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As with any chemical process, it would be desirable to attain further
improvements in epoxidation methods of this type.

20 Dense phase reaction mixture conditions have been employed in
vafious reaction systems, most notably in the production of tertiary butyl
hydroperoxide by direct oxidation of isobutene. See, for example, USP
4,408,081 and 4,408,082.

SUMMARY OF THE INVENTION

25 In accordance with the present invention, the epoxidation is carried
out by reacting olefin, hydrogen and oxygen using a noble metal on titanium
or vanadium zeolite catalyst, the improvement being that the reaction is
carried out using CO, as the essential solvent at dense phase reaction
conditions.

30 DETAILED DESCRIPTION

There are a number of significant advantages which are achieved
through practice of the present invention. CO; is the essential solvent used

for the reaction and accordingly solvolysis of the oxirane product is
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relatively small pore titanium or vanadium zeolite such as a titanium silicalite
if the olefin is a lower aliphatic olefin such as ethylene, propylene, or 1-
20 butene. Where the olefin is propylene, the use of a TS-1 titanium silicalite or
vanadium silicalite is especially advantageous. For a bulky olefin such as
cyclohexene, a larger pore titanium zeolite such as a titanium zeolite having
a structure isomorphous with zeolite beta may be preferred.
The titanium-containing zeolites useful as catalysts in the epoxidation
25 step of the process 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.
Particularly preferred titanium-containing zeolites include the class of
molecular sieves commonly referred to as titanium silicalites, particularly
30 “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. 1,001,038). Also suitable for use are the titanium-containing
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noble metal present in the catalyst will be in the range of from 0.01 to 20
weight percent, preferably 0.1 to 5 weight percent. The manner in which the

20 noble metal is incorporated into the catalyst is not considered to be
particularly critical. For example, the noble metal may be supported on the
zeolite by impregnation means or the like or first supported on another
substance such as silica, alumina, activated carbon or the like and then
physically mixed with the zeolite. Alternatively, the noble metal can be

25 incorporated into the zeolite by ion-exchange with, for example, Pd
tetraamine chloride with or without added ammonium hydroxide. The
catalyst is recovered by filtration and washing and is substantially free (<0.1
wt. %) of halide. There are no particular restrictions regarding the choice of
noble metal compound or complex used as the source of the noble metal.

30 For example, suitable compounds for such purpose include the nitrates,
sulfates, halides (e.g., chlorides, bromides), carboxylates (e.g., acetate), and
amine complexes of noble metals. Similarly, the oxidation state of the noble

metal is not considered critical. In the case of palladium for instance, the
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20 contains 2-30 carbon atoms; the process of the invention is particularly
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hydrocarbon (i.e., contain only carbon and hydrogen atoms) or may contain

functional groups such as halide, carboxyl, hydroxyl, ether, carbonyl, cyano,
25  or nitro, groups or the like.

Typical examples of suitable olefins include ethylene, propylene, 1-
butene, cis- and trans-2-butene, isobutene, 1,3-butadiene, pentenes,
isoprene, hexenes, octanes, nonenes, decenes, undecenes, dodecenes,
cyclopentene, cyclohexene, dicyclopentadiene, vinylcylohexane,

30 vinylcyclohexene, allyl chloride, allyl alcohol, methallyl chloride, methallyl
alcohol, alkyl acrylates and methacrylates, unsaturated fatty acids and esters
thereof, styrene, alpha methylistyrene, divinylbenzene, indene and stilbene.

Mixtures of olefins may, of course, be utilized if so desired. The process of

4
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20 solution in the dense phase mixture, not as a separate vapor phase.

Although the critical points of temperature and pressure of CO, of
31.1°C and 72.9 atm are useful in establishing conditions for carrying out the
reaction in accordance with the invention, actually the critical temperature of
the feed solution, for example propylene in CO,, is between 31.1 °C and

25 91.9° C (Tc of propylene) and the critical pressure is higher than 46.2 atm
(Pc of propylene). In the case of propylene epoxidation, suitable operating
conditions are pressure of 15 to 300 atm and temperatures of 20 to 100°C.
The molar ratio of hydrogen to oxygen can usually be varied in the range of
H2:0,=1:10 to 5:1 and is especially favorable at 1.5 to 2:1. The molar ratio

30 of oxygen to olefin is usually 1:1 to 1:20, and preferably 1:1.5 to 1:10.

The following examples illustrate practice of the invention.

Example 1. Preparation of Pd/TS-1 Catalyst
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detectors. Pd/TS-1 (0.1512 g) prepared in Example 1 was charged to the

20 reactor (38.4 cm®) and then the system was thoroughly evacuated under
vacuum. The reactor is heated at 45°C and known amounts of CO, (60.9
mmol), Hz (1.26 mmol), air (31.3 mmol) and propylene (3.97 mmol) are
added (in this order) to the high pressure batch reactor. Additional super
critical CO; (Praxair, Coolant grade, 548 mmol) is added via a gas booster

25 (single stage, Haskel) to reach 1900 psig, to provide a dense phase reaction
mixture, and the reaction mixture is vigorously mixed for 4.5 hours. At the
end of run, the dense phase is first analyzed by GC and then slowly
depressurized to atmospheric pressure. The possible side products
precipitated on the solid catalyst are extracted in 5 mL MeOH and analyzed

30 separately by GC. After 4.5 hours the overall productivity was 0.0256 g
propylene oxide / g cat. x hour while propylene selectivity to propylene oxide
was 62.1% No propylene glycol or other ring opening products were

detected.
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Comparative Example 6. Synthesis of Propylene Oxide in H,O-MeOH
The reaction was conducted in the experimental setup described in
Example 3. Pd/TS-1 (0.1977 g) prepared in Example 1, water (2.5 g) and
30 MeOH (7.5 g, Aldrich absolute) were charged to the autoclave. The reactor
is heated at 45°C and known amounts of Nz (7.4 mmol), Hz (1.26 mmol), air
(31.3 mmol) and propylene (3.97 mmol) are added (in this order) to the high
pressure batch reactor. Additional N, (Praxair UHP/ZERO grade, 120 mmol)
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10 mL MeOH and analyzed separately by GC. After 4.5 hours, no propylene

glycol was detected.
Example 8. PO Solvolysis in MeOH-H,O
20 The reaction was conducted in the experimental setup described in
Example 3. Pd/TS-1 (0.3039 g) prepared in Example 2, water (1.65 @),
methanol (5 g) and propylene oxide (0.3486 g) were charged to the
autoclave. N; is added to reach 2180 psig, and the reaction mixture is
vigorously mixed at 45°C for 4.5 hours. At the end of the run both the gas
25 and liquid phases are analyzed by GC, and the system is then slowly
depressurized to atmospheric pressure. After 4.5 hours, the percentage of
PO reacted with MeOH/H;0 to form PM1, PM2 or propylene glycol (PG) was
60%.
The above examples demonstrate the outstanding improvements
30 achieved through practice of the invention as compared to analogous

procedures not according to the invention.
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3. The process of claim 1 wherein the catalyst is Pd on TS-1.

4. The process of claim 1 wherein the reaction conditions are a

temperature of 20 to 100°C and a pressure of 10-300 atm.



