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Much current research is conducted in the direct epoxidation of olefins with
oxygen and hydrogen. In this process, it is believed that oxygen and hydrogen react
in situ to form an oxidizing agent. Many different catalysts have been proposed for

25 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 VI metal such as palladium on a crystalline titanosilicate. The Group Vil
metal is believed to promote the reaction of oxygen and hydrogen to form a

30 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 catalyst examples include gold supported on titanosilicates,
see for example PCT Intl. Appl. WO 98/00413.
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supported palladium nanoparticles. The supported palladium nanoparticles are
deposited on the titanium zeolite; or the supported palladium nanoparticles are
deposited on a carrier having a particle size of 2 microns or greater. The catalyst is

useful in olefin epoxidation. Thus, the invention also includes an olefin epoxidation

30  process that comprises reacting olefin, oxygen, and hydrogen in the presence of the
catalyst. This catalyst is more active than comparable catalysts while demonstrating

similar or better olefin selectivity.
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The catalyst of the invention also comprises palladium nanoparticles and
support nanoparticles. The palladium nanoparticles of the invention have an
average crystallite size less than 100 nm, preferably from 0.1 to 50 nm, and most



30 present invention include any aqueous or nonaqueous liquid. Suitable
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30 present invention include any aqueous or nonaqueous liquid. Suitable dispersing

solvents include, but are not limited to, water, oxygenated hydrocarbons such as
alcohols, ethers, esters, and ketones, aromatic and aliphatic hydrocarbons such as
toluene and hexane, halogenated hydrocarbons such as methylene chloride and
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25 propane, and n-butane, are also suitable. N trogen and saturated Cl1-C4
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nitrates and carboxylates are particularly preferred.

The catalyst may be encapsulated in a polymer, for example, polystyrenics,
polyolefins, polyureas, polyacrylics, polyurethanes, polyesters, polyamides,
fluorinated polymers, polysaccharides, polypeptides, polynucleotides, and mixtures

30 thereof. See U.S. Pat. Nos. 6,958,255 and 7,030,255, The catalyst may also be
additional comprise a thiol, where the thiol is tethered to the carrier or to the titanium
zeolite. See, e.g., U.S. Pat. Nos. 7,453,003 and 7,501,532.
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25 propane, and n-butane, are also suitable. Nitrogen and saturated C4-Cu
hydrocarbons are the preferred inert carrier gases. Mixtures of the listed inert carrier

gases can also be used.
Specifically in the epoxidation of propylene, propane can be supplied in such
a way that, in the presence of an appropriate excess of carrier gas, the explosive
30 limits of mixtures of propylene, propane, hydrogen, and oxygen are safely avoided
and thus no explosive mixture can form in the reactor or in the feed and discharge

lines.
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and 1. %limdrg&gri\phosphate, sulfate, carbonate, bicarbonate, carboxylates (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,
30 alkylammoniums (e.g., tetraalkylammoniums, pyridiniums, and the like), alkali
metals, alkaline earth metals, or the like. Examples include NH4, NBus, NMe,, L,
Na, K, Cs, Mg, and Ca cations. More preferred buffers include alkali metal

phosphate and ammonium phosphate buffers. Buffers may preferably contain a



20 EXAMPLE 2: PROPYLENE EPDXI DATI ON REACTI ONS Epoxi dati on Runs for
Catal ysts 1A-3B. A 300-cc stainless steel reactor is charged with Catal yst
3A or 3B WO.2011¢)7532 a mi xture of TS-1 (0.63 g, 20 g, 40PRIrArSenosrsees 20%
silica binder, calcined in air at 550C) and one of Catalysts 1A-2C (0.07 25

g), net h@nblnaﬁtﬂaa%fghomahaww SNk saltbun‘qﬁt:al(yotﬁe M)ﬁmmml@naffrm:ﬁeaﬁm
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show t hat "supportéd pal | adi um nanoparticles on titanium zeolite (TS-1 or
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pal 10adi ealeivedpouaid aloM@ Ghe Thar soligls. ags calcined in air in a muffle furnace by
heating at 10°C/min to 110°C for 4 hours and then at 2°C/min to 300°C for 4 hours.

These calcined solids are then washed with deionized water (20 mL, three times)

and dried in a vacuum oven at 50°C for 18 hours. The washed sclids are calcined in

a muffle furnace by heating at 10°C/min to 110°C for 4 hours and then heating at

25 2°C/min to 600°C for 4 hours. The solids are transferred to a quartz tube and

reduced with a 4 vol.% hydrogen in nitrogen stream at 100°C for 1 hour (100 mL/hr),

followed by nitrogen for 1 hour while cooling from 100°C to 23°C to produce
Comparative Catalyst 1A. Comparative Catalyst 1A contains 0.91 wt.% Pd.

Catalyst 1B (nanoPd/nancTiQ» on TiQ» carrier): An aqueous dispersion (16

30 ml) containing 3.5 wt.% solids of nano-palladium (6 nm) on nano-TiO; (20 nm) is
added by incipient wetness to spray dried titania (20 g, 40 micron size, calcined in
air at 700°C). The solids are calcined in air by heating at 10°C/min to 110°C for 4
hours and then at 2°C/min to 300°C for 4 hours. The calcined solids are transferred
to a quartz tube and reduced with a 4 vol.% hydrogen in nitfrogen stream at 100°C



TABLE 1: Epoxidation Results Cata |yst Catalyst 1 Productivity Propyl ene,
Selectivity (%9 4 TS-1 + 1A 0.62 75 68 TS-1 + IB 0.86 TS-1 + 2A * 0.55
WO 2011/075302 PCT/US2010/058264

for 1 hour (100 mL/hr), followed by nitrogen for 1 hour while cooling from 100°C to
23°C to produce Catalyst 1B. Catalyst 1B contains 0.6 wt.% Pd.

Comparative Catalyst 2A (Pd-Pb/TiO;). A solution of 2.56 M nitric acid (2.5

mL), deionized water (5.5 mL), a palladium nitrate solution (0.53 g, 20.64 wt%

5 palladium) and 0.17 wt.% lead nitrate {57.8 wit% Pb) is added by incipient wetness to

spray dried titania (10 g, 40 micron size, calcined in air at 700°C). The solids are

calcined, washed, re-calcined, and reduced according to the procedure of
Comparative Catalyst 1A to produce Comparative Catalyst 2A. Comparative
Catalyst 2A contains 0.9 wt.% Pd and 0.8 wt.% Pb.

10 Catalyst 2B (Pb/nanoPd/nanoTiO, on TiO, carrier): Lead nitrate (0.35 g) is

dissolved in deionized water (8 mL) and this solution is mixed with an aqueous

dispersion (8 mL) containing 7.4 wt.% solids of nano-palladium {6 nm) on nano-TiO;

(20 nm) and the mixture is added by incipient wetness to spray dried titania (20 g, 40

micron size, calcined in air at 700°C). The solids are calcined and reduced

15 according to the procedure of Example 1B, with the exception that the solids are

calcined at 600°C instead of 300°C for 4 hours, to produce Catalyst 2B. Catalyst 2B
contains 0.5 wt.% Pd and 0.74 wt.% Pb.

Catalyst 2C (nanoPd/nanoPb/nanoTiO, on TiO, carrier): Catalyst 2C is

prepared according to the procedure of Catalyst 1B except that the dispersion used

20 is prepared by simultaneously vaporizing Pd and Pb powders with TiO; (metals = 4.7
nanometers), and the solids are calcined at 600°C instead of 300°C for 4 hours, to
produce Catalyst 2C. Catalyst 2C contains 0.9 wt.% Pd and 0.8 wt.% Pb.

Comparative Catalyst 3A (Pd-Pb/TS-1): Lead nitrate (0.07 g) in 16 mL of
deionized water is added to 5 mL of 2.56 motlar nitric acid to form a lead nitrate

25 solution, and an aqueous solution of palladium nitrate (0.21 g, 20.64 wt.% Pd) is
added with mixing. The Pd-Pb solution is then added by incipient wetness fo spray
dried TS-1 (20 g, 40 micron size, 20% silica binder, calcined in air at 550°C). The
solids are calcined in air by heating at 10°C/min to 110°C for 4 hours and then at
2°C/min to 300°C for 4 hours. Then the calcined solids are caicined again and

30 reduced according to the procedure of Example 2B to produce Comparative Catalyst
3A. Comparative Catalyst 3A contains 0.27 wt.% Pd, 0.21 wt.% Pb and 1.8 wt.% Ti.

Catalyst 3B (Pb/nanoPd/nancoTiO; on TS-1): Lead nitrate (0.132 g) is

dissolved in deionized water (38 mL) and this solution is mixed with an aqueous
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dispersion (2.7 mL) containing 7.4 wt.% solids of nano-palladium (6 nm) on nano-
TiOz (20 nm) and the mixture is added by incipient wetness to spray dried TS-1 (40
g, 40 micron size, 20% silica binder, calcined in air at 550°C). The solids are
calcined, recalcined and reduced according to the procedure of Comparative
Catalyst 3A. Catalyst 3B contains 0.18 wt.% Pd, 0.23 wt.% Pb and 1.9 wt% Ti.
Comparative Catalyst 4A (Pd-Pb/Ti-MWW). Lead nitrate (0.025 g) in 13 mL of

deionized water (13 mL) is added to 2 mL of 2.56 M nitric acid to form a lead nitrate

solution, and an aqueous solution of palladium nitrate (0.08 g, 20.64 wt.% Pd) is
added with mixing. The Pd-Pb solution is then added by incipient wetness to spray
dried Ti-MWW (8 g, 5 micron size, calcined in air at 530°C). The solids are calcined,
recalcined and reduced according to the procedure of Comparative Catalyst 3A.
Comparative Catalyst 4A contains 0.17 wt.% Pd, 0.14 wt.% Pb and 1.2 wt.% Ti.
Catalyst 4B (nanoPd/nanoPb/nanoTiC, on Ti-MWW): An agueous dispersion

(14.3 mL) containing 0.64 wt.% solids of nano-palladium/nano-lead (7 nm, made by
vaporizing a Pd/Pb alloy with TiOz) on nano-TiO; (20 nm) and the mixture is added
by incipient wetness to spray dried Ti-MWW (8 g, 5 micron size, calcined in air at
530°C). The solids are calcined, recalcined and reduced according to the procedure
of Comparative Catalyst 3A. Catalyst 4B contains 0.11 wt.% Pd, 0.14 wt.% Pb and
1.5 wt% Ti.

EXAMPLE 2: PROPYLENE EPOXIDATION REACTIONS
Epoxidation Runs for Catalysts 1A-3B: A 300-cc stainless steel reactor is
charged with Catalyst 3A or 3B (0.7 g) or a mixture of TS-1 (0.63 g, 20 g, 40 micron
size, 20% silica binder, calcined in air at 550°C) and one of Catalysts 1A-2C (0.07
g), methanol (100 g) and 13 grams of a buffer (0.1 M agueous ammonium

phosphate, pH = 8). The reactor is then charged to 300 psig of 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 back
pressure regulator with the feed gases passed continuously through the 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



4B 7 2 Productivity granms PCE producedig .am of catal yst per hour.
Propyl ene Selectivity 100 - (nol es propanel noies PCE + nol es propane) x
100. * Conpashii79®2Exanpl e PCT/US2010/058264

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 18
hour run. Propylene oxide and equivalents ("POE”"), which include propylene oxide
("PO"), propylene glycol ("PG"), and propylene glycol methyl ethers (“PM’s), are
s produced during the reaction, in addition to propane formed by the hydrogenation of

propylene.

Epoxidation Runs for Catalysts 4A and 4B: A 300 cc stainless steel reactor is
charged with Catalyst 4A or 4B (0.7 g}, tert-butanol (86 g), deionized water (25 g),
10  and 13 grams of a buffer (0.1 M agueous ammonium phosphate, pH = 6). The

epoxidation is then run according to the procedure for epoxidation runs using
catalysts 1A-3B. Propylene oxide and equivalents ("POE"), which include propylene
oxide ("PO"), propylene glycol ("PG"), and propylene glycol tert-butyl ethers, are
produced during the reaction, in addition to propane formed by the hydrogenation of

15 propylene.

The epoxidation results (see Table 1) show that supported palladium
nanoparticles on titanium zeolite (TS-1 or Ti-MWW) catalysts are more active and
more selective than comparable catalysts produced by depositing palladium

20 compounds directly onto the titanium zeolite. The results also show that catalyst
mixtures comprising titanium zeolite and supported palladium nanoparticles show
increased catalyst activity compared to comparable catalysts produced by depositing

palladium compounds onto the carrier.
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(25



WO 2011/ 075302PCT/ US2010/ 058264 W claim 1. A process for producing an
epoxi de conprising reacting an ol efin, hydrogen and oxygen in the presence
of a cat WQ2D1165/921 si ng pal | adi um nanoparticl es, suppoPCTABRAVPASI20€] es,
and a titanium zeolite having a particle size of 5 2 mcrons or greater,
wherei n the pal | adi um nanopd@AEiLel esEmmadatepoBeteks on t he support
nanoparticles to form supported pall adi um nanoparticles, and: (a) the
supported pal |l adi um nanoparticles are deposited on the titanium zeolite; or
(b) the supportd palTadirum nanppary, ghies are depaghLed-gna tarrier
10having a partjcle ﬁai@yﬁf 2 m crop (q? reat erg 2.y pracess of claiml
wherein the tit S § t% SRl gi“} f

f I ari u&rg i“-f' |+ STa LILCug})LIIIIDIIIbaIIL?ﬁ : |||c rocess O
claim 1 wherei n—the-suppert-nanpparticlbs-are-sel-ect r-omt he group
consi sting of ti 'raniT -17% t8onial _nioM-8% silika, aI m@f?’na, tan al um oxi de,
15and m xtures L'Ee’rj,g.mj +42Ame p u(,eabG 5§ ctarmt le@gl nthe-tarrier is
sel ected from tiRe—gtAup—CoRst+sti-ng—-of t-aft-a—z-eoita—ntebi a, silica,
a|um'na, sil i ca=ald |r¥$§'§+f antal-m-oxi g1'|'r::4n|::4 sil 1?21 Zir nia-si|ica,
ni obi a-si lica, land_mhixidres theteof. ©8The priocess. ofSclaim 4] wherein the
carrier is titanta:

3A ¢ | 0.44 60
3B .72 g5
4A 0.36 98
48 068 97

! Productivity = grams POE producedigram of cataiyst per howr,
T Propyiens Selectivity = 100 - (moles propane/muolas POE + moles propane) x 100
3 ¥ Comparative Example



206. The process of claim4 wherein the carrier has a particle size of 5
mcrons or greater. 7. The process of claim1l wherein the olefinis a C2-C6
ol efin. 8¥VORAH/(FEIMEess of claim 1l wherein the catal yst POT{USRI10088204 1 ses

l ead. 9. A catalyst conprising palladiumnanoparticles, support

nanopar Wetledm: 25 and a titanium zeolite having a particle size of 2

m crons or gkeatep, reipn. t Il adiu particl. re. Si on

t he support ianopér Pil%%gg {66 Q@Pﬁ?@gpghr%@ag%qaoﬁﬁﬁiéﬁagtﬁqe% gie?ﬁ]ari d:
(a) the pymrpgehednpald:@denmimatiepasicbhes af ea dearsjst edomprising thdliadiuam
zeolite; or 30(b)the supported pall adi um nanoparticles are deposited on a
carri er "PRRRHYCIES paRRQT Bagppartisiesy apfia Hignilp zgplist kaving yeoparticle size of

2011/ 07 2 . . | rein the
cuppor {2 naichgts (Fpeately ke they pebdal R BBRBERS, Bre TRl if e T

zi r coni syppurbhaagpatitiesdo fadnisupportéc phddionoxarmarieids,and:ur es t her eof .

11. The cata{ st of claim9 wherein the titaniumzeolite js TS-1 or. Ti - MW
5 12. The cat@l ysteoPURPRiSH §UREHBI RaprRadises gre fepediss paJINE WaNtuR
group consisting gfskkt@nia, zirconia, niobia, silica, alumna,
silica-alumna, tantal'um oxide, titania-silica, zirconia-silica,

ni obi a-si | i cép) anthemisuppodsdt paliadiim nanopaniti®s dhe depasitedt oof actairier 9

wherein the carriﬁr .istitr?nia.. ,
10 aving a particle size of 2 microns or greater.

2. The process of claim 1 wherein the titanium zeolite is a titanium
silicalite.
3. The process of claim 1 wherein the support nanoparticles are selected

from the group consisting of titania, zirconia, niobia, silica, alumina, tantalum oxide,
15 and mixtures thereof.

4. The process of claim 1 wherein the carrier is selected from the group
consisting of titania, zirconia, niobia, silica, alumina, silica-alumina, tantalum oxide,
titania-silica, zirconia-silica, niobia-silica, and mixtures thereof.

5. The process of claim 4 wherein the carrier is titania.

20 6. The process of claim 4 wherein the carrier has a particle size of &

microns or greater.

7. The process of claim 1 wherein the olefin is a C;-Cg olefin.
8. The process of claim 1 wherein the catalyst further comprises lead.
9. A catalyst comprising palladium nanoparticles, support nanoparticles,

25 and a titanium zeolite having a particle size of 2 microns or greater, wherein the
palladium nanoparticles are deposited on the support nanoparticles to form
supported palladium nanoparticles, and:

(a) the supported palladium nanoparticles are deposited on the titanium
zeolite; or

30 (b) the supported palladium nanoparticles are deposited on a carrier

having a particle size of 2 microns or greater.



14. The catalyst of claim9 wherein the carrier has a particle size of
10m crons or greater. 15. The catalyst of claim9 wherein the
cat al yst WOr0hér7senpri ses | ead, gold, or platinum 1:5PCT/US2010/058264

10

10.  The catalyst of claim 9 wherein the support nancoparticles are selected
from the group consisting of titania, zirconia, niobia, silica, alumina, tantalum oxide,
and mixtures thereof.

11.  The catalyst of claim 9 wherein the titanium zeolite is TS-1 or Ti-MWW.

12.  The catalyst of claim 9 wherein the carrier is selected from the group
consisting of titania, zirconia, niobia, silica, alumina, silica-alumina, tantalum oxide,
titania-silica, zirconia-silica, niobia-silica, and mixtures thereof.

13.  The catalyst of claim 9 wherein the carrier is titania.

14.  The catalyst of claim 9 wherein the carrier has a particle size of 5
microns or greater.

16. The catalyst of claim 9 wherein the catalyst further comprises lead,

gold, or platinum.
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