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oxide from propylene and an organic hydroperoxide oxidizing agent, such as
ethyl benzene hydroperoxide or tert-butyl hydroperoxide, is commercially

20 practiced technology. This process is performed in the presence of a
solubilized molybdenum catalyst, see U.S. Pat. No. 3,351,635, or a
heterogeneous titania on silica catalyst, see U.S. Pat. No. 4,367,342.
Hydrogen peroxide is another oxidizing agent useful for the preparation of
epoxides. Olefin epoxidation using hydrogen peroxide and a titanium silicate

25  zeolite is demonstrated in U.S. Pat. No. 4,833,260. One disadvantage of
both of these processes is the need to pre-form the oxidizing agent prior to
reaction with olefin.

Another commercially practiced technology is the direct epoxidation of
ethylene to ethylene oxide by reaction with oxygen over a silver catalyst.

30 Unfortunately, the silver catalyst has not proved very useful in 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
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additionally teaches that the palladium can be incorporated into a support
before mixing with the zeolite. In addition, U.S. Pat. No. 6,307,073 discloses
20 a mixed catalyst system that is useful in olefin epoxidation comprising a
titanium zeolite and a gold-containing supported catalyst.

One disadvantage of the described direct epoxidation catalysts is that
they all show either less than optimal selectivity or productivity. As with any
chemical process, it is desirable to develop new direct epoxidation methods

25 and catalysts.

In sum, new processes and catalysts for the direct epoxidation of
olefins are needed. | have discovered an effective, convenient epoxidation
process that gives good productivity and selectivity to epoxide.

SUMMARY OF THE INVENTION
30 The invention is an olefin epoxidation process that comprises reacting
an olefin, oxygen, and hydrogen in a solvent in the presence of a catalyst
mixture.” The catalyst mixture comprises a titanium zeolite and a supported

palladium catalyst. In one embodiment of the invention, the supported
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Titanium zeolites comprise the class of zeolitic substances wherein
20 titanium atoms are substituted for a portion of the silicon atoms in the lattice
framework of a molecular sieve. Such substances are well known in the art.
Particularly preferred titanium zeolites include the class of molecular
sieves commonly referred to as titanium silicalites, particularly “TS-1" (having
an MFI topology analogous to that of the ZSM-5 aluminosilicate zeolites),
25 “TS-2” (having an MEL topology analogous to that of the ZSM-11
aluminoslilicate zeolites), and “TS-3” (as described in Belgian Pat. No.
1,001,038). Titanium-containing molecular sieves having framework
structures isomorphous to zeolite beta, mordenite, ZSM-48, ZSM-12, and
MCM-41 are also suitable for use. The titanium zeolites preferably contain no
30 elements other than titanium, silicon, and oxygen in the lattice framework,
although minor amounts of boron, iron, aluminum, sodium, potassium, copper

and the like may be present.
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polyethyleneimines, and polybenzimidizole. Suitable supports also include
20 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
25 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 the range of about 0.1 to about 4.0 mL/g, more preferably
from about 0.5 to about 3.5 mL/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
30 range of about 0.1 to about 500 um, more preferably from about 1 to about
200 pm, and most preferably from about 10 to about 100 pm. 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.
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20 the like. The thermal treatment temperature is typically from about 50 to
about 550°C.
The titanium zeolite and the supported palladium catalyst may be used
in the epoxidation process as a mixture of powders or as a mixture of pellets.
In addition, the titanium zeolite and supported palladium catalyst may also be
25 pelletized or extruded together prior to use in epoxidation. If pelletized or
extruded together, the catalyst mixture may additionally comprise a binder or
the like and may be molded, spray dried, shaped or extruded into any desired
form prior to use in epoxidation. The weight ratio of ftitanium
zeolite:supported palladium catalyst is not particularly critical. However, a
30 titanium zeolite:supported palladium catalyst ratio of 0.01-100 (grams of
titanium zeolite per gram of supported palladium catalyst) is preferred.
In one embodiment of the invention, the supported palladium catalyst

of the invention is pre-treated with a bromide-containing agent. The pre-
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olefins include any olefin having at least one carbon-carbon double bond, and
20 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,-Cs 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
25  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.
The process of the invention also requires the use of a solvent.
Suitable solvents include any chemical that is a liquid under reaction
30 conditions, including, but not limited to, oxygen-containing hydrocarbons such
as alcohols, aromatic and aliphatic solvents such as toluene and hexane,
chlorinated aromatic and aliphatic solvents such as methylene chloride and

chlorobenzene, and water. Preferred solvents are oxygenated solvents that
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borate, phthalate, silicate, aluminosilicate, or the like. The cation portion of
the salt may include cations such as ammonium, alkylammoniums (e.g.,

20 tetraalkylammoniums), alkali metals, alkaline earth metals, or the like. Cation
examples include NH,, NBu"4, Li, Na, K, Cs, Mg, and Ca cations. More
preferred buffers include alkali metal phosphate buffers. Buffers may
preferably contain a combination of more than one suitable salt. Typically,
the concentration of buffer is from about 0.0001 M to about 1 M, preferably

25 from about 0.001 M to about 0.1 M, and most preferably from about 0.005 M
to about 0.05 M.

Oxygen and hydrogen are also required for the process of the
invention.  Although any sources of oxygen and hydrogen are suitable,
molecular oxygen and molecular hydrogen are preferred. The molar ratio of

30 hydrogen to oxygen can usually be varied in the range of H2:0, = 1:10 to 5:1
and is especially favorable at 1:5 to 2:1. The molar ratio of oxygen to olefin is
usually 1:1 to 1:20, and preferably 1:1.5 fo 1:10. Relatively high oxygen to

olefin molar ratios (e.g., 1:1 to 1:3) may be advantageous for certain olefins.



30 hydrogen to oxygen can usually be varied in the range of H2:02 = 1:10 to
5:1 and is especially favorable at 1:5 to 2:1. The nolar ratio of oxygen
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i nvention, the process is carried out i ] )
palladium supported catalyst) to the olefin that is supplied per unit time.

Typically, sufficient catalyst is present to provide a titanium(palladium)/olefin
20  per hour molar feed ratio of from 0.0001 to 0.1.

For the liquid-phase process of the invention, the catalyst mixture 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. It
is advantageous to work at a pressure of 1-100 bars. Epoxidation according

25 to the invention is carried out at a temperature effective to achieve the
desired olefin epoxidation, preferably at temperatures in the range of O-
250°C, more preferably, 20-200°C.

In another embodiment of the invention, the process is carried out in
the presence of an alkali or alkaline earth metal bromide compound.

30 Although any alkali or alkaline earth metal bromide compounds are useful,
including NaBr, KBr, CsBr, MgBr,, and CaBr,, cesium bromide is particularly
preferred. The alkali or alkaline earth metal bromide compound is simply

added to the reaction medium in which the epoxidation is being performed.
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t he presence of an alkali or alkaline earth nmetal brom de conpound. 30

Al t hough any al kali or alkaline earth netal brom de conpounds are useful,
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claims. EXAMPLE 1: PREPARATI ON OF STOCK SOLUTI ON Preparation of
Cesi um BhosHith@ndanpstpreferablyimthe srse @fefrOWZHZOQLLQ Oy} to gbauts¥bl ved in

dei oni zed wat er 'fljrgﬂ%@mgég 'Sgaﬁ\g@g@%mﬁltﬁ%hﬁe he%%nt?ojgafﬁégs% %@ned? Iner

85% phosphoric acid coo

dei oni zed vtheart wﬂhmabgnfz’ewaagyaanatcﬁnstﬂhet afs withirhiheér spiritef the ahwdntim 1 S
carefully added to t&% pg horic acid solution. After the addition, 20
enough dei dHI%ZBPREPENS ed to the cesium phosphate buffer to give a

vol ume of 500 ni. TRRAMPIOE 1t WB@ANAT@N'@F%@&%%BS@ 9. Two

hundred and twenty gram; of t he above solution IS then treated
wi t h 85% phospholAc f Rhesphates iBufieph o Gesiire bydrbxrde

HS::IlrJE)iJ?(r)]m c gm%g?g Q§§ &%&I%%{%&r\ﬁfe eq;?arr g‘?dg@ 935” Hﬁl?elagi'%%a 8}3 &n zed
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grams of deionized water. Twenty-five grams of the cesium hydroxide

solution is carefully added to the phosphoric acid solution. After the addition,
20 enough deionized water is added to the cesium phosphate buffer to give a
volume of 500 mL. The pH of the solution is measured to be 6.9. Two
hundred and twenty grams of the above solution (pH = 6.9) is then treated
with 85% phosphoric acid (1.01 g) to give a cesium phosphate buffer solution
with a pH = 6.02.
25 1B: Preparation of HBr Stock Solution: Hydrobromic acid (0.124 g of

48 wt.%) is added to 100 grams of deionized water and mixed well.
EXAMPLE 2: Pd/Nb,Os CATALYST PREPARATION
Catalyst 2A: Pd/Nb,O5 Preparation
In a glass beaker, Pd(NH3)s(NOs), (3.5 g, of an solution containing
30 10% Pd(NH3)4(NOs), is mixed with 16 grams of deionized water. In a
separate beaker, niobium oxide powder (12.5 g, from Reference Metals) is
slurried in 40 grams of deionized water. The palladium salt solution is added

to the niobium oxide slurry with stirring over a 20-minute period. The resulting



Cat al yst 2A: Pd/ Nb2C6 Preparation In a glass beaker, Pd(NH3)4(N33)2 (3.5 g,
of an solution containing 30 10% Pd(NH3)4(NO3)2 is mxed with 16 grans of
dei oni zedwaaB®#8143 N a separate beaker, ni obi um oxi de powser/USa23B68), from
Ref erence Metals) is slurried in 40 grans of deionized water. The

pal | adi um ssllitrysiel sfirrem dts23Wadr the hdlesNiiadH UALOX e 5@%{% Pé&téq‘ %%i rring
over a 20-m nute period. The resulti ngf 9 WO 03/048143 PCT/ % /316
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99 wt : /
Cat al yst3 259-8%3%%2?%'3@% W4 Bivrve Titrga AddI8 whlahipbiuraA ( Pd/ Nb205) i s
treated with 10 t r sal ution prepared in exanple 1 B.
The slurry is st'@ra toéB'gngpﬁrf’Bg%ﬂﬁéHéﬁes and the solvent is renoved by
r ot oevapor at i on. Theegraats df catalyst @Ad(RdNbLOs)VvigCtredbeti Guith HOrgranat obfie f or 4
33

hours. Ele ta nal ysis shows 0.99 wt.% palladium O. W . % brom de,
and 0. 26 M']l‘i@g ﬁ!‘ﬁaﬁ%w.'%med # examplecABAL MeT shrpPisrtiriedhat 23tGifgist  3A:
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carbon (16 15 g, EIf Atoche I's slurried’into

met hanolo ( kb@dnib)vacubted (Ga8itom) acs0°@ for Uhdfs OE|éMeAts LPasisShdis 0igd t hen
' period. The ‘resulting slurry

added to the garhon. slurry over a 20-m nute )

is stirred ‘@t%&?@aﬂ&ma&ﬁdm% brgavide, iidi 0.86 wirs nitipgemt is renmoved by
rotoevaporation, then gRanm Ypd s okl at P’F‘ﬂ:ﬁD i ds are washed
(three tinmes with 100 nL porLtq% E03hlgd)ocfsC‘Zo‘glAc@i;sf)}ﬁ| ze éf\gﬁ‘gwh air dried, and
then dried in aGaelystBAved/¢ Pradpamajiomt 50C for 4 hours. El enental

anal ysi s shows OI'

roundbottom f1l as ngéwbﬁﬁg@lalnaﬁ"?w% flggg%gﬁ%gg%g?‘ég@(ﬁ%g;r&%g QQZS?;‘%
) 1 EISAESRADIE o8t oty 1005 el CRAET,
are i sol at d@lBgium|acetated. 36va3 e @ceiane (BE0MI) isftheleiasidereid that earbon
slurry over a 20-minute period. The resulting slurry is stirred at 50°C for 1
hour. About half of the solvent is removed by rotoevaporation, then the slurry
is filtered and the solids are washed (three times with 100 mL portions of
20  deionized water), air dried, and then dried in a vacuum oven (1 Torr) at 50°C
for 4 hours. Elemental analysis shows 0.93 wt.% palladium.
Catalyst 3B: Pd/C Bromination
A 250-mL roundbottom flask is charged with 8 grams catalyst 3A
(Pd/C) and 50 grams of deionized water. Aqueous HBr (30 grams of stock
25 solution from example 1B) is added to the slurry and mixed at 23°C for 1 hr.
The solids are isolated by filtration, washed with 100 mL of deionized water,
air dried, and then dried in a vacuum oven (1 torr) at 50°C for 4 hours.
Elemental analysis shows 0.93 wt.% palladium and 0.51 wt.% bromide.
Catalyst 3C: Pd/C Double Bromination
30 The bromide-treated Pd/C catalyst 3B (3 g) is slurried in 20 grams of
water. Aqueous HBr (15 grams of stock solution as prepared in example 1B)
is added to the slurry and mixed at 23°C for 1 hour. The solids are filtered,

washed with 50 mL of deionized water, air dried, and then dried in vacuum (1
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air dried, and then dried in a vacuumoven (1 torr) at 50C for 4 hours.

El emental anal ysis shows 0.93 wt.% pal | adium and 0.51 wt. % brom de.

Cat al yst 8G:.03PR1@G Doubl e Brom nati on 30 The brom de-treat @dTR$0I3 6] al yst
3B (3 g) is slurried in 20 grans of water. Aqueous HBr (15 grans of stock
sol ution astopr) ep®0ed fon 4epurs! EElémBhtal ahafdieshd v@sbhi% @%V%Xu@%'ﬁﬁﬁ"d at
23C for 1 hour. The solids are filtered, “washed w ei oni zed
water, air H?lvéfd% Riemid@en dried in vacuum (1 10 V\D 03/ 048143
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solids are transferred to a 3-neck roundbot t | ask ncentrat ed
sul furi® adautiao aﬂd)thesSthynlSabIQMdd @te80°C Wwithermixingtfor 265 imotirs. 1A&ftdihe
140C for 4 _hours, cooled, and transferred to a

ngﬁgrsl:g:][c,{éoh %Sgggl r dn SMgedisn %@dwé’i’%"fhedﬂﬁf@’es@][ﬁ% V\@ithemgolmét e(rtl) by
dﬁﬁ@,{ge i zed wate
bnd' | then SORTREGT bELABI AR, thl e Oudtl RGN PG R FlOMESL 500-

roundbot t om f | askhe dﬂedisdlids are trensferred 46 ags-agek 2604RL PoUAGESHtER Ahsk.
ent H202) is then added to the

s 3 ol i i W 680 Bt Wi .
and then
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chloride, Qﬂt?atvxcn \//(\)Iasslhleldcf)elghtat mes W|thV\55 & E)E)(r)t%eng of deionized water), and
then air dried.

These solids are transferred to a three-neck 500-mL roundbottom flask

20 and slurried in 140 grams of deionized water. Hydrogen peroxide (24 g, 30
weight percent H,0,) is then added to the slurry, followed by heating at 70°C
for two hours. After cooling to 23°C, the solids are filtered, washed (with 150
mL of deionized water), and then oven-dried at 120°C for two hours to give 22
grams of sulfonated carbon. Elemental analysis shows 80 wt.% carbon, 0.5
25 wt.% sulfur, 0.39 wt.% chloride, 0.2 wt.% silicon, and 0.2 wt.% nitrogen.

In a 250-mL roundbottom flask, sulfonated carbon (6 g, from above) is
slurried into deionized water (10 g) and methanol (80 mL). Palladium acetate
(0.14 g) in acetone (30 mL) is then added to the carbon slurry over a 5-minute
period. The resulting slurry is stirred at 23°C for 30 minutes, followed by

30 heating at 50°C for 1 hour. About half of the solvent is removed by
rotoevaporation, then the slurry is filtered and the solids are washed (two

times with 50 mL portions of deionized water), air dried, and then dried at
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I'n a 250-nL roundbottom flask, sulfonated carbon (6 g, from above) is
slurried into deionized water (10 g) and nethanol (80 niL). Pall adi um
acetate WO0.034483¥3 i n acetone (30 nmL) is then added to thePcaruson3shbiirry
over a 5-mnute period. The resulting slurry is stirred at 23C for 30

m nutes, foll@@eoby Burdedticnentdl ysioehdwbaisg \ﬁkb%ubali?a%l'ldwoénd

solvent is reynved by rotoevaporation, then the slurry is filtered and the
solids are %%@dl{rtvm times with 50 nL portions of deionized water), air

dri ed, d then gk . 2/31668 110C for 2 hours.

EIr :arGrent gln anal ysi—saiasﬂ%%g" é@%f@ﬁ gﬁléﬁ}ég 8%%#39 bg wt. % sul fur. Catalyst
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In ans o0 e r stocC
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d a
for 4 hour s NGO BOPRIRGS] thedpaibl %, réflolEd B FollevBbordiol "SI, PO
and 0.28 wtschdsrarei dited BEXAMEULEN St mcsw&?bmsumwjaggtm %EE'C?@@M&"I
PREPARATI ON onmercia % on sodi um
al uni nosi | |%%’ep q%?@‘l"%aéiaf‘f’t&ﬁ‘é - 30EH28. Wickt Riopide 5B Pd/ sodi um _
al umi nosi | | Ex/avIPL e T ST oM ALMINGSLfcAYE @AT;&EV%WBE@EM\%@@ Chem e,

is slurried with 20 rams of the HBr st sol uti on of for 30
m nut esllat 23C. Qe@l@iﬁ\asa gaimmernialed W% Gtdoenapodiatri miummodlht:hl@ sol i ds

are then dr QC for 4 hours. Elenental analysis shows 2.1
.%pallaaé\%ﬂ]ab%m%rja%’tshc? 'ﬁm 6.9 wt.% al um num and 0.29 wt. % brom de.
EXAIVPLE 6: Pd/ SCbt@@t(BBTM&'dIBREﬁ&Wd%a@%MHat@n I'n a 500-n

roundbottom flask, silica , Davison 952) is 20 slurried into nethanol
(100 ni). Pall a&%wy&éée%t( q)oaﬁsolgwned fsemet SHd-Ghrmientis slwrietemita@ded t o

for 1 hour s 2omediEr SR ol BrRls, MaPusbahintissat 281G adhere air
dried ats 1l@ﬁef‘(§refmdnmd by retogvaperation| sHd e S8lidéRE then Ariedoin Qé&&% in
nitrogen streamflow ng at 100 nL/mn. El enental anal ysis shows wt . %
pal | adi um at 50°C for 4 hours. Elemental analysis shows 2.1 wt.% palladium, 4.7 wt %
sodium, 6.9 wt.% aluminum, and 0.29 wt.% bromide.
EXAMPLE 6: Pd/ SILICA CATALYST PREPARATION
Catalyst 6: In a 500-mL roundbottom flask, silica (8 g, Davison 952) is
20  slurried into methanol (100 mL). Palladium acetate (0.18 g) in acetone 40
mL) is then added to the flask over a 15-minute period. The resulting slurry is
stirred at 50°C for 1 hour. The solvent is removed by rotoevaporation, the
solids are air dried at 110°C for 2 hours, and then calcined at 450°C in a 5%
oxygen in nitrogen stream flowing at 100 mL/min. Elemental analysis shows
25 1 wt.% palladium.
EXAMPLE 7: EPOXIDATION REACTIONS USING TS-1 AND SUPPORTED
PALLADIUM CATALYSTS 2A-5B
TS-1 can be made according to any known literature procedure. See,
for example, U.S. Pat. No. 4,410,501, DiRenzo, et. al., Microporous Materials
30 (1997), Vol. 10, 283, or Edler, et. al., J. Chem. Soc., Chem. Comm. (1995),
155. The TS-1 is calcined at 550°C for 4 hours before use.
A 300-cc stainless steel reactor is charged with the supported
palladium catalyst (0.2 g), TS-1 (0.5 g, titanium amount = 1.6 weight %),
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EXAMPLE 7: EPOXI DATI ON REACTI ONS USI NG TS-1 AND SUPPORTED PALLADI UM
CATALYSTS 2A-5B TS-1 can be nade according to any known literature

pr ocedur ew09am48143 or exanple, U. S. Pat. No. 4,410,501, D Remawsp2/gt668 al . ,

M croporous Materials 30 (1997), Vol. 10, 283, or Edler, et. al., J. Chem

Soc., Chem déonized (W86}~ 1205, afthe 3 Erarhsi 6f a:aéguﬁﬁﬁh@ééoré'%@guffeﬁ “rifwour s

before use. A fXOO-%c stainl ess steel reactor is charged wth the supported

pal | adi um cEP5IY7 4% then shaypgedtts 20 psig with a feethransigiingaf 4% hydraganght %) |

12 WO 03/ 0441 / | ONhrkith - =and 13 .grans of
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feed consi spreagurefin4hesragchoo eemaintaingd at PGOmsiG vih » bapkpressuredegudtoret hane

and the §)al Lt rogen. The restsure iln the reactor is maintained at 200
psig via a @@i@ﬁ&%ﬁg@s?g&@@ﬁﬁ?@r‘:og IHqysly froygl the seactonat 480 eshimuous! y
t hr ough t henieagiv t ' I 3 ; ere
pressure). In ordéé)c? 33‘023#38%?3%@8‘8’0’%% staﬁtﬁg%%gﬁt%Z@ngﬁnﬁg&ﬁg%ﬁor
during the ganstanttapientdevs! inithe ceasionddringtrepyire rre fxgden aniropes sed

th h t wo- i i nl t eel I rat or recedi ng the
oot or. - colBRVKS 1SR (HrBS PaShES VGG IS hiEr ordeds “Soek naasal 1600
rpm The rgaaturaornprecating theheaicast &éhtﬁf?]l@]g( 4 fRts BPPvatéﬂénSrr?é@é%'&‘Po@L

which are run at 45C) and the gaseous effluent Is analyze by an online GC
every hBur ardiredeal 16U dpanallyeetgastionmiikiute iShemted He G0TE€ (excephéorl8 hour

" Th i zed in.T 1 i ith untreat ed
5" cat atys 25 2K 808 AR A& Tuntet S anekhEgasepte e lnenius Angbzed, - and
5B whi ch ajeambhnling B¢ resahedolt bAd @ﬁ@ﬂ&@ﬁﬁ-arﬂ?ﬁzﬁ% loffths A raﬁl';c% tg?i\dShOW

that the use of supported palladiumcatalysts that” are pre-tre W th
bromi de al 19fdn&d8 haugiien. activity in ol efin epoxidation conpared to

-1 ted t AL | PQ POE I tivity i littl
Changed.  ~peer i S asb S maNERA LT apiech comestme s yiheiaeatbte (PO
propyl ene glayalpsts (27G) 3A, dApangidene rahy atth dPRgts 2Rd3BCBI0l4B, BHYVBRE 8:

I NG TS-1 AND Pd/ C OR d/ Si 02 I N THE PRESENCE OF

E‘sF,) S?q gﬁll mhﬁgﬁﬁ%%r gfrﬁ%tﬁ%whshremide- e 40 @poxidatinarrgaditswshow that the
use of supported palladium catalysts that are pre-treated with bromide all give
higher activity in olefin epoxidation compared to non-treated catalysts. At the
same time, PO/POE selectivity is litle changed. "POE" means PO

20  equivalents, which include propylene oxide (PO), propylene glycol (PG),
dipropylene glycol (DPG), and acetol.
EXAMPLE 8: EPOXIDATION REACTIONS USING TS-1 AND Pd/C OR
Pd/SiO; IN THE PRESENCE OF CsBr
Run 8A: A 300-cc stainless steel reactor is charged with
25 palladium/carbon catalyst (0.1 g, 3 wt.% Pd, from Englehard), TS-1 (0.5 g,
titanium amount = 1.6 weight %), deionized water (~ 120 g), and 13 grams of
a cesium phosphate buffer. The epoxidation reaction is then run according
to the procedure outlined in Example 7.
Run 8B: The epoxidation reaction is run according to the procedure
30 outlined in Example 8A, except that 1 gram of a cesium bromide solution
(prepared by dissolving 0.163 g of cesium bromide in 100 grams of deionized
water) is charged to the reactor along with the Pd/C, TS-1, water, and cesium
phosphate buffer.
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25 pal | adi unf carbon catalyst (0.1 g, 3 w.%Pd, from Engl ehard), TS-1 (0.5
g, titaniumanount = 1.6 weight %, deionized water (- 120 g), and 13
granms of wa 0smesi1ydn phosphate buffer. The epoxi dati on reacPCorusez3tehen run
according to the procedure outlined in Exanple 7. Run 8B: The epoxidation
reaction i s run BunoB@i ipetepdicativroredtiv is 30noadddraiag ﬂo”tHéxél’BUe@uFeA1
except that %tgﬁ%%m %ﬁ%@es' um brom de sol ution éﬁre ared by dissol ving
0.163 g of TEUNEMIB eigh19xcept hal etalysi 6{PEERIOvis epediin pidce gBd to
t he react orthal pdye watklysthe Pd/ C, TS-1, water, and cesium phosphate buffer.
13 WD 03/048143 PCT/ US02/ 31668 Run 8C. The epoxidation reaction is run
according to theRgndiediihe epaxidatin feacksariplranSfcoedingpto theaprocatialey/st 6

Pd/ Si 02) i | he. Pd/.C | . 8D. Th i dat i
Coacti o | sOutiied i iS4, eidtr Bt it L8 Ther By Hsedamprarcser
except t hattheRdCysdtalyst &dd 5hﬁ20.5i§?ﬁﬁéd;e§[hn9lb§(gﬁio%f T%%&ﬂ?&q Bﬂéssgd?at al yst and

only 0.5 g of the cesiumbromde solution is u resu sunmari zed
in Table 2, show R desylife siBmerizad ialTatile 2,nshaw thabtheleseoofpanirakaln t he

Py POE sel enety it BBl i in@ Chbtihon Wit reuSripMarenie iRy i
Treat ed anda sligitincreaseth PO/POEpsslectiRyn # Cat al yst Bromi de Productivity

PO PCE 1OTreat ed Selectivity 2 7A* 2A no 0.13 91 7B 2B yes 0.19 90 7C *
3A no 017 76 7D 3B yes 0.23 88 7E 3C yes 0.30 84 7F * 4A no 0.095 95

7G 4B yes 0.17 93AB(it 1: BpokiBaloR Réstifs fol TR1YEBrdiIntHR P4ated and
Non-treated Pd/support.

Run # Catalyst Bromide Productivity ’ POI/POE
Treated Selectivity 2
TA* 2A no 0.13 91
7B 2B yes 0.19 90
7C* 3A no 0.17 76
7D 3B yes 0.23 88
7E 3C yes 0.30 84
7F * 4A no 0.095 95
7G 4B yes 0.17 93
7TH* 5A no 0.084 93
71 5B yes 0.10 94

! Productivity = grams POE produced/gram of catalyst per hour.

2 .
15 PO/POE Selectivity = moles PO/(moles PO + moles propylene glycols) * 100.
* Comparative Example

TABLE 2: Epoxidation Results, With and Without CsBr Addition.

20

Run# | Catalyst Bromine Productivity ' PO/POE
Treated Selectivity 2
8A* Pd/C no 0.068 o1
8B Pd/C yes 0.11 94
8C* Pd/SiO, no 0.052 91
8D Pd/SiO, yes 0.094 91

! Productivity = grams POE produced/gram of catalyst per hour.

PO/POE Selectivity = moles PO/(moles PO + moles propylene glycols) * 100.

* Comparative Example
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1 Productivity = grans POE produced/ gram of catalyst per hour. 15 2 PO POE
Selectivity = noles PO (noles PO + noles propyl ene glycols) * 100. *
Conpar at iwe oBwestd e TABLE 2: Epoxidation Results, Wth an@CWuShwsnc6sCs Br
Addition. Run # Catalyst Brom ne Productivity PO PCE Treated Selectivity
2 8A * Pd/Catmind. 068 91 8B Pd/C yes 0.11 94 8C * Pd/SiO2 no 0.052 91 8D
Pd/ Si @2 yes 0.094 91 Productjvity = grams POE produced/ gram of catal yst
per hour. 20 2 PoY POE SVPSEES IPT Jroduging satpaxisie Sormprisingreactindopyi ene
glycol's) * diéfh, h ’arg?gﬁ) | : 0 43P 2 668 |
claim 1. A proc_:gss qrag??&%@?ﬁg@%"g’ﬁbﬁf”\é\@ecélr‘?%réﬁé‘?ﬁéaggéﬁ%fggi re

ol efin, hydosyIsIRG@ Brpyem Zeolite and wesuppartachpalfadisencatalykt sosptisingst

m xture. C LS| [ i um zeol i.te and a supported pall adi um catal yst
conpri si%g%%gﬁ@%@mga%@ o'g]u‘ﬁﬁﬁﬁeﬂr] ?%épgpﬂﬁﬁﬁep%‘m&?t%ﬁialﬁéi ISsa@rerm
catal yst i dreuted witherbafid@icoRtamingiagengont ai ning agent. 2. The process of
claim1l wherein _the titaniumzeolite is titanium silicalite. 3. The
process of clai 1 whidlePreaese &fi glaim dnwherslin the tikarigmizedlite 4 tiEmdurpr ocess
of claim1gygliein the supported catalyst is conprised of fromO0.01 to 10
wei ght percent palladium 5. The process of claim1l wherein the support is
carbon, titaniag3. zirltenprcess oblaimdxwhesin fd fittRiunileslitaas TS-1.

silica- %I um na, tantalum oxides, . nol ybdenum oxi des, tungsten oxi des,
titani a0silica, %irconlCal¥Pressa ofnfighnal Whetsini the sapgonest oatalyst her eof .

6. Th ' b Rvel LS ted lvent. 7.
€ proeeffpriebddididm b.oNes @%)Hweé,é@@ @3%%’?3%’%@“% oxygenated sol ven

The process of claim6 wherein vent is selected fromthe
group consi sting-of diheoptsiaessenfhaaisn leshersin thetsuppsrt iwatbon, titania,

zirconia, niobium oxides, silica, alumina, silica-alumina, tantalum oxides,
molybdenum oxides, tungsten oxides, titania-silica, zirconia-silica, niobia-
15  silica, and mixtures thereof.

6. The process of claim 1 wherein the solvent is an oxygenated
solvent.
7. The process of claim 6 wherein the oxygenated solvent is

selected from the group consisting of alcohols, ethers, esters, ketones, water,
20 and mixtures thereof.
8. The process of claim 1 wherein the olefin is a C,-Cg olefin.
9. The process of claim 8 wherein the olefin is propylene.
10.  The process of claim 1 wherein the solvent contains a buffer.
11.  The process of claim 1 wherein the bromide-containing agent
25  selected from the group consisting of hydrogen bromide, ammonium bromide,
alkylammonium bromides, alkali metal bromides, and alkaline earth metal
bromides.
12. A process comprising reacting propylene, hydrogen and oxygen
in water in the presence of a catalyst mixture comprising a titanium silicalite
30 and a supported palladium catalyst comprising palladium and a support,
wherein the supported palladium catalyst is pretreated with a bromide-

containing agent selected from the group consisting of hydrogen bromide,

15



20 and m xtures thereof. 8. The process of claiml wherein the olefinis a
C2-C6 olefin. 9. The process of claim8 wherein the olefin is propyl ene.

10. The pwowmamssiad claim 1 wherein the solvent contains aPomfufSe?/3dledd. The
process of claim1 wherein the brom de-containing agent 25 selected from

the group camsigtiimgbufmidgd atigeambromidrd ebroaites)i alkabrAsial Hrommddey | fHE™NI UM
brom des, al Falli mer:ﬂgl Qrﬁm dea, and al kaline earth netal bromdes. 12. A
process con‘?)l ?g'ehaa {9 Broml BY1 ene, hydrogen and oxygen in water in the
presence of a cat@l ysthebrdddst FUMRK 6 ! i_um Si ki g%i. 30 and a
supported pal |l adi um caté;Fyst corrp@:%?'g]: f\zgwggﬁlgﬁ%mag]ﬁrﬂﬁg"é% o'%teTSa!her ein
the supported pal4-adi Tie paecesssof ¢lainpri@twiereird tvé shppottioaadon, giegHial ni ng

agent sel ec; o] g caonsi sting. of hydrogen brom de, 15 WO
03/ 048143 g&#ﬂ%z%@g’é ‘r”gﬁ%ﬁms oA iRe, siiesp Ai JANisBR exddesal kal i
met al  br onielybdendm @xicdls] neingstehh oRia! thanEIIRS: 1%{?&:0?@;%85 ORftstia.Of

claim 12 wherein the titaniumsilicalite is TS-1. process of claim
12 wher ei n Y&, 80gg8MduUres therieebn, titania, 5 zirconia, ni obi um oxi des,

Cungst en oxi des, 1 a2 oEpes, of B 12 WHFER, Wi Gontains & Ui

tungsten oxi des, titania zi’r

m xt ur es t hoongarisind &n afien pndeessticd, whené thd anidhas Akt Aad %nr?ﬂ@@ion a
and a cation, where the anion is selected from

buffer __conprisi.ng an ani o _

the grodp %@S 6'H§i 9? i ﬁ@owm%ﬂ’oscﬁﬁgﬁ'@te’c%tﬁﬁt ecitraiget howte,ciphthaliate bor at e,
pht hal | at e,silfdatd, Cahl, afPindsHEAROSINY] i LGNl |ected from
the group consisting of ammoni umsdngl E@Elt cha‘i‘l%ﬂi Lsﬂ%e?%ttégl frbﬁ]et?li? s9"%4Rq

al kal i ne edongistingtefl @nmpsium, pikytarsmohiumsralkalc nmstalkn aepioAlkding @BRRI Si Ng
reacting a e ol efin, hydrogen and oxygen in a solvent in the presence of
a catalyst mxture and an alkali or alkaline earth netal brom de conpound,

where the catal yi§l A proesss 90D Prédsing te@ﬂiéﬁ&%%obb@rieff@ ?ﬁaﬁag%hed
pal I adi um catal yst conprising pal |l adi umand a support. . e process of
claim 18 fin, AYErRan anghpyyeeeth @ selvest ia the presence of a catalyst mixture

and an alkali or alkaline earth metal bromide compound, where the catalyst
mixture comprises titanium zeolite and a supported palladium catalyst
comprising palladium and a support.

17. The process of claim 16 wherein the titanium zeolite is a

20 titanium silicalite.

18.  The process of claim 16 wherein the support is carbon, titania,
zirconia, niobium oxides, silica, alumina, silica-alumina, tantalum oxides,
molybdenum oxides, tungsten oxides, titania-silica, zirconia-silica, niobia-
silica, and mixtures thereof.

25 19.  The process of claim 16 wherein the solvent is an oxygenated
solvent.

20. The process of claim 19 wherein the oxygenated solvent is
selected from the group consisting of alcohols, ethers, esters, ketones, water,
and mixtures thereof.

30 21.  The process of claim 16 wherein the alkali or alkaline earth
metal bromide compound is cesium bromide.

22.  The process of claim 16 wherein the olefin is a C,-Cs olefin.
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20 titaniumsilicalite. 18. The process of claim 16 wherein the support is
carbon, titania, zirconia, niobiumoxides, silica, alumna,

si | i ca- alwpi@4sisnnt al um oxi des, nol ybdenum oxi des, tung®CEUSOX3I6S,
titania-silica, zirconia-silica, niobia- silica, and m xtures thereof. 25
19. The process 23. cI @heptécedsasfailaim DEwhelsifihe biéfl@rls@ﬁd;%@ﬁé ed solvent.
20. The process %L m 19 wherein the oxygenated sol vent sel ected
fromthe group cohsi s ?.Qr%qu§| chﬂlﬁimsmé’ﬂ"ﬁé@'@ the selyest Cﬂkl'éﬁtm@buﬁm er, and
m xtures thereof. 30 21. The process of claim 16 wherein the alkali or

al kaline earth netal brom de conpound is cesium brom de. 22. The process
of claim16 wherein the olefinis a C2-C6 olefin. 16 WO 03/048143

PCT/ US02/ 31668 23. The process of claim 22 wherein the olefin is

propyl ene. 24. The process of claim 16 wherein the solvent contains a
buffer. 17
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