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t echnol ogi esnthetcialiyplpogctived- tenhmetbgyxi dThisngrocggentss 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
20 preparation of epoxides. Olefin epoxidation using hydrogen peroxide and a
titanium silicate 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
25  of ethylene to ethylene oxide by reaction with oxygen over a silver catalyst.
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
different catalyst system. In this process, it is believed that oxygen and
30  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

35  epoxidation of higher olefins. For example, JP 4-352771 discloses the
1
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with solid catalysts to facilitate gas-liquid-solid mass transfer.
In sum, new direct epoxidation processes are required to allow for
efficient gas-liquid-solid contact to achieve maximum rate and selectivity to
20 epoxide. In particular, increasing the selectivity to epoxide, the productivity
of the catalyst, and extending the useful life of the catalyst would
significantly enhance the commercial potential of direct epoxidation.
SUMMARY OF THE INVENTION
The invention is an olefin epoxidation process that comprises reacting
25  olefin, oxygen, and hydrogen in a liquid medium in the presence of an
epoxidation catalyst in a reactor system for circulating a liquid medium in a
tank that facilitates transfer of the hydrogen and oxygen to the liquid
medium. The reactor system provides a high degree of liquid circulation and
micro-mixing of a multiphase liqguid medium, enabling the desired
30 simultaneous contacting and mass transfer between the liquid phase in the

tank with a gas and a solid epoxidation catalyst.
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titanium zeo Titanium zeolites conprise the class_of zeolitic
subst ances ofvotefisi, lydrdgeanianch @xyges carebe wsedi t These ?B@X'Qa’i'ﬁﬂ cAlVSES the
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gold supported on titanium oxide, as disclosed in U.S. Pat. No. 5,623,090;
and gold supported on titanosilicates, see for example PCT Intl. Appl. WO
98/00413. Preferred catalysts comprise palladium and a titanium zeolite.

20 Titanium zeolites comprise the class of zeolitic substances wherein
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

25  MFI topology analogous to that of the ZSM-5 aluminosilicate zeolites), “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 structures
isomorphous to zeolite beta, mordenite, ZSM-48, ZSM-12, and MCM-41 are

30 also suitable for use. The titanium zeolites preferably contain no 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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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 0-250°C, more preferably, 20-100°C. The
molar ratio of hydrogen to oxygen can usually be varied in the range of

20 Hs: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 to 1:10.
Relatively high oxygen to olefin molar ratios (e.g., 1:1 to 1:3) may be
advantageous for certain olefins. A carrier gas may also be used in the

~ epoxidation process in addition to olefin, hydrogen, and oxygen. As the

25 carrier gas, any desired inert gas can be used. The molar ratio of olefin to
carrier gas is then usually in the range of 100:1 to 1:10 and especially 20:1
to 1:10.

As the inert gas carrier, noble gases such as helium, neon, and argon
are suitable in addition to nitrogen and carbon dioxide. Saturated

30  hydrocarbons with 1-8, especially 1-6, and preferably with 1-4 carbon atoms,
e.g., methane, ethane, propane, and n-butane, are also suitable. Nitrogen
and saturated C4-C4 hydrocarbons are the preferred inert carrier gases.

Mixtures of the listed inert carrier gases can also be used.
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The process is performed in a reactor system that facilitates transfer
of the hydrogen and oxygen to the liquid medium by creating flow of the
liquid medium in opposite directions inside the tube and outside the tube. A
20 suitable reactor system is described in U.S. Patent No. 5,972,661.
The reactor system comprises a tank, a tube in the tank wherein the
tube has an axis and opposite ends, a plurality of impellers disposed within
the tube and rotatable about the axis, and means for inhibiting agitation-
induced liquid swirl around the axis within the tank.
25 The tank is any suitable container that is capable of holding the liquid
medium for reaction. The tank will typically be cylindrical in shape with tank
walls arranged vertically upright. The tank contains a tube that is typically a
cylindrical draft tube that is mounted within the tank. The tube is preferably
mounted centrally within the tank, such that the axis of the tube and the axis
30  of the tank are coincident. The tube is mounted such that there is clearance
between the bottom of the tank and the lower end of the tube. The internal
volume of the tube is preferably sufficient to hold between about 25 percent

to about 50 percent of the volume of the liquid medium.
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include  jmpeller/impellers to the reactor system such that the additional
impeller/impellers are located outside the draft tube, although still connected

to the shaft that drives the plurality of impellers.
20 The impellers each produce a field or pattern of agitation that shears

the liquid medium. The impellers are located in sufficiently closely spaced
relationship along the axis and extend radially from the axis across the tube
such that the agitation is established substantially throughout the entire
volume of the tube. The plurality of impellers establish flow of the liquid

25 medium in opposite directions in the tank between regions where reversal of
the flow occurs. The flow of the liquid medium in one of the opposite
directions is inside the tube and flow in the other of the opposite directions is
outside the tube in the annular space between the tube wall and the tank
wall.

30 The reactor system also comprises a means for inhibiting flow due to
agitation which swirls around the axis. Such means may be provided by
including in the tube a plurality of baffles. The plurality of baffles are

typically sets of vertical baffles that are placed on the inner wall of the tube,
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words, two pairs of | es are contained in each set and the palrs are
1800 5 di s plydrgenwnd oxgggrewl W@I@e\lwbantnﬁ@ducw idp thetreasior gyptae@tmy be

e+ npel alenftigetend Y. ofioPRyEphe S ER pfBe 28GaniRRtay GR!0
pat t er isof intAstiorli Fowgh eie pame dﬁ!e(alolrnl pbint. e\helcommehwrorlsermlktmtbh quid in

the draft tube. Thus, the p attg a |t ti on enhances maﬁ% ?nsfer and
pronot es operation, the 'reaction product W|ll e removed via an ake

running from the reactor system.



to inmproved circulation in the tank. The process nmay be perforned using a
continuous flow, sem -batch or batch node of operation. The liquid nedium
epoxi dat iwp os@e@hyst, olefin, hydrogen and oxygen w || typirasbt/gs3be

i ntroduced into the reactor systemat different injection points. However,
one or nore.Q ]‘ the reactants may be 15 introduced through the sane

i njection p0| M. 1'n continuous or seni-batch operation, the reaction
product will al 40 beArproweed that campisest easting ran olefimi yrogem ane r eact or
system 7 WO 03/ 020713 CT/ US02/ 28365 | claim 1, c onpri ses
reacting aRX&L ima lign UHR e RRgSRNES O% 4N ‘a%?)ﬂd%éoﬁ’l ?I%fall Sqalheé:presence

of an epoxidialboByakrings rakilitafes HASIP ofSHBtIRAIrbda anacokyder &S tiie ansf er
of the hydrogen and oxygen to the 5 liquid nmedium wherein the reactor

syst em L onfiquid evedigen, V\dletralnlihe(f@?dérﬂﬂi@m%mW@qsank wherein the tube has

an axis and opp |te %@9 (c) a plurality of inpellers disposed in the
tube and rot ata 83 ' 10 the axis such that the inpellers each produce

a field or patt@m)n aftupgiif aé mkpvwithemhbartabe has! anjaxis amdiopppsitdie
i npellers being in suff|C|entIy closely spaced rel ationship along the axis
and ext endi ng radi al PPd$:r om the axis across the tube such that the

agitation is esigbl i siiag-AyAstippelan disMuianAYusd Snarbidtfoiéebeet ure of

t he tube, wherei he "I npel’l ers est abl | ow of (1 medi umin one
di rectimn i nside thetheua)asmdhﬂhaﬂﬂhenmbﬁers@ﬁnbsﬁ)mdudéraef(tQ fl @ pailesn de t he

(uber 10, (9] reens Lor gl 08, Lok, SRSl 8L et
C2-C6 olefin. 3. Th%emgoﬁe&ﬂ‘ﬁ@énw digvely ¥haieel reldthmsalpehiong hepaxipy| ene.
and extending radially from the axis across the tube such that
the agitation is established substantially throughout the entire
15 volume of the tube, wherein the impellers establish flow of the
liquid medium in one direction inside the tube and flow in the
opposite direction outside the tube; and
(d) means for inhibiting flow due to agitation which swirls around
the axis.
20 The process of claim 1 wherein the olefin is a C2-Cs olefin.
The process of claim 1 wherein the olefin is propylene.

The process of claim 1 further comprising a carrier gas.

o~ b

The process of claim 4 wherein the carrier gas is selected from
the group consisting of helium, neon, argon, nitrogen, carbon dioxide, and
25  Cq.gsaturated hydrocarbons.

6. The process of claim 4 wherein the carrier gas is propane.

7. The process of claim 1 wherein the liquid medium is a solvent
selected from the group consisting of methanol, ethanol, isopropanol, and
tert-butanol, and water.

30 8. The process of claim 1 wherein the liquid medium is water.
9. The process of claim 1 wherein the catalyst comprises

palladium and titanium zeolite.



4. The process of claim1 further conprising a carrier gas. 5. The process
of claim4 wherein the carrier gas is selected from the group consisting
of hel i umMvomaom71zar gon, nitrogen, carbon dioxide, and 25PCr/Boyz3es at ed
hydr ocarbons. 6. The process of claim4 wherein the carrier gas i s propane.
7. The process gfy cl wh@rﬁo&gﬁg@ﬂﬂamg WhEHBIPthERALMTN Sedité @ YOS, sel ected
fromthe group consisting of nethanol, ethanol, 1sopropanol, and
tert-butanol, arid.waflde. pr®ees8s oftadaipr dcwhsraii thd piuralitywbleinapellersiarei qui d
medi umis wat c?rl. 9. The process of claim 1l wherein the catal yst conprises
pal | adi um &X@ {PYARPSIFSeol i te. 8 WO 03/020713 PCT/ USO2/ 28365 10. The
process of clainp 9 Whergiddeb§of tdlaidNHUFhERM ithe plifralli§- df irddellcf§@rgr ocess
of claim1 wherein the plurality of inpellers are axial flowinpellers.
12. Thes pr dadigkflow ivpallefs1 wherein the plurality of inpellers are 5 radial
flow inpellers. : el Al : hn_tdhe ' 0
inpellers are a 1]3(3:onb-ﬁimr% f)g%g%?f g(allrgl TPJ[*"’IF‘](()E\%\/e'?l]\}qrrﬁéeI I@?&Qa%fg%e@%gﬁ[ é{%ei éw

i npel | ers. ctbifhtorpoiomésiFion innpeliens Andhadial flow frapelsss for i nhibiting flow

O O G e o e oS OBl 525 SRR
Sui 115 ar oG O el siine Bldid Bcats PompRFs BRRIZLY pares <

| ocat edoabdivat areadispysedrimetveenmle iropellerd/ or bel ow the | owernost inpeller.
159 15.  The process of claim 14 wherein the means for inhibiting flow
due to agitation which swirls around the axis further comprises additional
baffles that are located above the uppermost impeller and/or below the
lowermost impeller.
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