
0050/46998 

Oxidation catalyst and preparation of epoxides from olefins, hy­

drogen and oxygen using the oxidation catalyst 

5 The present invention relates to a novel oxidation catalyst based 

on titanium silicalites or vanadium silicalites having a zeolite 

structure and containing noble metals, and a process for the 

preparation of epoxides from olef ins, hydrogen and oxygen using 

this oxidation catalyst. 
10 

Oxidation catalysts containing noble metals and based on titanium 

silicalites or vanadium silicalites having a zeolite structure 

and a process for the preparation of epoxides from olefins, hy­

drogen and oxygen using these oxidation catalysts are disclosed 

15 in WO-A 96/02323. There, the catalysts are used in the form of 

crystalline powder. 

However, such oxidation catalysts of the prior art have disadvan­

tages. When unmolded epoxidation catalysts are used, they are too 

20 fine-particled and therefore give rise to mechanical problems, 

for example when they are being separated off. 

· It is an object of the present invention to provide epoxidation 

catalysts which no longer have the disadvantages of the prior 

25 art. 

We have found that this object is achieved by an oxidation 

catalyst based on titanium silicalites or vanadium silicalites 

having a zeolite structure and containing from 0.01 to 30 % by 

30 weight of one or more noble metals selected from the group 

consisting of ruthenium, rhodium, palladium, osmium, iridium, 

platinum, rhenium, gold and silver, wherein the oxidation 

catalyst has been molded by a compacting shaping process. 

35 Compacting shaping processes which may be used are in principle 

all methods for appropriate shaping, such as those which are 

usual for catalysts. Processes in which the shaping is effected 

by extrusion in conventional extruders, for example to give 

extrudates having a diameter of, usually, from 1 to 10 mm, in 

40 particular from 2 to 5 mm, are preferred. If binders and/or 

assistants are required, the extrusion is advantageously preceded 

by a mixing or kneading process. If necessary, the extrusion may 

be followed by a calcination step. The extrudates obtained are, 

if desired, comminuted, preferably to give granules or chips 

45 having a particle diameter of from 0.5 to 5 mm, in particular 

from 0.5 to 2 mm. These granules or these chips and also catalyst 



0050/46998 

2 

moldings produced by other methods contain virtually no particles 

finer than those having a minimum particle diameter of 0.5 mm. 

In a preferred embodiment, the novel molded oxidation catalyst 

5 contains up to 10 % by weight, based on the total mass of the 
catalyst, of a binder. Particularly preferred binder contents are 

from 0.1 to 7, in particular from 1 to 5, % by weight. Suitable 
binders are in principle all compounds used for such purposes; 

compounds, in particular oxides, of silicon, of aluminum, of 

10 boron, of phosphorus, of zirconium and/or of titanium are 
preferred. Silica is of particular interest as a binder, and the 

Si02 may be introduced into the shaping step in the form of silica 

sol or in the form of tetraalkoxysilanes. Oxides of magnesium and 

of beryllium and clays, for example montmorillonites, kaolins, 
15 bentonites, halloysites, dickites, nacrites and ananxites, may 

also be used as binders. 

Examples of assistants for the compacting shaping processes are 

extrusion assistants, a conventional extrusion assistant being 

20 methylcellulose. Such agents are, as a rule, completely combusted 
in a downstream calcination step. 

The molded oxidation catalysts prepared in this manner have a 

high mass-specific activity and hardness and abrasion resistance 

25 sufficient for all reaction procedures and reactor types. 

The molded oxidation catalysts are based on titanium silicalites 
or vanadium silicalites having a zeolite structure. It is known 
that zeolites are crystalline aluminosilicates having ordered 

30 channel and cage structures whose pore orifices are in the range 
of micropores, which are smaller than 0.9 nm. The network of such 

zeolites is composed of Si04 and Al04 tetrahedra, which are linked 
via common oxygen bridges. A review of the known structures is 

given, for example, in W.M. Meier and D.H. Olson, Atlas of Zeo-
35 lite Structure Types, Butterworth, 2nd Ed., London 1987. 

zeolites which contain no aluminum and in which some of the 

Si(IV) in the silicate lattice is replaced by titanium as Ti(IV) 

are also known. These titanium zeolites, in particular those 
40 having a crystal structure of the MFI type, and possibilities for 

their preparation are described, for example in EP-A 311 983 or 

EP-A 405 978. In addition to silicon and titanium, such materials 
may also contain additional elements, such as aluminum, 
zirconium, tin, iron, cobalt, nickel, gallium, boron or small 

45 amounts of fluorine. 
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In the novel oxidation catalyst, some or aii of the titanium of 
the zeolite may be replaced by vanadium. The molar ratio of tita­
nium and/or vanadium to the sum of silicon and titanium and/or 
vanadium is as a rule from 0.01:1 to 0.1:1. 

It is known that titanium zeolites having an MFI structure can be 
identified by a certain pattern in their X-ray diffraction pat­
terns and additionally by means of a skeletal vibration band in 
the infrared range (IR) at about 960 cm-1 and thus differ from 

10 alkali metal titanates or crystalline and amorphous Ti02 ·phases. 

Typically, the stated titanium zeolites and also vanadium zeo­
lites are prepared by reacting an aqueous mixture comprising an 
Si02 source, a titanium or vanadium source, such as titanium 

15 dioxide or a corresponding vanadium oxide, and a 
nitrogen-containing organic base (template compound), eg. 
tetrapropylanunonium hydroxide, with or without the addition of 
alkali metal compounds, in a pressure-resistant container at 
elevated temperatures over a period of several hours or a few 

20 days, the crystalline product being formed. This is filtered off, 
washed, dried and calcined at elevated temperatures to remove the 
organic nitrogen base. In the powder thus obtained, the titanium 
or the vanadium is present at least partly within the zeolite 
skeleton, in varying proportions with four-, five- or six-fold 

25 coordination. To improve the catalytic behavior, a repeated wash 
treatment with hydrogen peroxide solution containing sulfuric 
acid may be carried out subsequently, after which the titanium 
zeolite or vanadium zeolite powder must again be dried and 
calcined; this may be followed by treatment with alkali metal 

30 compounds to convert the zeolite from the H form into the 
cationic form. The titanium zeolite or vanadium zeolite powder 
prepared in this manner is then molded as described above for the 
purposes of the present invention. 

35 Preferred titanium zeolites or vanadium zeolites are those having 
a pentasil zeolite structure, in particular the types assigned by 
X-ray diffraction to the BEA, MOR, TON, MTW, FER, MFI, MEL or 
MFI/MEL mixed structure. Zeolites of this type are described, .for 
example, in W.M. Meier and D.H. Olson, Atlas of Zeolite Structure 

40 Types, Butterworth, 2nd Ed., London 1987. Titanium-containing 
zeolites having the ZSM-48, ZSM-12, ferrierite, P-zeolite or 
mordenite structure are also possible for the present invention. 

The novel oxidation catalyst contains from 0.01 to 30, in partic-
45 ular from 0.05 to 15, especially from 0.1 to 8, % by weight, 

based in each case on the amount of the titanium zeolites or va­
nadium zeolites, of the stated noble metals. Palladium is 
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particularly preferred. The noble metals can be applied to the 
catalyst in the form of suitable noble metal components, for ex­
ample in the forrii of water-soluble salts, before, during or after 
the compacting shaping step. 

In many cases, however, it is most advantageous not to apply the 
noble metal components to the catalyst moldings under after the 
shaping step, part~cularly when a high-temperature treatment of 
the noble metal-containing catalyst is undesirable. The noble 

10 metal components can be applied to the molded catalyst in partic­
ular by ion exchange, impregnation or spraying on. The applica­
tion may be effected by means of organic solvents, aqueous ammo­
niacal solutions or supercritical phases, such as carbon dioxide. 

15 By using these abovementioned methods, it is quite possible to 
produce a very wide range of catalysts containing noble metals. 
Thus, a type of coated catalyst can be produced by spraying the 
noble metal solution onto the catalyst moldings. The thickness of 
this shell containing noble metal can be substantially increased 

20 by impregnation, whereas ion exchange results in the catalyst 
particles containing noble metal distributed substantially uni­
formly over the cross-section of the molding. 

The novel molded oxidation catalyst is very useful for epoxidiz-
25 ing olefins by means of hydrogen and oxygen. The present inven­

tion therefore also relates to a process for the preparation of· 
epoxides from olefins, hydrogen and oxygen, wherein the olefins 
are converted under heterogeneous catalysis using a novel oxida­
tion catalyst. 

30 
The novel process for the preparation of epoxides can be carried 
out in principle by all conventional reaction procedures and in 
all conventional reactor types, for example by the suspension 
procedure or in a fixed-bed arrangement. Continuous or batchwise 

35 methods may be employed. However, the epoxidation is preferably 
carried out in a fixed-bed apparatus. 

Depending on the olefin to be converted, the novel epoxidation 
can be carried out in the liquid phase, in the gas phase or in 

40 the supercritical phase, reaction of the olefins with the hydro­
gen/oxygen gas mixture in a liquid phase or a gas phase procedure 
being preferred. 

If the novel epoxidation is carried out in the liquid phase, it 
45 is advantageous to operate at from 1 to 10 bar and in the pres­

ence of solvents. Suitable solvents are alcohols, eg. methanol, 
ethanol, isopropanol or tert-butanol or mixtures thereof, and in 
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particular water. It is also possible to use mixtures of the 
stated alcohols with water. In certain cases, use of water or 
water-containing $olvent systems substantially increases the 
selectivity of the desired epoxide compared with pure alcohols as 

5 solvents. 

The novel epoxidation is carried out, as a rule, at from -20 to 
10°c, in particular from -5 to 50°C. The molar ratio of hydrogen 
to oxygen H2:02 can usually be varied in the range from 

10 1:10 to 1:1 and is particularly advantageously from 1:5 to 1:1. 
The molar ratio of oxygen to olefin is as a rule from 1:4 to 
1:10, preferably from 1:5 to 1:7. Any desired inert gas may be 
fed in as a carrier gas, nitrogen being particularly suitable. 

15 The olefin used may be any desired organic compound which con­
tains at least one ethylenically unsaturated double bond. It may 
be aliphatic, aromatic or cycloaliphatic and may consist of a 
_linear or a branched structure. Preferably, the olefin contains 2 
to 30 carbon atoms. More than one ethylenically unsaturated 

20 double bond may be present, this being the case, for example, in 
dienes or trienes. The olefin may additionally contain functional 
groups, such as halogen atoms, carboxyl groups, carboxylic ester 
functions, hydroxyl groups, ether bridges, sulfide bridges, 
carbonyl functions, cyano groups, nitro groups or amino groups. 

25 
Typical examples of such olefins are ethylene, propane, !-butene, 
cis- and trans-2-butene, 1,3-butadiene, pentenes, isoprene, 
hexenes, octenes, nonenes, decenes, undecenes, dodecenes, 
cyclopentene, cyclohexene, dicyclopentadiene, methylenecyclo-

30 propane, vinylcyclohexane, vinylcyclohexene~ allyl chloride, 
acrylic acid, methacrylic acid, crotonic acid, vinylacetic acid, 
allyl alcohol, alkyl acrylates, alkyl methacrylates, oleic acid, 
linoleic acid, linolenic acid, esters and glycerides of such 
unsaturated fatty acids, styrene, a-methylstyrene, divinyl-

35 benzene, indene and stilbene. Mixtures of the stated olefins may 
also be epoxidized by the novel process. 

40 

The novel process is particularly suitable for epoxidizing pro­
pane to give propylene oxide. 

The novel molded oxidation catalysts have a number of advantages. 
As stated above, the oxidation catalysts have a high mass­
specific activity, which furthermore does not substantially 
decrease in the course of time, and sufficient hardness and 

45 abrasion resistance, which makes them particularly interesting 
for use in fixed-bed apparatuses. Because the catalyst moldings 
have no fractions of small and very small particles which may 
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have adverse influences due to retention effects, the spectrum of 

by-products and secondary products in the epoxidation is small 

and an associated reduction in activity with time is virtually 

undetectable. 

Also advantageous is the small amount of binder required in the 

molded oxidation catalyst, ie. not more than 10 % by weight; usu­

ally, such catalysts contain up to 20 % by weight of binder. Such 

high binder contents do of course adversely affect the activity 

10 of the catalyst. 

15 

The examples which follow illustrate the preparation of the novel 

oxidation catalysts and the novel epoxidation without implying 

any restriction. 

Example 1 

455 g of tetraethyl orthosilicate were initially taken in a 2 1 

four-necked flask and 15 g of tetraisopropyl orthotitanate were 

20 added through a dropping funnel in the course of 30 minutes while 

stirring (250 rpm, paddle stirrer). A colorless, clear mixture 

formed. Finally, 800 g of a 20 % strength by weight tetrapropyl­

anunonium hydroxide solution (alkali content < 10 ppm) were added 

and stirring was continued for a further hour. The alcohol mix-

25 ture (about 450 g) formed as a result of the hydrolysis was dis­

tilled off at from 90 to 100°c. The mixture was made up with 1.5 1 

of deionized water and the now slightly opaque sol was introduced 

into a 2.5 1 stainless steel stirred autoclave. 

30 The closed autoclave (anchor stirrer, 200 rpm) was brought to a 

reaction temperature of 175°C at a heating rate of 3°/min. After 

92 hours, the reaction was complete. The cooled reaction mixture 

(white suspension) was centrifuged and the solid product was 

washed neutral with water. The solid obtained was dried at ll0°C 

35 for 24 hours (weight 149 g). 

40 

Finally, the template still remaining in the zeolite was removed 

by calcination under air at 550°C in 5 hours (calcination loss: 

14 % by weight). 

Wet chemical analysis showed that the pure white product had a Ti 

content of 1.5 % by weight and a residual alkali content of less 

than 100 ppm. The yield was 97 %, based on Si02 used. The crystal­

lites measured 0.05 - 0.25 µm and the product showed a typical IR 

45 band at about 950 cm-1. 



0050/46998 

7 

Example 2 

1000 g of titanium silicalite from Example 1 were suspended in a 
5 mixture of 6 1 of a 5 % strength by weight sulfuric acid and 

600 g of 30 % strength by weight hydrogen peroxide solution and 
stirred at 80°C for 2 hours. Thereafter, the titanium silicate 
treated in this manner was filtered off with suction and treated 
a further three times as described. The titanium silicalite was 

10 then suspended in 6 1 of water, stirred at 80°C for 2 hours and 
filtered off with suction. This process was repeated once. There­
after, the solid treated in this manner was dried at 150°C and 
then calcined at 500°C for 5 hours under air. 

15 Example 3 

950 g of titanium silicalite from Example 2 were suspended in 6 1 
of a 1 % strength by weight sodium acetate solution in water and 
refluxed for 20 minutes, after which the titanium silicalite was 

20 filtered off with suction. This process was repeated twice more. 

25 

The titanium silicalite treated in this manner was then suspended 
in 6 1 of water, refluxed for 30 minutes and filtered off with 
suction. This process, too, was repeated. The titanium silicalite 
was then dried at 150°C and calcined at 500°C. 

Example 4 

100 g of titanium silicalite from Example 3 were dry-blended with 
5 g of methylcellulose. This mixture was compacted in a kneader 

30 with the addition of 95 ml of water and processed at a mold 
pressure of 30 bar to give extrudates of 2 mm diameter. These 
extrudates were dried overnight at 110°c and calcined for 5 hours 
at 500°C. The lateral compressive strength of the extrudates with­
out a binder was 9.5 N. 

35 
Example 5 

100 g of titanium silicalite from Example 3 were dry-blended with 
5 g of methylcellulose. This mixture was compacted in a kneader 

40 with the addition of 70 ml of water and 12.5 g of anunonium-stabi­
lized silica sol (Ludox® AS-40, DuPont, 40 % by weight of Si02 ) 

and processed at a mold pressure of 30 bar to give extrudates of 
2 mm diameter. These extrudates were dried overnight at ll0°C and 
calcined for 5 hours at 500°C. The lateral compressive strength of 

45 the extrudates containing 4.8 % by weight of binder was 22.5 N. 
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Example 6 

113 g of molded titanium silicalite according to Example 5 were 
5 introduced into a glass tube with incorporated glass frit and 

covered with glass wool. A solution of 3.8 g of PdCl2 and 25 % 
strength by weight aqueous ammonia solution was slowly circulated 
through this filled glass tube. After 24 hours, virtually all the 
palladium had been removed from the circulating liquid. The cata-

10 lyst extrudates were then washed chloride-free with water in the 
glass tube. The catalyst extrudates treated in this manner were 
then dried at 60°C under reduced pressure for 16 hours. 

In a laboratory oven (quartz glass, diameter 10 cm, length of 
15 heating zone 20 cm), 50 g of the Pd-modified product were treated 

in the course of 90 minutes at 50°C with a gas mixture comprising 
20 l/h of nitrogen and 1 l/h of hydrogen at an oven speed of 
50 rpm. 

20 Comparative Example A 

To impregnate titanium silicalite powder from Example 3, a flesh­
colored solution was first prepared with 0.515 q of palladium(II) 
chloride and 120 g of ammonia solution (25 % strength by weight 

25 in ~ater) with stirring at room temperature. In a round-bottomed 
flask, 60 g of the freshly prepared titanium silicalite from Ex~ 
ample 3 were suspended in 130 g of demineralized water. The total 
amount of the prepared tetramine-chloro-palladium complex solu­
tion was added and stirring was carried out for 1 hour in a 

30 rotary evaporator at room temperature and atmospheric pressure. 
Finally, the suspension was evaporated down at from 90 to 100°C 
under reduced pressure (from 5 to 19 mbar). The white product was 
used directly for the reduction. 

35 In a laboratory oven (quartz glass, diameter 5 cm, length of 
heating zone 20 cm), 20 g of the Pd-modified product were reduced 
in the course of 90 minutes at 50°C with a gas mixture comprising 
20 l/h of nitrogen and 1 l/h of hydrogen at an oven speed of 
50 rpm. 

40 
Comparative Example B 

In a pressure-resistant glass reactor, 2 g of catalyst from Com­
parative Example A were suspended, while stirring, in 1650 ml of 

45 methanol as solvent. At 60°c and 5 bar, a gas mixture comprising 
5 l/h of propene, 0.25 l/h of hydrogen, 1 l/h of oxygen and 
0.5 l/h of nitrogen was then passed in. With an exit gas stream 
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of 6.8 1, gas chromatographic analysis indicated 0.30 % by volume 

of propylene oxide after 44 hours, 0.68 % by volume of propylene 

oxide after 139 hours, 0.50 % by volume of propylene oxide after 

270 hours and 0.32 % by volume of propylene oxide after 

5 360 hours. This demonstrates a substantial decrease in activity 

in the course of the last 220 hours. 

Example 7 

10 9.8 g of a catalyst from Example 6 were installed in a glass 

reactor and were flooded with a solvent stream of 4.5 kg/h of an 

aqueous methanol solution by an ascending method and the mixture 

was circulated. 6.2 l/h of propene, 1.2 l/h of oxygen and 0.3 l/h 

of hydrogen were metered into the 210 ml of solvent at the reac-

15 tor inlet with pressure regulation at 5 bar. Concentrations of 

0.11 % by volume of propylene oxide were found in the exit gas 

over a duration of about 120 hours. 

20 

25 

30 

35 

40 

45 
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we claim: 

1HIS SHEE1 HAS BEEN 
REPLACED 

1. An oxidation catalyst based on a titanium silicalite or vana-

5 dium silicalite having a zeolite structure and containing 

from 0.01 to 30 % by weight of one or more noble metals se­

lected from the group consisting of ruthenium, rhodium, pal­

ladium, osmium, iridium, platinum, rhenium, gold and silver, 

wherein the oxidation catalyst has been molded by a compact-

10 ing shaping process. 

2. An oxidation catalyst as claimed in claim 1, which has a 

minimum particle diameter of 0.5 mm. 

15 3. An oxidation catalyst as claimed in claim 1 or 2, which con­

tains up to 10 % by weight, based on the total mass of the 

molded catalyst, of binder. 

4. An oxidation catalyst as claimed in claim 3, which contains, 

20 as the binder, a compound of silicon, of aluminum, of boron, 

of phosphorus, of zirconium or of titanium. 

5. An oxidation catalyst as claimed in any of claims 1 to 4, 

~hich additionally contains one or more elements selected 

25 from the group consisting of aluminum, boron, fluorine, zir-

conium, gallium, tin, iron, cobalt and nickel in the zeolite 

. skeleton. 

6. An oxidation catalyst as claimed in any of claims 1 to 5, 

30 having a molar ratio of titanium or vanadium to the sum of 

silicon and titanium or vanadium of 0.01:1 to 0.1:1. 

7. An oxidation catalyst as claimed in any of claims 1 to 6, 

obtainable by applying the noble metals in the form of suit-

35 able noble metal components to the_catalyst before, during or 

after the compacting shaping process. 

8. A process for the preparation of an epoxide from an olefin, 

hydrogen and oxygen, wherein the olefin is converted under 

40 heterogeneous catalysis using an oxidation catalyst as 

claimed in any of claims 1 to 7. 

9. A process as claimed in claim 8 for the preparation of an 

epoxide, wherein the reaction is carried out in a fixed-bed 

45 apparatus. 
--------··----
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THIS SHEET HAS BEEN 
REPLACED 

10. A process as claimed in claim 8 or 9 for the preparation of 

propylene oxide from propene. 


