%b@”%% %tse,‘ %saagrl‘(# &g

pol yet hyl entsm me-o$ithd aeid s&ﬁlﬂbefferr emiy s aof ttisa ral e VVWiYE Izadlkite c drbtamably,
Particularly preferred supports include carbon, silica, silica-alum nas,
titania, zirconia, and niobia. Preferably, the support has a surface
area in the range of about 10 to about 700 n2/g, nore preferably from about
50 to about 500 nR/g, and nost preferably from about 100 to about 400 n2/ g.
Preferably, the pore volunme of the support is in
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m./g, nore preferably fromabout 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
t he support range of about 0.1 to about 500 u erably

f rom about ‘ivlosz()lzrhbéﬁf 200 p.m and nosy preferably frompg {O?’i@%g

about 100 pm The average pore dianeter is typically in the range of about
10 to abotite mGiGOCqutaquedoelmtatyela\kmm tedpemturboumBeQpraferaryl undet reflwf er abl y

bout 50 ¢ b t 350 t ai
2 mobl o meRfere ot agfon ta raroafhg gEAPBRE HaaRE. &R AR o um
osmi um) . | H’el éadlwaghbtrpbeéllwme\gnl sbmeﬁnd the Mvm/\xtemﬁ;ﬂsnrtgheg@ﬂofcoamned in ]
t t t t t
Suppor  ea e et iR RS PR OB Pe HASGO 11D o - ABIEGRENBlr cont ;

preferabl héy@r Q% t tHD evringBl RaitRRlonapfsinPartdiewlinayr the Beifledrady, wei ght
percent. The manner in which the noble nmetal is incorporated into the

suppor t edti@BiuE -y zealits: is Jupierahly washes weh yaten saraPrsfeabii it isayashesy

exanpl e, M?ﬁ"W&%?'ﬁtﬂﬁ%%'ltratéﬁag%)btp@f@Hrpg?)r‘ééfe?d by inpregnation, adsorption,
precipitation, or ke. Alternative he noble netal can be

i ncor por at ed Hyrefesablix teaigaiuvm-MYWW geolié dsmshisinedetor samavenanypaemaiingm
dichlorid L d e
choi ce. of M templstR SR e e oAl e 0D S Bl PR BT o
met al 10 n ¥ CstgppO0iCed Th@Ocaianaﬂxqrstyp!CEtiy ieyeafplably sondustsde incenpoyaers

i ncl ude t f S 0 )

car boxyl a cgqstgibtn %&'%g%%}feg{a‘e@é% it Q'? tg%ﬁx&?e g O)ﬁﬁgln Jr{dfj%f('er? P[O#HQ nsq%ﬁ & et al s.
I n anot hemtrpgm eifhe datifsd dhayealso (t»fs dalénadh{pyralyzeal) i tte:e eeeancadi aminsft

ol efin, hydrogen and .oxygen i arried out in th resence of a.noble
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25 alumnosilicate, or the like. The cation portion of the salt nmay include
cations such as ammoni um al kyl anmoni uns (e.g., tetraal kyl amoni uns,
pyridiniunms, and the like), alkali netals, alkaline earth netals, or the

i ke. Cation exanples include NH4, NBu4, Nwe4, Li, Na, K GCs, My, and Ca
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polymer resins grafted onto inorganic oxide supports, such as polyethylenimine-silica.

30 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



EXAMPLE 2: EPDXI DATI ON OF PROPYLENE A 100-nL Parr reactor is charged
with a 70:25:5 wt. % sol ution of tbutanol/water/hydrogen peroxide (40 g) and
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propyl ene (\§§ 258/0%?40:9) . The magnetically stirred reacti 9&/{}@%}%{&%]55 heat ed -
m [

at 50C for nutes at a reactor pregsure about 280 psig, an S t hen
cooled to 10C. The liquid and gas phases are anal yzed by gas
chr onmat ogtreplayge R applietd toxakbet drd medy i mateepreterébliiP@eh) ahoe @bddwbedt duri ng

t he reactjan. POE produced_incl ude pr.opyl oxi de ' t :
ring- openg% ’i‘%&" @d‘@c?‘gsbp@ﬁ??éwyﬁp%@SBYQ%FOQ?%@I3' trﬂlglg)s. a%g%rﬁplg'st%ppear
in Tabl e 3verage partithesiz@d4lths s%lﬂ@(ﬂt it thb2rafgy of ta®bal oRemt dit t5oBum S
required to formactive crystalline Ti-MW when the published preparation

t echni quemplpEferahkyrirons e utf bid ajwed 269 Ly Gay mest prefeiapldiromfabphi 10 to

preparation is reduc to only 7 d total, . heat in i ous,
non- act i v@b%%ﬂioc? g p eda‘éeéag%/s"&ée %ﬁbterdgttyp@%ﬂy' '%gh?ﬁg?éel ﬁg??ﬁﬂﬁ@g I ng the
gel at a alePEnddW, ereferddig abamg® of aldut 500 75 Gridomost pefaraisly abo@ 5m0to30

hour s, followgg y tenperatures in the range of 160 to 190C for a period of
5to 8 dai’/léoqi Qited in crystalline titanium MWW zeolite. Initial heating

WO 2012/ 018408 el & dpleddd 1 dbie Hetal IchtaIpsRnading 8SobRaiedd§i.é.0981, bian 35C,

or higher than 75C fail to produce crystalline titanium. zeolite, as
shown i n Aakmenapaliadiyraciidiym, fuieeniem, gswiinle Frlidids, EhipEMagols ansk al yst

1G is el diaied HhemRerft Lﬁaﬁ’ti&jlal%s@egi%blé!pw[ﬁcéw, RN hsount RN ®odlS niQal 5
noti ceabl e change to the crystallinity of the fesulting product. TABLE 1:
Ef f ect of PrEbem- Telrpesupparted aatatysdxvilldie tnthactangptaf fravatd§isto gPaveightst
S0 B W08 SR bR aBSEPRSRA 6.7 51t 2
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
15 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
20 catalyst. For example, suitable compounds include the nitrates, sulfates, halides
(e.g., chlorides, bromides), carboxylates (e.g. acetate), amine, and ammonium
complexes of hoble 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
25 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
30 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, liguid CO, (in the

supercritical or subcritical state), and water. Preferable solvents include liquid COg,

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. It is 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,
NBu4, 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

1
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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, continuous, or
semi-continuous manner using any appropriate type of reaction vessel or apparatus
5 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 reactanis may be
combined all at once or sequentially.

10 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 hours will typically be appropriate.
It is advantageous to work at a pressure of 1 to 200 atmospheres, although the

15  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.

20
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

25 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 ﬁtanium—
30  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




14.5  Activi ty -in, grams POE produced/ gram of catal yst per hour. *
Conpar ati ve Exanpl e 15 12 TABLE 2: Effect of Initial Heating
Tenperature on Ti - MWWVW Formation Catalyst Si/Ti nolar ratio (gel)

Crystal l'izatjon Jipe: Tenperature Profile Total Days Na f oduct 1G *
34 25C - 1 %}}é’yﬁi%%%’-‘ 1 day 170C - 5 dgys bt sl d2ed

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

5 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.

10 The Ti-MWW zeolite is treated with nitric acid (2M HNO3) at reflux for 24
hours (20 mL HNOj3; 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

15 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

20 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

25  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

30 heating time, amorphous, non-active solid is produced (see Comp. Cat. 1B).
Surprisingly, heating the gel at a temperature in the range of 35 to 75°C for a period
of 8 to 30 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
10

Catalvst Si/Ti molar Crystallization Time- Total | Nature of Activity’
y ratio (gel) Temperature Profile Days Product y
130°C — 1 day
1A ™ 39 150°C — 1 day 12 crystalline 21
170°C — 10 days
130°C - 1 day
1B * 29 150°C — 1 day 7 mosty ;
170°C — 5 days amorpnous
50°C — 0.75 day
1c 39 130 s 9'125d:fy 85 | crystaline | 24.2
170°C — 8.5 days ‘
50°C ~ 0.5 day
1D 29 150°C - 0.5 day -8 crystalline 21.7
170°C — 7 days
1E 29 RIS Z:;g 7.75 | crystalline | 205
1F 29 1?808 : 23 333 7 crystalline 14.5

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

15




70C -0.75 day 170C -6 days 6.75 crystalline 11\/1 * 34 80C -0.75 day 170C
-6 days 6.75 anorphous 1IN * 34 80C -0.5 day 150C -0.5 day 170C -7 days 8
anor phous crystalline + *Conparative Exanple 13 W claim 1. A process for

produci ng Ayblab Blokdeim MVW zeolite, which conprises: PCT/US2011/022913

12

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 most
1G6* 34 150°C ~ 1 day 7 hy
, 170°C — 5 days amorphous
35°C - 0.5 day
1H 34 160°C — 0.5 day 8 crystalline
170°C — 7 days
" 34 5120(2(3_9775(1:;;/ 7.75 |- crystalline
1K 34 ot o 575 | crystalline
e > "roc—6 Z:;g 6.75 | orystalline
™M 34 ﬁ%ﬁg?g%gﬁg 6.75 | amorphous
80°C - 0.5 day crystalline +
IN* 34 150°C — 0.5 day 8 y A
170°C - 7 days amorphous

* Comparative Example




(a) heating a gel fornmed froma titani um conpound, a silicon source, a
boron source, an MWWt 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; and (b) heating the pre-crystallized gel at a
tenperature in the range of 160C to 190C for a period of 5 or nore days to
formthe titani umMWVW zeolite. 2.The g)rocess of claim1l wherein the

titani um conpound is selected fromt hd3group consisting of titanium

hal i des, tihARHM al koxi des, and m xtures thereof. 3. The process of
claim2 wheréin the titanium al koxide is selected fromthe group consisting
of titanium tetfaet Hoxiogess fori pradiding @ BapansMPMI pegitaavhi¢h eomirgas:

tetrabutoxide, and 'Méémgg Tatdé?fo‘ﬁ%d o8 R RFESSIung) Abiltch Wiedeehn t he
silicon source is sel‘ecte romthe ?r oup. consi sti ngq of col]oidal silica,

fumed silica, silicooral soxsees VaNgiarplatinocagenh@nddratersatihemMprEtEss of

claim4 wherein the;sils 604k & 360518 @508 aleabEEN 10D idies Brfompapansi sting
of tetraethylorthosilicate, tetranmethylorthosilicate, and m xtures thereof.

6. The process of cl &#alizgA@PEPAYt he boron source is selected fromthe
Suters. motal Do at G e thar a7 The bt pogss o el ©
wherein the MWW t e.rilﬁp(éﬁ it‘hégg)éfeﬁi' 3 geR9ndry 8 A% aﬁsre%;r?grﬁﬁ@% g{r%‘g?]lrr{lmne.
EséThgrg{ ngsisnof hgl ?nv:\/\szg%n@iei g the pmcrystallized gel is heated at a
pr im;r to heati ng‘ at 8%2?5%8? 86%?@ ?W%?'%g' tﬁ"%?}'tgagm%f&gi@g%ﬁ{dégigg%g@gaﬁﬁ(ras
process of teé gionp tondistingioftithhiempvadides, yistnain alkeddegebnd mitiaas theresd. a
tenperature in the range, ol 160Gih % dRGGNRE tnRAT LREXAE isdittd FGHS.
~the group consisting of titanium tetraethoxide, titanium tetraisopropoxide, titanium
tetrabutoxide, and mixtures thereof.
4, The process of claim 1 wherein the silicon source is selected from the
group consisting of colloidal silica, fumed silica, silicon alkoxides, and mixtures
thereof. ‘ ,
5. The process of claim 4 wherein the silicon alkoxide is selected from the
group consisting of tetraethylorthosilicate, tetramethylorthosilicate, and mixtures
thereof.

6. The process of claim 1 wherein the boron source is selected from the
group consisting of boric acid, boron halides, boron hydrides, borate esters, metal
borates, and mixtures thereof.

7. The process of claim 1 wherein the MWW-templating agent is
piperidine or hexamethyleneimine. ‘

_ 8. 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.

9. The process of claim 1 wherein the pre-crystallized gel is heated at a

temperature in the range of 160°C to 190°C for a period of 5 to 8 days.



