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and its use in olefin epoxidation wi th oxygen and
hydr ogen. The process conprises adding a nobl e netal
source to a titaniumor vanadium zeolite that still
contains the tenplating agent used in the zeolite
synt hesis, foll owed 5?)&6' ISNLCAENBYRAT to formthe
nobl e nmetal containing titaniumor vanadi um zeolite
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Another commercially practiced technology is the direct epoxidation of

ethylene to ethylene oxide by reaction with oxygen over a silver catalyst.
Unfortunately, the silver catalyst has not proved useful in commercial
epoxidation of higher olefins. Therefore, much current research has focused on
the direct epoxidation of higher olefins with oxygen and hydrogen in the
presence of a catalyst. In this process, it is believed that oxygen and hydrogen
react in situ to form an oxidizing agent. Thus, development of an efficient
process (and catalyst) promises less expensive technology compared to the
commercial technologies that employ pre-formed oxidizing agents.

Many different catalysts have been proposed for use in the direct
epoxidation of higher olefins. Typically, the catalyst comprises a noble metal
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ati@lin @ﬂv@fﬁadﬁmﬁ‘rﬁ Z2blite§.0ThaheB’ mBtal-benthidirig ®enium or vanadium
zeolites comprise a noble metal and a titanium or vanadium zeolite. Titanium or
vanadium zeolites comprise the class of zeolitic substances wherein titanium or
vanadium atoms are substituted for a portion of the silicon atoms in the lattice
framework of a molecular sieve. Such substances, and their production, are well
known in the art. See for example, U.S. Pat. Nos. 4,410,501 and 4,833,260.
The process of the invention uses a titanium or vanadium zeolite that
contains the templating agent used in the titanium or vanadium zeolite synthesis.
The synthesis of titanium or vanadium zeolites is well known in the art. Titanium
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process of the invention uses a titaniumor vanadi um
zeolite that contains the tenplating agent used in_the
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Generally, the hydrothermal process used to prepare titanium or
vanadium zeolites involves forming a reaction mixture wherein the molar ratios of
additives (as defined in terms of moles of templating agent, moles of SiO, and
moles of TiO, or VO, 5) comprise the following molar ratios: TiO2(VO35):SiO; =
0.5-5:100; and templating agent:SiO, = 10-50:100. The water:SiO; molar ratio is
typically from about 1000-5000:100 and the solvent:SiO; molar ratio may be in
the range of 0-500:100.
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wherein the nolar ratios of additives (as defined in
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aninbigh | drse suiblichd G2 ¥olvent may be used, the wash is preferably
performed using water or an aqueous acidic solution. The aqueous acidic
solution may be a mineral or organic acid solution. The titanium or vanadium
zeolite may additionally be dried at a temperature greater than about 20°C,
preferably from about 50°C to about 200°C. As recovered, the titanium or
vanadium zeolite still contains the templating agent that was used in the zeolite
synthesis.
The titanium zeolite useful in the invention preferably is of the class of
molecular sieves commonly referred to as titanium silicalites, particularly “TS-1"
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Al t hough any suitabl e wash sol vent may be used t he
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MeaHium P vanadium zeolite will be in the range of from about 0.001 to 10 weight
percent, preferably 0.005 to 5 weight percent, and particularly 0.01 to 1 weight
percent. The manner in which the noble metal is incorporated into the catalyst is
not considered to be particularly critical. For example, the noble metal may be
supported on the zeolite by impregnation, adsorption, precipitation or the like.
Alternatively, the noble metal can be incorporated into the zeolite by ion-
exchange with, for example, a tetraammine palladium salt such as tetraammine
palladium dinitrate, dihalide or sulfate.



exanpl e, suitable conpounds for such purpose include
the nitrates, sulfates, halides (e.g., chlorides,
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conpl exes of noble netals, as well as conmpounds
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helium or the like or mixture thereof. By “substantially free of oxygen”, it is
meant that the inert atmosphere contains less than 10,000 ppm mole oxygen,
preferably less than 2000 ppm. Also, the heating may be conducted in an
oxygen-containing atmosphere, such as air or a mixture of oxygen and an inert
gas. Alternatively, the catalyst may also be heated in the presence of an inert
gas such as nitrogen prior to heating in an oxygen-containing atmosphere. The
heating process may be conducted such that the gas stream (inert, oxygen-
containing, or both) is passed over the noble metal-containing titanium or



an enzynme, or nay be exposed to an energy source such
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noble netal and titanium or vanadium zeolite is heated
at tenperatures greater than 2500C fol | ow
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Suitable olefins include any olefin having at least one carbon-carbon
double bond, and generally from 2 to 60 carbon atoms. Preferably the olefin is
an acyclic alkene of from 2 to 30 carbon atoms; the process of the invention is
particularly suitable for epoxidizing C.-Cg olefins. More than one double bond
may be present, as in a diene or triene for example. The olefin may be a
hydrocarbon (i.e., contain only carbon and hydrogen atoms) or may contain
functional groups such as halide, carboxyl, hydroxyl, ether, carbonyl, cyano, or
nitro groups, or the like. The process of the invention is especially useful for
converting propylene to propylene oxide.
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zeolite is useful for catalyzing the epoxidation of
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100ventipp can1be a¢riried sudiinlthe pid phgse,; e 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.

If epoxidation is carried out in the liquid (or supercritical) phase, it is
advantageous to work at a pressure of 1-100 bars and in the presence of one or
more solvents. Suitable solvents include, but are not limited to, alcohols, water,
supercritical CO,, or mixtures thereof. Suitable alcohols include C4-C4 alcohols
such as methanol, ethanol, isopropanol, and tert-butanol, or mixtures thereof.



As the inert gas carrier, noble gases such as helium
neon, and argon are suitable in addition to nitrogen
wa@paeoadbon di oxi de. Saturated hydrocarbons w PET/LUSBN5/011957
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and scope of the claims.
EXAMPLE 1: PREPARATION OF Pd/TS-1 CATALYSTS
Comparative Example 1A: Spray dried TS-1 (100 g, 80% TS-1, silica
binder, 1.3 wt.% Ti, C < 0.1 wt.%, N < 0.1 wt.%, H <0.1 wt.%, calcined 550°C in
30 air, 50 micron size weighted by volume) is slurried in deionized water (180 g)

and the pH is taken (5.38). After mixing for 5 minutes, an aqueous solution of
tetra ammine palladium dinitrate (2.1 g aqueous solution containing 5.37 wt.%
Pd, further diluted with 20 g of deionized water) is added with mixing over 5
minutes. After mixing for 10 minutes, the pH is adjusted from 5.49 to 7.53 with 5



from5 to 8. Suitable salts of oxyacids contain an
anion and cation. The anion portion of the salt may
w0 p@bMa®7aNni ons such as phosphate, carbonate, PCT/US2005/011957
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hoterza°Ct hee rasatihg golide 3RRn a3 vdFomiN0.1 wt.% Pd, 0.39 wt.% C, and
<0.1 wt.% H and N. The nitrogen treated solids are oven calcined in air by
heating from 23 to 110°C at 10°C/min and holding at 110°C for 2 hours, then
heating to 300°C at 2°C/min and holding at 300°C for 4 hours. The calcined
30 catalyst contained 0.1 wt.% Pd and C = 0.26 wt.%. The calcined solids are then

10

transferred to a quartz tube, heated to 50°C and treated with 5 vol.% hydrogen in
nitrogen (100 cc/min) for 4 hours. After the hydrogen treatment, nitrogen is
passed through the solids for 1 hour before cooling to 23°C and recovering the
Catalyst 1B.

10



and hol ding at 3000C for 4 hours. The cal ci ned solids
are then transferred to a quartz tube, heated to 50C

wanweno@ad ed with 5 vol . % hydrogen in nitrogenP¢1082005/011957
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cc/mn) for 4 hours. After the hydrogen treatnent,
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230dasiwt.ecdveri ng the Catal yst 1B. Exanple 1C
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e s ooy A2 B PATRREZ 1 40 2R
caftel rﬂﬁ@géiﬁfr@étééfsomér%l dvedl dAlcined in air by heating from 23 to 110°C
at 10°C/min and holding at 110°C for 2 hours, then heating to 550°C at 2°C/min
and holding at 550°C for 4 hours. The calcined solids are then transferred to a
quartz tube, heated to 100°C and treated with 5 vol.% hydrogen in nitrogen (100
cc/min) for 4 hours. After the hydrogen treatment, nitrogen is passed through the
solids for 1 hour before cooling to 23°C and recovering the catalyst.
Example 1E: The powder TS-1 used in Comparative Example 1D (24 g,
not calcined in air, 9.3 wt.% C, 0.71 wt.% N, 1.53 wt.% H) is slurried in deionized
water (48 g) and the pH is adjusted from 5.34 to 7.39 using 5 wt.% aqueous
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w.%Pd and 1.15 wt.% C. The cal cined solids are then
transferred to a quartz tube, heated to 50C and
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the catalyst eRKlE EoXIABIFGE FoByLERE | "
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t% r3%0 psig of a feed consisting of hydrogen (2 vol.%), oxygen (4 vol.%),
propylene (5 vol.%), methane (0.5 vol.%), and the balance nitrogen. The
pressure in the reactor is maintained at 300 psig via a back pressure regulator
with the feed gases passed continuously through the reactor at 1600 cc/min
(measured at 23°C and one atmosphere pressure). In order to maintain a
constant solvent level in the reactor during the run, the oxygen, nitrogen and
propylene feeds are first passed through a two-liter stainless steel vessel
(saturator) containing 1.5 liters of methanol prior to the reactor. The reactor is
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amm ne palladiumdinitrate (0.44 g aqueous sol ution
containing 5.37 wt.% Pd, further diluted with 1.0 g of

walejoenieed water) is added with m xing over 1 PECTIUSEN5/011957

10

15

The pHis 7.48 and the sl urry is agitated at 300C for

Th th ted f . 14, .42
L8074 50p THS AL B R A ) P2 T oo
a@ffli.légteds aha@ﬁ?}ﬂgbﬁ/wn 2Aling mﬂ/eSeryTh@urphhdi ghadipuisit adklyzed by
orm 7. t . % aqueQus anmo
s, ke i e &t 78 o i ieuRAE THSg e cpaivalents
C%‘*F@EN@SWﬁ[éht iﬂbl@ﬁetprﬁpﬁeﬁé’ oxRRd (“PIOI’?]np“rob?ledél gmo'rednd glycol
water (50 g) and filte again e solids are then

aPine |8 ISR MINgrie dFRgn a0 et dpmptpaie g e the

fﬂgdr\%?eﬁé’twns of Brsp Heed TR ksbumenémiHs GL larilys¥ Patealiskd to
ried solids are transferred to a

qealeuiate iﬁ‘l@eselqu'@%jsmwrw‘o@%aer nitrogen flow (100

cc/ m nppd ?ésdts%ﬂﬁ&wstr@fédthtahﬁns 9199 h@@ests‘ar)zt?bqenﬁﬁ@fhb' t@&plate
Cat al yst 1E contal ns

wirom the tvt@lqm\meolytemr@hip m@blm’ﬁj|d@pwhor¢atraia§zbtthqresugs show

I
CROTBAERS Broucifi) P POJPBIEC SBkt R for EEBER phsdioed by
i depositingy nhklat etpl foncantIE(Bllurm zeolite that stiiCeantainged dhe templating
hoI r rs, then heating to 550C at
%H:@sae%{jm%g%gn |t8 ag{:%g% for 4 hours. The cal ci ned
solrds are then transferred to a.quartz tube, heated

o0 oEA BT FEMRON O Aty A CRSA D Seesetry

treatment, nitrogen is passed through the solids for 1
hour—befor caolinag—t-023Cand recovering—Catal u

atalyst | o 1S+ talysg lreatment Pl FRaRLY P tediboE
EXAVEE"S! | ERCRIOAT) ON 9? '%%@@5 N Ghy' 2 Sy
steel react@ypd gepb @J,g Wi th rans of catal yst(%)
f r ol Pl € Galkikbd At J) | rreslirramrc(lo) @), | ancsa
aqugous anmBei°one phoephat eHsalsotG on at a msasured pH
of Q0 (13! g).teMpietereactor is then charged tao 300 psig
of 3 féBd tonsisting of h)szra 8iC (2 YO8, 03fygen (¥
vol 1%, propylene (5 voI ‘fgﬂt ane| (0.5| vol .% | and
t he patrancenitrogen—he i3 T otoder T o356t O 104
mai nt ai ned|at 300 psi g| vi aHgat%m pressure regul at or
wi th the Te€ed gases passed continuously through the

Q)

reagt otD ‘at | 1608cioeVam n| ( mgstasete; at 230%and ohe 90
at myspher e | pe&ssarempve | N ArdePSHS maintaip a
template Hz at 100°C
1E - N at 550°C 0.11 0.41 89
1F - N at 550°C; 0.1 0.41 90
Air at 550°C;
H, at 100°C

* Comparative Example

! Productivity = grams POE produced/gram of catalyst per hour.
2 pOIPOE Selectivity = moles PO/(moles PO + moles glycols + moles glycol ethers) * 100.
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constant solvent level in the reactor during the run,
t he oxygen, nitrogen and propyl ene feeds are first

wW@2awseehorhr ough a two-liter stainless steel veRBGEUS2005/011957

(saturator) containing 1.5 liters of nmethanol prior to
tge reactor. The reactor isstirred at 1500 rpm and the
&8Mon i xture is heated to 600C. The gaseous

ef fl uent |sAap}@d;eé§Q;@n{pys ? online GC every hour and
thellgwd anal yzed b% line GC at the end of t
[

18
hour 1R PABYIYY OBk distalrRPustR Y A HiAniung -gscenadium Zeolite

whi ch i ncl U@!Sntﬁfnﬂ@’é fé'ﬁﬁ)lél?ﬁgdéigeﬁwt B30okm #f &titlodnoduct; and
glycol, and glyc et hers, are produced duri ng

t he
reacti ¢b), | ﬁera@anq thentermplatingraeat frgre aﬁlﬁlttqa’eproduct to form a
hydrogenat i HBblefmétélocEW&a%*ﬁ tuﬂ?ﬁurﬁ%%%ﬁédu% ZeBfeCC
anal yses are used to calculate the selectivities shown
in TablZze 1. Tiaeprosess t&f @leimndt mieeein hie itemplatingtagent is a
n ve the tenplate fromthe titanium
zg[%ﬁlg%gy%rrn?‘%@rmﬁﬂonobl e netal deposition. In fact, the
resul t . shoWwhe pngrzsabf elajpn d dvetreinithy teanplafr@ &Mt is removed by

o i he dogifin RHAS e P BRAGRL PP BB ES The °

15

20

25

30

t enpl at4.ng dhemroaese df clain Baviezeinithe adgitiom psidsict iFABREE in an
1: ARl SON OF CATALYST ACTIVITY AND SELECTIVITY

CARpAPHP PR Ecanpl e Productivity = grams POE

producesl/ gr arrhe)brocessabysltamperwh@em theCidiionSpfodatt igileated in

= nol es PQ l es PO + nol es ols + noles glycol
et thEPE§SENCE (th A a8 SHEAM %mpﬁsﬁ\%o%ggg ‘conpri si ng: y(a)

addi ng @ nobf: pRtads SRUKiIFE3 Whefeif rmeaadwf@ropro\daatadIﬂmnheated
zeolite containing a tenplatin

% ent to form afn

ad8i @ndner*p?raia@épheranm ghen & dn?r R Aresaiicst Ping gas stream
g&ﬁf, rfsr, naddl tion product to forma nobl e
tal - |n| ng titani um or vanadi um zeolite.

pr ocess7 of dihainfecessieé elaim &m@rﬁ%ﬁwbwgma@éﬁ@nta@m titanium
U &g At LI FEBRL Yl urher T@&o@ﬁoﬁ%g%rﬁﬁerﬁ R ¥ %t WR&F 807 in the

the tenplating agent 1s renove eating the
aderiesénce piraogascstream eomprigieg bvdrpge@r eater than 2500C.

' e 10 ool Dl G oA B pries
cl amanoB mbier eadblet dnetadﬂjdebctm fromnd thest grcmphemmjlngnof palladium,
platinum, gold, silver, iridium, rhenium, ruthenium, and osmium.

9. The process of claim 1 wherein the noble metal source comprises
palladium.

10. The process of claim 9 wherein the palladium is added to the
titanium or vanadium zeolite containing a templating agent by ion exchange with
a tetraammine palladium salt.

11.  The process of claim 1 wherein the noble metal-containing titanium
zeolite comprises a titanium silicalite and one or more noble metals selected
from the group consisting of palladium, platinum, and gold.

12.  The process of claim 11 wherein the titanium silicalite is TS-1 or

TS-2.
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t he presence of a gas stream conprising oxygen. 6. The
process of claim3 wherein the addition product is

wo poospodeent ed in an i nert atnosphere and then PERUSINOH/011957

10
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t he presence of a gas stream conprising oxygen. 7. The
process of claim3 wherein the noble netal -containing

titanifn o FRAREH SAMINISHG te is further reduced at a

t enper@} ur gdaingah ﬂ)&ﬂl@@ﬁm’?%grden td he tiRirRRR NaRcalie @oﬁ@ﬁ‘ung a
stream conpri sing hydrogen. 8. The process of claiml

wher ei n t hdetrRay rﬁ@?ﬁ'““btﬁmniéﬂr@omﬂté@iorﬁhén@\ddl’f@ﬂdorOdUCt
nobl e net alggysel ected fromthe group consisting of

pal | adi um platinum gold, silver, iridium rhenium

rut henfbym heatingthweiadaition. pradiect pt a dersperafure igegaterithan 250°C in

wherein the_n e o] [ .
10. The pr%@e@gh t%%%@l,eré lév\ﬁ%r gﬁ%?rb O%Eparﬁﬂ{agdlgu i’ OF In an
added to t lieert atnaosphereofollowsd diyuamgae atiem campising ogygen to
tenpl at i ng ent i on_exchan Wi th et raanm ne
pal | adi um d9f1 @ pfqyd'%ﬁoﬁ%ﬁ%g%*u%ﬁ'ﬁ??ﬁtﬁ wherein the
nobl e 1t a|T|-h©Cp”rlb@e93| om:(ljetnhwt Brivhsreire tHd paaladmﬂpbmemu@ titanium
aniumgsilicalite and one or eno
L S e eHet B e THets HALIES 2D G B presence of a
Phad sthedm cam@rising Aydrbgen.The process of claim 11
erein the_ titani umS| licalite is TS-1 or TS-2

pr oces® corﬁb\el RIPRS efa§ a'&?ﬂd?’ﬁ@hﬁe'}ﬁ‘a‘lhpaiﬂﬁ'i‘mmsﬁmaé'ﬁe tsoT§ 1or

trganiumsilicalite containing a tetraal kyl anmoni um

tenplating agent to forman addition product; and (b)

heat i ntf-t he\ BEREPSS 6PMPFYAY ceaciingan @lﬁgaarfmdmgﬁrg Bagtaxygen in

tﬂ\%”pr%é&% b1na ABblb R rTRR R StEniuf r’f%tdﬁﬁ?%?hte herein
onmpri si ng ygen, or in an 1Ifert atm)s ere

bgheaﬂmn@tai@amammﬁitaelurrgom%dwm aedllter impgoduced by:

- pal | ad('s jm %‘&%@' 5'1@% Vé]'n]ié"lgl' Eﬂrﬁéltbcﬁ a;déﬁrﬁumlélr vgﬁfdlum zeolite

proces I um cont ai
titanium S|dontaai|mg e térplating lagentrtemmeah addition product and

t fpgg;@gu;g?a vl thE BRlo&RAaddht kb RE 836G pRlaRy 92
The process of claim 16 wherein the templating agent is a
tetraalkylammonium.

18.  The process of claim 16 wherein the templating agent is removed
by heating the addition product at a temperature greater than 250°C in an inert
atmosphere, a gas stream comprising oxygen, or in an inert atmosphere
followed by a gas stream comprising oxygen.

19. The process of claim 18 wherein the noble metal-containing
titanium or vanadium zeolite is further reduced at a temperature of at least 20°C
in the presence of a gas stream comprising hydrogen.

20. The process of claim 16 wherein the noble metal source comprises
one or more noble metals selected from the group consisting of palladium,
platinum, gold, silver, iridium, rhenium, ruthenium, and osmium.

21.  The process of claim 16 wherein the noble metal source comprises
one or more noble metals selected from the group consisting of palladium,
platinum, and gold.
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15. The process of claim 13 wherein the titanium
silicalite is TS-1 or TS-2. 16. A process conpri sing

w0 e@eMdaage an ol efi n, hydrogen, and oxygen in tP€I/US2005/011957
presence of a noble netal -containing titanium or
vanadi um zeolite, wherein the nob] e netal.-cont 'niqﬂ .
titani 2 or REaPIREPSMPLEaIN (18 WRerginAag iy Z?@ike comprises a
aqg*mgngmegpée metal source to a titaniumor vanadi um

olite containing a tenplating agent to forman  _

addi ti 3% prowuRrocessef qain tewbereiythe misfinds gl %@rﬁ%ﬁa'ef'“
agent %.Omfﬁbe.p?&éésgl 9N cRERIYE twhekdin e oRIFIACRS praPylene and
claim wherein the tenplating agent 1s a

5 t eropyldneydxdmisdenmed. 18. The process of claim 16
wherein the tenplating agent is renoved by heating the
addi tion product at a tenperature greater than 2500C
in an inert atnosphere, a gas stream conpri sing
oxygen, or in an inert atnosphere followed by a gas
stream conpri si ng oxygen. 19. The process of claim 18
wherein the noble netal -containing titanium or
vanadi um zeolite is further reduced at a tenperature
of at least 200C in the presence of a gas stream
conpri sing hydrogen. 20. The process of claim 16
wherein the noble netal source conprises one or nore
nobl e netals selected fromthe group consisting of
pal | adium platinum gold, silver, iridium rhenium
ruthenium and osmum 21. The process of claim16
wherein the noble netal source conprises one or nore
nobl e netals selected fromthe group consisting of
pal | adium platinum and gol d.22. The process of claim
16 wherein the titanium zeolite conprises a titanium
silicalite. 23. The process of claim 16 wherein the
olefinis a C2-C6 olefin. 24. The process of claim16
wherein the olefin is propyl ene and propyl ene oxide is
f or med.
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