WD 03/ 035630 PCT/ US02/ 30020 DI RECT EPOXI DATI ON PROCESS USI NG A M XED
CATALYST SYSTEM 5 FIELD OF THE I NVENTION This invention relates to a

| i qui d- phaee3epws0 dat i on process using a m xed catal yst ®¢ItEer/sm2pr oduce
epoxi des from hydrogen, oxygen, and olefins. The m xed catal yst system
contains a titaniumzeolite and palladium on a niobium containing support.
10 BACKGROUND OF THE | NVENTI ON Many different nethods for the preparation
of epoxi des have been _devel oped. Cenerall epoxides are forned_by the
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catal yst. The production of propylene oxide from propyl ene and an organic
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epoxi dati on using hydrogen peroxide and a titaniumsilicate zeolite is
denonst r at e®n & NQLEIMmAntaiRKg KPP 260. One di sadvant age of both of these

processelﬁ Is the need to p‘ggdﬁqmgm dp:x-i—ﬂthw,@F@N prior to reaction
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with ole . Another commercially practiced technology is the direct
epoxi dati on 25 dfany kifferent meteods, fentheopieparation efieporidesi haveokggen over

a silver catglyst. fortunatel the silver catalyst has no royed very
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hydrogen in the presence of a catalyst. In this process, it is believed

t hat oxygen PARRYIEReIr@ids freracpropylese andwan erganis bydropeuide@xidigng. Thus,
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catalysts Pr y yst, see
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
catalyst. In this process, it is believed that oxygen and hydrogen react in
30 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. For liquid-phase reactions, the catalysts

35  typically contain palladium on a titanium zeolite support. For example, JP 4-
1



35 typically contain palladiumon a titanium zeolite support. For exanple,
JP 4- 1 WD 03/035630 PCT/ US02/ 30020 352771 discloses the epoxidation of
propyl enewoxB@aseBos om t he reaction of propyl ene, oxygen, aad/uspdsmgen usi ng
a catalyst containing a Goup VIII netal such as palladiumon a

talli | 1licate. Th or - I dat,i f, ol efi h b
L1 ko 00 LB S o BB
Au/ Ti 02- § i . i ,
.7 Bene o S g S, ARG TG

supported on titanosilicates, see exanpl e PCI
M xed cat al yBetabpsichnas paliadiver on @ pwystatine ditangsikicalgdr dhenvaped-phagggen

have al so begn, di scl osed, Fo X e P 4-3 at I e}

descri bes t ﬁo?ﬂduagfg%ofo ?ag%ﬂQ%:uﬁaegoﬁé%l t%’}%“s'l Idtf)cgfoyl‘écﬁd eﬁgf‘@gr%og"'ﬁ o%@’ﬁene
epoxi dat ison.sudpBrteBadn tinium ORBIe3GEU/AICL ol mETI(RLSIG) C 8kal 58 texampibi ch
pal | adiumi s t§épi cally added to a titanium zeolite to forma catal yst
system butV-2ddek | PyP43a@thednd RRId (siPRoRteda 8N ui¥RRasIlieRtes n S8R piY at ed

into a sup@{ahq}gfp@-pmﬁ?g\lp@g Wd 8s/obgq3eol ite. However, the only supports
u

that are 15 disclosed Inc e silica, alumna, and activated carbon. In
addi ti on, copendViixgd AgatblysBesystexos f00/@efin Bxitlationowith hydioged aadal yst

systemthat _is useful in. olefin epoxidation cqnprisj i lum zeolite
2nd o gol d- et TV A0 s AR B8R A SEREET e A g b A Beibie
descri bed dirrgbseies thet usd of d Aimsies of Stdridallical0ahd Bd/e! forgrepyieheher

| ess than optimal selectivity or productivity. An additional disadvantage
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As with any "chemcal esirable to develop new
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epoxi dation of olefins are needed. Especjally desirable are new catal yst
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copending Appl. Ser. No. 09/624,942 discloses 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

20 they all show either less than optimal selectivity or productivity. An
additional disadvantage is that they are prone to ring-open under standard
reaction conditions to form less desirable ring-opened products such as
glycols or glycol ethers. As with any chemical process, it is desirable to
develop new direct epoxidation methods and catalysts.

25 In sum, new processes for the direct epoxidation of olefins are
needed. Especially desirable are new catalyst systems that are useful in the
process. | have discovered an effective, convenient epoxidation process
using a mixed catalyst system that gives good productivity and selectivity to
epoxide.

30 SUMMARY OF THE INVENTION

The invention is an olefin epoxidation process that comprises reacting
an olefin, oxygen, and hydrogen in an oxygenated solvent in the presence of

a catalyst mixture comprising a titanium zeolite and a supported catalyst



30 SUMVARY OF THE | NVENTI ON The invention is an ol efin epoxidation process
that conprises reacting an olefin, oxygen, and hydrogen in an oxygenated
sol vent iwotlh@3wsesence of a catal yst m xture conpri si ngPETIUSOABIORM
zeolite and a supported catalyst 2 WO 03/035630 PCT/ US02/ 30020 conpri sing
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titani umozeghifops hiRkiudthg thes siZeChid %hia?ér@fr fHeodRfiW tohbe& &Y odxidizd et FdFry be
preferred. Titanium zeolltes conprise the class of zeolitic substances
wherein titex@mpieat snprefereed tihyse avelativelysmalipereitdaniom zealite suckhas at ons
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class of nolmwopylene, 6 avageneNMMheye tied elerfmdistmofaylehé; o wge ofl 4 q@-Htes,
particularly "TS-1" (having an M-l topol ogy anal ogous to that of the ZSM5
al umi nosi | i dhariumy, silicalitesis, espesially agvantageaus. MEor i bwilygglelinaswdbas t o

Lot o, Bl cintats UTSRERES G stbhbskn #14 uelfar rda Maghy' b,
framewor k st stngdtureesonswpboyshwitb zeolitedwsta meayolee prefeoedeni t e, ZSM 48,
ZSM 12, and 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.
20 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), “TS-2" (having an MEL topology analogous to that of the ZSM-11
aluminosilicate zeolites), and “TS-3" (as described in Belgian Pat. No.
25 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 elements other than titanium, silicon, and oxygen in the lattice
framework, although minor amounts of boron, iron, aluminum, sodium,
30 potassium, copper and the like may be present.
Preferred titanium zeolites will generally have a composition
corresponding to the following empirical formula xTiO, (1-x)SiO, where x is

between 0.0001 and 0.5000. More preferably, the value of x is from 0.01 to



MCM 41 are also suitable for use. The titanium zeolites preferably contain
no el enents other than titanium silicon, and oxygen in the lattice
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The catalyst employed in the process of the invention also contains
palladium. The typical amount of palladium present in the catalyst will be in
the range of from about 0.01 to 20 weight percent, preferably 0.01 to 10
weight percent. The manner in which the palladium is incorporated into the
20 catalyst is not considered to be particularly critical. For example, the
palladium (for example, Pd tetraamine bromide) may be supported on the
niobium-containing inorganic oxide support by impregnation, adsorption, ion-
exchange, precipitation, or the like.
There are no particular restrictions regarding the choice of palladium
25 compound used as the source of palladium. For example, suitable
compounds include the nitrates, sulfates, halides (e.g., chlorides, bromides),
carboxylates (e.g. acetate), and amine complexes of palladium.
Similarly, the oxidation state of the palladium is not considered
critical. The palladium may be in an oxidation state anywhere from 0 to +4
30 or any combination of such oxidation states. To achieve the desired
oxidation state or combination of oxidation states, the palladium compound

may be fully or partially pre-reduced after addition to the catalyst.



There are no particular restrictions regarding the choice of palladium 25
conpound used as the source of palladium For exanple, suitable conpounds
i ncl ude twe omiosyeat es, sul fates, halides (e.g., chlorides, PoTarsoza®)
carboxyl ates (e.g. acetate), and am ne conpl exes of palladium Simlarly,
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and may be molded, spray dried, shaped or extruded into any desired form

prior to use in epoxidation. The weight ratio of titanium zeolite:supported

catalyst is not particularly critical. However, a titanium zeolite:supported

catalyst ratio of 0.01-100 (grams of titanium zeolite per gram of supported
20 catalyst) is preferred.

The process of the invention comprises contacting an olefin, oxygen,
and hydrogen in an oxygenated solvent 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. Preferably

25  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,

30 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 an oxygenated

solvent. Oxygenated solvents may be any chemical that is a liquid under



and hydrogen in an oxygenated solvent in the presence of the catalyst

m xture. Suitable olefins include any ol efin having at |east one carbon-
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froms to 1G7apretes HBM ISP PeGrapuiaTid @ $A6H dPaim efeaphsiion 5o o
Sui tabl gssalihsg ofs ek sdfts SR Hhghbidd LA R HAiGAEhAMkatiBAC #REAIOROr i on
of the salt may include anions sSuch as phosphate, carbonate, acetate,
citrate, borputrtion pift thel sal, msiyl include anians sush| as physpbatea, hearbokate, The

cation portion:gt thSts Bl prnahtdSikald, Wimiibelicate, BRE D The
cation portion of the salt may include cations such as ammonium,
alkylammoniums (e.g., tetraalkylammoniums), alkali metals, alkaline earth
20 metals, or the like. Cation examples include NH4, NBuq4, 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 from about 0.001 M to about 0.1 M, and most
25  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
hydrogen to oxygen can usually be varied in the range of H,:O2 = 1:100 to

30 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.



al kyl ammoni uns (e.g., tetraal kyl ammoni uns), alkali nmetals, alkaline earth

20 metals, or the like. Cation exanples include NH4, NBu4, Li, Na, K, GCs,

My, and Wwea osasieons. Mdre preferred buffers include al kal ipCratsa2/3phosphat e
buffers. Buffers may preferably contain a conbination of nore than one

2 b el DB Sl 4 BRnBeREGAT She ShoRlgdh Lol obd S 0. %L
pref erably fogienianly (s Me! oabeuit AG6 cbfridPracangabshidnagegasr e al so

required for the process of the invention. A]though any sources oOf oxygen
and hydr ogercasr besusedb| Suitalig| ised! aas wayies msiideoneble gasesy diusheasar e

Phe range ofwfboReoh Al Broo 8’ 268 foh? 1P R8s Fihd PUtbt AR °F | 0
2: 1. The snolSaturaéd hyerocarbors ith 168, eéspediallyusierl and bréferably:vigh faad

preferably 1:1.5 to 1:10. Rel atively hlgh oxygen to, olefin nolar ratios
(e.g., 1:1 tG"MO)AMARG. (R9adVEHIARGe RIS2RRr PrORENEa; D INePHIAgE, @revRI8s/ 035630
P/ US02/ 3004Rkablel Riff8lobhhd QatfitREd O CXHAFBCAMBnEXAE W0 BreBitelNREh gas
carrier may be preferably used In the process. the carrier gas, any

desi red i neraargersgasesn bxtusesiof e tisteHanemerarrieragases carradsa bel usksl. nobl e

gases such hel i um. neon.. and_argon i.n additi to nit n .and, carbon
droxt de. 5 SHhamaiasdatio &f BRniB et tisi® y8 ety ndhe foda ob TG 430F afer aby
with 1-40 cairpesptlchiif 281 %o 1:1et hane, ethane, propane, and n-butane, are
also suitable. Ntrogen and saturated Cl-C4 hydrocarbons are the preferred

inert carrier gaxresifigallyintheseraxidation ofqnrepylene accemting ta thgdseentiam al so
be used. T r t4.0 f.in rrier S i | Nt range
of 100:1 to O efle® sBppfiod Vi F e o8 S Tnd Hidsenkd bt o
epoxi dat i on approprigiy! ereessCc ofr damigr tgad, hthe rexpldsiven limity efamixtomss lof
supplied in suc Iin the Rresence of a ropriate excess of

a way that app
carrier gas,P'PRECBSpP & hYﬂﬁ%?”oF 9{1’%9’9?%@%133?6‘6)‘ @Sﬂd@ﬁ'e?n_ F"b‘b’%\ﬁ@,
hydr ogenys a'%ﬁ)%@(\ﬂﬁﬁ\i)éﬁfe S&H F%Jr%hiﬁ%]ﬁéé gﬁéjctélg@r iWIHﬁ ;ér%tieéﬁd SRR e/ findd Xt ure

can formin e reactor or In the and di sc I nes.

The amount of catalyst used may be determined on the basis of the
molar ratio of the titanium contained in the titanium zeolite to the olefin that
is supplied per unit time. Typically, sufficient catalyst is present to provide a
titanium/olefin per hour molar feed ratio of from 0.0001 to 0.1. |

20 For the liquid-phase process of the invention, 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.
It 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

25 the desired olefin epoxidation, preferably at temperatures in the range of 0-
250°C, more preferably, 20-200°C.

The following examples merely illustrate the invention. Those skilled
in the art will recognize many variations that are within the spirit of the
invention and scope of the claims.

30 EXAMPLE 1. PREPARATION OF Pd/Nb,Os CATALYST

Catalyst 1A: 1 wt.% Palladium on Niobium Oxide

In a glass beaker, Pd(NH3)4Br; (0.64 g) is dissolved in 40 grams of

deionized water. In a separate beaker, niobium oxide powder (20 g, from
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In a glass beaker, Pd(NH3)4(NO3)2 (3.5 g, of an solution containing

10% Pd(NH3)4(NOs3); 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
20 added to the niobium oxide slurry with stirring over a 20-minute period. The
resulting slurry is stirred at 23°C for two hours, then the solids are separated
by centrifuge. The solids are washed four times by slurrying in 80 grams of
water and centrifuging. The solids are then dried in a vacuum oven (1 torr)
at 50°C for 4 hours to give to give 8.6 grams of Catalyst 1C. Elemental
25 analysis showed palladium = 0.99 wt%, nitrogen 0.18 wt% and niobium =
68 wt%.
EXAMPLE 2: EPOXIDATION OF PROPYLENE USING TS-1 and Pd/Nb,Os
MIXTURE
TS-1 can be made according to any known literature procedure. See,
30 for example, U.S. Pat. No. 4,410,501, DiRenzo, et. al., Microporous
Materials (1997), Vol. 10, 283, or Edler, et. al., J. Chem. Soc., Chem.
Comm. (1995), 1565. The TS-1 is calcined at 550°C for 4 hours before use.
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above) The reactor is then charged to 200 psig with a feed consisting of 4
% hydrogen, 4 % oxygen, 5 % propylene, 0.5 % methane and the balance
nitrogen. The pressure in the reactor is maintained at 200 psig via a
backpressure regulator with the feed gases passed continuously through the
20 reactor at 1480 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 passed through a two-liter
stainless steel vessel (saturator) preceding the reactor, containing 1.5 liters
of water. The reactor is stirred at 1600 rpm. The reaction mixture is heated
25 to 60°C and the gaseous effluent is analyzed by an online GC every hour
and the liquid analyzed by offline GC at the end of the 18 hour run. The GC
analyses showed a total of 51 millimoles of propylene oxide in the gas
phase and 4.5 millimoles of PO in the form of propylene glycol is formed in
the liquid phase.
30 Run 2B: Epoxidation using Catalyst 1C and TS-1 with a Cesium
Phosphate Buffer
Epoxidation is run according to the same procedure as Run 2A using

catalyst 1C (0.2 g) in place of catalyst 1A. The GC analyses showed a total



Run 2A: Epoxidation using Catalyst 1A and TS-1 with a Cesium Phosphate
Buffer A 300 cc stainless steel reactor is charged with Catal yst 1A (0.2
g), TS-IwO®3m3gy30titaniumamunt = 1.6 weight %, dei oni Ped/usar/a02¢ 117 Qg),
and is 13 grans of a buffer (0.1 nolar cesium phosphate, pH = 6 as
prepared aboy The reacfor is then charged to 200 Si ith a fee
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catalyst mixture leads to the production of propylene oxide (PO) and PO
equivalents in the form of propylene glycol (PG) in high yield. The use of a
buffered solution improves the selectivity to propylene oxide, with less
unwanted glycol formation.

20
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a total of 11 mllinoles of propylene oxide in the gas phase and 52
mllinmoles of POin the formof propylene glycol is fornmed in the liquid
phase. 10wBuWa/03#830 Epoxi dation is run according to the sanmPCprusorsoe® as Run
2A using catalyst 1A (0.2 g), TS-1 (0.5 g), and 130 grams of deionized

wat er, except that no buffer is used. The GC anal yses showed a total of 8.6
mllinoles fCleHFbpyI ene oxide in the gas phase and 25 mllinoles of PO in
the form of propy ene glyegsd forf deﬁl@irifgnah d)!id’é”dérrﬁf!%ﬁfzi;o rdactilg®an
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for producing an epoxide conprising reacting an olefin, hydrogen and
oxygen in arPXigs gemAinieg BIObIMAt in the presence of a catalyst mixture

conprising a titai umﬂ?@%&c‘és@%@ ir%“PWe?@ﬂ.tﬁéttﬁ’éMEFn 2eSIRER lit%{nglﬂn
pal | adi um and a support, erern the support is an inorganiCc OXl de
cont ai ni ng rdilgdaliten 2. The process of claim 1l wherein the titanium zeolite

is titanium siligalite. 3. The Er'oces15 Igf clﬁ‘iﬁr?.l .Wnereiqth tjtani um
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process of claim1 wherein the support is Nb205 or ni obi um oxi de-silica.

6. The procempises efi frem Cabtieil B weaightqpaspentipalledium®05. 15 7. The process
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oxygenat ed sfibbiant oxide-silica.

6. The process of claim 1 wherein the support is Nb,Os.
15 7. The process of claim 1 wherein the olefin is a C,-Cs olefin.
8. The process of claim 1 wherein the olefin is propylene.
9. The process of claim 1 wherein the oxygenated solvent is

selected from the group consisting of water, C4-C4 alcohols, and mixtures
thereof.
20 10. The process of claim 9 wherein the oxygenated solvent is
water.
11. The process of claim 1 wherein the oxygenated solvent
contains a buffer.
12. The process of claim 11 wherein the buffer is cesium
25 phosphate.
13.  The process of claim 1 further comprising a carrier gas.
14. The process of claim 13 wherein the carrier gas is selected
from the group consisting of helium, neon, argon, nitrogen, carbon dioxide,
and C,.g saturated hydrocarbons.

30 15.  The process of claim 14 wherein the carrier gas is propane.
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selected fromthe group consisting of water, Cl1-C4 al cohols, and m xtures
thereof. 20 10. The process of claim9 wherein the oxygenated solvent is
wat er. 1lwomhme3msocess of claim 1l wherein the oxygenated ®aimiesar/3ooeont ai ns
a buffer. 12. The process of claim 1l wherein the buffer is cesium 25

phosphate. 13. Th pro ess of claimJl further co ng a carrier gas. 14.
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20. The process of ‘claim erern er 1s cesium
20. The process of claim 19 wherein the buffer is cesium

phosphate.
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