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agent, such as ethyl benzene hydroperoxide or tert-butyl hydroperoxide, is
commercially practiced technology. This process is performed in the
presence of a solubilized molybdenum catalyst, see U.S. Pat. No.

20 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 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

25  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.
Unfortunately, the silver catalyst has not proved very useful in epoxidation of
higher olefins. Therefore, much current research has focused on the direct

30 epoxidation of higher olefins with oxygen and hydrogen in the presence of a
catalyst. In this process, it is believed that oxygen and hydrogen react in
situ to form an oxidizing agent. Thus, development of an efficient process
(and catalyst) promises less expensive technology compared to the

commercial technologies that employ pre-formed oxidizing agents.
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process that gives good productivity and selectivity to epoxide.
SUMMARY OF THE INVENTION
The invention is an olefin epoxidation process that comprises reacting
20 an olefin, oxygen, and hydrogen in a solvent in the presence of a catalyst
comprising palladium on a niobium-containing support. The new catalyst is
surprisingly useful in the epoxidation of olefins with hydrogen and oxygen.
DETAILED DESCRIPTION OF THE INVENTION
The process of the invention employs a catalyst comprising palladium
25 and a niobium-containing inorganic oxide support. Suitable niobium-
containing inorganic oxide supports include niobium oxides and niobium
mixed oxides. Niobium oxides include oxides of niobium wherein the
valency of niobium is 2 to 5. Suitable niobium oxides include such oxides as
NbO, Nb,Os, NbO2, and NbyOs. Niobium mixed oxides such as niobium
30 oxide-silica, niobium oxide-alumina, and niobium oxide-titania may also be
used. The amount of niobium present in the support is preferably in the
range of from about 0.1 to about 86 weight percent. Preferred niobium-

containing inorganic oxide supports include Nb2Os and niobium oxide-silica.
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may be fully or partially pre-reduced after addition to the catalyst.
Satisfactory catalytic performance can, however, be attained without any
pre-reduction.

20 After catalyst formation, the catalyst may be optionally thermally
treated in a gas such as nitrogen, helium, vacuum, hydrogen, oxygen, air, or
the like. The thermal treatment temperature is typically from about 50 to
about 550°C.

The catalyst may be used in the epoxidation process as a powder or

25 as a pellet. If pelletized or extruded, the catalyst 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.

Examples of catalysts comprising palladium and a niobium-containing
inorganic oxide support are known. For instance, palladium on niobia

30 catalysts have been disclosed for production of hydrogen peroxide (see, for
example, U.S. Pat. No. 5,496,532).

The process of the invention comprises contacting an olefin, oxygen,

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



and hydrogen in an oxygenated solvent in the presence of the catalyst. 3
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added to the solvent to forma buffer solution. The 25 buffer solution is
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Preferred oxygenated solvents include lower aliphatic C4-C4 alcohols such
20 as methanol, ethanol, isopropanol, and tert-butanol, or mixtures thereof, and
water. Fluorinated alcohols can be used. A particularly preferred solvent is
water. It is also possible to use mixtures of the cited alcohols with water.
Preferably, the process of the invention will also use buffers. If used,
the buffer will typically be added to the solvent to form a buffer solution. The
25  buffer solution is employed in the reaction to inhibit the formation of glycols
during epoxidation. Buffers are well known in the art.
Suitable buffers include any suitable salts of oxyacids, the nature and
proportions of which in the mixture, are such that the pH of their solutions
may range from 3 to 10, preferably from 4 to 9 and more preferably from 5
30 to 8. Suitable salts of oxyacids contain an anion and cation. The anion
portion of the salt may include anions such as phosphate, carbonate,
acetate, citrate, borate, phthalate, siliéate, aluminosilicate, or the like. The

cation portion of the salt may include cations such as ammonium,



acetate, citrate, borate, phthalate, silicate, alumnosilicate, or the

| ike. The cation portion of the salt may include cations such as ammoni um
4 WO 03/ 08663037661/ US02/ 30306 al kyl anmoni uns (e. g., tetr ®alTisvz03060i uns) ,
al kali metals, alkali ne earth metals, or the like. Cation exanples include
NH4, NBu4, Li, Na, K My, and Ca cations. Mire preferred buffers
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be preferably used in the process As the carrier gas, any desired inert gas
can be used. Suitable inert gas carriers include noble gases such as
helium, neon, and argon in addition to nitrogen and carbon dioxide.

20 Saturated 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.
The molar ratio of olefin to carrier gas is usually in the range of 100:1 to 1:10

25 and especially 20:1 to 1:10.

Specifically in the epoxidation of propylene according to the invention,
propane can be supplied in such a way that, in the presence of an
appropriate excess of carrier gas, the explosive limits of mixtures of
propylene, propane, hydrogen, and oxygen are safely avoided and thus no

30  explosive mixture can form in the reactor or in the feed and discharge lines.

The amount of catalyst used may be determined on the basis of the

molar ratio of the palladium contained in the catalyst to the olefin that is



The amount of catal yst used nay be determ ned on the basis of the nolar
ratio of the palladiumcontained in the catalyst to the olefin that is 5
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catalyst is present to provide a palladiunfolefin per hour nolar feed
ratio of from0.0001 to O0.1. For the |iquid-phase process of the invention,
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added to the 25006 moreypireferablyr2¢-200tG. stirring over a 10- mnute period.
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vacuum oven (1 torr) at 50C for 4 hours to give 14.6 grans of Catalyst 1A
El enent al anahvstitionsansheeppsael thagidaims. 1. 01 wt. % bromde = 1.6 wt. %
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Reference Metals) is slurried in 90 grams of deionized water. The palladium
salt solution is added to the niobium oxide slurry with stirring over a 10-
minute period. The resulting slurry is stirred at 23°C for two hours, then the
20 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 14.6 grams of Catalyst
1A. Elemental analysis showed palladium = 1.01 wt.%, bromide = 1.6 wt.%,
nitrogen 0.22 wt.% and niobium = 68 wt.%.
25 Catalyst 1B: 0.5 wt.% Palladium on Niobium Oxide
The procedure of Catalyst 1A is repeated except that 0.24 grams of
Pd(NHV3)4Br2 (in 30 grams of deionized water) and 15 grams of niobium
oxide powder are used. The preparation resulted in the isolation of 9.6
grams of Catalyst 1B. Elemental analysis showed palladium = 0.51 wt.%,
30 bromide = 0.72 wt.%, nitrogen <0.1 wt.% and niobium = 68 wt.%.
EXAMPLE 2: EPOXIDATION OF PROPYLENE USING Pd/Nb,0s5
CATALYST
Run 2A: Catalyst 1A with a Cesium Phosphate Buffer



EXAMPLE 2: EPOXI DATI ON OF PROPYLENE USI NG Pd/ Nb20C6 CATALYST Run 2A:
Catal yst 1A with a Cesi um Phosphate Buffer 6 WO 03/ 035631 PCT/ US02/ 30306
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psig via a backpressure regulator with the feed gases passed conti nuously

t hr ough t he ragyedyoligtion gdbh <& Phisthemetieated wilit 82%ophesihasiseacid kdHiner e
pressure),, | rio%r\&hé ctegm'ﬁ’?h%%m]at@ b%%?tsgf&ttloﬁ% nél—#-e% o Inthe reactor

during the run trogen an eedsare 20 passed

through a two-1iteA mmnpls@messeseéel\/reaslek IS pha@dll with tCutalyef ¢ A0(0.6 g),
cont ai ni ng 1%'I|ters of gr Ther actor is_stirr d&)’:]1600r pm, The
reaction m xtdgienized naatesd(1d gbcaBfd %kﬂiag!%@&% Rusffer uhi Melasneesiv@d by

an ontine, CC SHRpkaoYH a1l ok ekl bRl hed BRI Hidieciirgal tbhmcend of

the 18hr run S a to propyl ene
25 oxi de in tgsig ghe fekdsmnsiating oﬁ4 P4 hmh@geof4F9)6)oxrygehe5f%rpmpylepeppﬁl ene

Bhosphat 5B PemaUiRne sk ith RARSE iRt s Bha Mskste it i 8aciy e
Tﬁ!{ LO\EI)MOBQ PIrASREIAEd 410260 PsiyTVRd B%&%@é‘ss@?@%@@%ﬁ)r(\mﬁ e fedddhSae ved
passed continuously through the 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
20 passed through a two-liter stainless steel vessel, preceding the reactor,
containing 1.5 liters of water. The reactor is stirred at 1600 rpm. The
reaction mixture is heated 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 18hr run. The GC analyses showed a total of 6 millimoles of propylene
25 oxide in the gas phase and 2 millimoles of PO in the form of propylene
glycol is formed in the liquid phase.
Run 2B: Catalyst 1B with a Potassium Phosphate Buffer
Potassium phosphate buffer solution is prepared by the following
procedure. Potassium dihydrogen phosphate (6.8 g) is dissolved into 500
30 grams of deionized water. Potassium hydroxide (1.68 g) is dissolved in 300
mL of deionized water in a plastic beaker. A pH = 7 buffer is obtained by
adding 232 grams of the potassium hydroxide solution to 400 grams of the

potassium dihydrogen phosphate solution. The pH of the mixed solution is



30 grans of deionized water. Potassi um hydroxide (1.68 g) is dissolved in
300 nL of deionized water in a plastic beaker. A pH = 7 buffer is obtained
by addi myo23@33y8ans of the potassi um hydroxi de sol uti on PeTA®D2/8038618 Of
the potassium di hydrogen phosphate solution. The pH of the m xed sol ution
is 7 WD 03/035631 PCT/ US02/ 30306 6.97. A pH = 6 buffer is obtained by
adding 11.2 §-8fs APH feb fuiifgs ds emalm@djbmcgﬂén&dmﬁ e O 106 RALASEIUGY ~ t he

pot assi um di r i Q.4 Lh . - ] Lon is
pot 851U HAE0AS8 SRIRAS, oo gihs o nd! ool HiSRaSH rRBkibhe

Cat al yst 5 Xbhytidhl 7Tige phsofdhe deixed isbkdiowds 6t03and 13 grans of a buffer (0.1
nol ar potassium p hate, .pH = 6), The epoxidatjon is conducted as in Run
2A  The GC anal ySASUHeeaeTEP! Eacrgd apIdeskyta 0ok OFRETF oF Crtalyat
phase ang 0.9 M7 |dmRICef Aeidifdd vidisr GAEM 9fgrBAd aftahsulfféﬂgoq Rige-
EXAMPLE 3: EPOXI DATI OF PROPYLENE USI NG Pd/ Nb205 10 CATALYST W THOUT

BUFFER A 300-raiassiaimphesphatediH Féctde epoxitiatiaeis eanductedagimiReinc2A.

Catal yst 1A-and f i onized er... Epoxi ion s run accordi ng
to the same ﬁéoécg%n%fyggg I%%zg?‘?%%lea g?tza‘g%g?? W'WE{(’?‘?%Q?%C{’ & 1 885 RESEont ai n
a_buffer. Thmdd:92nallimelRsi1P@h tetfoldlof HG th thé Igdid bekes of PO and 0. 16
15 mlIlinoles of acetone in_the %%éghase and 2.7 mllinoles of POin the

form of PG in tHeXAMRLERSHEREXI Blaki RRPPIHENE USING REMNRRBt t he use
of a Pd/ 18205 catal yst sur prb,s;\ﬂg;mls-[l?\ﬂqlﬁdwgm: Igducti on of propyl ene
efo

oxide (PO’ and PO equivalents in rmof propylTene glycol (PG in the
epoxi dati on of 20 ABOPydcestainiédshsteld] madtddds chihgyedswitlo 0.Gigharh$ ef etalgsiut i on

format i on. 6 Yba0S bbBImpet Aeustrabuets . | Ebphiaion B RibABEIgS B the
B ol vent | n TR B B P e Mt Rl Bt and
a support, wharftern TheGshppalyses shawed® totalr ofa®i7@ roitirdeles oft RO rdneh0riGobi um
15 millimoles of acetone in the gas phase and 2.7 millimoles of PO in the form
of PG in the liquid phase.

The epoxidation results show that the use of a Pd/Nb,Os catalyst
surprisingly leads to the production of propylene oxide (PO) and PO
equivalents in the form of propylene glycol (PG) in the epoxidation of

20 propylene with H; and O,. The use of a buffered solution improves the

selectivity to propylene oxide, with less unwanted glycol formation.



2. The process of claim1l wherein the supported catalyst is conprised of
from0.01 to 10 wei ght percent palladium 3. The process of claiml wherein
t he suppowD B3®33dBLO5 or niobium oxide-silica. 10 4. The pCaoss%3@hH6 cl ai m |
wherein the support is Nb205. 5. The process of claiml wherein the olefin
Is a C2-C6 olefin. 6. The process of claim1l wherein the olefin is

pr opyl ene. 7] cigia: process of claim|l wherein the solvent is an oxygenated

sol vent sel ected from tp?%r&&gpf&g%@idagin@%@f%@m@Oﬁ?plﬁrgf;rnéajct ghs. 15

ket ones, water, and mi xtures ther ocess 0 erein the
sol vent is selafit do/diogen andeoxygenpincansiletnitnig the pegsence Cif- &4 uppoded| s,

and m xtures thereof. 9. The ocess of claim$8 erein_the solvent is

tater 10, - TRESceiroPyFinGT AR R aRd % SRBORo e B0R SUReol Buffor
20 11. The pigg8asicUxide bmalnihd hidbfimconprising a carrier gas. 12. The
process of claim 1l wherein the carrier gas is selected fromthe group

consi sting of hel 2um rdenpregassnof rilaimodlenwvherainbdine diupposied caiadystiiss

P oo SRR sk, R MR g R o oo ol O
reacting propylese, hytheogescerdopxyigien 1 wiaei the $lspdrt @seNbsOpfora

supported catalyst conprising palladiumand Nb205. 15. The process of
cl ai m 14 whemnghiumexidenspisat ed catalyst is conprised of from0.01 to 10

vl ot RSRCEnL ol 41 e BchSs oD ORESRI LA B 1 b vater
carrier gas seled&ted flhenprobesgobdpin dnshereimtheoblefirlis arg,-Ogolkefinar gon,
nitrogen, carbon (i oxi Qe Ad ot a1 Whsroth e GRS propyiene.

7. The process of claim 1 wherein the solvent is an oxygenated
solvent selected from the group consisting of alcohols, ethers, esters,

15 ketones, water, and mixtures thereof.

8. The process of claim 7 wherein the solvent is selected frqm
the group consisting of water, C4-C,4 alcohols, and mixtures thereof.

9. The process of claim 8 wherein the solvent is water.

10.  The process of claim 1 wherein the solvent contains a buffer.

20 11.  The process of claim 1 further comprising a carrier gas.

12.  The process of claim 11 wherein the carrier gas is selected
from the group consisting of helium, neon, argon, nitrogen, carbon dioxide,
and C4.s saturated hydrocarbons.

13.  The process of claim 12 wherein the carrier gas is propane.

25 14. A process for producing propylene oxide comprising reacting
propylene, hydrogen and oxygen in water in the presence of a supported
catalyst comprising palladium and NbyOs.

15. The process of claim 14 wherein the supported catalyst is
“comprised of from 0.01 to 10 weight percent palladium.

30 | 16.  The process of claim 14 wherein the water contains a buffer.

17. The process of claim 14 further comprising a carrier gas
selected from the group consisting of helium, neon, argon, nitrogen, carbon

dioxide, and C1.g saturated hydrocarbons.



