WO 2012/ 018408PCT/ US2011/ 022913 1 PROCESS FOR MAKI NG TI TANI UM MAW ZEOLI TE
FI ELD OF THE | NVENTI ON 5This invention relates to a process for producing a
titani umwvBdpaakiose and its use in ol efin epoxidation wcrhushyidnemyen

per oxi de. BACKGROUND OF THE | NVENTI ONt Many different nethods for the
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Pat.h Eod 4,833, 260, for Bé@;@@@&@ T $EIEONRSENREOMpoxi Iclati on of olefins )
Current r esaNpRRATErES: il BERE PP o RN B boG BRYANE:
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prol onged heating at 1% for 1 day, 150C for 1 nore day, and finally 170C
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acid, is active in olefin epoxidations with hydrogen peroxide. 15DETAI LED
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containing a Group VIl metal such as palladium on a titanium silicalite.

One new titanium zeolite catalyst for use in olefin epoxidation reactions is
titanium-MWW zeolite.  Titanium-MWW zeolites are typically produced by a
hydrothermal crystallization procedure, for example, as described in U.S. Pat. No.

30 6,759,540 and Wu et al., J. Phys. Chem. B, 2001, 105, p. 2897. Unfortunately, the

previous processes to produce titanium-MWW are lengthy. The references teach

high temperature crystallization processes, requiring prolonged heating at 130°C for
1 day, 150°C for 1 more day, and finally 170°C for 5 or more days to complete the
titanium-MWW synthesis.



The process of the invention is used to produce a titanium MWVW zeolite.

Ti tani um zeolites conprise the class of zeolitic substances wherein

titani umwbanrr/as@ssubstituted for a portion of the siliPcorusationms29in t he

| attice franework of a nolecular sieve. Titanium MW zeolite is a porous
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B, 200Ieffidiebtly.p. 2897. The titani um MWVVWV zeolite preferably contains no

el ements other than 25 titanium silicon, and oxygen in the lattice

framework (it will also contain a significant anount of boron that can be
remgved by contact with arg@eidRYabt TMHYINVERGIORMOUNt s of iron, al um num
sodi um potassium copper and the |i ke may be present. The
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particul ar, .t i ; I I { um conpounds useful in the

i nvent ilgocﬁ(l?m%’%@%&@gg?ggg\ﬁﬁwéﬁgéﬁp%t)(%ﬁcﬁl't ani um al koxi des, titanium

hal i des, and m xtures thereof.Preferred titani um al koxi des are titanium
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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 xTiO,¢(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.




Sui t abl e boron sources include boric acid, boron halides, boron hydrides,
borate esters, and netal borates, such as alkali netal borates. Boric acid
i s 20partwoubrydig4opr ef err ed. The gel al so conpri sesTwsken/0219m3
addition to water, other sol vents such as al cohols nmay al so be present.
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preferably for a period of 5 to 7 days. The pre-crystallized gel is
pr eer alﬂf%)/@lﬂééy&ﬁfeﬁed seal ed vessel under autogenous pressure. Preferably,

the pre-crystallized gel 20
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155C f@re@rgf@,rre@idaafi ispprePYAlehe &s pypasialyretaitgdg at a tenperature in the
range of 16Q&, rﬁé)rai'fz Ie d:é?ﬁgl%g‘hgfércr%’b{éé Blf% @%éé)?as HBEndd t {Hrﬁh@w eolite

is typically recov e zeolrte recovery ne ods i
f i 125r atof dVANetewashiimg agpnefraciabl of BiQhandeimoliezesf Tdlewhictt icontphieeptdeof t he

i ke FRiowiagihoe: rtpod Qi b 50 S51e: ehanaretdeaivaing seetisues = B0 ¢
prefer afy. yoér 65%téPSlgngrq:lole{r”ra‘?igd@;th[&fapy QYIS LRIt %bbvfmoeawd ¥, firor

epoxi dat 1 on, e titani um MWVW te is contacted wth an acid to
renove L(&edahmjscail/enh Sidptmelar ratict may foeamghe r&nge ob0HS0M 1P, wel | as structur al

b whi ch _gct B t. d t
aci o or Sl U4 Beleas BorUFENABIpaTeh BYmptrg D8 Aeliod "Gyt Wi alT o

congentyRbh Oanﬂ rbllﬁd%ﬁ] (RAIRVON-RnfpIMinP ageM aRBdwher AR ARy Pahbéu%'re&d@? a

| oadi ng of 10-30 nL of the acid solution for every gram™of titani um MW

zeol i tePreﬁrrebbraﬁbm:xturm@ttam}r@l&h@%&rﬂu%mm@ngﬂBe silicon source, the
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the gel. Preferably, the gel mixture has a pH of about 9 to about 13. The basicity of




5 the acid contact occurs at el evated tenperatures, nore preferably under
reflux conditions. In addition to renoving octahedral, inactive,

extra-fr aveworzoigiogani um the acid wash typically renovesTasaeiob2dihe
MA¥ t enpl ating agent contained in the4zeolite pores and initiates the
conversj on of t he mat er omlts ona r formtq the

ot ondateInituEnSi GRAIOIP R IneopTouhgr MEVLETHDlagng AIEN itk 1 28 A an
zeol I t ey Bhe beADbYsivas M‘hé’lé‘ ARhehs ARnForRLA BfaRdd tor' tHRSOEg W th
wat er untq%lugt heﬁ trgte ﬁ%go H of 4 or greater. y Pr et er abl yg t he
titani meMMWmélyUrcmde sag alo b&adddeﬁ tcet‘nm/@IanryturerraI n| ng MWW-tenpl ati ng

. agent at te tures, f,rom,400C 0C, ,.nore e fr m 530C to
500C. The capaithetpont tirpieanri-MEVEY derbls B iiaty o darofetnal

oxygen- &9&%&&%&9 %@%ﬁa‘?%%é‘ateé%% t%ﬁﬁ;férét&é I@tHB Pﬁd@reeon%"@X’r)bgWCﬁfcb@ aan

inert gas such as nitrogen. The catal yst may al so cal ci ned (pyrolyzed)

in the periesentd tof30ahouradotfogas srﬁsma’@llmedrg@erPreéerabbfhéhﬁ gpt moxdre ip,

I d t h f
Che | nvitPo AT edptealie of et d R B Brfsriothd o BBEGA S RBMRL TR he
pr esencsrefdrablyerdfi4h coot 2SS Girid habt prafdidiMraend 5t to 881¢ allihe iddfrigns
i nclude any olefin hawn@gII at | east one carbon-carbon doubl e bond, an

: gleEer altige ﬂoIf@f@razoly 6066 nehinbudethatimepegrised o yeachethe dasined temperakyel i c
a0 el B sty 8% 57 B80isEhSTey ;1 RS BR S fetalfrd. WEFERIEHY B

doubl e mm@ermy refgrablyenéatedsin @ 8esledngesyel turideneaditogerxanpressurbetool ef i n
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25 tant al um oxi des, nol ybdenum oxi des, tungsten oxi des, anorphous
titania-silica, anorphous zirconia-silica, anorphous niobia-silica, and the
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i nclude carbon, silica, silica-alumnas, titania, zirconia, and niobia.

Pr ef er dbkeyacid rvmsstuwmallyrmgnca/ewwrae eafathed\/lvw\/fﬂemmam agentpboniaingd ino

about 7 0 mZ/ rtab ﬁ from about 0 totab%ﬁt {) gﬂ({aﬂ and lm)st
prefera pyzqao 3rt§3(§uef‘ 836{ 8[53[0”2{%@'%%1 P f‘ii“ 5h PRSI0 ume of
the ssupppést fdr§1 't<5‘ th%ﬁ@ﬂ@é@lﬁéﬁ@ﬁﬂdﬁ%%/ 02393wing the acrngen®ict, a@@ut 0.1
to about” 4. , hore preferably fromabout 0.5 to about 3.5 L/ and
nmost prtéaélung aavldb ds prefegily Wwasbad vathowatergmape erefiesairly it is veashedr age

particle,siz 0 of about 0.1 to about 500 pm
nor e prvé‘F'é}N&g?fw”f" B}ﬁiﬁgfﬁ F’%’? gspﬁ)gb{l Igg@E?aéB%ﬂe and nost preferably from about
10 to 5 abaeitefd@Blypihe TheniaweVBye/ pebktedisas@tiped ® temowdldny temdihimgr ange
of about 10 to about 1000 A, preferably about 20 to about 500 A and nost

pr ef er WNWABHIRIatEE agentridenpsoatares from 4GHE B4 daokeoplederaBlyairom
| |
CatAlYSlarberihera "9 S Bod by 98 drelebieLenlatd e Balhad um

t her eofcomtainpayr dthaspaely, slesi asbirer aTmp«tw@I dfyoxyigee armbantinat gasblueh rast al
present .in the_supported catal yst wll ag in the range of fromO 001 to 20
vei ght m@@@@m Thﬁr@t@wafbmyoalewet%a@ae PYiRlYZ5E) & e PEas@nEariauNgH y
0.01t ht,.p n

0,01 {4 WSAThePR{GRRD, The MRANSEIbNN cicheg 1Ptk sl dchraining

parti cutardspherd. t | cal_ For exanple, the noble netal 15 may be supported by

t d . t. th t
nobice ot af e CRENHALGY Bedesc ol BrE e g Brans FonPeli@ R mren nd
t et r aamyqpsy ge?&h&én ifll fhlél Brddice of the HARL-EoRBBISAOHIRAIIMNNAY zeolite.

restrictions regarding the ch0|ce of noble nmetal conpound or conpl ex used
as t he Swiabie odﬁﬂntsheclndelzmweteém havinghat asd emeecarbo-assben weubleFaend,

exanpl wtabeco include thesnitrate at

chlori c?é'kds 9N |¥ig C{Qr}gcgﬁ bgpeiomg gPre @% %e Ol&h‘pﬁ%%% %CHCL&?T%&?%

conpl exsrdmh mbfvs@caml Stoms; the phsbe@aqifhﬁé ifeaftiohris pacidonsiyr@ntabpd fdrhe

i nvention, the epoxidation of ol efin, drogen and oxygen is carried out in

t he2Opr epewishizing Ca-Gobledinge Moredban anaideybis @mﬂ arvupe MARENMASTIA & 8iPpei ses a

enbodi meAenEner wofnblead i B hEE ooty Ree R Bedeh WAt o by
t he nmetrhagsodess fibetbrab@réups such dsehalivd, I‘t@rl@dﬂxw hrydrogfli rtiier, karbegtt ed,

t he epoxi dation according to the invention can be carried out |n th? I|qU|d
phase, qyﬁ@c)gaé nw}%@r@upér of the Hee.shperspsesscal thesovemtianeis sgnasialy| ysgll

reacti Y, s preferably |ntheformof a
suspenS| on or iéé}by‘% éﬂtﬁr B?Fg@%soz&d%y be perforned using a continuous

fl os sem - Biatechydrogeat peraxidte nody bpegenerated pvibr to use in the epoxidation

2012/ 018408PCT/ US2011/ 022915 8 Pr ef abI Y, ggél ation |s arried out
in the "PRGIAT regfye PEF X! %ema)ﬁrbes%'a‘f? r@&“ | Py heidiablg sopces ielHeigeous
to wor p e

sol vent2 UaGPaEFEHERADY, desktls gk 455 dﬁﬂ°%‘*§%l?*’ﬁ?tmﬁsag'”9f‘§u@‘8Cﬁﬁ%er
reacti cmndcfwmdlre@m;eaatmlmfmwgogemandmwygemn fTod otonpenbtytgarnaiﬂﬂd aquoolsar bons

5 such ,as, al cohol s,. et her st g etone aronat,i ¢ and rqhar c
hydrocan etaeTo aronaS  BRstan “BHEES dufh e e dPiTarctL iRl Bl bR
i d 1R Imeifaﬁnéwwaﬁddgéﬁ Eér‘oxﬂfe éélrb@édntdn@ﬁb réhéé ef)om ami tWad (e veight

. Preferable solvents 1 nClu C2, nitriles, alcohols, ketones wat er,
and mpeueey hylleogsst penemteelnrveatenlnreielr@@ynrt@lmjwem(hép@manrt| e and ot her

ower a1 1 phattRereh ol Bl nsrr o e B bR A

tert - burigbal buPfodt Xuialss thdei@af ratibl dfatyidrdert pataxahoblefit afrom UsEd. toMbst
preferablé&% t he sol vent is nethanol, ethanol, |so ropanol , and
I

tert- bult andugose preferatlkinihesanaecédp; o 1119. Jane eauivalany oppedieasbl e t o
use m xtures of the cited alcohols with water.



| f epoxidation is carried out in the liquid (or supercritical or
subcritical) phase, 15 it is advantageous to use a buffer. The buffer wll
typi cal | ybeomddedst o the solvent to forma buffer sol upconus2dine2ivus f er
solution is enployed in the reaction 60 inhibit the formation of glycols or

gl ycol ethers during epoxidation. Buffers are well known in the

rt
Buf f er sPeIe¥ig! isi thepratisalleairashte QxidizRe orRyeaLiya'an) & éampﬁowsaﬁvaiﬁdds
t he [ i r t he
o of (8 SuBsfe, MANCHAPES dosidBle o dnblog A1 ¥ieds of dhelheatalit | !
from 4 émtini@e aptbctivist topthefepoddey from 5 to 9. Suitable salts of oxyacids
contain an anion and cation. The anion b%grtl on . of the s

| t i ncI u
ani ons such HE PWEERHEAY REreXidednay st gsBakted ‘Eeﬁ%gw @leegs
acetat g, I # Xi iRt e,
25 aI um nosé%wcaﬁdgox%g\t ?\rgqpé lﬁ%)sgi'?\éeé tggta&? ?r?b;%rnﬁéitgin ngaq{&e g\ghgé%yﬁncl ude
cat i onssauicds as @ygeni ang lalckgdemrevai surkabla. g10 leaudarnr azyder samaonialeasilar
ridiniu and the_like), alkali rreta i.ne ear rretal or the
P ke Cilage di steriee | TaBe nionRauate tasbar o Mg o heliheifon g oo

cationsg &haafternsoméﬂﬁr\m%%éh @ﬁatrwdrﬂo@ercwbaﬂew St mfth@%reséh@@ opRe
sui t abl e salt. Typically, the concentration of fer in 30 the solvent is

f r om abwmitle Ometd 1cafatyst aﬁtmhtthﬁ Mlanpmef\/é%{wzyedhte)mradumd dyodbs methvdgbout
0.3 M The Buffair useful in this invention may al so include the addition of
armBni LGLEPGH @RWBni um hydroxi de to the reaction system For instance, one
may use a pH\mild ZntAnBBleUkicdal B4ta inupE hyflizedi @e.,t golbalsanee pldtnuph] of
the WD 2012/018408PCT/ US2011/ 022913 9 reaction system More preferred
buf f er spalladiunde idfiian,i retheniumphoepRie, meipbnalalypisds phitites, AeRe affmoli um
hydr oxi r o} t out
o o aladim o QT BEE3P T ne e BalduS Sl oPRN A S e O

type ofSuigamd inoblev grsal celslysRpiacRideshigh sufateasrea fobledndtats, robnsmtalt bed,
fluidized bed, stirred slurry, or CSIR reactor. The gat al %st is pr ef erably

in he dlo¥n @ndasmeqf@%.n@hleomtak@at%eds Kﬁesampﬂﬁ RbRYteBle AgRiguRtStRlg
cat al yé&g%|§gt%X|r%ﬂ;de0 rPfsu%% OReg angdra 'p%\LQ&’iuﬂg%ﬂb Wil Howv%ral ly

also b I'nthis pr cess hus ereactats may be
combi ngshraitdlady pmfefrem r@btmmmetaaldayalyéi@Eam(edppormmerom:(bedlnatpltcmtaltyets
invention is. carr| erature effective to achieve the desired

out
ol ef i n EFORIIRY ?(ﬂ? F'@‘%’radﬁf@saf’ ?rperatures in the range of 0-150C, nore
preferably, i idho é%g%tmé)%efal ERLGERC AN SEAT i§T AENARBN! alpBididte to

48 hours, nore pre mnute to hours w | typlcally be
appooprmategial. | Suppodsimv\aydmmvrt 0] therEkrt aflhareamssapariguldar restripgions on
at nospheres, a t hou the 15re i on can al,so be rformed at atnospheric
or essurge e 8 S iial Gos HGSRx ERpMSLS: 419 SHTPILFRaEE IRGNaFon.

Those skbida@ft EMoFifies, addrbdh | And BFRGIE F@lymyremel Prieftfed h@trgl@m@ dmelsl n the
spirit of the invention and scope of thé clains. 20 EXAMPLE PREPARATI ON
OF Ti - M\N\M%me@@f Group 2 TRe4gdl 6,s1repit clementsowiRajtieHary moeiedigte

outlined in J. 0 di 7 is

i ssol VA PRI e suiPia afydoshogy AtupPia, R o rbBaiiny TEOH0S ey o
andst hagfglluhi exides, sRdlyBdermin® Gxi@ssaturRatdrs ox'EQast f@moﬁﬂnofulsr ftankasilicaf t he
pi peridi ne solution, tetrabutyl orthotitanate (TBOT; used when Si: T|

rati o ian@whops zycgnigssiicawrmorshors Rigeiassiiica, zond fé\@dm’@a refeegdvpreanis;

i ssol VEWTE A HRAE BBl sBrnd yishe-dlitieR i oLl cbSiried” k
gr adual dolyettigledeindinedj ancs plolitdenrinidizole/i Guitabke smpmdrimgl,soamdludbemrgamcr red

for a further 1.5 hours to produce )@iﬁltanl um 30 contai ng.ngel . ..Jo the
second RRA¥eBfesited iAiseramtip MereaNiGIaE SRR, SIFR aés%veég PEININEWiFaadded
n N i ed P $i £1981@k 1S
%ﬁuaﬁ%?%rg%?dﬁ‘%bbﬁg gls%r@&'su%t ??ﬁoﬁ gﬂﬁmt“%g E)Srf[él rre% éfdg %zrit fﬁrther 1.5
hour s tcarbom mlhdwsm@é%lmmE?té'l‘vid.)ﬁi?r@mm/aoaﬁéh’bbla
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from about 100 to about 400 m?/g. Preferably, the pore volume of the support is in
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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.



Total Days Nature of Product Activityl 1A * 39 130C - 1 day 150C - 1 day
170C -10 days 12 crystalline 21 1B * 29 130C - 1 day 150C - 1 day 170C -5

days 7 nosOl21220m8409hoUS - PCT/US2011/022913
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Preferably, epoxidation is carried out in the liquid (or supercritical or subcritical)
phase. Itis 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

s 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 CO,,
nitriles, alcohols, ketones, water, and mixtures thereof. Preferred nitriles include
acetontrile and other nitriles with appreciable water solubility. Preferred alcohols

10 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,

15 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

20  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,

25 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 NHa,
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

30 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
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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
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 hours 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




20.5 1F 29 50C -1 day 170C -6 days 7 crystalline 14.5 Activity = grans
POE produced/ gram of catal yst per hour. * Conparative Exanple 12 TABLE 2:
Ef f ect ofwoOnntamEb4oBleati ng Tenperature on Ti - WVVWW For matcorusgatiabiess Si/ Ti
nolar ratio (gel) Crystallization Tin® Tenperature Profile Total Days
Nature gfboﬁrcogclilc?-tco%tgir?ing 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 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

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 A8 days resulted in crystalline titanium-MWW zeolite. Initial heating



34 25C - 1 day 150C - 1 day 170C - 5 days 7 nostly anorphous 1H 34 35C -
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-7 days AwORorwois4oal | i ne 1K 34 60C -0. 75 day PCT/US2011/022913
11

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| e ;
170°C — 5 days P
50°C - 0.75 day
130°C - 0.25 day .
1C 39 150°C — 1 day 8.5 crystalline 24.2
170°C — 6.5 days
50°C - 0.5 day
1D 29 150°C - 0.5 day -8 crystalline 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'rystalllne 14.5

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

15




170C -5 days 5.75 crystalline 1L 34 70C -0.75 day 170C -6 days 6.75
crystalline M 34 80C -015 day 170C -6 days 6. 75 anorphous 1N * 34 80C -
0.5 day MsO0Cors#sday 170C - 7 days 8 crystalline + anmpCphisesi1/022913
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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 mostl
1G* 34 150°C — 1 day 7 hy
‘ 170°C — 5 days amorpnous
35°C — 0.5 day
1H 34 150°C - 0.5 day 8 crystalline
170°C — 7 days
14 34 519/0%5977.%:;3/ 7.75 | crystalline
1K 34 ﬁ%ﬁgf;ggjﬁ’ 5.75 crystalline
1L 34 qgocig_?g%:;g 6.75 | crystalline
1M * 34 819/'0(56-?673%:3?3}/ 6.75 | amorphous
80°C - 0.5 day crystalline +
1N * 34 150°C — 0.5 day 8 y A
170°C — 7 days amorphous

* Comparative Example




*Conparative Exanple WO 2012/018408PCT/ US2011/022913 13 W claim 1. A
process for producing a titani um MWW zeolite, which conprises: (a)

heati ng awgebidas4eed froma titani umconpound, a sili corCTaseaa/2m®iboron
source, an MVWWtenpl ati ng agent, andi3water at a tenperature in the range
of 35Cto 75C for a period of 8 to 30 hours to forma pre-crystallized gel;
and (b)Weedlginhg the pre-crystallized gel at a tenperature in the range of
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al koxi de is sel ec@@&nfﬁ%‘ﬁ?Q D M BRI iaggnbiand WAL ? dBMREIAIEE de,
titanium tetrai sopiRo éeemﬁf S5d@apd ﬁﬁ“é ﬁﬁ@géﬁ&d‘bfiﬁto %@qw rﬂé’?ﬁﬁ} égf?é eof .

4. The process of clal méq erein the s source is e ecte m t he
group consi sting afstabdizbdiggglarsl | i ca, funmed silica, silicon al koxides, and

m xt ures thereof Th cess of claim4 wherein the, silicon al koxide is
Sel coted from tndbyARINIoNG: Bt ySEHER: J5lefng! STIRRISINT il @6 Ange i

tetramet hyl or t hosidd-gais 1987 fm Bt HERR bRl §0hord-dHYR tBrfi’)‘h%SﬁneOﬁtaﬁhﬁﬁm 1
wherein the boron source is selected fromthe group’consisting of boric

acid, boron hali CMWVVDZHQMB hydri des, borate esters, nmetal borates, and

m xt ures t heyg eof The rocess o | ai.m erein the

s ST A e B Ty A N B T
the prethé@f@uﬁbbhé’:@fh%@ftltbﬁldﬂrﬁ?ﬁbﬁ@e@tlté\nl&@z@%ﬁﬁw andmiieresangeopf 120C to
155C for a period to 30 hours prior to eatlng at a tenperature in the

range of 160% to T@®Erom@ssHd ghaiot @swhereirtthg tHianiunellegide freselected from
pre-cr yt aér%@ﬁ?%g%i%ﬂr@ fnh't:’%t %a{etr%&heegﬂ% att%%rﬂ @et&ggoﬁl%rﬁ%%d%f tﬂ’%&nt 0

190C fo
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.

10. A process comprising reacting an olefin and hydrogen peroxide in the

presence of a titanium-MWW zeolite, wherein the titanium-MWW zeolite is produced
by:




10. A process conprising reacting an olefin and hydrogen peroxide in the
presence of a titaniumMAM zeolite, wherein the titanium MWV zeolite is
pr oduced woQo 201 240818408PCT/ US2011/ 022913 14 (a) heati mgraisg@h/otmdasred from
a titanium conpound, a silicon sourcel4 a boron source, an MWWtenpl ati ng
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of claim 10 where ni um conpound i s selected fromthe group
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silica, funed silica, silicon al koxi des, and m xtures thereof; the boron

source is sel ect etBFFota 188 Gfeug Resinst of Pngr BTorediave teciodm Her baniveni des,
boron hydri des, bﬂ SHE g, et al borates, and m xtures thereof; and t he
MWWt enpl ati ng agent s pi'peridine or hexarret hyl enei m ne. 12. The

process of cl ai m(]:pomtebﬁhglthéﬂ’&taaﬂjndl\ﬂwwebembmtﬁ aomciche group consi sting
of nitric acjid and sulfuric acid . The process of claim10
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reacti on of hydrogen and oxygen in the presence of a noble nmetal catal yst
metal borates, and mixtures thereof; and the MWW-templating agent is piperidine or
hexamethyleneimine. "

12. The process of claim 10 wherein the acid is selected from the group
consisting of nitric acid and sulfuric acid.

13. The process of claim 10 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. |

14. The process of claim 10 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.

15. The process of claim 10 wherein the hydrogen peroxide is formed by

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



