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Catalyst for the oxidation of ethylene to ethylene oxide

The present invention is directed to a shaped catalyst body for preparing ethylene oxide, which
comprises at least silver, cesium and rhenium applied to an alumina support, wherein the alu-
mina support comprises Si, Ca, and Mg in a defined amount. Furthermore, the present invention
is directed to a process for preparing the catalyst according to the present invention and pro-
cess for preparing ethylene oxide by gas-phase oxidation of ethylene by means of oxygen in the
presence of a shaped catalyst body according to the present invention.

Ethylene oxide is an important basic chemical and frequently prepared on an industrial scale by
direct oxidation of ethylene with oxygen in the presence of silver-containing catalysts. These
catalysts usually comprise metallic silver and further elements, which have been deposited on a
support material by means of a suitable process.

Apart from silver as active component, these catalysts often comprise promoters for improving
the catalytic properties (WO 2007/122090, WO 2010/123856). Examples of promoters are alkali
metal compounds and/or alkaline earth metal compounds. Some documents teach the use of
transition metals such as cobalt (EP 0 480 538), tungsten or molybdenum. A particularly pre-
ferred promoter for influencing the activity and selectivity of catalysts is rhenium. In industry,
preference is given to using catalysts comprising rhenium and/or other transition metal promot-
ers in combination with alkali metal compounds and/or alkaline earth metal compounds because
of their high selectivity. Selectivity is, for example in the case of the oxidation of ethylene, the
molar percentage of ethylene which reacts to form ethylene oxide. The activity of the catalyst is
usually characterized by the ethylene oxide concentration at the reactor outlet under otherwise
constant conditions, for example temperature, pressure, gas throughput, amount of catalyst,
etc. The higher the ethylene oxide concentration in the reactor output stream, the higher the
activity of the catalyst. The lower the temperature required for achieving a predetermined eth-
ylene oxide concentration, the higher the activity.

The direct oxidation of ethylene to ethylene oxide using supported silver catalysts is described,
for example, in DE-A-2300512, DE-A 2521906, EP-A-0014457, DE-A-2454972, EP-A-0172565,
EP-A-0357293, EP-A-0266015, EP-A-0011356, EP-A-0085237, DE-A-2560684 and DE-A-
2753359.

As supports, it is in principle possible to use various porous materials such as activated carbon,
titanium dioxide, zirconium dioxide or silicon dioxide or ceramic compositions or mixtures of
these materials. In general, alpha-aluminum oxide is used as support.

EP 0 266 015 B1 discloses a catalyst composition, suitable for the catalytic manufacture of eth-
ylene oxide from ethylene and oxygen, containing silver and a support, characterized in that the
catalyst composition comprises a promoting amount of rhenium or compound thereof, a promot-
ing amount of at least one further metal or compound thereof and that the support has a surface
area of less than 20 m?/g. Table 5 of EP 0 266 015 B1 discloses a series of catalysts with Re-
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concentration in the range of 0 to 744 ppmw, Cs-concentration in the range of 236 to 634 ppmw
prepared using a carrier with surface area of 0.42 m2/g.

It is in principle possible to use alpha-aluminum with a wide-range of physical properties as
support material. Typically, supports with relatively low surface area (<10 m?/g) and either a
mono-modal or bi-modal pore distribution are preferred. For example, US 7560577 B2 and US
7977274 B2 disclose the use of a support with a two log differential pore volume distribution
peaks in a pore diameter range of 0.01 — 100 um and 1 - 20 pm, respectively, and at least one
peak in a pore diameter range of 0.01 — 1.0 um and 0.1 — 5 um, respectively, measured by mer-
cury porosimetry.

EP 0 496 470 A1 discloses an ethylene oxide catalyst for the vapor phase production of eth-
ylene oxide from ethylene and oxygen comprising a catalytically effective amount of silver, a
promoting amount of alkali metal and a promoting amount of rhenium supported on a carrier
comprising at least 85 percent by weight of alpha alumina, from 0.05 to 6 percent by weight
(measured as the oxide, MO) of an alkaline earth metal in the form of an oxide, from 0.01 to 5
percent by weight (measured as the dioxide) of silicon in the form of an oxide and from zero to
10 percent by weight (measured as the dioxide) of zirconium in the form of an oxide. Further-
more, EP 0 496 470 A1 discloses the carrier water pore volume between 0.2 and 0.6 ¢c/g and a
surface area between 0.15 and 3 m?/g.

EP 1 308 442 B1 discloses a catalyst for the production of ethylene oxide, having a silver de-
posited on a carrier containing at least 90.0 mass% of a-alumina, 0.03% - 0.8 mass% of potas-
sium and iron (calculated as Fe>O3 and K>O) wherein both potassium and iron are present on
the carrier, 0.1-5 mass% of a silicon compound (calculated as oxide), and 1 - 5 mass% of a zir-
conium compound (calculated as oxide). EP 1 308 442 B1 furthermore discloses carrier BET
specific surface area in the range of 0.05 — 10 m2/g, and a water absorption ratio in the range of
10 -70%.

US 2009/0177016 A1 discloses a catalyst which comprises a carrier and silver deposited on the
carrier in a quantity of at least 10 g/kg, relative to the weight of the catalyst, which carrier has a
surface area of at least 1 m?/g, and a pore size distribution such that pores with diameters in the
range from 0.2 to 10 pm represent at least 70% of the total pore volume and such pores togeth-
er provide a pore volume of at least 0.27 ml/g, relative to the weight of the carrier. Table 1 of US
2009/0177016 A1 discloses inventive carriers with surface area in the range of 2.04 to 2.51
m2/g and comparative carrier with surface area of 0.73 m2/g. US 2009/0177016 A1 discloses
further in [0124] catalyst compositions using carrier C with surface area of 2.51 m?/g containing
3 mmoles Re and 10.5 mmoles Cs or 2 mmoles Re and 10.3 mmoles Cs per kg of catalyst cor-
responding to Re-content in the range of 372.4 to 558.6 ppmw and Cs-content of 1369 to 1396
ppmw.

US 2009/0198076 A1 discloses a catalyst for the epoxidation of an olefin to an olefin oxide
comprising a support having at least two pore size distributions, each pore size distribution pos-
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sessing a different mean pore size and a different pore size of maximum concentration, the cat-
alyst further comprising a catalytically effective amount of silver, a promoting amount of rheni-
um, and a promoting amount of one or more alkali metals, wherein the at least two pore size
distributions are within a pore size range of about 0.01 pm to about 50 pm. In a table referring to
examples of aluminium oxides US 2009/0198076 A1 discloses supports with surface area in the
range of 0.6 to 1.0 m2/g (Support A, B, and C).

US 2010/0191006 A1 discloses a catalyst useful in the epoxidation of an olefin to an olefin ox-
ide, the catalyst comprising a support having a multimodal pore size distribution comprising a
first and a second distribution of pore sizes wherein each distribution of pore sizes possesses a
different mean pore size and a different pore size of maximum concentration, said support hav-
ing a catalytically effective amount of silver, a promoting amount of rhenium, and cesium in an
amount up to but not exceeding 700 ppm disposed thereon. Table 1 of US 2010/0191006 A1
lists inventive catalysts with Cesium content in the range of 500 to 650 ppm. Re content was
selected according to US 4,766,105. US 2010/0191006 A1 further teaches that a catalyst with a
Cs content of 750 ppm does not reach the desired productivity.

US 2014/0100379 discloses a carrier comprising at least 85 wt% alpha alumina, at least 0.06
wt% SiO, and no more than 0.04 wt% NaO, said carrier comprising a water absorption no
greater than 0.35 gram of water/gram of carrier and a ratio of water absorption (gram of wa-
ter/gram of carrier) to surface area (m? of carrier/gram of carrier) no greater than 0.50 gram of
water/m? of carrier. According to US 2014/0100379 the amount of silica could be between 0.06
to 0.4 wt%, and the amount of Na>O could be between 0.01 and 0.04 wt%, such as 0.02 and
0.03 wt%.

Even though numerous processes for preparing ethylene oxide are disclosed in the state of the
art, there is still a need for catalysts with improved performance which can be used to improve
processes for preparing ethylene oxide on an industrial scale.

It was an object of the present invention to provide mechanically robust catalysts for the epoxi-
dation of alkenes, which display advantageous activity and/or selectivity. It was a further object
of the present invention to provide an improved process for preparing ethylene oxide with good
performance over a long period.

According to the present invention, this object is solved by a shaped catalyst body for preparing
ethylene oxide, which comprises at least silver, cesium and rhenium applied to an alumina sup-
port, wherein the alumina support comprises Si with the Si content in the carrier being defined
as Cs;and measured in ppm per total support weight, Ca with the Ca content in the carrier being
defined as Ccs and measured in ppm per total support weight, and Mg with the Mg content in
the carrier being defined as Cuy and measured in ppm per total support weight,

wherein the value of the expression R7= Cs/AWs— Ccd AWes— Cud AWy is in the range of 1 to
100 mmol/kg, preferably 5 to 75 mmol/kg, more preferable 10 to 60 mmol/kg per weight of the
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carrier, and AWs, AWc., and AW, relate to atomic weight of Si, Ca and Mg in g/mol, respec-
tively, and

wherein the catalyst comprises Ag with the Ag content in the catalyst being defined as Cag and

measured in weight percent per total catalyst weight, Cs with the Cs content in the catalyst be-

ing defined as Ccs and measured in ppm per total catalyst weight, Re with the Re content in the
catalyst being defined as Cre and measured in ppm per total catalyst weight,

wherein the value of the expression R2= Ccd AWes - Crd AWre is in the range of 1.0 10 5.0
mmol/kg per weight of total catalyst, and AW¢s, and AWk relate to atomic weight of Cs and Re
in g/mol, respectively and

the value of the expression R3= R2/[R7x (100 - Cag) / 100] is in the range of 0.05 to 1.

Such catalysts display excellent EO-selectivity, activity and overall ethylene oxide productivity.
The present invention further relates to a process for producing the catalyst, to the catalyst ob-
tainable by this process, and to the use of the catalyst for oxidizing ethylene to ethylene oxide.
In addition, the present invention relates to a process for production of ethylene oxide from eth-
ylene, which comprises the oxidation of ethylene with oxygen in the presence of said catalyst.

It was surprisingly found that the catalyst according to the present invention with a defined
amount of cesium, silver and rhenium applied to an alumina support which has a well defined
content of silicium, calcium and magnesium shows excellent activity. Furthermore, the catalyst
shows also excellent selectivity after longer time on stream (e.g. TOS = 300 h). Accordingly,
novel catalysts for the epoxidation of alkenes have been found, comprising a defined alumina
support, the catalyst further comprising silver, rhenium, and cesium, and optionally comprising
further lithium, tungsten and sulfur. Such catalysts display excellent ethylene oxide productivity.

According to the present invention, the shaped catalyst body comprises at least silver, cesium
and rhenium applied to an alumina support. The alumina support comprises Si with the Si con-
tent in the carrier being defined as Cs;and measured in ppm per total support weight, Ca with
the Ca content in the carrier being defined as C¢, and measured in ppm per total support
weight, and Mg with the Mg content in the carrier being defined as Cyy, and measured in ppm
per total support weight. According to the present invention, the value of the expression R7=
CsiAWsi— Cod AWea— Cug AWiy is in the range of 1 to 100 mmol/kg, preferably 5 to 75
mmol/kg, more preferable 10 to 60 mmol/kg per weight of the carrier, and AWs, AW, and
AWy, relate to atomic weight of Si, Ca and Mg in g/mol, respectively.

Furthermore, the catalyst comprises Ag with the Ag content in the catalyst being defined as Cag
and measured in weight percent per total catalyst weight, Cs with the Cs content in the catalyst
being defined as C¢s and measured in ppm per total catalyst weight, Re with the Re content in

the catalyst being defined as Cr. and measured in ppm per total catalyst weight, and the value
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of the expression R2= Ccd AWes - Crd AWke is in the range of 1.0 to 5.0 mmol/kg per weight of
total catalyst, and AWcs, and AWk, relate to atomic weight of Cs and Re in g/mol, respectively.
The catalyst according to the present invention have a defined content of active metals which is
linked to the composition of the support. According to the present invention, the value of the
expression R3= R2/[R7x (100 - Cag) / 100] is in the range of 0.05 to 1.

It was surprisingly found that the content of silica, calcium and magnesium in the support and
the relative contents of the active metals is crucial for the properties of the catalyst.

The content of silicon, calcium and magnesium can vary in broad ranges as long as the above
relation is fulfilled. Preferably, the silicon content is in the range from 200 to 4000 ppm based on
the total weight of the support and calculated as element, more preferably in the range of from
350 to 3500, in particular in the range of from 500 to 3000.

According to a further embodiment, the present invention is also directed to the shaped catalyst
body as disclosed above, wherein the Si content in the carrier Cs;is in the range from 200 to
4000 ppm based on the total weight of the support and calculated as element.

Preferably, the calcium content is in the range from 100 to 1000 ppm based on the total weight
of the support and calculated as element, more preferably in the range of from 250 to 750, in
particular in the range of from 400 to 600. According to a further embodiment, the present in-
vention is also directed to the shaped catalyst body as disclosed above, wherein the Ca content
in the carrier Ccsis in the range from 100 to 1000 ppm based on the total weight of the support
and calculated as element

Preferably, the magnesium content is in the range up to 1000 ppm based on the total weight of
the support and calculated as element, more preferably in the range of from 10 to 950, in partic-
ular in the range of from 50 to 750. According to a further embodiment, the present invention is
also directed to the shaped catalyst body as disclosed above, wherein the alumina support
comprises up to 1000 ppm of magnesium, based on the total weight of the support and calcu-
lated as element.

In the context of the present invention, the catalyst can comprise further active metals. Also the
support can comprise further components such as for example sodium or potassium.

According to the present invention, the alumina support preferably has the shape of a hollow
cylinder. The precise dimensions of this hollow cylinder are generally of minor importance.
However, the hollow cylinders should advantageously have a size which allows unhindered dif-
fusion of the reaction gases at a very large part of the catalytically active external and internal
surface coated with silver particles and optionally with further promoters of the alumina sup-
ports.
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The term "alumina" as used here comprises all conceivable structures such as alpha-, gamma-
or theta-alumina. In a preferred embodiment, the alumina support is an alpha-alumina support.

In a further preferred embodiment, the alpha-alumina has a purity of at least 75%, preferably a
purity of at least 80%, more preferably a purity of at least 85%, more preferably a purity of at
least 90%. For example, the alpha-alumina has a purity of at least 98%, of at least 98.5% or of
at least 99%.

The term alpha-alumina therefore also comprises alpha-aluminas which comprise further con-
stituents, in particular constituents selected from the group consisting of zirconium, alkali met-
als, alkaline earth metals, silicon, zinc, gallium, hafnium, boron, fluorine, copper, nickel, manga-
nese, iron, cerium, titanium, chromium and mixtures of two or more thereof.

The alpha-alumina can comprise the constituents in any suitable form, for example as element
or in the form of one or more compounds. If the alpha-alumina comprises one or more constitu-
ents in the form of a compound, it comprises the latter as, for example, oxide or mixed oxide.

As regards the amount of the further constituents, the total content of the further constituents is
preferably in the range of less than 25% by weight, more preferably less than 20% by weight,
more preferably less than 15% by weight and more preferably less than 10% by weight, based
on the total weight of the alumina support and calculated as the sum of the elements other than
aluminum and oxygen.

If the alumina support comprises, for example, sodium and potassium, it preferably comprises
this in an amount in the range of less than 1000 ppm, such as preferably less than 900 ppm by
weight, preferably less than 800 ppm by weight, based on the total weight of the alumina sup-
port and calculated as element.

If the alumina support comprises, for example, zirconium, it preferably comprises this in an
amount in the range of less than 10000 ppm, such as preferably less than 9000 ppm by weight,
preferably less than 8000 ppm by weight, based on the total weight of the alumina support and
calculated as element.

If the alumina support comprises further constituents, for example constituents selected from
the group consisting of gallium, hafnium, boron, fluorine, copper, nickel, manganese, iron, ceri-
um, titanium and chromium, it preferably comprises each of these in an amount of not more
than 500 ppm by weight, in each case calculated as metal and based on the total weight of the
alumina support.

The alumina supports used according to the invention preferably have a BET surface area de-
termined in accordance with DIN ISO 9277 of from 0.5 to 4.0 m2/g, more preferably in the range
from 0.95 to 3.0 m2/g. If not noted otherwise, the BET surface is determined according to DIN
ISO 9277 in the context of the present invention.
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According to a further embodiment, the present invention is also directed to the shaped catalyst
body as disclosed above, wherein the alumina support has a BET surface area in the range
from 0.95 to 3.0 m2/g.

According to another embodiment, the present invention is also directed to the shaped catalyst
body as disclosed above, wherein the alumina support has a BET surface area in the range
from 1.0 to 2.2 m%/g.

Furthermore, the alumina supports according to the invention preferably have pores having di-
ameters in the range from 0.1 to 100 um, where the pore distribution can be monomodal or pol-
ymodal or multimodal, for example bimodal. The alumina supports preferably have a bimodal or
multimodal pore distribution.

According to a further embodiment, the present invention is also directed to the shaped catalyst
body as disclosed above, wherein the alumina support, preferably the alpha-alumina support,
has a bimodal or multimodal pore size distribution.

According to the present invention, at least one of the pore size distributions preferably is within
a pore size range of about 0.1 to 5 ym. Furthermore, preferably a further pore size distributions
is within a pore size range of about 5 ym to 80 um, preferably 10 um to 70 um, more preferably
33 pm to 60 pm.

Therefore, according to a further embodiment, the present invention is also directed to the
shaped catalyst body as disclosed above, wherein the alumina support has at least two pore
size distributions wherein at least one of the pore size distributions is within a pore size range of
about 0.1 to 5 pm.

According to a further embodiment, the present invention is also directed to the shaped catalyst
body as disclosed above, wherein the alumina support has at least two pore size distributions
wherein at least one of the pore size distributions is within a pore size range of about 5 um to 80
pm, preferably 10 um to 70 pm, more preferably 33 um to 60 um

According to another embodiment, the present invention is also directed to the shaped catalyst
body as disclosed above, wherein the alumina support comprises less than 1% of its total pore
volume being present in pores having diameters of less than 0.1 um.

Unless otherwise noted, the pore size is determined by Hg porosimetry in accordance with
DIN 66133 in the context of the present invention.
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The water absorption of the alumina supports is preferably in the range from 0.35 ml/g to 0.65
ml/g, preferably in the range from 0.42 ml/g to 0.60 ml/g, determined by vacuum cold water up-
take.

In general, such alumina supports are produced by mixing the alumina support material, in par-
ticular the alumina, with addition of at least one binder or at least one extrusion aid or at least
one pore former or at least one water-comprising composition or a mixture of two or more
thereof and subsequently shaping the mixture to give a shaped body.

Suitable pore formers are, for example, cellulose and cellulose derivatives, e.g. carboxymethyl-
cellulose, polyolefins such as polyethylenes and polypropylenes. The pore formers are usually
removed essentially completely, preferably completely, by means of subsequent calcination of
the alumina support.

Suitable binders are, for example, alumina gels with nitric acid or acetic acid, cellulose, methyl-
cellulose, ethylcellulose, carboxyethylcellulose, methyl or ethyl stearate, waxes, polyolefin ox-
ides. Suitable extrusion aids are, for example, described in EP 0496 386 B2, page 3 [0019-
0021].

The shaped body obtained as described above is usually optionally dried after shaping and cal-

cined to give the alumina support as per (a). Calcination is usually carried out at temperatures in
the range from 1200°C to 1600°C. The alumina support is often additionally washed after calci-

nation in order to remove soluble constituents.

Alumina supports are, for example, commercially available from Saint-Gobain NorPro Co., Nor-
itake Co., CeramTec AG.

The content of the active metals in the catalyst can vary in broad ranges as long as the above
definition is fulfilled. Preferably, the rhenium content Cre exceeds 450 ppm per weight of the
total catalyst, and the cesium content Ccs exceeds 450 ppm per weight of the total catalyst.
Therefore, according to a further embodiment, the present invention is also directed to the
shaped catalyst body as disclosed above, comprising rhenium, and cesium, in amounts such
that the rhenium content Cg. exceeds 450 ppm per weight of the total catalyst, and the cesium
content Cgs exceeds 450 ppm per weight of the total catalyst.

Apart from rhenium and cesium , the shaped catalyst body as described above comprises silver
as active metal applied to the alumina support. Preferably, the silver content Cagis in an amount
of from 5 to 40% by weight, more preferably in an amount of from 10 to 35% by weight, calcu-
lated as element and based on the total weight of the shaped catalyst body

The present invention accordingly provides a shaped catalyst body as disclosed above, wherein
the shaped catalyst body comprises silver in an amount of from 5 to 40% by weight, based on
the total weight of the shaped catalyst body and calculated as element.
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The catalyst according to the present invention can comprises further active metals, in particular
promoters. According to a further embodiment, the present invention is also directed to the
shaped catalyst body as disclosed above, wherein the catalyst comprises at least one promoter
selected from the group consisting of elements of groups IA, VIB, VIIB and VIA, preferably select-
ed from the group consisting of tungsten, lithium and sulfur.

Preferably, the catalyst according to the present invention comprises tungsten, lithium and sulfur
as active components.

According to a further embodiment, the present invention is also directed to the shaped catalyst
body as disclosed above, wherein the shaped catalyst body comprises tungsten in an amount in
the range from 5 ppm by weight to 500 ppm by weight, lithium in an amount in the range from
10 ppm by weight to 500 ppm by weight and sulfur in an amount in the range from 0 to 100 ppm
by weight, calculated as element and based on the total weight of the shaped catalyst body.

According to another embodiment, the present invention is also directed to the shaped catalyst
body as disclosed above, wherein the shaped catalyst body comprises tungsten in an amount in
the range from 120 ppm by weight to 250 ppm by weight, lithium in an amount in the range from
120 ppm by weight to 250 ppm by weight and sulfur in an amount in the range from 0 to 50 ppm
by weight, calculated as element and based on the total weight of the shaped catalyst body.

The present invention is further directed to a process for producing a shaped catalyst body
comprising silver and rhenium applied to an alumina support, which comprises

(a) providing an alumina support;
(b) applying silver, cesium and rhenium to the alumina support,

wherein for the alumina support, the value of the expression R7 = Cs/AWsi— Ccdd AWea -

Cud AWy is in the range of 1 to 100 mmol/kg, preferably 5 to 75 mmol/kg, more preferable 10 to
60 mmol/kg weight of the carrier, and AWs;, AW, and AWy, relate to atomic weight of Si, Ca
and Mg in g/mol, respectively, and

wherein the catalyst comprises Ag with the Ag content in the catalyst being defined as Cag and

measured in weight percent per total catalyst weight, Cs with the Cs content in the catalyst be-

ing defined as Ccs and measured in ppm per total catalyst weight, Re with the Re content in the
catalyst being defined as Cre and measured in ppm per total catalyst weight,

wherein the value of the expression R2= Cod AWes - Crd AWre is in the range of 1.0 10 5.0
mmol/kg per weight of total catalyst, and AW¢s, and AWk relate to atomic weight of Cs and Re
in g/mol,
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and silver, rhenium and caesium are applied in amounts such that the value of the expression
R2= Cod AWes - Crd AWVRe is in the range of 1.0 to 5.0 mmol/kg per weight of total catalyst, and
AWes, and AlWg. relate to atomic weight of Cs and Re in g/mol, respectively and the value of the
expression R3= R2/[R7x (100 - Cag) / 100] is in the range of 0.05 to 1.

The application of silver to the shaped catalyst body is preferably carried out by bringing the
alumina support into contact with at least one mixture G1 comprising at least one silver com-
pound.

As regards the contacting of G1 with the catalyst support, all processes by means of which the
mixture can be applied in an appropriate way are generally suitable. The at least one mixture
G1 which comprises at least one silver compound is preferably applied by impregnation, spray-
ing or mixing processes to the support. The processes for producing silver catalysts as are dis-
closed in DE-A 2300512, DE-A 2521906, EP-A 14457, EP-A 85237, EP-A 384312, DE-A
2454972, DE-A 3321895, EP-A 229465, DE-A 3150205, EP-A 172565 and EP-A 357293 may
be mentioned by way of example.

The application of silver is particularly preferably effected by vacuum impregnation at room
temperature. In the vacuum impregnation, the catalyst support as described above is preferably
firstly treated at a pressure in the range of not more than 500 mbar, more preferably at a pres-
sure of not more than 250 mbar and particularly preferably at a pressure of not more than 80
mbar. This is particularly preferably carried out at a temperature in the range from 1°C to 80°C,
more preferably at a temperature in the range from 3°C to 50°C, more preferably at a tempera-
ture in the range from 5°C to 30°C and particularly preferably at room temperature. The vacuum
treatment is preferably carried out for a time of at least 1 minute, preferably at least 5 minutes,
more preferably for a time in the range from 5 minutes to 120 minutes, in particular in the range
from 10 minutes to 45 minutes, particularly preferably in the range from 10 minutes to 30
minutes.

After the vacuum treatment, at least mixture G1 is brought into contact with the catalyst support.
Mixture G1 is preferably dripped or sprayed on, preferably sprayed on. Application is preferably
carried out by means of a nozzle.

Mixture G1 preferably comprises silver in the form of at least one silver compound. The silver
compound is preferably applied as a solution, in particular as a solution in water. G1 therefore
preferably further comprises at least one solvent, preferably water. To obtain the silver com-
pound in soluble form, a complexing agent such as at least one amine, in particular ethanola-
mine, EDTA, 1,3- or 1,2-propanediamine, ethylenediamine, and/or an alkali metal oxalate which
can simultaneously also act as reducing agent can be additionally added in a suitable manner to
the silver compound, for example silver(l) oxide or silver(l) oxalate. In a preferred embodiment,
G1 therefore comprises at least one complexing agent, in particular ethanolamine, EDTA, 1,3-
or 1,2-propanediamine, ethylenediamine and/or an alkali metal oxalate.
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If G1 comprises at least one complexing agent, G1 comprises at least part of the silver in the
form of a silver complex. G1 particularly preferably comprises at least part of the silver as a cat-
ionic silver-oxalato-ethylenediamine compound. G1 particularly preferably comprises water,
silver-oxalato-ethylenediamine complexes and optionally excess ethylenediamine.

As regards the concentration of the silver-comprising compound in G1, this is preferably in the
range from 25 to 35%, more preferably in the range from 26 to 32% and more preferably in the
range from 27 to 30%.

As indicated above, silver is applied to the alumina support in an amount, calculated as ele-
mental Ag, of from 5 to 40% by weight, more preferably in an amount of from 10 to 30% by
weight, calculated as element and based on the total weight of the shaped catalyst body, in step

(b).

According to a further embodiment, the present invention is also directed to the process for pro-
ducing a shaped catalyst body as disclosed above, wherein silver is applied in an amount of
from 5 to 40% by weight, based on the total weight of the shaped catalyst body and calculated
as element, in (b).

The application in (b) can be carried out in more than one step, for example in 2, 3 or 4 steps.
Thus, according to the present invention, for example a mixture G1 and a second mixture G1’
can be applied or a mixture G1, a second mixture G1’ and a third mixture G1” can be applied.
The silver content of the mixture G1, mixture G1° and G1” can vary in the ranges given above
and can be identical or different.

The alumina support can optionally be dried and/or calcined between each of the individual
steps. If the application according to (b) is carried out in more than one step, the total amount of
silver applied to the alumina support after all steps is likewise in the range from 5 to 40% by
weight, more preferably in the range from 10 to 35% by weight, calculated as element and
based on the total weight of the shaped catalyst body as described above.

The application of the silver can be followed by at least one after-treatment step, for example a
drying step, e.g. one, two or more drying steps. Drying is usually carried out at temperatures in
the range from 2 to 200°C. The after-treatment step is preferably drying by means of vacuum
treatment as described above. This evacuation is preferably carried out at a pressure in the
range of not more than 500 mbar, more preferably at a pressure of not more than 250 mbar and
particularly preferably at a pressure of not more than 80 mbar. The vacuum treatment is prefer-
ably carried out at a temperature in the range from 2 to 50°C, more preferably at a temperature
in the range from 5 to 30°C and particularly preferably at room temperature. The vacuum treat-
ment is carried out for a time of at least 1 minute, preferably at least 5 minutes, more preferably
for a time in the range from 5 minutes to 120 minutes, in particular in the range from 10 minutes
to 45 minutes, particularly preferably in the range from 10 minutes to 20 minutes.
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The application of the silver and optionally the at least one drying step is/are preferably followed
by at least one calcination step.

The shaped catalyst body of the invention comprises at least rhenium as promoter in addition to
silver. Rhenium is preferably applied to the support by impregnation or spraying or mixing pro-
cesses as described above for silver.

As regards the point in time at which rhenium is applied, this can be after the application of sil-
ver and/or after any of the at least one after-treatment step has been carried out. As an alterna-
tive, it is possible to apply the rhenium together with the silver compound or before application
of the silver compound to the support. If the rhenium is applied to the alumina support before
the silver, at least one after-treatment step, for example a drying step, e.g. one, two or more
drying steps, and/or, for example, at least one calcination step can be carried out before the
application of silver. Particular preference is given to applying rhenium simultaneously with sil-
ver to the alumina support in step (b). According to the present invention rhenium can be ap-
plied to the support in parallel to the application of silver, preferably in the form of at least one
rhenium compound, in the mixture G1 or separately in a mixture G2.

In case silver is applied in two or more steps using mixtures G1 and G1’ and optionally G1”,
rhenium can be present in mixture G1 or mixture G1’ or mixture G1” or in two or more of the
mixtures. The rhenium content of the mixtures applied can be identical or different.

The rhenium is particularly preferably applied as a compound, for example as a halide, oxyhal-
ide, oxide or as acid. Furthermore, rhenium can be used in the form of salts of heteropolyacids
of rhenium, for example as rhenate or perrhenate, in the production process of the invention.

The present invention therefore also provides a process as described above and a catalyst

which is obtainable or obtained by this process comprising

(@) providing an alumina support;

(b) applying silver and rhenium to the alumina support by bringing the alumina support into
contact with at least one mixture G1 comprising at least one silver compound and at least
one rhenium compound, with contacting preferably being carried out by means of vacuum
impregnation,

wherein for the alumina support, the value of the expression R7 = Cs/AWsi— Ccdd AWea -

Cud AWy is in the range of 1 to 100 mmol/kg, preferably 5 to 75 mmol/kg, more preferable 10 to
60 mmol/kg weight of the carrier, and AWs;, AW, and AWy, relate to atomic weight of Si, Ca
and Mg in g/mol, respectively, and

wherein the catalyst comprises Ag with the Ag content in the catalyst being defined as Cag and

measured in weight percent per total catalyst weight, Cs with the Cs content in the catalyst be-

ing defined as C¢s and measured in ppm per total catalyst weight, Re with the Re content in the
catalyst being defined as Cre and measured in ppm per total catalyst weight,
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wherein the value of the expression R2= Ccd AWes - Crd AWre is in the range of 1.0 10 5.0
mmol/kg per weight of total catalyst, and AWcs, and AWz relate to atomic weight of Cs and Re
in g/mol,

and rhenium and caesium are applied in amounts such that the value of the expression R2 =
Ced AWes - Crdl AWre is in the range of 1.0 to 5.0 mmol/kg per weight of total catalyst, and AW,
and AWk relate to atomic weight of Cs and Re in g/mol, respectively and the value of the ex-
pression R3= R2/[R7x (100 - Csg) / 100] is in the range of 0.05 to 1.

The present invention therefore also provides a process as described above and a catalyst

which is obtainable or obtained by this process comprising

(a) providing an alumina support,

(b) applying silver and rhenium to the alumina support by

(b1) bringing the alumina support into contact with at least one mixture G1 comprising at
least one silver compound, and

(b2)  bringing the alumina support into contact with at least one mixture G1’ comprising at
least one silver compound and at least one rhenium compound with contacting prefera-
bly being carried out by means of vacuum impregnation,

wherein for the alumina support, the value of the expression R7 = Cs/AWsi— Ccdd AWca —

Cud AWy is in the range of 1 to 100 mmol/kg, preferably 5 to 75 mmol/kg, more preferable 10 to
60 mmol/kg per weight of the carrier, and AWs, AWc., and AWy, relate to atomic weight of Si,
Ca and Mg in g/mol, respectively, and

wherein the catalyst comprises Ag with the Ag content in the catalyst being defined as C4, and

measured in weight percent per total catalyst weight, Cs with the Cs content in the catalyst be-

ing defined as Ccs and measured in ppm per total catalyst weight, Re with the Re content in the
catalyst being defined as Cre and measured in ppm per total catalyst weight,

wherein the value of the expression R2= Cod AWes - Crd AWre is in the range of 1.0 10 5.0
mmol/kg per weight of total catalyst, and AWcs, and AWz relate to atomic weight of Cs and Re
in g/mol,

and rhenium and caesium are applied in amounts such that the value of the expression R2 =
Cod AWes - Crdd AWRe is in the range of 1.0 to 5.0 mmol/kg per weight of total catalyst, and AW,
and AWk relate to atomic weight of Cs and Re in g/mol, respectively and the value of the ex-
pression R3= R2/[R7x (100 - Cag) / 100] is in the range of 0.05 to 1.

The process might comprise further steps such as drying and/or calcination steps. It is also
possible that the process comprises drying and/or calcination steps after step (b1) and (b2).
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In step b), rhenium is preferably applied as a compound to the alumina support, with the com-
pound being selected from the group consisting of ammonium perrhenate, rhenium(lll) chloride,
rhenium(V) chloride, rhenium(V) fluoride, rhenium(VI) oxide and rhenium(VIl) oxide. For the
purposes of the invention, rhenium is particularly preferably applied as ammonium perrhenate to
the alumina support.

Apart from rhenium, the shaped catalyst body can comprise at least one further promoter. The
shaped catalyst body particularly preferably comprises at least one further promoter.

The invention therefore comprises, for example, embodiments in which the shaped catalyst
body comprises five different promoters, four different promoters, three different promoters, two
different promoters or one further promoter applied in addition to rhenium to the alumina sup-
port. In particular, this at least one further promoter is selected from among elements of groups
IA, VIB, VIIB and VIA of the Periodic Table of the Elements, particularly preferably selected from
the group consisting of tungsten, lithium, sulfur, cesium, chromium, manganese, molybdenum
and potassium.

The present invention accordingly provides a shaped catalyst body as described above and a
process for producing a shaped catalyst body as described above and also a shaped catalyst
body which is obtainable or obtained by this process, wherein the shaped catalyst body com-
prises at least one further promoter selected from the group consisting of elements of groups A,
VIB, VIIB and VIA, preferably selected from the group consisting of tungsten, lithium and sulfur.

In a particularly preferred embodiment, the catalyst comprises at least lithium, tungsten and
sulfur as promoters in addition to cesium and rhenium.

If the shaped catalyst body comprises at least one further promoter, it preferably comprises a
total amount of these further promoters in an amount of from 10 ppm by weight to 3000 ppm by
weight, preferably in an amount of from 10 to 2500 ppm, more preferably in each case in an
amount of from 50 ppm by weight to 2000 ppm by weight and particularly preferably in each
case in an amount of from 80 ppm by weight to 1500 ppm by weight, based on the total weight
of the shaped catalyst body and calculated as sum of the elements.

If the shaped catalyst body comprises tungsten as promoter, as described above, the tungsten
is preferably applied as tungsten compound to the support. Here, it is in principle possible to
use any suitable tungsten compound. Preference is given to applying tungsten in the form of
tungstate or tungstic acid. The shaped catalyst body preferably comprises tungsten as promoter
in an amount of up to 800 ppm by weight, preferably in an amount in the range from 5 to 500
ppm by weight, more preferably in an amount in the range from 100 to 300 ppm by weight,
based on the total weight of the shaped catalyst body and calculated as element.

If the shaped catalyst body comprises lithium as promoter as described above, the lithium is
preferably applied as lithium compound to the support. Here, it is in principle possible to use any
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suitable lithium compound. Lithium is preferably applied in the form of lithium nitrate. If the
shaped catalyst body comprises lithium as promoter, it preferably comprises lithium in an
amount of up to 700 ppm by weight, preferably in an amount in the range from up to 10 ppm by
weight to 500 ppm by weight, more preferably in an amount in the range from 80 ppm by weight
to 250 ppm by weight, based on the total weight of the shaped catalyst body and calculated as
element.

If the shaped catalyst body comprises sulfur as promoter as described above, the sulfur is pref-
erably applied as a sulfur compound to the support. Here, it is in principle possible to use any
suitable sulfur compound. Sulfur is preferably applied in the form of ammonium sulfate. If the
shaped catalyst body comprises sulfur as promoter, it preferably comprises sulfur in an amount
of from 0 to 100 ppm by weight, more preferably in an amount in the range from 1 ppm by
weight to 50 ppm by weight, based on the total weight of the shaped catalyst body and calculat-
ed as element.

The present invention accordingly provides a shaped catalyst body as described above and a
process for producing a shaped catalyst body as described above and also a shaped catalyst
body which is obtainable or obtained by this process.

If the shaped catalyst body comprises at least one further promoter, this at least one further
promoter is preferably applied in the form of compounds, for example in the form of complexes
or in the form of salts, for example in the form of halides, for example in the form of fluorides,
bromides or chlorides, or in the form of carboxylates, nitrates, sulfates or sulfides, phosphates,
cyanides, hydroxides, carbonates or as salts of heteropolyacids, to the support in the process of
the invention for producing the catalyst.

The at least one further promoter, more preferably the at least one further promoter compound,
is preferably dissolved in a suitable solution, preferably in water, before application. The alumi-

na support is then preferably brought into contact (impregnated) with the resulting solution com-
prising one or more of the further promoters.

If a plurality of further promoters are to be added, these can be applied to the support either
together or separately in one step or in a plurality of steps. As regards the solution comprising
one or more of the further promoters, this can be produced in any suitable way. For example,
the promoters can each be dissolved separately in one solution each and the resulting solutions
each comprising one promoter can subsequently be used for impregnation. It is likewise possi-
ble for two or more of the further promoters to be dissolved together in one solution and the re-
sultant solution to be used subsequently for the impregnation. In addition, it is possible for the
resulting solutions comprising at least one promoter to be combined before impregnation and
the resulting solution comprising all promoters to be applied to the support.

As regards the point in time at which the at least one further promoter is applied, the application
can be carried out after the application of silver and/or rhenium and/or after at least one optional
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after-treatment step has been carried out. As an alternative, it is possible to apply the at least
one further promoter together with the silver compound and/or the rhenium compound or before
the silver compound and/or the rhenium compound to the support.

Particular preference is given to applying the at least one further promoter simultaneously with
silver and rhenium to the alumina support in step (b). Here, the at least one further promoter
can be applied in parallel to the application of silver and rhenium, in a separate mixture G3 to
the support.

The at least one further promoter is preferably applied as constituent of the mixture G1, which
preferably comprises rhenium and/or at least one rhenium compound in addition to the at least
one silver compound, to the alumina support. The at least one further promoter is accordingly
preferably applied together with rhenium and silver to the alumina support.

Particular preference is given to all further promoters comprised in the shaped catalyst body
being applied together with rhenium and silver to the alumina support.

If, for example, at least cesium, tungsten, lithium, sulfur are used as further promoters, a par-
ticularly preferred embodiment comprises producing at least one solution comprising cesium (in
the form of at least one compound) and tungsten (in the form of at least one compound), a fur-
ther solution comprising lithium (in the form of at least one compound) and sulfur (in the form of
at least one compound) and a further solution comprising rhenium (in the form of at least one
compound).

In one embodiment, the solutions are applied to the support in separate impregnation steps.
Particular preference is given to combining the solutions with a solution comprising at least one
silver compound to give the mixture G1. Thus, G1 particularly preferably comprises in addition
to the at least one silver compound, at least one rhenium compound, at least one cesium com-
pound, at least one lithium compound, at least one tungsten compound and optionally further
promoters, in each case in the form of at least one compound.

The present invention accordingly provides a shaped catalyst body as described above and a
process for producing a shaped catalyst body as described above and also a shaped catalyst
body which is obtainable or obtained by this process, where the catalyst additionally comprises
at least one further promoter selected from among elements of groups IA, VIB, VIIB and VIA of
the Periodic Table of the Elements, preferably selected from the group consisting of tungsten,
lithium, sulfur, chromium, manganese, molybdenum and potassium, and the at least one further
promoter is preferably applied to the alumina support by bringing the alumina support into con-
tact, preferably by means of vacuum impregnation, with the mixture G1 which additionally com-
prises the at least one promoter, in step (b).
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In a particularly preferred embodiment, the catalyst comprises tungsten in an amount of from
100 ppm by weight to 500 ppm by weight, lithium in an amount of from 10 ppm by weight to 500
ppm by weight and sulfur in an amount of from 0 to 50 ppm by weight.

The present invention accordingly provides a shaped catalyst body as described above and a
process for producing a shaped catalyst body as described above and also a shaped catalyst
body which is obtainable or obtained by this process, where the shaped catalyst body compris-
es tungsten in an amount of from 100 ppm by weight to 500 ppm by weight, lithium in an
amount of from 10 ppm by weight to 500 ppm by weight and sulfur in an amount of from 0 to 50
ppm by weight.

Step (b) can be followed by at least one after-treatment step, for example a drying step, e.g.
one, two or more drying steps. Drying is usually carried out at temperatures in the range from 2
to 200°C. For example, the after-treatment step is drying by means of vacuum treatment as de-
scribed above. This evacuation is preferably carried out at a pressure in the range of not more
than 500 mbar, more preferably at a pressure of not more than 250 mbar and particularly pref-
erably at a pressure of not more than 80 mbar. The vacuum treatment is preferably carried out
at a temperature in the range from 2°C to 50°C, more preferably at a temperature in the range
from 5°C to 30°C and particularly preferably at room temperature. The vacuum treatment is car-
ried out for a time of at least 1 minute, preferably at least 5 minutes, more preferably for a time
in the range from 5 minutes to 120 minutes, in particular in the range from 10 minutes to 45
minutes, particularly preferably in the range from 10 minutes to 20 minutes.

The optionally dried alumina support according to (b) is preferably calcined. According to a fur-
ther embodiment, the present invention is also directed to the process for producing a shaped
catalyst body as disclosed above, wherein the process further comprises

(¢) calcining the alumina support obtained according to (b).

If a calcination is carried out in step (c), this calcination is preferably carried out at temperatures
in the range from 150 to 750°C, preferably in the range from 200 to 500°C and particularly pref-
erably in the range from 220 to 350°C, with the calcination time generally being at least 5
minutes or more, for example in the range from 5 minutes to 24 hours or in the range from 10
minutes to 12 hours.

The calcination time is particularly preferably in the range from 5 minutes to 3 hours. The calci-
nation can be carried out at a constant temperature, but embodiments in which the temperature
is changed continuously or discontinuously during the calcination time are also comprised.

The calcination can be carried out under any gas atmosphere suitable for this purpose, for ex-
ample in an inert gas or a mixture of an inert gas and from 10 ppm to 21% by volume of oxygen.
As inert gas, mention may be made by way of example of nitrogen, argon, carbon dioxide, heli-
um and combinations of at least two of the abovementioned inert gases. If the calcination is
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carried out in an inert gas, particular preference is given to nitrogen. In an alternative preferred
embodiment, air and/or lean air is used.

Furthermore, the calcination is preferably carried out in a muffle furnace, convection oven, in a
rotary furnace and/or a belt calcination furnace.

The present invention is also directed to a shaped catalyst body obtainable or obtained by a
process according to the process as disclosed above.

The shaped catalyst bodies of the invention or the shaped catalyst bodies which are obtainable
or obtained by a process according to the invention are particularly suitable as catalysts for pre-
paring ethylene oxide from ethylene in a process comprising oxidation of ethylene. High selec-
tivities, in particular advantageous initial selectivities, and good activities are achieved.

The present invention therefore also provides, according to a further aspect, a process for pre-
paring ethylene oxide from ethylene, which comprises oxidation of ethylene in the presence of a
shaped catalyst body for the preparation of ethylene oxide as described above.

The present invention is also directed to a process for preparing ethylene oxide by gas-phase
oxidation of ethylene by means of oxygen in the presence of a shaped catalyst body as dis-
closed above or a shaped catalyst body obtained or obtainable according to the process of the
present invention.

In addition, the present invention also provides for the use of a shaped catalyst body as de-
scribed above for preparing ethylene oxide by gas-phase oxidation of ethylene.

According to the invention, the epoxidation can be carried out by all processes known to those
skilled in the art. It is possible to use all reactors which can be used in the ethylene oxide pro-
duction processes of the prior art; for example externally cooled shell-and-tube reactors (cf.
Ullmann's Encyclopedia of Industrial Chemistry, 5th edition, vol. A-10, pp. 117-135, 123-125,
VCH-Verlagsgesellschaft, Weinheim 1987) or reactors having a loose catalyst bed and cooling
tubes, for example the reactors described in DE-A 3414717, EP 0082609 and EP-A 0339748.
The epoxidation is preferably carried out in at least one tube reactor, preferably in a shell-and-
tube reactor. To prepare ethylene oxide from ethylene and oxygen, it is possible according to
the invention to carry out the reaction under conventional reaction conditions as described, for
example, in DE-A 2521906, EP-A 0 014 457, DE-A 2300512, EP-A 0 172 565, DE-A 2454972,
EP-A 0 357 293, EP-A 0 266 015, EP-A 0 085 237, EP-A 0 082 609 and EP-A 0 339 748. Inert
gases such as nitrogen or gases which are inert under the reaction conditions, e.g. steam, me-
thane, and also optionally reaction moderators, for example halogenated hydrocarbons such as
ethyl chloride, vinyl chloride or 1,2-dichloroethane can additionally be mixed into the reaction
gas comprising ethylene and molecular oxygen. The oxygen content of the reaction gas is ad-
vantageously in a range in which no explosive gas mixtures are present. A suitable composition
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of the reaction gas for preparing ethylene oxide can, for example, comprise an amount of eth-
ylene in the range from 10 to 80% by volume, preferably from 20 to 60% by volume, more pref-
erably from 25 to 50% by volume and particularly preferably in the range from 25 to 40% by
volume, based on the total volume of the reaction gas. The oxygen content of the reaction gas
is advantageously in the range of not more than 10% by volume, preferably not more than 9%
by volume, more preferably not more than 8% by volume and very particularly preferably not
more than 7.5% by volume, based on the total volume of the reaction gas.

The reaction gas preferably comprises a chlorine-comprising reaction moderator such as ethyl
chloride, vinyl chloride or dichloroethane in an amount of from 0 to 15 ppm by weight, preferably
in an amount of from 0.1 to 8 ppm by weight. The remainder of the reaction gas generally com-
prises hydrocarbons such as methane and also inert gases such as nitrogen. In addition, other
materials such as steam, carbon dioxide or noble gases can also be comprised in the reaction
gas.

The above-described constituents of the reaction mixture may optionally each have small
amounts of impurities. Ethylene can, for example, be used in any degree of purity suitable for
the gas-phase oxidation according to the invention. Suitable degrees of purity include, but are
not limited to, "polymer-grade” ethylene which typically has a purity of at least 99% and "chemi-
cal-grade” ethylene which typically has a purity of less than 95%. The impurities typically com-
prise, in particular, ethane, propane and/or propene.

The reaction or oxidation of ethylene to ethylene oxide is usually carried out at elevated tem-
perature. Preference is given to temperatures in the range from 150 to 350°C, more preferably
in the range from 180 to 300°C, more preferably temperatures in the range from 190°C to 280°C
and particularly preferably temperatures in the range from 200°C to 280°C. The present inven-
tion therefore also provides a process as described above in which the oxidation is carried out
at a temperature in the range 180-300°C, preferably in the range from 200 to 280°C.

The reaction according to the invention (oxidation) is preferably carried out at pressures in the
range from 5 bar to 30 bar. The oxidation is more preferably carried out at a pressure in the
range from 5 bar to 25 bar, preferably at a pressure in the range from 10 bar to 20 bar and in
particular in the range from 14 bar to 20 bar. The present invention therefore also provides a
process as described above in which the oxidation is carried out at a pressure in the range from
14 bar to 20 bar.

The oxidation is preferably carried out in a continuous process. If the reaction is carried out con-
tinuously, the GHSV (gas hourly space velocity) is, depending on the type of reactor chosen, for
example on the size/cross-sectional area of the reactor, the shape and size of the catalyst,
preferably in the range from 800 to 10 000/h, preferably in the range from 2000 to 6000/h, more
preferably in the range from 2500 to 5000/h, where the values indicated are based on the vol-
ume of the catalyst.
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According to a further embodiment, the present invention is also directed to a process for pre-
paring ethylene oxide by gas-phase oxidation of ethylene by means of oxygen as disclosed
above, wherein the work rate of ethylene oxide production measured at greater than 180
kgeo/m3cath, preferably to a work rate of greater than 200 kgeo/m3caih.

The preparation of ethylene oxide from ethylene and oxygen can advantageously be carried out
in a recycle process. Here, the reaction mixture is circulated through the reactor with the newly
formed ethylene oxide and also the by-products formed in the reaction being removed from the
product gas stream after each pass and the product gas stream being, after having been sup-
plemented with the required amounts of ethylene, oxygen and reaction moderators, reintro-
duced into the reactor. The separation of the ethylene oxide from the product gas stream and its
work-up can be carried out by customary methods of the prior art (¢f. Ullmann's Encyclopedia of
Industrial Chemistry, 5th edition, vol. A-10, pp. 117-135, 123-125, VCH-Verlagsgesellschaft,
Weinheim 1987).

The present invention is also directed to the use of a shaped catalyst body as disclosed above
or a shaped catalyst body obtained or obtainable according to the process of the present inven-
tion as catalyst for preparing ethylene oxide by gas-phase oxidation of ethylene by means of
oxygen.

The present invention includes the following embodiments, wherein these include the specific
combinations of embodiments as indicated by the respective interdependencies defined therein.

1. A shaped catalyst body for preparing ethylene oxide, which comprises at least silver, ce-
sium and rhenium applied to an alumina support, wherein the alumina support comprises
Si with the Si content in the carrier being defined as Csrand measured in ppm per total
support weight, Ca with the Ca content in the carrier being defined as Cc; and measured
in ppm per total support weight, and Mg with the Mg content in the carrier being defined
as Cuy and measured in ppm per total support weight,

wherein the value of the expression R7 = Cs/AWsi— Ccd AWea— Cug AWy is in the range
of 1 to 100 mmol/kg, preferably 5 to 75 mmol/kg, more preferable 10 to 60 mmol/kg per
weight of the carrier, and AWs, AW, and AWy, relate to atomic weight of Si, Ca and Mg
in g/mol, respectively, and

wherein the catalyst comprises Ag with the Ag content in the catalyst being defined as Cay
and measured in weight percent per total catalyst weight, Cs with the Cs content in the
catalyst being defined as Ccs and measured in ppm per total catalyst weight, Re with the
Re content in the catalyst being defined as Cr. and measured in ppm per total catalyst
weight,
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wherein the value of the expression R2= Ccd AWes - Crd AWreis in the range of 1.0 to 5.0
mmol/kg per weight of total catalyst, and AWcs, and AWk relate to atomic weight of Cs
and Re in g/mol, respectively and

the value of the expression 3= R2/ [R7x (100 - Cag) / 100] is in the range of 0.05 to 1.

The shaped catalyst body according to embodiment 1, wherein the Si content in the carri-
er Cs;is in the range from 200 to 4000 ppm based on the total weight of the support and
calculated as element.

The shaped catalyst body according to embodiment 1 to 2, wherein the Ca content in the
carrier Cesis in the range from 100 to 1000 ppm based on the total weight of the support
and calculated as element.

The shaped catalyst body according to embodiment 1 or 3, wherein the alumina support
comprises up to 1000 ppm of magnesium, based on the total weight of the support and
calculated as element.

The shaped catalyst body according to any of embodiments 1 to 4, comprising rhenium,
and cesium, in amounts such that the rhenium content Cr. exceeds 450 ppm per weight
of the total catalyst, and the cesium content Cgs exceeds 450 ppm per weight of the total
catalyst.

The shaped catalyst body according to any of embodiments 1 to 5, wherein the alumina
support has a BET surface area in the range from 0.95 to 3.0 m2/g.

The shaped catalyst body according to any of embodiments 1 to 6, wherein the alumina
support has at least two pore size distributions wherein at least one of the pore size distri-
butions is within a pore size range of about 0.1 to 5 ym.

The shaped catalyst body according to any of embodiments 1 to 7, wherein the shaped
catalyst body comprises silver in an amount of from 5 to 40% by weight, based on the to-
tal weight of the shaped catalyst body and calculated as element.

The shaped catalyst body according to any of embodiments 1 to 8, wherein the catalyst
comprises at least one promoter selected from the group consisting of elements of groups
IA, VIB, VIIB and VIA, preferably selected from the group consisting of tungsten, lithium and
sulfur.

A process for producing a shaped catalyst body comprising silver and rhenium applied to
an alumina support, which comprises

(a) providing an alumina support;

(b) applying silver, cesium and rhenium to the alumina support,
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wherein for the alumina support, the value of the expression R7= CsiAWsi— Ccd AW, -
Cud AWy is in the range of 1 to 100 mmol/kg, preferably 5 to 75 mmol/kg, more prefera-
ble 10 to 60 mmol/kg per weight of the carrier, and AWs;, AW, and AWy, relate to atomic
weight of Si, Ca and Mg in g/mol, respectively, and

wherein for the catalyst, the value of the expression R2= Ccd AWes- Crd AWre is in the
range of 1.0 to 5.0 mmol/kg per weight of total catalyst, and AWcs, and AWk. relate to
atomic weight of Cs and Re in g/mal,

and rhenium and caesium are applied in amounts such that the value of the expression
R2= Cod AWes - Crd AWVRe is in the range of 1.0 to 5.0 mmol/kg per weight of total cata-
lyst, and AWcs, and AWV relate to atomic weight of Cs and Re in g/mol, rrespectively and
the value of the expression 3= R2/ [R7x (100 - Cag) / 100] is in the range of 0.05 to 1.

The process according to embodiment 10, wherein the process further comprises
(c) calcining the alumina support obtained according to (b).

The process according to embodiment 10 or 11, wherein silver is applied in an amount of
from 5 to 35% by weight, based on the total weight of the shaped catalyst body and calcu-
lated as element, in (b).

A shaped catalyst body obtainable or obtained by a process according to any of embodi-
ments 10 to 12.

A process for preparing ethylene oxide by gas-phase oxidation of ethylene by means of
oxygen in the presence of a shaped catalyst body according to any of embodiments 1 to 9
or13.

The use of a shaped catalyst body according to any of embodiments 1 to 9 or 13 as cata-
lyst for preparing ethylene oxide by gas-phase oxidation of ethylene by means of oxygen.

Brief description of the figures:

Figure 1 shows testing data of the inventive catalyst 3.2.2.16 (white markers) and of the com-
parative catalyst 3.2.2.15 (black markers). On the x-axis, the time on stream in [hours] is plotted.
On the left y-axis, selectivity is plotted in [%]. On the right y-axis, coolant temperature is plotted
in [°C].

Examples will be used below to illustrate the invention.
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EXAMPLES

1.

1.1

Characterization Methods

Analysis of total amount of Ca-, Mg-, and Si-impurities in alumina carriers

Sample Preparation for Measurement of Ca, Mg, and Si

Approximately 100 - 200 mg (at an error margin of £0.1 mg) of the aluminum oxide carrier
sample were weighted into a platinum crucible. 1.0 g of lithium metaborate (LiBO,) was
added. The mixture was melted in an automated fusion apparatus with a temperature
ramp up to max. 1150°C.

After cooling down, the melt was dissolved in deionized water by careful heating. Then, 10
ml of semi-concentrated hydrochloric acid (concentrated HCI diluted with deionized water,
volume ratio 1:1 corresponds to about 6M) was added. Finally, the solution was filled up to
a volume of 100 ml with deionized water.

1.1.2 Measurement of Ca, Mg, and Si

Ca, Mg, and Si from the sample solution 1.1.1 were determined by Inductively Coupled
Plasma — Optical Emission Spectroscopy (ICP-OES).

Apparatus: ICP-OES Varian Vista Pro

Parameters:
Wavelengths [nm]: Ca 317.933

Mg 285.213
Si 251.611
Integration time: 10s
Nebulizer: Conikal 3 ml
Nebulizer pressure: 270 kPa
Pump rate: 30 rpm
Calibration: external (matrix-matched standards)

Carriers

Si-, Ca- and Mg-content [ppm] per total weight of the carrier and carrier BET surface area
are summarized in Table 1.
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Table 1: Total Si-, Ca-, and Mg-content [ppm] per weight carrier and
carrier BET-surface area [m#/g]

A B C D E
Si-content [ppm] 900 900 700 800 700
Ca-content [ppm] 300 300 200 300 300
Mg-content [ppm] 200 100 100 200 100
BET surface area 0.88 0.91 1.12 1.29 1.37
[m?/g]

F G H I J
Si-content [ppm] 900 700 2300 2400 700
Ca-content [ppm] 300 300 400 400 300
Mg-content [ppm] 200 100 400 500 100
BET surface area 1.41 1.57 1.42 1.84 1.06
[m?/g]

3.  Preparation of Catalysts

3.1

Production of the silver complex solution

550 g of silver nitrate were completely dissolved in 1.5 | of water under constant stirring
and the solution was warmed to 40°C. 402 g of KOH (47.8%) was mixed with 1.29 L wa-
ter. A separate solution of 216.3 g oxalic acid was added to the KOH solution, which was
then warmed to 40°C. The potassium oxalate solution was then added to the silver nitrate
solution within 45 min (volume flow rate ca. 33 ml/min) with the aid of a dosing pump and
the solution was stirred for approximately 1 h at 40°C. The precipitated silver oxalate was
then filtered and the obtained filter cake was washed with 1 L water portions until the filter
cake was free of potassium and nitrate (ca. 10 | total). The water was removed from the
filter cake by flowing air through the filter apparatus and the water content of the filter cake
was measured. Typically a cake of 620 g with a water content of 20.8% was obtained.

Ethylenediamine (306 g) was cooled in an ice bath to ca. 10°C and 245 g water was add-
ed in small portions. At the end of the water addition, 484.7 g of the (still damp) silver oxa-
late was added to the ethylenediamine/water mixture within 30 minutes. The mixture was
stirred at room temperature overnight and any undissolved material removed via centrifu-
gation. The silver content was determined refractometrically and the density was meas-
ured.

The obtained solution contained 28.0 - 29.3 weight % silver and had a density of 1.512 -
1.532 g/mL.
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3.2. Preparation of Ag containing catalysts with an Ag content of > 20 wt.-% (double impregna-

tion)

3.2.1 Preparation of Ag-containing intermediate products
An amount of carrier A — D listed in Table 2 was placed into a 2L glass flask. The flask
was attached to a rotary evaporator which was set under vacuum pressure of 30 mbar.

The rotary evaporator system was set in rotation of 30 rpm. An amount of the silver com-

plex solution listed in Table 2 was added onto the carrier A - D over 15 minutes under
vacuum of 30 mbar. After addition of the silver complex solution, the rotary evaporator
system was continued to rotate under vacuum for another 15 minutes. The impregnated

carrier was then left in the apparatus at room temperature and atmospheric pressure for 1

hour and mixed gently every 15 minutes.

The impregnated carrier was calcined for 12 minutes at 290°C under 23 m%h flowing ni-
trogen in a calcination oven to yield a Ag-containing intermediate products.

Table 2: Carrier name and amounts of ingredients used for preparation of Ag-containing inter-
mediate products 3.2.1.1 - 3.2.1.4.

Intermediate Intermediate Intermediate Intermediate
3.2.11 3.2.1.2 3.2.1.3 3.21.4
Carrier name Carrier A Carrier B Carrier C Carrier D
Amount of carrier [g] | 173.6 173.9 173.6 348.4
Amount of Ag- 115.9838 115.7641 114.5389 227.7935
complex solution [g]
Ag-content in Ag- 28.93 29.04 29.3 28.7
complex solution
[wt%]
Ag-content in Ag- 16.2 16.2 16.2 15.8
containing intermedi-
ate [wt%]

3.2.2. Preparation of final catalysts
An amount of Ag-containing intermediate products 3.2.1.1 — 3.2.1.4 listed in Table 3 were
placed into a 2L glass flask. The flask was attached to a rotary evaporator which was set

under vacuum pressure of 30 mbar. The rotary evaporator system was set in rotation of

30 rpm. An amount of the silver complex solution listed in Table 3 prepared according to
step 3.1 was mixed with an amount of promoter solution | listed in Table 3, an amount of
promoter solution Il listed in Table 3, an amount of promoter solution Il listed in Table 3.
Promoter solution | was made from dissolving lithium nitrate (FMC, 99.3%) and ammoni-
um sulfate (Merck, 99.4%) in DI water to achieve target Li and S contents listed in Table
3. Promoter solution Il was made from dissolving tungstic acid (HC Starck, 99.99%) in DI

water and cesium hydroxide in water (HC Starck, 50.42%) to achieve target Cs and W
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contents listed in Table 3. Promoter solution Il was made from dissolving ammonium per-
rhenate (Engelhard, 99.4%) in DI water to achieve target Re content listed in Table 3. The
combined solution containing silver complex solution, promoter solutions I, Il, and Ill was
stirred for 5 minutes. The combined solution was added onto the silver-containing inter-
mediate products 3.2.1.1 — 3.2.1.4 over 15 minutes under vacuum of 30 mbar. After addi-
tion of the combined solution, the rotary evaporator system was continued to rotate under
vacuum for another 15 minutes. The impregnated carrier was then left in the apparatus at
room temperature and atmospheric pressure for 1 hour and mixed gently every 15
minutes.

The impregnated material was calcined for 10 minutes at 290°C under 23 m3/h flowing ni-

trogen in a calcination oven to yield the final catalysts.

Table 3: Intermediate name and amounts of ingredients used
for preparation of catalysts 3.2.2.1 - 3.2.2.4.

Catalyst 3.2.2.1 | Catalyst 3.2.2.2 | Catalyst 3.2.2.3 | Catalyst 3.2.2.4
(comparative) (comparative) (inventive) (inventive)
Ag-containing Inter- | 3.2.1.1 3.2.1.2 3.2.1.3 3.21.4
mediate from Table
2
Amount of Ag- 205.2 205.1 204.0 207.6
containing Interme-
diate [g]
Amount of Ag- 96.9312 95.8464 92.1530 89.5818
complex solution [g]
Ag-content in Ag- 28.0 28.3 29.3 28.7
complex solution
[wt%]
Amount of promoter | 1.5505 1.5501 1.5425 1.5582
solution | [g]
Li- / S-content in 2.85/70.21 2.85/70.21 2.85/70.21 2.85/70.21
promoter solution |
[wt%]
Amount of promoter | 2.3257 2.3251 2.3137 2.3373
solution Il [g]
Cs-/ W-content in 4.0/2.0 4.0/2.0 6.0/2.0 7.0/1.9
promoter solution Il
[wt%]
Amount of promoter | 2.2122 2.2117 3.3295 4.3587
solution Il [g]
Re-content in pro- 4.1 4.1 4.1 3.7
moter solution IlI
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| [wt%]

Further Catalysts were prepared similar to catalysts 3.2.2.1 — 3.2.2.4.

Catalyst compositions are listed in Table 4.

Table 4: Catalyst compositions (Ag-contents are reported in percent by weight of total catalyst,
dopant values are reported in parts per million by weight of total catalyst)

Example Carrier | Ag [wt-%] | Li[ppm] S [ppm] W ppm] | Cs[ppm] | Re [ppm]
3.221 A 26.0 190 14 200 400 390
(comparative)

3.222 B 26.0 190 14 200 400 390
(comparative)

3.2.2.3 C 26.0 190 14 200 600 590
(inventive)

3.224 D 25.0 190 14 190 700 690
(inventive)

3.2.25 E 26.0 190 14 200 700 690
(inventive)

3.2.26 F 25.0 190 14 190 700 690
(inventive)

3.2.2.7 G 26.0 190 14 200 800 780
(inventive)

3.2.2.8 G 26.0 190 14 200 700 690
(inventive)

3.2.29 G 26.0 190 14 200 900 870
(inventive)

3.2.210 G 26.0 190 14 200 700 870
(comparative)

3.2.2.11 H 26.0 190 14 200 600 590
(comparative)

3.2212 H 26.0 190 14 200 700 690
(comparative)

3.2.2.13 H 26.0 190 14 200 500 690
(comparative)

3.22.14 H 26.0 190 14 200 700 490
(inventive)

3.2.2.15 H 26.0 190 14 200 600 590
(comparative)

3.2.2.16 H 26.0 190 14 200 700 490
(inventive)

3.2.217 I 26.0 190 14 200 700 690
(comparative)

3.2.2.18 I 26.0 190 14 200 1000 690
(inventive)
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3.2.219 I 26.0 190 14 200 1300 690
(comparative)

3.2.2.20 I 26.0 190 14 200 800 780
(comparative)

3.2.2.21 I 26.0 190 14 200 1130 780
(inventive)

3.2.2.22 I 26.0 190 14 200 1470 780
(comparative)
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Table 5: Key catalyst properties with respect to claims
Carrier | Carrier | Carrier | Carrier Carrier Catalyst | Catalyst | Catalyst Catalyst Catalyst
BET Csi Cea Cug R1 Ag- Cs- Re- R2 R3
Example surface [ppm] [ppm] [ppm] [mmol/kg] | content | content | content | [mmol/kg]
area [wtd%] [Ppm] [ppm]
[m2/g]
3.2.21)
. 0.88 900 300 200 16.33 26.0 400 390 0.915 0.076
comparative
3222
. 0.91 900 300 100 20.45 26.0 400 390 0.915 0.060
comparative
3223
. . 1.12 700 200 100 15.82 26.0 600 590 1.346 0.115
inventive
3224
. . 1.29 800 300 200 12.77 25.0 700 690 1.561 0.163
inventive
3.225
. . 1.37 700 300 100 13.32 26.0 700 690 1.561 0.158
inventive
3.22.6
. . 1.41 900 300 200 16.33 25.0 700 690 1.561 0.127
inventive
3.227
. . 1.69 700 300 100 13.32 26.0 800 780 1.830 0.186
inventive
3228
. . 1.69 700 300 100 13.32 26.0 700 690 1.561 0.158
inventive
3.229
. . 1.69 700 300 100 13.32 26.0 900 870 2.099 0.213
inventive
3.2.2.10
. 1.69 700 300 100 13.32 26.0 700 870 0.595 0.060
comparative
3.22.11
. 1.42 2300 400 400 55.46 26.0 600 590 1.346 0.033
comparative
3.2212
. 1.42 2300 400 400 55.46 26.0 700 690 1.561 0.038
comparative
3.2213
. 1.42 2300 400 400 55.46 26.0 500 690 0.056 0.001
comparative
3.22.14
. . 1.42 2300 400 400 55.46 26.0 700 490 2.635 0.064
inventive
3.2.2.15
. 1.42 2300 400 400 55.46 26.0 600 590 1.346 0.033
comparative
3.2.2.16
. . 1.42 2300 400 400 55.46 26.0 700 490 2.635 0.064
inventive
3.2.217
. 1.84 2400 400 500 54.90 26.0 700 690 1.561 0.038
comparative
3.2.2.18
. . 1.84 2400 400 500 54.90 26.0 1000 690 3.818 0.094
inventive
3.2.2.19
. 1.84 2400 400 500 54.90 26.0 1300 690 6.076 0.150
comparative
3.2.2.20
. 1.84 2400 400 500 54.90 26.0 800 780 1.830 0.045
comparative
3.22.21
. . 1.84 2400 400 500 54.90 26.0 1130 780 4.313 0.106
inventive
3.2222
. 1.84 2400 400 500 54.90 26.0 1470 780 6.871 0.169
comparative
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3.3. Preparation of Ag containing catalysts with an Ag content of < 20 wt.-% (single impregna-
tion)

An amount of carrier J listed in Table 6 was placed into a 2L glass flask. The flask was at-
tached to a rotary evaporator which was set under vacuum pressure of 30 mbar. The rota-
ry evaporator system was set in rotation of 30 rpm. An amount of the silver complex solu-
tion listed in Table 6 prepared according to step 3.1 was mixed with an amount of promot-
er solution | listed in Table 6, an amount of promoter solution Il listed in Table 6, an
amount of promoter solution Il listed in Table 6. Promoter solution | was made from dis-
solving lithium nitrate (FMC, 99.3%) and ammonium sulfate (Merck, 99.4%) in DI water to
achieve target Li and S contents listed in Table 6. Promoter solution Il was made from
dissolving tungstic acid (HC Starck, 99.99%) in DI water and cesium hydroxide in water
(HC Starck, 50.42%) to achieve target Cs and W contents listed in Table 6. Promoter so-
lution [l was made from dissolving ammonium perrhenate (Engelhard, 99.4%) in DI water
to achieve target Re content listed in Table 6. The combined solution containing silver
complex solution, promoter solutions 1, Il, and 11l was stirred for 5 minutes. The combined
solution was added onto the carrier J over 15 minutes under vacuum of 30 mbar. After
addition of the combined solution, the rotary evaporator system was continued to rotate
under vacuum for another 15 minutes. The impregnated carrier was then left in the appa-
ratus at room temperature and atmospheric pressure for 1 hour and mixed gently every 15
minutes.

Table 6: Catalyst name and amounts of ingredients used
for preparation of catalysts 3.3.1 and 3.3.2.

Catalyst 3.3.1 Catalyst 3.3.2

(comparative) (inventive)
Carrier name Carrier J Carrier J
Amount of carrier [g] 174.2 174 .1
Amount of Ag-complex solution [g] 109.6222 109.5749
Ag-content in Ag-complex solution [wt%] 29.2 29.2
Amount of promoter solution | [g] 1.3768 1.3762
Li- / S-content in promoter solution | [wt%] 2.85/0.21 2.85/0.21
Amount of promoter solution 1l [g] 2.0651 2.0642
Cs- / W-content in promoter solution Il [wt%] | 4.8/ 2.0 6.0/2.0
Amount of promoter solution 111 [g] 3.2931 2.9705
Re-content in promoter solution 111 [wt%] 3.7 4.1

Catalyst compositions are listed in Table 7.
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Table 7: Catalyst compositions (Ag-contents are reported in percent by weight of total catalyst,
dopant values are reported in parts per million by weight of total catalyst)

Example Carrier | Ag [wt-%] | Li[ppm] S [ppm] W [ppm] | Cs[ppm] | Re [ppm]
3.3.1 J 15.5 190 14 200 480 590
(comparative)
3.32 J 15.5 190 14 200 600 590
(inventive)
Table 8: Key catalyst properties with respect to claims

Carrier | Carrier | Carrier | Carri- Carrier Catalyst | Catalyst Catalyst Catalyst

BET Csi Cea er R1 Cs- Re- R2 R3
Example surface [ppm] [ppm] Cmyg [mmol/kg] content content [mmol/kg]

area [Ppm] [Ppm] [Ppm]

[m?/g]
3.3.1
(compara- 1.06 700 300 100 13.32 480 590 0.443 0.039
tive)
3.32
(inventive) 1.06 700 300 100 13.32 600 590 1.346 0.120

4. Catalyst Testing |

The epoxidation reaction was conducted in a vertically-placed test reactor constructed
from stainless steel with an inner-diameter of 6 mm and a length of 2.2 m. The reactor

was heated using hot oil contained in a heating mantel at a specified temperature. All
temperatures below refer to the temperature of the hot oil. The reactor was filled to a

height of 212 mm with inert steatite balls (1.0 — 1.6 mm), then packed to a height of 1100
mm with split catalyst (particle size 0.5 — 0.9 mm) and then again packed with an addition-
al 707 mm inert steatite balls (1.0 — 1.6 mm). The inlet gas was introduced to the top of
the reactor in a “once-through” operation mode.

The inlet gas consisted of about 35 vol% ethylene, 7 vol% oxygen, 1 vol%CO., and eth-
ylene chloride (EC) moderation in the range from 1.5 to 3.5 parts per million by volume
(ppmv), with methane used as a balance. The reactions were conducted at a pressure of
about 15 bar and a GHSV of about 4800 h-'. For catalysts with an Ag content of > 20 wt.-
% (catalysts 3.2.2.1 t0 3.2.2.22), the temperature and ethylene chloride (EC) moderation
were adjusted such that a work rate of 280 kg(EO)/(m3(catalyst)xh) was obtained at the
highest EO selectivity. For catalysts with an Ag content of < 20 wt.-% (catalysts 3.3.1 and
3.3.2), the temperature and ethylene chloride (EC) moderation were adjusted such that a
work rate of 250 kg(EO)/(m3(catalyst)xh) was obtained at the highest EO selectivity.

Results of the catalyst tests with catalysts containing > 20 wt.-% of Ag are shown in Table
9. The results show that the catalysts of the inventive Examples 3.2.2.3, 3.2.2.4, 3.2.2.5
and 3.2.2.6 have a significantly improved activity (measured as temperature to maintain
the work rate) over the catalysts of the comparative Examples 3.2.2.2 and 3.2.2.15.



WO 2018/029189

Table 9: Test reaction results

-32-

PCT/EP2017/070054

Catalyst Carrier EO-Selectivity [%] | Temperature [°C] | Time on stream [d]
3.2.2.2 B 88.3 230.6 14
comparative
3.2.2.2 B 89.3 233.5 21
comparative
3.2.2.2 B 89.4 238.3 30
comparative
3.2.2.3 C 89.6 228.1 21
inventive
3.2.2.3 C 90.1 230.0 30
inventive
3.2.24 D 89.7 229.7 14
inventive
3.2.2.5 E 89.5 232.8 21
inventive
3.2.2.5 E 89.5 231.4 30
inventive
3.2.2.6 F 89.8 232.0 14
inventive
3.2.2.15 H 88.5 232.9 14
comparative
3.2.2.16 H 88.5 228.9 14
inventive

5 Results of the catalyst tests with catalysts containing < 20 wt.-% of Ag are shown in Table

10. The results show that the catalyst of the inventive Example 3.3.2 has a significantly
improved activity (measured as temperature to maintain the work rate) over the catalysts
of the comparative Examples 3.3.1.

10
Table 10: Test reaction results for catalysts with Ag contents of < 20 wt.-%.

Catalyst Carrier EO-Selectivity [%] | Temperature [°C] | Time on stream [d]
3.3.1 J 88.2 247.5 8
comparative
3.3.1 J 89.4 246.5 16
comparative
3.3.2 J 90.7 237.1 8
inventive
3.3.2 J 90.9 237.9 16
inventive
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Catalyst Testing Il

The catalyst screening was performed in a 16-fold parallel reactor system. Every reactor
was simultaneously supported with the same inlet gas, temperature and pressure.

The used reactor tubes were composed of stainless steel (1.4841) and had a length of
290 mm with an outer diameter of 10 mm and an inner diameter of 4.5 mm. The isother-
mal zone of the reactor has a length of 70 mm and this was heated using an indirect elec-
trical heating. 1 mL catalyst with a particle size of 250 um to 300 ym was placed in the iso-
thermal zone of the reactor tube.

The filling concept of the reactor tube is described in table 11. The filling concept is a
stacked bed with five individual zones. From reactor top to bottom the reactor filling con-
sist of two inert stacks from steatite beads and silica particles, followed by the catalyst lo-
cated in the isothermal zone in the center of the reactor tube, followed by another two in-
ert stacks, consisting of silica particles and steatite beads. Zone 5 represents the top of
the reactor tube, where the inlet gas was introduced into the reactor tube and conducted
in once-through operation mode.

Table 11: Reactor tube filling

Zone Height Material Particle size
[mm] [um]
1 0-70 steatite beads 315 -500
2 70 - 60 silica particles 200 - 300
3 90 - 153 catalyst 250 - 300
4 153 -173 silica particles 200 - 300
5 173 - 290 steatite beads 315 -500

The experiments were carried out at a GHSV of 4850 h-1, a reactor pressure of 15 barg
and a reactor temperature of 230 °C. The inlet gas consists of 35 vol.% ethylene, 7vol.%
oxygen, 5 vol.% argon and ethyl chloride (EC), which was dosed over a range of 1.25 to
2.5 ppmv. Nitrogen was used as carrier gas and argon as internal standard gas.

The reactor outlet gas was quenched with nitrogen at a ratio of 2:1 to 4:1 and was ana-
lyzed via online gas chromatography (GC).

Tests were carried out at reactor temperatures of 230 °C and ethylene chloride concentra-
tions of 1.25 ppmv and 2.5 ppmv. The results of the catalyst screening are shown in Table
12.
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Table 12: Test reaction results.
Catalyst Carrier | Temperature EC EO yield

[°C] [ppm] [%]
3.2.2.1 (comparative) A 230 25 6.23
3.2.2.7 (inventive) G 230 2.5 10.21
3.2.2.8 (inventive) G 230 2.5 9.82
3.2.2.9 (inventive) G 230 2.5 10.22
3.2.2.10 (comparative) G 230 2.5 7.58
3.2.2.11 (comparative) H 230 2.5 7.26
3.2.2.12 (comparative) H 230 2.5 6.83
3.2.2.13 (comparative) H 230 2.5 6.95
3.2.2.14 (inventive) H 230 2.5 9.16
3.2.2.17 (comparative) I 230 2.5 7.93
3.2.2.18 (inventive) I 230 2.5 9.92
3.2.2.19 (comparative) I 230 2.5 6.91
3.2.2.20 (comparative) I 230 2.5 7.36
3.2.2.21 (inventive) I 230 2.5 9.30
3.2.2.22 (comparative) I 230 2.5 6.13
3.2.2.1 (comparative) A 230 1.25 6.25
3.2.2.7 (inventive) G 230 1.25 10.74
3.2.2.8 inventive) G 230 1.25 10.48
3.2.2.9 (inventive) G 230 1.25 10.69
3.2.2.10 (comparative) G 230 1.25 7.38
3.2.2.11 (comparative) H 230 1.25 6.80
3.2.2.12 (comparative) H 230 1.25 6.00
3.2.2.13 (comparative) H 230 1.25 5.51
3.2.2.14 (inventive) H 230 1.25 9.71
3.2.2.17 (comparative) I 230 1.25 6.61
3.2.2.18 (inventive) I 230 1.25 9.38
3.2.2.19 (comparative) I 230 1.25 7.56
3.2.2.20 (comparative) I 230 1.25 5.14
3.2.2.21 (inventive) I 230 1.25 9.04
3.2.2.22 (comparative) I 230 1.25 6.67
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Claims

A shaped catalyst body for preparing ethylene oxide, which comprises at least silver, ce-
sium and rhenium applied to an alumina support, wherein the alumina support comprises
Si with the Si content in the carrier being defined as Csrand measured in ppm per total
support weight, Ca with the Ca content in the carrier being defined as Cc; and measured
in ppm per total support weight, and Mg with the Mg content in the carrier being defined
as Cuyand measured in ppm per total support weight,

wherein the value of the expression R7= Cs/AWsi— Ccd AWca— Cugd AWy is in the range
of 1 to 100 mmol/kg, preferably 5 to 75 mmol/kg, more preferable 10 to 60 mmol/kg per
weight of the carrier, and AWs, AW, and AWy, relate to atomic weight of Si, Ca and Mg
in g/mol, respectively, and

wherein the catalyst comprises Ag with the Ag content in the catalyst being defined as Cay
and measured in weight percent per total catalyst weight, Cs with the Cs content in the
catalyst being defined as C¢s and measured in ppm per total catalyst weight, Re with the
Re content in the catalyst being defined as Cr. and measured in ppm per total catalyst
weight,

wherein the value of the expression R2= Cod AWes - Crd AWreis in the range of 1.0 to 5.0
mmol/kg per weight of total catalyst, and AWcs, and AWk. relate to atomic weight of Cs
and Re in g/mol, respectively and

the value of the expression R3= R2/[R7x (100 - C4) / 100] is in the range of 0.05 to 1.

The shaped catalyst body according to claim 1, wherein the Si content in the carrier Cs;is
in the range from 200 to 4000 ppm based on the total weight of the support and calculated
as element.

The shaped catalyst body according to claim 1 to 2, wherein the Ca content in the carrier
Ccais in the range from 100 to 1000 ppm based on the total weight of the support and
calculated as element.

The shaped catalyst body according to claim 1 or 3, wherein the alumina support com-
prises up to 1000 ppm of magnesium, based on the total weight of the support and calcu-
lated as element.

The shaped catalyst body according to any of claims 1 to 4, comprising rhenium, and ce-
sium, in amounts such that the rhenium content Cg. exceeds 450 ppm per weight of the
total catalyst, and the cesium content Ces exceeds 450 ppm per weight of the total cata-
lyst.
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The shaped catalyst body according to any of claims 1 to 5, wherein the alumina support
has a BET surface area in the range from 0.95 to 3.0 m%/g.

The shaped catalyst body according to any of claims 1 to 6, wherein the alumina support
has at least two pore size distributions wherein at least one of the pore size distributions is
within a pore size range of about 0.1 to 5 um.

The shaped catalyst body according to any of claims 1 to 7, wherein the shaped catalyst
body comprises silver in an amount of from 5 to 40% by weight, based on the total weight
of the shaped catalyst body and calculated as element.

The shaped catalyst body according to any of claims 1 to 8, wherein the catalyst comprises
at least one promoter selected from the group consisting of elements of groups IA, VIB, VIIB
and VIA, preferably selected from the group consisting of tungsten, lithium and sulfur.

A process for producing a shaped catalyst body comprising silver and rhenium applied to
an alumina support, which comprises

(a) providing an alumina support;

(b) applying silver, cesium and rhenium to the alumina support,

wherein for the alumina support, the value of the expression R7 = CsiAWsi— Ccd AWea —
Cud AWy is in the range of 1 to 100 mmol/kg, preferably 5 to 75 mmol/kg, more prefera-
ble 10 to 60 mmol/kg per weight of the carrier, and AWs;, AW, and AWy, relate to atomic
weight of Si, Ca and Mg in g/mol, respectively, and

wherein for the catalyst, the value of the expression R2= Ccd AWes- Crd AWre is in the
range of 1.0 to 5.0 mmol/kg per weight of total catalyst, and AWcs, and AWk. relate to
atomic weight of Cs and Re in g/mal,

and rhenium and caesium are applied in amounts such that the value of the expression
R2= Ccd AWes - Crdd AWre is in the range of 1.0 to 5.0 mmol/kg per weight of total cata-
lyst, and AW,s, and AWV, relate to atomic weight of Cs and Re in g/mol, rrespectively and
the value of the expression R3= R2/[R7x (100 - C4) / 100] is in the range of 0.05 to 1.

The process according to claim 10, wherein the process further comprises
(c) calcining the alumina support obtained according to (b).

The process according to claim 10 or 11, wherein silver is applied in an amount of from 5
to 35% by weight, based on the total weight of the shaped catalyst body and calculated
as element, in (b).
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13. A shaped catalyst body obtainable or obtained by a process according to any of claims 10
to 12.

14. A process for preparing ethylene oxide by gas-phase oxidation of ethylene by means of
oxygen in the presence of a shaped catalyst body according to any of claims 1 to 9 or 13.

15. The use of a shaped catalyst body according to any of claims 1 to 9 or 13 as catalyst for
preparing ethylene oxide by gas-phase oxidation of ethylene by means of oxygen.
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