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4, 833, 260, see U.S. Pat. No. 3,351,635, or a heterogeneous titania on silica catalyst, see
U.S. Pat. No. 4,367,342. Another commercially practiced technology is the
20 direct epoxidation of ethylene to ethylene oxide by reaction with oxygen over a

silver catalyst.

Much current research is conducted in the direct epoxidation of olefins
with oxygen and hydrogen. For example, JP 4-352771 discloses the formation
of propylene oxide from propylene, oxygen, and hydrogen using a catalyst

25  containing a Group VIII metal such as palladium on a crystalline titanosilicate.
The Group VIl metal is believed to promote the reaction of oxygen and
hydrogen to form an in situ oxidizing agent. U.S. Pat. No. 5,859,265 discloses a
catalyst in which a platinum metal, selected from Ru, Rh, Pd, Os, Ir and Pt, is
supported on a titanium or vanadium silicalite. Other direct epoxidation catalyst

30 examples include gold supported on titanosilicates, see for example PCT Intl.
Appl. WO 98/00413.

Besides oxygen and alkyl hydroperoxides, another oxidizing agent useful |
for the preparation of epoxides is hydrogen peroxide. U.S. Pat. No. 4,833,260,
for example, discloses olefin epoxidation using hydrogen peroxide and a

35 titanium silicate zeolite. U.S. Pat. No. 5,679,749 discloses the epoxidation of
olefins with hydrogen peroxide in the presence of a crystalline siliceous
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and amounts from about 0.1% to about 15% by weight being most preferred.

20 The support can be inorganic oxides, inorganic chlorides, carbon, or
mixtures thereof. Preferred inorganic oxides include oxides of Group 2, 3, 4, 5,
13, or 14 elements as well as refractory oxides such as silica-alumina, silica-
magnesia, silica-titania, silica-zirconia, silica-alumina-boric, magnesia-alumina,
and silica-alumina-magnesia. Preferred inorganic chlorides include chlorides of

25 the Group 2 elements. Particularly preferred supports include silica, alumina,
silica-aluminas, sodium aluminum silicate, magnesias, ftitania, zirconia, silica-
titanias, tantalum oxides, mordenite, hydrotalcites, magnesium chloride, and
carbon. Most preferred are supports that consist essentially of pure silica, e.g.,
materials containing at least 90% silica.

30 Preferably, the support has a surface area in the range of about 10 to
about 700 m?/g, more preferably from about 50 to about 500 m?%g, and most
preferably from about 100 to about 400 m*/g. Preferably, the pore volume of the
support is in the range of about 0.1 to about 4.0 mL/g, more preferably from

about 0.5 to about 3.5 mL/g, and most preferably from about 0.8 to about 3.0
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conposi tion C@,l,tﬁmegw{g ﬂwe catalyst comp05|t|on is prepared by cogelling a mixture of a
niobium salt and a silica sol by conventional methods of preparing metal

20 supported catalyst compositions. In still another technique, the catalyst
composition is prepared by the surface reaction of silanol groups of an inorganic
siliceous solid with a niobium salt by the procedure disclosed in U.S. Pat. No.
3,166,542. In yet another technique, a catalyst composition comprising a
fumed, pyrogenic niobia-silica is prepared by the combustion of hydrogen and

25  oxygen with a mixture of silicon tetrahalide and niobium halide in accordance
with conventional methods of preparing finely-divided fumed metal oxides and
silica. Other techniques for incorporating an oxide or hydroxide of niobium on a
support such as dry-mixing, co-precipitation, impregnation and ion-exchange are
also suitably employed.

30 One class of catalysts particularly suitable for the epoxidation of olefins is
niobia-on-silica (also sometimes referred to as “Nb,Os/SiO,"), which comprises
niobia (niobium (V) oxide) supported on silica (silicon dioxide). The niobia-on-
silica catalyst may be silylated after thermal treatment and prior to use. The

catalyst is silylated by treatment with an organic silylating agent at elevated
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invention is particularly suitable for epoxidizing C,-Cg olefins. More than one

20 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. The process of the invention is especially
useful for converting propylene to propylene oxide.

25 The hydrogen peroxide' is generated prior to use in the epoxidation
reaction. Hydrogen peroxide may be derived from any suitable source, including
oxidation of secondary alcohols such as isopropanol, the anthraquinone
process, and from direct reaction of hydrogen and oxygen. The concentration of
the aqueous hydrogen peroxide reactant added into the epoxidation reaction is

30 not critical. Typical hydrogen peroxide concentrations range from 0.1 to 90
weight percent hydrogen peroxide in water, preferably 1 to 5 weight percent.

The amount of hydrogen peroxide to the amount of olefin is not critical,
but most suitably the molar ratio of hydrogen peroxide:olefin is from 100:1 to
1:100, and more preferably in the range of 10:1 to 1:10. One equivalent of
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apparatus such as a fixed-bed, transport bed, fluidized bed, stirred slurry, or
20 CSTR reactor. The catalyst is preferably in the form of a suspension or fixed-
bed. Known methods for conducting metal-catalyzed epoxidations of olefins
using an oxidizing agent will generally also be suitable for use in this process.
Thus, the reactants may be combined all at once or sequentially.
Epoxidation according to the invention is carried out at a temperature
25  effective to achieve the desired olefin epoxidation, preferably at temperatures in
the range of 0-150°C, more preferably, 20-120°C. Reaction or residence times
of from about 1 minute to 48 hours, more preferably 1 minute to 8 hours will
typically be appropriate. It is advantageous to work at a pressure of 1 to 100
atmospheres, although the reaction can also be performed at atmospheric
30  pressure.

The amount of supported niobium oxide catalyst used may be determined
on the basis of the molar ratio of the niobium contained in the catalyst to the
olefin that is supplied per unit time. Typically, sufficient catalyst is present to
provide a niobium/olefin per hour molar feed ratio of from 0.0001 to 0.1.
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are dried at 110C EatalmihlaadtlE: dilweigs peregnaMicbigme  sol i ds anal yzed for
1.37 wt. % ni obi UM cataivst 1D is prepared according to the procedure of Catalyst 1A, except

\that 10 grams of niobium (V) ethoxide in 50 grams of methanol is used.
Elemental analysis shows 11 wt.% niobium.

20 Catalyst 1E is produced by calcining Catalyst 1D (5 g) under 4 volume %
oxygen in nitrogen at 450°C for 4 hours.

EXAMPLE 2: PREPARATION OF NIOBIA-TITANIA ON SILICA CATALYSTS
Catalyst 2 is prepared by slurrying Davidson 952 silica (20 g) in 60 grams

of methanol. Niobium (V) ethoxide (5 g) and titanium (IV) isopropoxide (1 g) are

25 dissolved in 10 grams of methanol and added to the silica slurry over a 10-
minute period with stirring. The slurry is stirred at 23°C for 18 hours, filtered,
and the solids are washed with 50 mL of methanol. The solids are dried at
110°C for 2 hours to give 20.4 grams. Elemental analysis shows 5.4 wt.%
niobium and 0.74 wt.% titanium.

30 The dried solids (5 grams) are calcined under 4 volume % oxygen in

nitrogen at 450°C for 4 hours.



Catalyst 1 B: Catalyst 1A (5 g) is calcined under 4 volune % oxygen in
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20 Catalyst 1 Eis Nixsmutuc(woémlyoﬂ@d Ggnt dataledsin 50 Qrams f mettlanodand| une
% "oxygen in nitroge t 45 or .4 hours. . _EXA PREPA
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(5 g) and titanium (1V) isopropoxid are 25 dissolved in 10 granms of

met hanol afd &Uered. vasherorts Wil asW‘\?fF”F? og\\;\@;eramq@rarﬁq; rRlt%eMBEENeL( 1\% k)

stirring. TheaghWncy Wlﬁ‘l 56 'rrﬂ_r 8ﬂm@fhaa§lc I sdiRishaEdFiedfih lat wicBdm o@ﬁd(f
solids are washed wth 50 nmet hanol. The solids are dried at 10C for

2 hours to giV@&m2a a0° @rwrs? h@urénemd &inallyradi 1°E fondviroUss 4o @itveod4 grasins afin and
0.74 wt.%titan] } Yo & ined under 4

vol ume % oxyggfrel) in ratﬁ%@%‘égg{%?ﬁw&egn&klg%Pélgzﬁﬁfg%wg&%?@épﬁwﬁlg?7

PCT/ US03/ 14672 COVPARATI@ENBMEEEXAMEEE\RANI(OBILNOXII C ACID N obium
(V) ethoxide (50 g),i,s, di ved. | nol ded 200
grans of olgi oni zed%'%’%. 8%% ' gaab&dg%t ﬁf)ﬁggﬁ?emeg%%f%ﬂgeﬁq rEaht)sgat h
over a 20-m nghewpeaiobaay =t87emt.%tirred at 23C for 2 hours. The solids are 5
filtered, washe L 1 : ) | (10
m.) and once w W’g/gﬁ%bﬂ; Wﬁg § %E%gﬁ%@ﬁg?%%gﬁﬁé&ﬁﬂﬂ()ﬁg um oven
(0.5 torr) at 50C for 2 hours, an&llﬂCA&IAVAI&tS‘ﬂSOC for 5 hours to give 24
grans of Conparatiyve Catal e | yzed_far .. %

O o D et Bl B L1 e B S p e Bo2aR oo
of Referenge Mpibs.grEnendEhaithapoial yaitalum (V) ethoxude (2 g, dissolved in 10 g of

methanol) is added to the silica slurry over a 10-minute period with stirring. The

slurry is stirred at 23°C for 18 hours, filtered, and the solids are washed with 50
mL of methanol. The solids are dried at 110°C for 2 hours to give 20.9 grams.
Elemental analysis shows 4.3 wt.% tantalum.
20 The dried solids (5 g) are calcined under 4 volume % oxygen in nitrogen
at 450°C for 4 hours.
EXAMPLE 6: PROPYLENE EPOXIDATION REACTIONS
Catalysts 1A, 1B, 1C, 1D, 1E, and 2 and Comparative Catalysts 3, 4, and
5 are tested in propylene epoxidation according to the following procedure.

25 A 100-mL Parr reactor equipped with a magnetic stir bar is charged with
40 grams of a methanol/water/hydrogen peroxide solution (70% methanol, 25%
water and 5 % hydrogen peroxide by weight) and 150 mg of catalyst. The
reactor is closed, charged with propylene (17 g), and heated at 50°C for 30
minutes (except for runs with catalysts 1B and 2, which were for 2 hours) while

30  stirring with the magnetic stir bar. The reactor is then cooled to 10°C and the
propylene vented into a gas bag. The liquid and gas phases are analyzed by
GC.

The results and the reaction temperature are shown in Table 1.
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Catalyst # PO Yield mol PG Yield mol PMEthers Yield (nmmol) 1A 3.73 0.06
0.33 113 7.3 0.02 0.53 1C 3.43 00.11 1D 4 0.22 0.24 1 E 4.9 0.07 0.32
2 2.84 0.9 @/1819773* 1.9 0.41 1.05 4* 1.7 0 0.22 5* 0.3@cr/ES03@eaTpar ati ve
Exanpl e 8 WO 03/101977 PCT/ US03/14672 | claim 1. A process for producing
an epoxi de conprising reacting an olefin and hydrogen peroxide in a
solvent in the presence of a non-zeolitic, supported niobium oxide

catal yst conpri piggn:ni obi um oxi de and a support. 5 2. The process of claim
1 wherein the supported niobiumoxide catalyst is conprised of fromO.O01
to 50 wei ght percentlni ot i9cess fohEresiustngsan goxidgi eRMPNifRE &eastineears uppor t
is selected frops j [ ' SN als] i .C

chi or i dos. and. DSy B e RO 19 ol o e, PO bmar™ o

sel ected from sépRAiedgreRipMaXiss eatalyiyf compsisingdiobium gxidesandsa syperl umi nas,
sodi um al um pum si 1§ cat ey TBARES] BB ciahh 43héreir? IHeCGHiBriali il @ as.
tant al um oxi des, nordenite, nmagnesi um chl oride, an arbon. 5. € process
of cl ai m 3 wher edtalyshie conpieed of &ommi(.0 t . 5Bweifhepgcenissabiom. cl ai m 1 wherei n

the olefinis a C2- olefin, 15 7. The ,process of claim6 rei.n the
olefin is propyl ene.%‘& W«? Brlpgggssgf Slfa'rﬁl1a\"'ﬁ1grle§rmr 8‘?‘?{0%{%'5‘ sse\(f}%]%%cﬁtfrom
conprises an othegabap ednsistingaoftin@ghrdc brides rinongthie chlovidps camaisdasivarng of
al cohol s, ethers, ester ket ones | Xt ures ther?eocftéd ?r'o The

, t d.
process of claim 7 wherei ' ROOES %E\%"ﬁg’u @’Bg'@(‘ﬂ PR IS se m

10 the group consisting of silica, alumina, silica-aluminas, sodium aluminum
silicate, magnesias, ftitania, zirconia, silica-titanias, tantalum oxides,
mordenite, magnesium chloride, and carbon.

5. The process of claim 3 wherein the support is silica.
6. The process of claim 1 wherein the olefin is a C,-Cg olefin.
15 7. The process of claim 6 wherein the olefin is propylene.
8. The process of claim 1 wherein the solvent comprises an

oxygenated solvent selected from the group consisting of alcohols, ethers,
esters, ketones, water, and mixtures thereof.
9. The process of claim 7 wherein the solvent is selected from
20  the group consisting of water, C1-C4 alcohols, and mixtures thereof.
10. The process of claim 1 wherein the solvent comprises
methanol.
11. The process of claim 1 wherein the molar ratio of hydrogen
peroxide to olefin is in the range of from about 10:1 to about 1:10.
25 12. The process of claim 1 wherein the process is performed at a
temperature from about 20°C to about 120°C.
13.  The process of claim 1 wherein the non-zeolitic, supported
niobium oxide catalyst is produced by:
(a) impregnating the support with a niobium compound,; and
30 (b) calcining the impregnated product of step (a) at a

temperature of at least 100°C in the presence of a gas



20 the group consisting of water, Cl-C4 al cohols, and m xtures thereof. 10.
The process of claim|l wherein the solvent conprises nethanol. 11. The
process oWwocdsaiom7i wherein the nolar ratio of hydrogen paaxushe/1#ar2ol efin
is in the range of fromabout 10:1 to about 1:10. 25 12. The process
of-claim | wherein the process is performed at a tenperature from about
20C to about 120C. 13. The process of claim| wherein the non-zeolitic,
supported niobi um oxide Ca&@ééfﬁtcohﬁn@é&ﬁfv'&%eh%o fdrfn thler&ﬁoﬁgﬂé’é hi@junhe
support wi th a niobi um conpound; and 30 (b) ‘calcining the I npregnated
product of step (a) at a téﬁﬁ%ﬁaﬁab’r&é of at least 100C in the presence of a
gas 9 WO 03/101977 PET/ URR3L, ﬂ&%zg ofsctnélﬁﬁ%qmméfnsmé HBPWQ:@H\pE)\Ené ggmthe
supported ni obium oxide cata rocess of clalm13 erein the
ni obi um conpoungelesteds &pat tteei grmm qui@lséiﬂ@u@ oiohiinat alikexidgs windbnigkium

al koxi des and nighiddm 5 halides. 15. A process for producing propylene

oxi de conpriSing reacting propylene and hydrogen peroxide in an oxygenat ed
solvent in the preseh@e Afprecaserfor puiducing, prepyipoe toidendanprisingordadéng

catal yst conpri gj i e i 0 T c f claim
15 wherein the gt%%ge&t e%&ﬁ%cgé%& 866% 3 aq%g%haté@gglx%ﬁ@é@e ?eSFBB% 0.01
to 50 wei ght peloéemtonmeotuhmmupﬁﬂrtedTﬂneblpnomed;sscaIblysi @innprisingrhiebienmnoxithe
oxygenat ed sol ven IIS an oxygenated solvent selected fromthe group

consi sting of wgpgrs”ceil C4 al cohols, and mi xtures thereof. 15 18. The
process of gbai m 17 wéer eThe proeesobivelaim N5 wielréianeé supddted niobium oxide

catalyst is comprised of from 0.01 to 50 weight percent niobium.

17. The process of claim 15 wherein the oxygenated solvent is an
oxygenated solvent selected from the group consisting of water, C4-C4
alcohols, and mixtures thereof.

15 18. The process of claim 17 wherein the solvent is methanol.

10



