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This invention relates to a supported catalyst, a catalyst mxture, and its
use in t hwopooxissionon of epoxi des from hydrogen, oxygenpcarmd2abodiins.
BACKGROUND COF THE | NVENTI ON Many different methods for the preparation of
epoxi des have been devel oped. Cenerally, epoxides are fornmed by the
reaction of an olefin with an oxidizing agent in the presence of a

catal yst. Ethy|lene oxide is comerci produced by the reaction of
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for exanple, disclose olefin epoxidation with hydr oggn peroxide in the

presence of a titanium si IB%@K@&QU&I%Q’?TN&CW\@NE N research iz I
Chis APocess, imafy  @iprafHietiboC Tl ' Drepiialibhoof SRRy halE BRI or

an oxi di zideyehgeat . GEaByallyi, Epexides aratfalyiat Hyhiheerdzetion wferoskAnfwith ase in

the direct epoxidation process. Typically, the catal yst conprises a_noble
metal and XIQIFINGRESN IR, PIESENER Lfpd catalysl .- Eifyiene gxide ik semmercially

o L PP RRCRARGI B BHSRAEE i SR, G981 JISIRPSEPO ¢
titanosi | iRrapglenghuxids sugordtridrciatly prodiucedeby esaatingpmppyleneewithanrargaticon of
08 Ba . TNIORETH9Re GG Aaets SHT: 26 R UbeRT RE PUIPEEOX e ATERELE | ¢ o
hydroperoxide. 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.
Besides oxygen and alkyl hydroperoxides, hydrogen peroxide is also a
20 useful oxidizing agent for epoxide formation. U.S. Pat. Nos. 4,833,260,
4,859,785, and 4,937,216, for example, disclose olefin epoxidation with
‘hydrogen peroxide in the presence of a titanium silicate catalyst.
Much current research is conducted in the direct epoxidation of olefins
with oxygen and hydrogen. In this process, it is believed that ‘oxygen and
25 hydrogen react in situ to form an oxidizing agent. Many different catalysts have
been proposed for use in the direct epoxidation process. Typically, the catalyst
comprises a noble metal and a titanosilicate. For example, JP 4-352771
discloses the formation of propylene oxide from propylene, oxygen, and
hydrogen using a catalyst containing a Group VIl metal such as palladium on a
30 crystalline titanosilicate. The Group VIll metal is believed to promote the
reaction of oxygen and hydrogen to form a hydrogen peroxide in situ oxidizing
agent. U.S. Pat. No. 6,498,259 describes a catalyst mixture of a titanium zeolite
and a supported palladium complex, where palladium is supported on carbon,

silica, silica-alumina, titania, zirconia, and niobia. Other direct epoxidation



and a supported pall adi um conpl ex, where palladiumis supported on carbon,
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supported cat aI yst conpri sing a noble netal and a carrier that has
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discloses that the use of a lead-modified palladium-containing titanium or
vanadium zeolite reduces alkane byproduct formation. In addition, co-pending
U.S. Pat. Appl. Ser. No. 11/977,360 teaches that the use of a catalyst
comprising titanium or vanadium zeolite, a noble metal, lead, and bismuth also

20 reduces alkane byproduct formation.
As with any chemical process, it is desirable to attain still further
improvements in the epoxidation methods and catalysts. We have discovered a

new catalyst and its use in olefin epoxidation.

25 SUMMARY OF THE INVENTION
The invention is a supported catalyst comprising a noble metal, lead, and
a carrier that has been treated by contacting with nitric acid. The invention also
comprises a catalyst mixture comprising a titanium or vanadium zeolite and the
supported catalyst. The ca‘talyst mixture is useful in olefin epoxidation. Thus,
30 the invention also includes an olefin epoxidation process that comprises reacting
olefin, oxygen, and hydrogen in the presence of the catalyst mixture. This
process surprisingly gives significantly reduced alkane byproduct formed by the

hydrogenation of olefin.



supported catal yst. The catal yst m xture is useful in ol efin epoxidation.
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range of about 0.1 um to about 1.4 cm, more preferably from about 1 pm to
about 0.7 cm, and most preferably from about 10um to about 0.2 cm. The
preferred particle size is dependent upon the type of reactor that is used, for
example, larger particle sizes are preferred for a fixed bed reaction. The

20 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.
The supported catalyst also contains a noble metal and lead. While any
of the noble metals can be utilized (i.e., gold, silver, platinum, palladium, iridium,
25  ruthenium, osmium), either alone or in combination, palladium, platinum, gold, a
palladium/platinum, or a palladium/gold combination are particularly desirable.
Palladium is most preferred.
Typically, the amount of noble metal present in the supported catalyst will
be in the range of from 0.01 to 20 weight percent, preferably 0.1 to 10 weight
30 percent. The manner in which the noble metal is incorporated into the supported
catalyst is not considered to be particularly critical. For example, a noble metal
compound (e.g., palladium dinitrate) may be supported on the carrier by

impregnation, adsorption, ion-exchange, precipitation, or the like.
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lead compounds used as the lead source in the supported catalyst include lead
nitrates, carboxylates (e.g., acetate), halides (e.g., chlorides, bromides, iodides),
cyanides, and sulfides. Lead nitrates and carboxylates are particularly
preferred. Lead nitrates are most preferred. The lead may be added to the

20 carrier before, during, or after noble metal addition. Any suitable method can be
used for the incorporation of lead into the supported catalyst. As with noble
metal addition, the lead may be supported on the carrier by impregnation (e.g.,
by incipient wetness, etc.), adsorption, ion-exchange, deposition-precipitation, or
other incorporation methods.

25 The carrier is treated by contacting with nitric acid. The nitric acid is
preferably an aqueous solution containing 1 to 70 weight percent nitric acid.
The contacting can be performed in a batch or continuous manner, preferably in
a batch manner. The temperature of the contacting is not critical, but
temperatures of from 15 to 60°C are preferred. The amount of time required for

30 contacting is not critical, but will typically be from about 0.1 to 24 hours.

The carrier may be contacted with nitric acid in a variety of ways,
including, but not limited to, the following means. The nitric acid treatment may
be performed: (1) prior to the addition of the noble metal and lead compounds;
(2) simultaneously with the addition of the noble metal compound, either prior to

4
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preferably dried at a tenperature greater t han about 50C prior to use in
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in the presence of a hydrogen-containing gas at a temperature from about 50°C
to about 300°C.

The supported catalyst may additionally comprise a binder or the like and

20 may be molded, spray dried, shaped or extruded into any desired form prior to
use in epoxidation.

The catalyst mixture of the invention comprises the supported catalyst
and a titanium or vanadium zeolite. Titanium or vanadium zeolites comprise the
class of zeolitic substances wherein titanium or vanadium atoms are substituted

25 for a portion of the silicon atoms in the lattice framework of a molecular sieve.
Such substances, and their production, are well known in the art. See for
example, U.S. Pat. Nos. 4,410,501 and 4,666,692.

Suitable titanium or vanadium zeolites are those crystalline materials

having a porous molecular sieve structure with titanium or vanadium atoms
30 substituted in the framework. The choice of titanium or vanadium zeolite
employed will depend upon a number of factors, including the size and shape of

the olefin to be epoxidized.
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f r anmewor k COEESRRAIIEHAG nonthe deliawing empisisied formpten X TPl nORiO= wdieten x is
pot asgi UMy GARRED G BRE 05680 1dE MEfsiEBly: the value of x is from 0.01 to
0.125. The molar ratio of Si:Ti in the lattice framework of the zeolite is
advantageously from 9.5:1 to 99:1 (most preferably from 9.5:1 to 60:1). The use
of relatively titanium-rich zeolites may also be desirable.
The epoxidation process of the invention comprises contacting an olefin,
20 oxygen, and hydrogen in the presence of the catalyst mixture comprising a
titanium or vanadium zeolite and a supported catalyst comprising a noble metal,
lead and a carrier that has been treated by contacting with nitric acid. Suitable
olefins include any olefin having at least one carbon-carbon double bond, and
generally from 2 to 60 carbon atoms. Preferably the olefin is an acyclic alkene
25 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 functional groups such as
halide, carboxyl, hydroxyl, ether, carbonyl, cyano, or nitro groups, or the like.
30 The process of the invention is especially useful for converting propylene to
propylene oxide.
Oxygen and hydrogen are also required for the epoxidation process.
Although any sources of oxygen and hydrogen are suitable, molecular oxygen

and molecular hydrogen are preferred.
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Specifically in the epoxidation of propylene, propane or methane 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 (methane), hydrogen,
and oxygen are safely avoided and thus no explosive mixture can form in the

20 reactor or in the feed and discharge lines.

Depending on the olefin to be reacted, the epoxidation according to the
invention can be carried out in the liquid phase, the gas phase, or in the
supercritical phase. When a liquid reaction medium is used, the catalyst mixture
is preferably in the form of a suspension or fixed-bed. The process may be

25 performed using a continuous flow, semi-batch or batch mode of operation.

If epoxidation is carried out in the liquid (or supercritical or subcritical)
phase, it is advantageous to work at a pressure of 1-100 bars and in the
presence of one or more solvents. Suitable solvents include any chemical that
is a liquid under reaction conditions, including, but not limited to, oxygenated

30 hydrocarbons such as alcohols, ethers, esters, and ketones, aromatic and
aliphatic hydrocarbons such as toluene and hexane, nitriles such as acetonitrile,
liquid CO, (in the supercritical or subcritical state), and water. Preferable
solvents include liquid CO,, nitriles, alcohols, ketones, and mixtures thereof, and

mixtures of these solvents with water. Preferred nitriles include acetontrile and



The nolar ratio of olefin to carrier gas is then preferably in the range of
100:1 to 1:10 and especially 20:1 to 1:10. As the carrier gas, noble gases
such as hebi2amyosm®on, and argon are suitable in additi orcraseémnogen and
carbon di oxi de. Saturated hydrocarbons with 1-8, especially 1-6, and

f bl ' 1-4. ¢
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used, the catalyst mxture 1s preferably 1n the formof a suspension or
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or batch g)gf of opeﬁition.. IJ\ epoxidation is carried out in the liquid (or
supercrit CAP DAY PPW@&P) %ﬁ e, it is advantageous to work at a

pressyge of 1- BRffepaii§efiNan ithistinferioRSIABRAIECANP BAItABIe SHIR SP&MRIIdS, the
Sui tabl e sol vents include any chem cal that is a |iquid under reaction

condi t i on®aturacandiiprgporbians rft whichi inether mixtoixg.gareasuah Hpat Seanpbef tbeich as

Such as-: SPURES eV Ehds SR, T MBS PueRF Al S ko & Rl bfe, Mefebay P
the super @ont 6aal 7.0SutEbRY saits af ogjaids contath wat frion Riref eatidn. e Thel arioh s

include liquid CQ2, nitriles, alcohols, ketones, and m xtures thereof, and
m xtures 8PrtidResefsolthnt $alli t aat eincludeet eanigls ni SHEM es ancphigsphate,

aconar s Mrehyarongtasphals,  hEREEERARIRAE, of, SRS, | aroBhElel O
| sopr opanobicariorhteecatbokgiatés (e.g., acetate, phthalate, and the like), citrate, borate,
hydroxide, silicate, aluminosilicate, or the like. The cation portion of the salt may
include cations such as ammonium, alkylammoniums (e.g.,
tetraalkylammoniums, pyridiniums, and the like), alkali metals, alkaline earth
20 metals, or the like. Examples include NH4, NBus, NMe,, Li, Na, K, Cs, Mg, and
Ca cations. More preferred buffers include alkali metal phosphate and
ammonium phosphate buffers. Buffers may preferably contain a combination of
more than one suitable salt. Typically, the concentration of buffer in the solvent
is from about 0.0001 M to about 1 M, preferably from about 0.001 M to about 0.3
25 M. The buffer useful in this invention may also include the addition of ammonia

gas to the reaction system.

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

30 and scope of the claims.



or m xtures thereof. Fluorinated al cohols can be used. It is particularly
preferable to use m xtures of the cited alcohols with water. If epoxidation
i s carri estocoto/ismobhe |iquid (or supercritical or subcripCraskyoophase, it is
advant ageous to use a buffer. The buffer will typically be added to the

solvent to form achuhfsr-Solgdid Eﬁ%— i | oyed in the
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wt.% Pd, 0.9 wt.% Pb, and 57 wt.% Ti.

Catalyst 1B: Nitric Acid Added to TiO; before Pd and Pb Addition
An aqueous nitric acid solution (60 mL of a 2.56 M HNOj; aqueous
20 solution, 16.6% HNO3; by volume) is added to spray dried titania (75 g, 30
micron size, 40 m2/g, calcined in air at 700°C) by incipient wetness. The nitric
acid treated titania is calcined in a muffle furnace by heating at 110°C for 4
hours (after ramping at 10°C/min) and then at 300°C for 4 hours (after ramping
at 2°C/min). Lead nitrate (0.17 g) is added to deionized water (8 g) to form a
25 lead nitrate solution, and an aqueous solution of palladium dinitrate (0.53 g,
20.64 wt.% Pd) is added to the lead nitrate solution with mixing. The Pd-Pb
solution is then added by incipient wetness to the nitric acid treated spray dried
titania (10 g). The solids are then calcined and reduced according to the
procedure of Catalyst 1A to produce Catalyst 1B. Catalyst 1B contains 0.95
30 wt.% Pd, 0.9 wt.% Pb, and 57 wt.% Ti.

Comparative Catalyst 1C: No Nitric Acid
Lead nitrate (0.35 g) is added to 14.5 mL of deionized water (14.5 mL) to

form a lead nitrate solution, and an aqueous solution of palladium dinitrate (1.07




Lead nitrate (0.35 g) is added to a nitric acid solution (5 nmL of a 2.56 M
HNC3 (16. 6% HNG3 by volune), further diluted with 10 g distilled water;
total aciwo=zolumsi®n = 15 g). To this solution, an agueoBETAS2WLI0EE100Of
palladiumdinitrate ( 1.07 g, 20.64 w.% Pd) is added vvith m xi ng. The
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EXAMPLE 3: EPOXIDATION REACTIONS

A 300 cc stainless steel reactor is charged with the supported noble
metal catalyst (0.07 g of 1A, 1B, 1C, or 2), TS-1 powder (0.63 g), methanol (~
20 100 g), and a buffer solution (13 g of 0.1 M aqueous ammonium phosphate, pH
= 6). The reactor is then charged to 300 psig with a feed consisting of 4 %
hydrogen, 4 % oxygen, 5 % propylene, 0.5 % methane and the balance nitrogen
(volume %). The pressure in the reactor is maintained at 300 psig via a
backpressure regulator with the feed gases passed continuously through the
25 reactor at 1600 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 methanol.
The reactor is stirred at 1500 rpm. The reaction mixture is heated to 60°C and
30 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. Propylene oxide and
equivalents (“POE"), which include propylene oxide (“PO”), propylene glycol
("PG"), and propylene glycol methyl ethers (PMs), are produced during the

reaction, in addition to propane formed by the hydrogenation of propylene.

10



Lead nitrate (0.35 g) is added to 14.5 nL of deionized water (14.5 nL) to
forma lead nitrate solution, and an aqueous solution of palladium

di ni tr at ewQ 2010008009020. 64 wt. % Pd) is added wi th m xi ng. PChaSPa9Pe180! ut i on
is then added by incipient wetness to spray dried titania (20 g, 30 mcron
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i nci pient wetness to spray dried titania (40 g, 30 micron size, 40 n2/g,

cal ci ned PPRANC-at 7000C). The solids are then cal cined and reduced
according to the procedure of Catalyst 1A to produce Conparative Catal yst
2. Conparative Catalyst 2 contains 0.9 wt.% Pd and 57 wt. % Ti. EXAMPLE 3:
EPOXI DATI ON REACTI ONS A 300 dABLEafl nEpexidatie®iResedtst or is charged with the
supported noble netal catalyst (0.07 g of 1A, 1B, 1C or 2), TS-1 powder
(0.63 g), nethanol (~ 100 g), and a buffer solution (13 g of 0.1 M aqueous
ammoni um phosphat § pH = 6@. e Trecddlgt 1S [ Neropahewmged o 300 psig with a
feed consisting of 4 &%A&togen, aArdanmden, |5 % gwpbpyl eng, 0.5 % net hane
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t he gaseous effluent is analyzed by an online GC every hour and the liquid
anal yzed by offline GC at the end of the 18 hour run. Propyl ene oxide and
equi val erwe 2010”8809, whi ch i nclude propyl ene oxi de ("POPLT/Uyscappbane gl ycol
("PG'), and propylene glycol nethyl ethers (PMs), are produced during the

reaction, i
pr opyl ene. 'f%

rg}ddltlon to propane formed by the hydrogenation of
e epoxidation results (see Table 1) show that a TS-1 and
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(i.e., higher propylene selectivity) when the TiQ2 h

een treated with
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extrenely K
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nol es. PCE + nol ropane) x 100. * Conparative Exanpl el

Pﬁgéﬁﬂcélﬁet he presence of a titaniumor vanadium zeolite and a
yst conprising a noble netal, lead and a carrier that has

been treated bB. confThetpmgess bhchairhrii whamldthéoleﬂn\asm@g&wleﬁn claiml
V\herelnthetltanlua}tﬂor vanadl zeom i S, atltanlumS|I| it 3 The
sned indoe o

process of cl affm 1
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selected Tromthe group consisting of al coho ket one nitriles, water,
liquid Copitrileagwatert liguid GOgranst ml)ﬁureS‘ltheremfocess of cI aim1 wherein the

nobl e net al

S

pal |

ium. 6 . Jhe.process.of, cla ere .he carrier is
Celected from Bhe ghodiesnss of FRIRdrwhptaif g nobRaekl ™ Rrladilf ol [ ca.
tant al um oxi deg. ti t Jeapridels§aof claim 1 wherein the carrier is selected from the

group consisting of titania, zirconia, niobia, silica, tantalum oxide, titania-silica,

15  zirconia-silica, niobia-silica, and mixtures thereof.

7. A supported catalyst comprising a noble metal, lead, and a carrier

that has been treated by contacting with nitric acid.

8. The supported catalyst of claim 7 wherein the noble metal is
palladium.
20 9. The supported catalyst of claim 7 wherein the carrier is selected

from the group consisting of titania, zirconia, niobia, silica, tantalum oxide,

titania-silica, zirconia-silica, niobia-silica, and mixtures thereof.

10.  The supported catalyst of claim 9 wherein the carrier is titania.
11.  The supported catalyst of claim 10 wherein the titania is contacted

25  with nitric acid prior to introduction of the noble metal and the lead.

12. A catalyst mixture comprising a titanium or vanadium zeolite and a

supported catalyst comprising a noble metal, lead, and a carrier that has been

treated by contacting with nitric acid.

13.  The catalyst mixture of claim 12 wherein the titanium zeolite is a

30 titanium silicalite.

14.  The catalyst mixture of claim 13 wherein the titanium silicalite is

TS-1 or Ti-MWW.

16. The catalyst mixture of claim 12 wherein the noble metal is

palladium.
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zirconia-silica, niobia-silica, and m xtures thereof. 7. A supported
catal yst conprising a noble netal, |lead, and a carrier that has been
treat ed byocorwmewdong with nitric acid. 8 . The support edTast@opsdsioof clai m
7 wherein the noble netal is palladium 9. The supported catal yst of claim

7 wherein the rri i | ec fr : Qu nsistin £ titani
zirconia, ni ob%f ! s?h?cé?taﬁlgﬁtrﬁﬁﬂfﬁeogﬂi%%t ?éa I?%rfég? ﬂ‘%a‘%ara?fé%ﬁF -Cé?‘i?li ca,
ni obi a- si frof@ théngrolipx ton€istind esfe tfanid,0zirdd1fa s wiktia! edicaattahistlimobxideai m 9
wherein the carrier Is titania. 11. The supported catal yst of claim1l

wher ei n t Hania-siéiga azitconisailigat vigbia-sitica and midures herenf. t o i nt roducti on of
the noble netal and the |lead. 12. A catalyst mxture conprising a titanium
or vanadi um zeolite and a supported catal yst conprising a noble netal,

| ead, and a carrier that has been treated by contacting with nitric acid.
13. The catalyst m xture of claim 12 wherein the titaniumzeolite is a
titaniumsilicalite. 14. The catalyst m xture of claim 13 wherein the
titaniumsilicalite is TS-1 or Ti-MMW 15. The catal yst m xture of claim 12
wherein the noble netal is palladium16. The catal yst m xture of claim 12
wherein the carrier is selected fromthe group consisting of titania,
zirconia, niobia, silica, tantalumoxide, titania-silica, zirconia-silica,
ni obi a-silica, and m xtures thereof.
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