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wi-th ol efi n. gfepatifgsn.cormercial |y practiced technology is the direct

ép xi dati-on of ethylene to_ethyl ene oxide bé reaction with oxygen over a
silver catalyst. 30 Unfortﬁﬁé:ﬂ%t" OUNRR Ofi THEINMENTIN has not proved very

usef ul . 81,ePox! difenafferdtiOhitinaletiihe PREISRALE orrisiodey havt basparch

has focuSed on the drrect epoxidation o ol oxygen and .
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devel opment B
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 oxidizihg agent useful for the preparation of
epoxides. Olefin epoxidation using hydrogen peto'xide and a fitanium silicate
25 zeolite is demonstrated in U.S; Pat. No. 4,833,260. One disadvantage of
both of these processes is the heed to pre-form the oxidizing agent prior to
reaction with olefin. '
Another commercially practiced technology is the dlrect epoxudatlon of
ethylene to ethylene oxide by reaction with exygen 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 oxygeh-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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catalysts is that they all show either | ess than optinmal selectivity or -
product i vi tARPIAYVQISBIO0GH3. chenical process, it is desirable to devel op netw )
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catal ysts for the | rect pox?dat lon of ol efins are neede have
di scover ed anygehfrente alsp beemvainclesed e;EOK edamipie, JAHAHETT 1t aiaEXajﬂplésﬁgood
prOdUCt | VI tges%rr}ge 4hee(:tuls\éI E) a%omie e oF tltanosmcate and Pd/C for propylene
epoxidation. U.S. Pat. No. 6,008,388 also describes a catalyst in which
‘paliadium is typically added to a titanium zeolite to form a catalyst system, but
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 epoxidaﬁon of
olefins are needed. | have discovered an effective, convenient epoxidation
process that gives good productivity and selectivity to epoxide.

| SUMMARY OF THE INVENTION
50 _ The invention is an olefin epoxidation process that comprlses 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 zeolite such as a titaniumzeollte having a structure
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Titanium zeolites comprise the class of zeolitic substances wherein
20 titanium atoms are substituted for a portion of the silicon atorhs 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-"-’--(havihg
| an MFI topology analogous to that df the ZSM-5 aluminosilicate zeolites),
25 “TS-2" (having an MEL topology analogous to that of the ZSM-11
aluminosilicate zeolites), and “TS-3" (as described in Belgian Pat. No.
1,001,038).  Titanium-containing molecular sieves having framework
' structurés isomorphous to zeolite beta, mordenite, ZSM-48, ZSM-.12, and
MCM-41 are also suitable for use. The titanium zeolites pfeferably contain no
30 elements other than titanium, silicon, and oxygen in the lattice framework,
although minor amounts of bbron, iron, al_Uminum, sodium, potassium, copper

and the like may be present. | |
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I n the range of about 10 to nore preferably from

Y% t 700
about 50 -t eXiggsutungsten oxides, ﬁ‘B?RTPB%? & %m? (CAoAMAEBIPUS GECPBESRR: 400
me/g. Prefgrabhioud hﬁo&erﬁ.c\éol tﬁé likdre PF&?@%H b.g,ahn: tdmyrﬁénqes.% «mut

0.1 to about 4.0 nl/g, nore preferably from about t o "about
and nost pinelwtenbl yolfstgreneabostyrenesdivinylbenzene  copolymers, crosslmked
. polyethyleneimines, and polybenzimidizole. Suitable supports also include
20 organic polymer resins grafted onto inorganic oxide supports, such as
| polyethyieni_mine-silica. Preferred supports also include carbon. Particulariy
preferred supports include éafboh, silica, silica-aluminas, titahia, zirconia, and
niobia. L ., : i'_")
| Preferably, the support has a surface area in the range of about 10 to
.25 about 700 mzlg, more preferably from about 50 to about 500 m2/g, and most
preferably from about 100 to about 400 m?/g. Preferably, the pore volume of
the sup'por’_c is in the range of about 0.1 to about .4.0 mL/g, more preferably
from about 0.5.to about 3.5 mlL/g, and most preferably from about 0.8 to
‘about 3.0 mL/g. Preferably, the average barticle size of the support is in the
30 rangé of aboui 0.1 to about 500 pm, more. preferably from about 1 to about
200 um, and most preferably from about 10 to about 100 pm. The 'average
pore diameter is typically in the range‘of ébout 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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epoxi dat on. tre-lert]gd \{\r/?egg?és éu‘}‘ér{ gs %Etrédetna he'ljum vacuum, hydrogen, oxygen air, or
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 ep.oxidation 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
a 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 epoxnd_atlon. The weight - ratio of titanium
zeolite'supported patladium'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 palladlum catalyst) is preferred.
In one embodiment of the invention, the supponted palladium catalyst

of the invention is pre-treated with a bromide-eontaining agent. The pre-
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oo g BRSSO 1 PRI SRR BB S0 SRS
iahdeRpdoigah n alsefvent in the presence of the catalyst mixture. Suitable
olefins include any olefin having at least one carbon-carbon double bond, and
generally from 2 to 60 carbon atoms. P'referably the olefin is an acyclic
alkene of from 2 to 30 carbon atoms; the process of the invention is
particularly suitable for epoxidizing. C2-Cs olefins. More than one double bond

- may be present, as in a diene or friene for example. The olefin may be a

25

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.

30

The process of the invention also requires the use of a solvent.
Suitable solvents include any chemical that is a liquid under reaction
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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“for-converting propylene to propyl ene oxide. The process of the invention
al so requires the use of a solvent. Suitable solvents include any chem cal
.that is a liquid under reaction 30 conditions, including, % ggglhqmted
t o, oxygen-contai ni ng hydrocarbons such .as al cohols, aromati
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M to about bomwde\phthalate, silicate, alummosullcate or the like.. The cation portion of

~the -salt may include cations such as ammonlum alkylammoniums (e.g.,

20 tetraalkylammomums) alkali metals, alkaline earth metals, or the like. Cation

examples include NH;, NBu', L|, Na, K, Cs, Mg, and Ca cations. More

preferred buffers include alkali metal phosphate buffers. Buffers may

A B -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 s.uitable,

~ molecular oxygen and molecular hydrogen are preferred. The molar ratio of

30 hydrogen to oxygen can usually be varied in the range of Hz:0, = 1:10 fo 5:1

and is especially favorable at 1:5 to 2:1. The molar rét_io of oxygen to olefin is

usually 1:1 to 1:20, and preferably 1:1.5 to 1:10. Relatively high oxygen to

olefin molar ratios (e.g., 1:1 to 1:3) may be advantageous for certain olefins.
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palladium supported catalyst) to the olefin that is supplied per unit time.

‘Typically, sufficient catalyst is present to provide a titanium(palladium)/olefin

per hour molar feed ratio of from 0.0001 to 0.1.
For the l|qu1d-phase process of the invention, the catalyst mlxture is

| preferably in the form of a suspension or fixed-bed, The process may be

25

30

performed using a. contlnuous flow, semi-batch or batch mode of operation. [t
is advantageous to work at a pressure of 1-100 bars. Epoxidation according
to the invention is carried out at a temperature effective to  achieve the
desired olefin époxidation, 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.
Although any alkali or alkaline earth metal bromide compounds are useful,
including NaBr, KBr, CsBr, MgBr,, and CaBrs, cesium bromide is pa'rticularly

- preferred.  The alkali or alkaline earth metal bromide compound is simply

added to the reaction medium in which the epoxidation is being perfo'rmed.

8 ..
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"25.:to the invention is carried out at a tenperature effective to achieve
the desired olefin epoxidation, preferably at tenperatures%anEBeﬁmﬁnge of
.0- 250'C, nore preferably, 20-2000C. In another enbodi ment ‘of

invention, the process is carried out in the presence of an alkali or
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in the art wll e N e spirit of
the i nvention angﬁsggg%w@fg t he %?gﬁé@%%tqé ﬁ]}!‘ééﬁ&'}!%# ée—'ugq‘Ldﬂ:I(
SOLUTI ONS 15thesart wil seeegnize menyCesiationstiatrere it e spires themng Ao de
(22.12 q) 'Salqdi hé%ﬁdﬂ%faﬁnom zed water (17.25 g) in a plastic beaker. In

a separate con 8sphor| c acid (5.85 ¢g) is added with cooli ng
to 400 grams of “dei EXRAPL Y PREPARRTION OFQS'EO@WS@E_UI Sium

hydroxi de_ "solution is carefully added to the oric acCld sol ution.
After thé& additi odA: Erepasatiemrofdeesivny o telsuﬁetdeo[)eﬁumhhyd&ﬁdldﬁn

phosphat e bu , . pH of the solution is
nmeasured to {)2‘(2‘?‘[2%;‘% %&%Oﬁvuer%ﬁeggﬁngggﬁ%?&& éﬁ&)o‘r' q plasiisRrakeb) dbisn (pH
=6.9) is th@para@tzemtamart 85 Bshasphent atido(588 §) isladdbddnith BodlingSoHUEFSi um
phosphat e buéf er sq H
ams elomzed water. Twenty-fve 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 solutlon (pH = 6.9) is then treated
e ~ 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,Os Preparation |
| In a glass beaker, Pd(NH3)4(NOs), (3.5 g, of an solution containing
30 10% 'Pd(NH3)4(N03)2 is mixed with 16 grams of deio'nized 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

9
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centrifuge. The solids are washed four tinmes urrying 1n"80 grans of
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Pd/ C Preparation In a - roundbottom fl ask, Acticarb

ct1vated

carbon (16 WiiR R?"aEIW“A@ééh’@rﬁ[O hremide, anded 26 widhdiitrogened wat er (50 g) and

added to the carbon urry over.

met hanol (150 ni). a‘%k@m%@ gcg& @Aﬂ#ﬁ%ﬂﬁ'ﬁbﬁﬁﬁﬁﬁﬁ (80 nl-) is then,

resultlng slurry =

is stirred at 5@ l_y;gt.’i F?dL(B Pr@;im:ratloﬂnalf of the solvent is renoved by
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Palladium acetate (0 36 g) in acetone (80 mL) is then added to the carbon

~ 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 sollds are washed (three times with 100 mL portlons 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.% palladlum.
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 exarhple 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, a_nd. th_én 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

10

% niogivracuum oven (1 torr)
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-~ Cat al ysf 3B: Pd/C Brom nation A 250-nL roundbottom flask is charged with 8
grans catalyst 3A (Pd/C) and 50 grans of deionized water. Agueous HBr (30

.granms of stock 25.solution fromexanple 113) is added to zhf FEBUIZU and
m xed at 23C for 1 hr. The solids are isolated by filtrati én, washed wth

100 ni of dei toni) ZEORGLTer 4 hairs. di SR :
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torr) at 50C for 4 hours. Elenental anal ysi's shows and

0.51 wt. % br ot “acRiioAIg8¢ 3C. Pd/ C Doubl e Bromination 30 The

brom de-treated tal [ ri i rans_of water.

Aqueous HBr (15556# A\&EE%fﬁgozlé@?gfr@@?%R %ﬁb@ﬁﬁﬁhﬁ RRATION | s

added to the sl urrgamtmweparamﬁJde/Sum\HtedBégbéﬁ"i ds are filtered,
an

washed with 50 nL B\f .dei oni zed water, air dried, then dried in vacuum
(1 10 2 1 FEB 20067 CligRPPNg: 2§ adivated, narkon Else pratrasteanaingsisulfohate 0. 78

w . % pal | adi oG 2 9 ] 4. Pd LEONATED \
 CATALYST PREILD%A?RATI %hgcg'\tétaf’gasétéﬁg%q r%’ﬁ%arqyf ?@W%‘?arbﬁ%gu&’(ﬁné‘f’e@c%%ﬁ 5
Act i car bone 2@2@"@[@'?'&\%@@20ah’ba@—l'ne;clm[m-ﬁteaﬂadk,mcébl‘rréié@laﬁﬁﬁoclﬂﬁﬁ@"a@id‘g to
t he procedur eporied i.n o] Pat . p., No. 0 978 316 " exanples 1 and
2. In a 3- neggboﬁe-:%ft‘%?'gp*z;%kFﬁggdﬁeﬂ?‘{”@f@gdﬂd%(ﬁﬁl@ﬂ%ﬁi avater (620 g). 37
wei ght % HCl )Adtieash@vd 21 8ds&s HAN e { cti,carbqpe 2LS
activated car bon'a(26 g, EIf Ata‘(’t)%tg]gﬁ @s@%ﬁgﬁ‘e’éﬁ%@)ﬁ%ﬁ@ Pgdgcgltﬁﬁ‘q@n and
the slurrip i sohigreandttheogumytis heatedgatf80°C2 withh@iiing fOF 2B hotRo! i Ayt O

23C, the solids.are filtered, washed (five times with 100 nL portions of
dei oni zed wat®©PJNI g Zf”hgn%&?/eﬁﬁll'éﬁi g Hiteredowashed: (fivehtmes. withe100 i red

Dt uri o aci G5, PFebAzRe Wdleh At idt oVl BST at A3h'G, Brtya hotieirhe. « i ci
slurry is heated diheldisi solidstalreotiaissfetodted,3-a86k Dramsl %lﬁl‘%dﬂ%nﬁﬂa&@aker
y

containing 5 rans,of dei oni zed ter. The solids are isolate
filtrati Qﬁ, CQ%&&'”@&?{;HPM'?@Q'M%@%@S therp geded pyesfa five-orinutedpanidder ) |

oinaborm SRS TR 1RSS5 3VEAIE oo MRS e o™
Hydr ogen per dealier cantainin@G0Ovgraghy opdeicaized AR}, The! SGiRisasidadoibd B?
_Sl urry, foll %Y%Fa%o%%’ V\Paes tehn(%igehtt t%)e% with 250 mL portions 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 fhe slurry, followed by heating at 70°C
. for two hours. After cooling to 23°C, the solids are ﬁltered,.was'hed (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, -f;c;m above) is
slurried into deionized water (10 g) and methariol (80 mL). Palladium acetate
(0.14 g) in acetone (30 mL) is then added to the carbon slurry ovér a 5-minute-
. period. The resulting slurry is stirred at 23°C for 30 mi'nutes, 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

11



for-two hours. After cooling to 23C, the solids are fiIterzee},FE@sZﬂGﬁi (with

150 nL of deionized water), and then oven-dried at 120C foor two hours to
give 22 wpemmisofs sul fonated carbon. El enental anal ysis sSROEAIS8U3M68 %

carbon, 0.5 25 wt.%sulfur, 0.39 wt.%chloride, 0.2 wt.%silicon, and 0.2
Wt . % ni t r oganeCl for® RBArsTl FiGHBARP Ehasls Ssdws D89 %@%%l@@@?gﬁoﬂ&nﬂ%ﬁ from

above) is slurried into deionized water (10 g) and nethano

Pal | adi um ad&eaur(0.14 g) in acetone (30 nL). is then added to the carbon.

slurry over a 5-Rj ' The |t | ur is stirred at 23C for
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the solids are washed (two tines portions of deionlzed water),

air driéd, shutiedre® grareel ofitha HBr storiesokitios ofexsnplesiR3 TreTmbeony 1668

110C for 2 S | ysi.s. sh 89 W . % pal | adi um and,, 0. 6
wt. % sul f u_rshﬁggtg r%@qﬁ%‘ﬁ%ﬁ'g{h%nﬁi&%n%o?gﬁay%ﬁ?qyoﬁ%tp(éga@ﬁa gH: an the

Pal | adi unt sdlid®aaé eftiedaind@buui 2t 50°6Mbr aSheireP Fl&dehtal BraRRILsHive & S
slurried in 6 granms of the HBr stock solution of exanple 1°B. The m xture

i s stirredWtde Pedadiumut@64 wife swfusrands0.28 vivédrbinidat oevaporation, and the

. o pal s SApRLE B FRABUNAEAI DT GAFATPSE PRERRSANGH ™ *

Pd/ SODI1oM ALUM g2y CARE i<AT AbMimercRiFPARATYONd &R Sadiahy Slurfifosificate
commer ci al .% Pd aon sodium alum nosilicate available from Sud-Chem e.

2 ) _
Cat al yst 5BYVaiRble ftamimus-GRPRYRi | i cate Broni nation Catalyst 5A (4 g), as
obt ai ned from Sys; R, P ety ed. w D . of the HBr stock '
sol ution of ExaLt§| ' B gﬁ%%dlgnﬁnéd eéﬁﬁgilﬁggcﬁr%giﬁugg
r ot oevapor at i onCadalyst bA éblg),das abtainberfraini udiChemie| isnsairried Wwitro 204

hours. Elenental | ysi 2.1 wt. % pal | adi 4.7 wt. % sodi 6.9
i % al um BEDS GH4e. 5 Siookotusonces Eiemabie 1 for B miniiascal SaEaL V¥

PREPARAT] O\l 8! rigioved By rdtocihidHhidr Wil mgtﬁ@a&m%r_é%@,gﬁ, T

-Davison 952) is 20 slurried rnto met 'um ac
(0.18 g) i at&6eCdoe4(Mtiurs. 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 résulting slurry is
'stirred at 50°C for 1 hour. The solveht is removed by rdtoevaporation, the
solids are air dried at 110°C for 2 hours, and then calcined at 450°C ih 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-58
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 T$-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 = 16 weight %),
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water is renoved by )

)



“m)-is then added to the flask over a 15-minute period. The resulting

slurry is stirred at 50C. for 1 hour. The solvent is remyved
.rotoevaporation, the solids are air dried at 110C for 2 H?uﬁsEE%nz(QO?hen

calcined at 450C in a 5% oxygen in nitrogen streamflow ng at 100 ni/m n.

El enent al anadsiehized veater (2520 gM aftl paldrashisong Eé%‘}&ﬁééﬂé r@?@}ﬁf Tl e
- REACTI ONS USI NG TS-1,,AND SUPPE?T%{ PALLADI UM CATALYSTS fA— 5B -1 can be
made accor di HGEEPT & {N¥heRrgedierZi0 peg Withca deed comsisting 6b4 %xadpgen, 4 S.

Pat. No. 4,419, | ,oI\/]Tfert ter,i al .30 (19 ,

Vgl. 10, 283,%0r ﬁ@rfﬁﬁo%)ﬁé?e,?bﬁcéem %@é%ﬂéh%{% E%ﬁﬁé rt'ﬁ‘@‘;,%%%.

The TS-1 is duPeswedndhe 56actof i mairtiained .amebor;sigrsig.aBaél@&egéur%t%gmfﬁ&)s
st .2 °Q9),

steel reactor, s .C d with the,supported palladiumcataly

TS-1 (0. 5%;, V‘E"lhf 5%%"3%@%%% passeq cRasniipusty thrapgly the Femtonet 148@ ectminz ed
water (- 120 (eheastfed b8 e f | byffer. The .reactor is
t hen char ged (t o 200 psi g w’éﬁ]ng c%r%egﬁi%ﬁsi g?%ﬁgg%&gh N I APL e Maintainz

oxygen, 5 % onsiantse)vent evel ie tihareaciorddiiigy te am@@h@ios(gggﬁ,miterg *h and

int t | i ntai ned at 200 [ _
equlator 5 ITORVBAG. faedls” FHEcBaRaat ohrousiht on AASSHLST | Waiiess (ol wemsalr at
1450 colmn (bananagreabdRiginendaent GIiRRRCYS REESSHEler | iR Ak,

mai ntain a constant solvent level In the redactor durrn ru

oxygen, it r dyétiredaat HUpyprne Theerdactiore niiriuseds thaaestd o BOPOOEKEESY for
stai nl ess ste the reactor, containing 1.5

liters of Wﬁt ﬁbs Y”%fsls'% g&é‘?@%;ﬁ%ﬁgkﬁ |r (rgéglag theamsepus efﬂrtuﬁn‘téaan'ab]aed
' ' . as . ' 45C
Tod the gaseatcraphme e eentRbur ahd tid i Srdied oy Bl Yl e Ehahe

liquid anal yPé&hery8&PLr rie GC at the end of the 18 hour run. The results

are summarized in b onmparing.runs W th untreated 15 catalysts 2A
3A, 4A, and 5A toT-rB%n‘JsegHﬁ? %r%éyﬁ]’vg@éedz'ﬁ,w#é‘? 3eomparing funs withwitigated e al |

D mpor o il 0 1, FAamhEH it sk U 4! BB g
hi gher act i vinhjeh ﬁr%alépr#/regt@d With ibsemidenpEhee dpoxidation tesdiseshovathat sd S. -
At the Sa”EuTsE"S‘F sugﬁéﬁé@pﬁﬁécﬁﬁm Xétgxrsgssthg{ gel Sregtpgé}gg%itﬁl Ercgrz’r;idg%ﬁgsivepo
' - higher activity in olefin epoxidation compared to non-treated catalysts. - At the
same time, PO/F’QE -selectivity is little 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

c’ﬁi\\_.
\

a cesium phosphate buffer. The epoxidation reaction is then run according
to the procedure outiined in Example 7. _
Run 8B: The epoxidation reaction is run accord_-ing to the procedure
30 outlined in Exémple 8A, except that 1 grém of a ces-ium.-brc')m,ide solution
~ (prepared by dissolving 0.163 g of cesium bromide iﬁ 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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20 equi val ent s,
di propyl ene gl ycol
USI NG TS-WwoAsD«fdi C. OR Pd/ Si @2 | N THE PRESENCE OF CsBr
stai nl ess steel
% Pd,
9, delonlzed mater
The epOX|da9PWHe¢éﬁ
i n Exanpl e
pr ocedur e

g, 3 w.

whi ch include propyl ene oxide (PO, propQIbrF&BgQWOI (PG
(DPG, and acetol. EXAMPLE 8: EPOXI DATI ON REACTI ONS
RUPCBBS024188B0- cc
react or is charged with 25 palladium carbon catalyst (0.1
f r BamEBGL giver dpoxidiStidn (r@acﬁlom is Furf aBEovdivd e the préefdiyl ght

and 13 grans of a cesium hosphate buffer.

X%ﬂplﬁsg/}\héﬁcwmha edlalyish @ (RYSiGa lgruﬁﬁ@hlmr plagatofi ned

g., /q ﬁe epoxi dation reaction is run according to the,
(? outT rne n Exanple 8A, except that 1 gramof a cesium

brom de sol ution uQQB pdihedepyxidatiorn ryadidnOislAih BcObrdafs te!MhdRetatfuren 100

grans of deio

wat er

TS 1,

ed to the reactor along with the Pd/C,
shak eatalyst 62(Pd/Biy) s 0sentnoplaoe 8143

ter) 1S char

d'é Xﬁﬂ‘mﬁh%%pﬁé@

R

TS0 el TRy D976 e A lrigf YBAERTE TR, |,

procedure
in place of

o (Pal 5 02) el eBlEiE Sirthauigt R the sheug
cesi um br Onégﬁ?fﬁqhéﬁéa%@ ih SPG'M‘]E saé%tl{ll
(0] et a

that the use

t heThe/ r@sulig aéwrslmarﬁled |&DTaEﬂbe2 epbuwdm‘art @Rer @&cof &M bkaliun
| e 8B, .except that catalyst
t'eatra Jesultsin Blﬂ*’s@r @ctvity witht he
ults summari zed in Table 2, show
conpound in the epOX|dat|on run

an al kal i brom

resul tsl@n higher activity with a slight increase in PO’POE selectivity.

10 TABLE 1: EpOX

nd Non-tr eat ed

[ r e Tr e
Pd/ support. Q@%‘a’?@sgﬁ ﬁ%gngﬁ'ﬁég‘? Tg 101'-”@dr §é!dect Ivity 2
7A *2Ano0. _1391 7B2Byes0. 1990 Non-treated Pd/support. )
Run # Catalyst. Bromide Productivity ' PO/POE
: Treated Selectlwty
TA* 2A no - 013 91
7B 2B yes 0.19 90
7C* 3A no 0.17 76
7D 3B yes 1 0.23 88
7E 3C yes 0.30 84
- TF* 4A . no 0.085 95
7G 4B yes. 0.17 93
TH™ - 5A no 10.084 93
71 5B yes - 0.10 94

15

20

* Comparative Example

TABLE 2: Epoxidation Results, With and Wlthout CsBr Addltlon

Productnvuty grams POE produced/gram of catalyst per hour.
2 POIPOE Selectivity = moles PO/(moles PO + moles propylene glycols) * 100.

Run# | Catalyst Bromine Productivity ' - PO/POE -
Treated Selectlwty
BA™ Pd/C no 0.068 91
8B Pd/C yes 0.11 94
_8Ccr Pd/SiO, no 0.052 91
8D Pd/SIO, yes 0.094- 91

Productwuty grams POE produced/gram of catalyst per hour.

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

Comparatwe Example

14



""7C *3An00. 1776 7D3Byes0. 2388 7E3Cyes0. 3084 7F*4Ano00. 09595 7G4Byes0. 1793 7H
*5An00. 08493 715Byes0. 1094 Productivity = grans POE produced/ gram of
«catalyst per hour . 15 2 PO PCE Selectivity = noles PO (nol es POfE@”?dU%S
propyl ene egcoI@ *.100. * Conparative Exanple TABLE 2: Eponoia
Results, Wth an Wt hout CsBr Addition. Run #Catal ystBrom ne -
Producti vi t yPQ PCE Trleat eASprIoe‘ess vor prauging Ba/ €poodie) 6861prisiBEdIc@gtisg) .ahl 94

8C *Pd/ Si 02n00. Q 1 y. 4

. produced/ gram of° %f&t § rS‘ 88 o%ﬁ&erp% %%o@é@%f%&ggﬁg%% %‘?E@taﬁoﬁm >ggre

PO (ol es PO + mmlne):-nsmgopyrtamwngdepmel and & stpPorted p@tﬁdhaﬁ?altad?stli?oarmﬂsmgm |
claim 2 1 FEB 2006 process. fo ucm n.e I.de conprisin
reacting an- ol efd ad'HVH?B@eﬁtS%{W%x‘VB@E %‘gtc\?/}@ﬁtgﬁgdt% Cﬁi%éséd%é’r%‘f a
catal yst m xtur &rea@émwrtlh @rmﬁlda.dohtawngrgggmol ite and a. supported palladium
catal yst conpri sing paI I adium and a port, wherein the supported

pal | adi um cat al yst i @ pr e JNe EQGEsY %qlﬁ%ﬁ)%%@ndbﬁtt'éﬁmvfﬁgze&@@nlﬁ titaniumhe
process of clai rgjkawgerein the titaniumzeolite is'titanium silicalite. 3.
The process of claiml1l wherein the titaniumzeolite is TS-1. 10 4. The
process of claim1 wierei hhe RECCESHPbERIN 1 ddeseip She titaniusnagalite isdTDf1. f r om

0.01 to 10 wg ght peycent TRE! hadkdMof claim 1 wherein the supported catalyst is
comprised of from 0.01 to 10 weight percent palladium. '

5. The process of claim 1 wherein the support is carbon, titania,
,) ' Zirconia, niobium pxides, silica, alumina, silica-alumina, tantalum oxidés,
b molybdenum oxides, tungsten oxides, titania-siliea, zirconia-silica, niobia-
15  silica, and mixtures thereof. - |
6. The process of claim 1 wherein the solvent is ‘an oxygehated -
solvent. | |
7. The process of claim 6 w.l'lrerein the oxygenated solvent is
selected from the group consisting of alcohols, ethers, esters, ketones, water,
20 and mlxtures thereof. _ '
8. The process of claim 1 whereln the olefinis a Cz-Cs olefin.
9.  The process of claim 8_ wherein the olefin is propylene.
10.  The process of claim 1 wherein the solvent cont_airls a buffer.
11. The process of claim 1 wherein the bromide-containing agent
( ) o 25 selected from the group consisting of hydrogen bromide, ammonium bromrde

'alkylammomum bromides, alkali metal bromides, and alkallne earth metal
bromides. |

12. A process comprising reacting propylene hydrogen and oxygen

in water in the presence of a catalyst mixture comprising a titanium srllcallte

30 and a supported palladium catalyst comprising palladium and a support

wherein the supported palladium catalyst is pretreated with a bromide-

contarnlng agent selected from the group consisting of hydrogen bromide,

15



“5. The brocess of claim1l wherein the support is. car bon,' titania,
zirconia, niobium oxides, silica, alumna, silica-alum na, 2t'erIE8I Qi}ﬁﬁom des,
.ol ybdenum oxi des, tungsten oxides, titania-silica, zirconia-silica,
ni obi a- 15 sili S r B o) ein
t he solvent is ﬁ“ogﬁg‘éﬁmﬁ&ﬂ‘% r@%@éyyﬂﬁmg%éﬁgﬁ?lal m@%\e\%}g n _
t he oxygenat ed. akdlinersarthametabbrootidas. from t he group consi sti ng of al cohol s, .

ethers, esters, ketongs reof ocess of
. claim1l wherein the gﬁef i ‘i’ﬂE?}OCeé%%&glggn g‘gwﬁérelé tﬁerﬁgnmélﬁgaél @E f '

wherein the olefin id4pr of)"ylbemecesis(hf cHie 12 obessin the slgpon & d&?BdSr‘i‘ltﬂaﬁIEe

sol vent contains..a buffer he groces of ¢ mhereln t he

" bromi de- cont & m%ﬁﬁ%’&erﬂ“’b'% Qé'FS%t Wcq. - giaming 5?%5 USHRR &Nt oXide8r ogen

br oni de, anmoni errbllyb@émﬁlﬁ oxidds( Viupgsteni oxudy, ot Aiassilicdl karcbnigBiiRa, yigsvhdes..
and al kal i ne earth met(g br: og}_ldes 12. A process conprising reacting
propyl ene, hydro%lé’ﬁ and My eeRfwater in the presence of a catalyst

m xture conprising a1l taﬂfhé”br‘@bee§aif' Eigim 32 avﬂﬂiarélnSW%Ré?r t6ftaRR Iaa@'uHQ?

-catal yst conprising palladiumand a support, erein the s orte
pal | adi um cat al YCOMANSING 3 ARG @Ad\d @a’c!onawbew@@mczfumsamtacg ghe group

| d. f
ot m br o4& NS Lot PRBLaIE0 caponétd, PREflaf) kg, B %espﬁﬁ@a%“
alkal i ne earth ridicate. b?@qln ai'é@lnomcaWhen@rﬂaeegeﬂcm is | sglantad fwfleré'len gtdwp -
titaniumsili Caldoﬁﬂglshﬁ%zﬁa%mgﬁf}m LSRG aS5Hs, Qlkaf! tg?slgn%%a‘?l'n

support is carbon ni a, zitconia, nioblum oxi
st })l ca- al unm na, metatsal um oxi des, nol ybdenum.oxi des, tungsten oxi des
ti Yani a- si li ca, zircq |I| m xtures thereof. 15.
The process of claim V\E b@%ﬁsﬁ{a:‘)?}o&%&ﬁ i ﬁs aPQS%(}%r EPMPEERRr °&C {ﬂ'bg ay
ani on and a wat icefin, \M;{érrogen laedanxygen insa selverttie thd pmsehéteofgai oaftalyst mixture
- consisting of p pht hal | at e,

COT St o SURPHE e SEA B Bt B Bioon WAl e O
consi sti ng of amiwtireintorapligdsatitamiini neeolitd kald a’rfstupbsrtecarwhllaljkmlmm‘?@trth
compnsmg palladium and a support selected from the group conSIStlng of
carbon, titania, -zirconia, niobium oxides, silica, alumlna, silica- a_lumlna,
20 tantalum oxides, molybdenum oxides, tungsten oxides, titania-silica, zirconia-
silica, niobia-silica, and mixtures thereof. .
17. The process of claim 16 wherein the fitanium zeolite is a
"~ titanium silicalite. o | '
18. _The process of claim 16 wherein the solvent is _an oxygenated- .
25 solvent. ' | o o

//“““"'\‘
‘ !
N’

19. The process of claim 18 wherein the dxygenated solvent is
selected from the group consisting of alcohols, ethers, esters, ketones, water,
and mixtures thereof. | _

20. The process of claim 16 wherein the alkali or alkaline earth

30 metal bromide co_mpo'und is cesium bromide. o _
21.  The process of claim 16 wherein the olefin is a C-Cp olefin.

22.  The process of claim.'21 wherein the olefin is propylene.
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“metals. 16. A process for produci ng an epoxide, conprising riﬁggégﬁ @n
ol efin, hydrogen and oxygen in a solvent in the presence of 9 t

«m xture and an alkali or alkaline earth netal brom de conpound where the
catalyst mixture . cppri I di um
catal yst conprising ‘pall gzllggerjbésngg%smﬁ%g‘%r\é'ﬁ%g% ?38%5@ ?\'BS g%hﬁa |
consi sting of <carbon, titania, zirconia,. niobiumoxides, silica, alumna,
silica-alumna, 20 tantalun1oxides, nolybdenun1oxides; t ungst en oxi des,
titania-silica, zirconia- silica, niobia-silica, and m xtures thereof. 17.
‘The process of claim 16 wherein the titaniumzeolite is a titanium
silicalite. 18. The process of claim 16 wherein the solvent is an :
oxygenated 25 solvent. 19. The process of - claim 18 wherein the oxygenated-
solvent is selected fromthe group conS|st|ng of al cohols, ethers, esters,
ketones, water, and m xtures thereof. 20. The process of clai m 16 wherein
the alkali or alkaline earth 30 netal brom de conpound is cesium brom de.
21. The process of claim 16 wherein the olefinis a C2-CC, olefin. 22. The
process of claim21 wherein the olefin is propylene. 16 2 1 FEB 2006 23.
The process of claim 16 wherein the solvent contains a buffer. 17
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