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(54) Title: CATALYST AND PROCESS FOR THE CONVERSION OF OXYGENATES TO OLEFINS

(57) Abstract: The present invention relates to a catalyst for the conversion of oxygenates to olefins, wherein the catalyst comprises
one or more zeolites of the MFI, MEL and/or MWW structure type and particles of one or more metal oxides, the one or more
zeolites of the MFI, MEL and/or MWW structure type comprising one or more alkaline earth metals selected from the group consist-
ing of Mg, Ca, Sr, Ba and combinations of two or more thereof, wherein the catalyst displays a water uptake of 9.0 wt.-% or less, as
well as to a process for the production thereof and to its use, in particular in a process for converting oxygenates to olefins.
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Catalyst and process for the conversion of oxygenates to olefins

The present invention relates to a catalyst for the conversion of oxygenates to olefins, and to a
process for the preparation thereof. The present invention further relates to a process for the
conversion of oxygenates to olefins, and to the use of a catalyst according to the present inven-
tion in specific catalytic processes.

INTRODUCTION

In view of increasing scarcity of mineral oil deposits which serve as starting material for prepara-
tion of lower hydrocarbons and derivatives thereof, alternative processes for preparing such
commodity chemicals are becoming increasingly important. In alternative processes for obtain-
ing lower hydrocarbons and derivatives thereof, specific catalysts are frequently used in order to
obtain lower hydrocarbons and derivatives thereof, such as unsaturated lower hydrocarbons in
particular, with maximum selectivity from other raw materials and/or chemicals. In this context,
important processes include those in which methanol as a starting chemical is subjected to a
catalytic conversion, which can generally give rise to a mixture of hydrocarbons and derivatives
thereof, and also aromatics.

In the case of such catalytic conversions, it is a particular challenge to refine the catalysts used
therein, and also the process regime and parameters thereof, in such a way that a few very
specific products form with maximum selectivity in the catalytic conversion. Thus, these pro-
cesses are named particularly according to the products which are obtained in the main therein.
In the past few decades, particular significance has been gained by those processes which en-
able the conversion of methanol to olefins and are accordingly characterized as methanol-to-
olefin processes (MTO process for methanol to olefins). For this purpose, there has been de-
velopment particularly of catalysts and processes which convert methanol via the dimethyl ether
intermediate to mixtures whose main constituents are ethene and propene.

DD 238733 A1 relates, for example, to a magnesium-doped zeolite and to the use thereof in the
conversion of methanol to lower olefins, specifically of the carbon number range =2 3. Mclintosh
et al. in Applied Catalysis 1983, 6, p. 307-314 describes specifically ZSM-5 catalysts and the
use thereof in methanol-to-olefin processes, and the doping thereof with various metals and
nonmetals, for example magnesium or phosphorus, and the influence thereof on the yields and
product distribution in the catalytic conversion of methanol.

Lee et al. in Applied Catalysis A 2010, 374, p. 18-25 relates to ZSM-5 extrudates with alumino-
phosphate binder and to the use thereof in methanol-to-propylene processes (MTP processes).
Freiding et al. in Applied Catalysis A 2007, 328, p. 210-218 describes extrudates of ZSM-5 in an
aluminophosphate sinter matrix.
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US 4,049,573 relates to a catalytic process for conversion of lower alcohols and ethers thereof,
and especially methanol and dimethyl ether, selectively to a hydrocarbon mixture with a high
proportion of C2-C3 olefins and monocyclic aromatics and especially para-xylene, the catalysts
used therein being doped with boron, magnesium and/or phosphorus.

Goryainova et al. in Petroleum Chemistry 2011, vol. 51, no. 3, p. 169-173 describes the catalytic
conversion of dimethyl ether to lower olefins using magnesium-containing zeolites.

Ciambelli et al. "Acid-base catalysis in the conversion of methanol to olefins over Mg-modified
ZSM-5 zeolite", Successful Design of Catalysts, Elsevier Science Publishers B.V., Amsterdam,
1988, p. 239-246 examines the influence of magnesium in the MTO process and especially in
combination with ZSM-5 zeolite as a catalyst.

Okado et al. in Applied Catalysis 1988, 41, p. 121-135 relates to methanol-to-olefin processes
using the ZSM-5 catalyst and examines the influence of various alkaline earth metals with re-
gard to deactivation of the catalyst during the service life thereof.

WO 2012/123556 A1 relates to a catalyst which is produced by mixing a zeolite of the pentasil
type which has been modified by a first phosphorus compound with alumina and an acid and
processing the mixture to give a shaped body, which is then impregnated with a second phos-
phorus compound. WO 2012/123558 A1 describes a catalyst which is produced by impregnat-
ing a zeolite-containing shaped body with a phosphorus compound, the zeolite being of the pen-
tasil type. Finally, WO 2012/123557 A1 relates to a catalyst which is prepared by mixing a zeo-
lite of the pentasil type, which has first been modified by a phosphorus compound which is then
substantially removed again from the zeolite, with alumina and an acid, and processing the mix-
ture to give a shaped body.

CN 102049302 A relates to a method for the preparation of a catalyst involving an acid treat-
ment and a surface silanazation treatment of an aluminosilicate molecular sieve, wherein the
catalyst is employed for converting methanol and dimethylether selectively to gasoline compo-
nents. CN 102049313 A, on the other hand, concerns a method for the preparation of a catalyst
involving the loading of an aluminosilicate molecular sieve with metal ions and then carrying out
a silanization treatment, wherein the catalyst may be employed for the conversion of methanol
to olefins. JP 2012-087079 A relates to a method for converting ethanol to lower olefins which
employs a ZSM-5 zeolite catalyst which has been treated with an alkoxysilane compound. US
6,051,519 concerns a catalyst composition comprising a silylated zeolite and a promoter com-
prising a Group VIII metal, wherein the catalyst composition may be used for the isomerization
of ethylbenzene. Finally, WO 2012/152406 A1 relates to an aluminosilicate zeolite which has
been surface treated with an organic silicon compound and to its use as a catalyst for the al-
kylation of aromatic hydrocarbons.
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WO 2011/089263 A1 relates to a method for making a catalyst comprising a phosphorus modi-
fied zeolite which may be used in an alcohol dehydration process. US 4,504,690 A concerns an
organophosphorus-treated zeolite catalyst for para-selective conversion of aromatics. Zhao et
al. in Catalysis Today 2011, 160, pp. 179-183 deals with the effect of Pt on the stability of a
nano-scale ZSM-5 catalyst for the alkylation of toluene with methanol to p-xylene. Zhao et al. in
Catalysis Today 2010, 156, pp. 69-73 relates to the effect of the metal modification of HZSM-5
on the stability of the catalyst in the shape-selective methylation of toluene. Finally, Le Van Mao
et al. in Can. J. Chem. 1985, 63, pp. 3464-3470 concerns a composite ZSM-5 zeolite / asbestos
catalyst.

In spite of the advances which have been achieved with respect to the selectivities of different
catalysts in processes for preparing lower hydrocarbons and derivatives thereof, this covers
only a portion of the possible products. Thus, there is still a need for new processes and cata-
lysts which can have high selectivities with respect to particular products and product mixtures,
especially with respect to the olefins of different chain length which are obtained in such pro-
cesses. Irrespective of this, there is still a general need for new catalysts and processes which,
in addition to having new and/or improved selectivities, also have better resistance to any deac-
tivation in such processes, especially as a result of coking of the catalyst, in order thus to be
able to enable a higher efficiency of existing and new processes.

DETAILED DESCRIPTION

Advantageously, the present invention may provide an improved catalyst, especially for the
conversion of oxygenates to olefins, which has new and improved selectivities with respect to
particular process products. More particularly, the present invention may advantageously pro-
vide improved catalysts and processes for the conversion of oxygenates to olefins, which exhibit
a specific selectivity with respect to C3 and C4 olefins. Advantageously, the present invention
may also provide catalysts and processes which enable a longer service life of the catalyst with
comparable space velocity and conversion of oxygenates. Advantageously, the present inven-
tion may further provide an improved catalyst which produces a lower level of unwanted by-
products, and especially an improved catalyst and a process for the conversion of oxygenates
to olefins using the latter, which produces a smaller amount of lightweight gases such as me-
thane, ethane and propane, and especially a smaller amount of methane, as an unwanted by-
product of the reaction.

It has thus been found that, surprisingly, a catalyst for the conversion of oxygenates to olefins,
which contains a metal oxide in addition to a zeolite of the MFI, MEL and/or MWW structure
type comprising one or more alkaline earth metals and which is optionally doped with phospho-
rous, wherein said catalyst displays a particularly low water uptake not only exhibits a surpris-
ingly high selectivity with respect to C3 and C4 olefins, but unexpectedly also possesses a con-
siderably improved service life. More particularly, it has been found that, unexpectedly, a syner-
gistic effect of the doping of one or more zeolites with one or more alkaline earth metals in com-
bination with a low water uptake, i.e. a high hydrophobicity, of the catalyst can be achieved,

10058008_1 (GHMatters) P103307.AU
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both with respect to the olefin selectivity in the case of use of the catalyst for conversion of oxy-
genates as well as and in particular with respect to a considerable improvement in the re-
sistance of the catalyst to deactivation during the use thereof in a catalytic process.

Thus, the present invention relates to a catalyst for the conversion of oxygenates to olefins,
wherein the catalyst comprises one or more zeolites of the MFI, MEL and/or MWW structure
type and particles of one or more metal oxides, the one or more zeolites of the MFI, MEL and/or
MWW structure type comprising one or more alkaline earth metals selected from the group con-
sisting of Mg, Ca, Sr, Ba and combinations of two or more thereof, wherein the catalyst displays
a water uptake of 9.0 wt.-% or less, preferably of 8.0 wt.-% or less, more preferably of 7.0 wt.-%
or less, more preferably of 6.0 wt.-% or less, more preferably of 5.5 wt.-% or less, wherein more
preferably the catalyst displays a water uptake ranging from 0.5 to 5.0 wt.-%, more preferably of
1.0 to 4.5 wt.-%, more preferably of 1.5 to 4.0 wt.-%, more preferably of 2.0 to 3.5 wt.-%, and
more preferably of 2.5 to 3.0 wt.-%, and wherein the catalyst has been treated with one or more
silylating agents.

With regard to the one or more zeolites present in the catalyst, according to the present inven-
tion, there are no restrictions whatsoever either with respect to the type or with respect to the
number of zeolites which can be used herein, provided that they are zeolites of one or more of
the MFI, MEL and MWW structure types. If one or more of the zeolites present in the catalyst
are of the MWW structure type, there is again no restriction whatsoever with respect to the type
and/or number of MWW zeolites which can be used according to the present invention. Thus,
these may be selected, for example, from the group of zeolites of the MWW structure type con-
sisting of MCM-22, [Ga-Si-O]-MWW, [Ti-Si-O]-MWW, ERB-1, ITQ-1, PSH-3, SSZ-25 and mix-
tures of two or more thereof, preference being given to the use of zeolites of the MWW structure
type which are suitable for the conversion of oxygenates to olefins, especially MCM-22 and/or
MCM-36.

The same applies correspondingly to the zeolites of the MEL structure type which can be used
according to the present invention in the catalyst, these being selected, for example, from the
group consisting of ZSM-11, [Si-B-O]-MEL, boron-D (MFI/MEL mixed crystal), boralite D, SSZ-
46, silicalite 2, TS-2 and mixtures of two or more thereof. Here too, preference is given to using
those zeolites of the MEL structure type which are suitable for the conversion of oxygenates to
olefins, especially [Si-B-O]-MEL.

According to the present invention, however, especially zeolites of the MFI structure type are
used in the inventive catalyst for the conversion of oxygenates to olefins. With regard to these
preferred embodiments of the present invention, there is likewise no restriction whatsoever with
respect to the type and/or number of the zeolites of this structure type used, the one or more
zeolites of the MFI structure type which are used in the inventive catalyst preferably being se-
lected from the group consisting of ZSM-5, ZBM-10, [As-Si-O]-MFI, [Fe-Si-O]-MFlI, [Ga-Si-O]-

10058008_1 (GHMatters) P103307.AU
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MFI, AMS-1B, AZ-1, boron-C, boralite C, encilite, FZ-1, LZ-105, monoclinic H-ZSM-5, mu-
tinaite, NU-4, NU-5, silicalite, TS-1, TSZ, TSZ-lll, TZ-01, USC-4, USI-108, ZBH, ZKQ-1B,

10058008_1 (GHMatters) P103307.AU
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ZMQ-TB and mixtures of two or more thereof. Further preferably, according to the present
invention, the catalyst comprises ZSM-5 and/or ZBM-10 as the zeolite of the MFI structure
type, particular preference being given to using ZSM-5 as the zeolite. With regard to the
zeolitic material ZBM-10 and the preparation thereof, reference is made, for example, to EP
0 007 081 A1 and to EP 0 034 727 A2, the content of which, particularly with regard to the
preparation and characterization of the material, is hereby incorporated into the present
invention.

Thus, according to the present invention, it is preferred that the catalyst for the conversion
of oxygenates to olefins comprises one or more zeolites of the MFI structure type, and more
preferably one or more zeolites of the MFI structure type selected from the group consisting
of ZSM-5, ZBM-10, [As-Si-O]-MFI, [Fe-Si-O]-MFI, [Ga-Si-O]-MFI, AMS-1B, AZ-1, boron-C,
boralite C, encilite, FZ-1, LZ-105, monoclinic H-ZSM-5, mutinaite, NU-4, NU-5, silicalite, TS-
1, TSZ, TSZ-1ll, TZ-01, USC-4, USI-108, ZBH, ZKQ-1B, ZMQ-TB and mixtures of two or
more thereof, further preferably from the group consisting of ZSM-5, ZBM-10 and mixtures
thereof, the zeolite of the MFI structure type preferably being ZSM-5.

According to the present invention, it is preferred that the catalyst does not comprise any signifi-
cant amounts of one or more nonzeolitic materials and especially does not comprise any signifi-
cant amounts of one or more aluminophosphates (AIPOs or APOs) or of one or more alumino-
silicophosphates (SAPOSs). In the context of the present invention, the catalyst is essentially free
of or does not comprise any significant amounts of a specific material in cases in which this
specific material is present in the catalyst in an amount of % by weight or less based on 100%
by weight of the total amount of the one or more zeolites of the MFI, MEL and/or MWW struc-
ture type, preferably in an amount of 0.5% by weight or less, further preferably of 0.1% by
weight or less, further preferably of 0.05% by weight or less, further preferably of 0.001% by
weight or less, further preferably of 0.0005% by weight or less and further preferably in an
amount of 0.0001% by weight or less. A specific material in the context of the present invention
particularly denotes a particular element or a particular combination of elements, a particular
substance or a particular substance mixture, and also combinations and/or mixtures of two or
more thereof.

The aluminophosphates (AIPOs and APOs) in the context of the present invention generally
include all crystalline aluminophosphate phases. According to a preferred definition of the alu-
minophosphates (AIPOs and APOs), these include the materials AIPO-20 and composition vari-
ants thereof, AIPO-5, AIPO-21, AIPO-H3, AIPO-17 and composition variants thereof, AIPO-12-
TAMU, AIPO-11, AIPO-22, AIPO-8, AIPO-C, AIPO-25, AIPO-16, AIPO-31, AIPO-8, AIPO-H2,
AIPO-31, AIPO-34, AIPO-D, AIPO-18, AIPO-EN3, AIPO-53(A), AIPO-41, AIPO-52, AIPO4-
pollucite, AIPO-24, AIPO-C, AIPO-33, AIPO-17 and composition variants thereof, AIPO-20 and
composition variants thereof, AIPO-H2, AIPO-14, AIPO-54, AIPO-53(B), AIPO-40, AIPO-35,
AIPO-CJB1 (optionally with additional presence of phosphate groups), AIPO-40, AIPO-36,
MnAPO-11, MAPO-43, CoAPO-5, MAPO-36, MgAPO-50, ZAPO-M1, GaPO-DAB-2, CrAPO-5,
CoAPO-50, MAPO-39, CoAPO-44, GaP0-34, MeAPO-47, GaPO-DAB-2, CoAPO-47, MeAPO-
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47, GaPO-14, CoAPO-50, CFSAPO-1A, GeAPO-11, CoAPO-5, MAPO-5 (where M=Mg, Mn),
VAPO-5, ZnAPO-5, FAPO-5, MnAPO-41, CoAPO-40, ZnAPO-40, MAPO-46, MnAPO-50,
CoAPO-H3, ZnAPO-39, MAPO-31 (where M = Zn, Mg, Mn, Co, Cr, Cu, Cd), ZnAPO-36,
ZnAPO-35, FAPO-H1, MnAPO-14, ZnAPO-50, APO-CJ3, FAPO-36, MAPO-31 (where M = Mn,
Ni, Zn), VAPO-31, MAPO-5 (where M = Cd, Cu, Mo, V/Mo, Zr) and CoAPO-CJ40. According to
a preferred definition of the aluminophosphates (AIPOs and APOs), these include all crystalline
aluminophosphate phases which consist of aluminum, phosphorus and oxygen, and especially
the materials AIPO-5, AIPO-21, AIPO-H3, AIPO-17 and composition variants thereof, AIPO-12-
TAMU, AIPO-11, AIPO-22, AIPO-8, AIPO-C, AIPO-25, AIPO-16, AIPO-31, AIPO-8, AIPO-H2,
AIPO-31, AIPO-34, AIPO-D, AIPO-18, AIPO-EN3, AIPO-53(A), AIPO-41, AIPO-52, AIPO4-
pollucite, AIPO-24, AIPO-C, AIPO-33, AIPO-17 and composition variants thereof, AIPO-20 and
composition variants thereof, AIPO-H2, AIPO-14, AIPO-54, AIPO-53(B), AIPO-40, AIPO-35,
AIPO-CJB1 (optionally with additional presence of phosphate groups), AIPO-40 and AIPO-36.

The aluminosilicophosphates (SAPOs) in the context of the present invention generally include
all crystalline aluminosilicophosphate phases, especially the SAPO materials SAPO-11, SAPO-
47, SAPO-40, SAPO-43, SAPO-5, SAPO-31, SAPO-34, SAPO-37, SAPO-35, SAPO-42, SAPO-
56, SAPO-18, SAPO-41, SAPO-39 and CFSAPO-1A.

According to the present invention, the one or more zeolites of the MFI, MEL and/or MWW
structure type comprises one or more alkaline earth metals selected from the group consisting
of Mg, Ca, Sr, Ba and combinations of two or more thereof. In general, according to the present
invention, there is no restriction whatsoever either with regard to the type and/or the number of
alkaline earth metals present in the one or more zeolites, or with regard to the manner in which
they are present in the one or more zeolites, provided that the one or more zeolites comprise
one or more alkaline earth metals selected from the group consisting of magnesium, calcium,
strontium, barium and combinations of two or more thereof. According to the present invention,
the one or more alkaline earth metals, however, are preferably selected from the group consist-
ing of magnesium, calcium, strontium and combinations of two or more thereof, and, in particu-
larly preferred embodiments of the inventive catalyst, the alkaline earth metal is magnesium. In
alternatively preferred embodiments of the present invention, the catalyst does not comprise
any, or any significant amounts of, calcium and/or strontium.

Thus, according to the present invention, it is preferred that the alkaline earth metals present
in the one or more zeolites of the MFI, MEL and/or MWW structure type are selected from the
group consisting of Mg, Ca, Sr and combinations of two or more thereof, the alkaline earth met-
al more preferably being Mg.

With regard to the manner in which the one or more alkaline earth metals are present in the one
or more zeolites in the catalyst, these may in principle be present in the micropores of the one
or more zeolites and/or as a constituent of the zeolitic framework, especially at least partly in
isomorphic substitution for an element in the zeolite framework, preferably for silicon and/or
aluminum as a constituent of the zeolite framework and more preferably at least partly in iso-
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morphic substitution for aluminum. With regard to the presence of the one or more alkaline
earth metals in the micropores of the one or more zeolites, these may be present as a separate
compound, for example as a salt and/or oxide therein, and/or as a positive counterion to the
zeolite framework. According to the present invention, the one or more alkaline earth metals are
present at least partly in the pores and preferably in the micropores of the one or more zeolites,
and, further preferably, the one or more alkaline earth metals are present therein at least partly
as the counterion of the zeolite framework, as can arise, for example, in the course of produc-
tion of the one or more zeolites in the presence of the one or more alkaline earth metals and/or
can be brought about by performance of an ion exchange with the one or more alkaline earth
metals in the zeolite already produced.

With regard to the amount of the one or more alkaline earth metals, as already noted above,
there are no particular restrictions according to the present invention with respect to the amount
in which they are present in the one or more zeolites. It is thus possible in principle for any pos-
sible amount of the one or more alkaline earth metals to be present in the one or more zeolites,
for example in a total amount of the one or more alkaline earth metals of 0.1-20% by weight
based on the total amount of the one or more zeolites. According to the present invention, how-
ever, it is preferred that the one or more alkaline earth metals are present in a total amount in
the range of 0.5-15% by weight based on 100% by weight of the total amount of the one or
more zeolites, further preferably of 1-10% by weight, further preferably of 2-7% by weight, fur-
ther preferably of 3-5% by weight and further preferably of 3.5-4.5% by weight. In particularly
preferred embodiments of the present invention, the one or more alkaline earth metals are pre-
sent in a total amount in the range of 3.8-4.2% by weight in the one or more zeolites. For all of
the above percentages by weight for alkaline earth metal in the one or more zeolites, these are
calculated proceeding from the one or more alkaline earth metals as the metal.

Thus, according to the present invention, it is preferred that the one or more zeolites of the
MFI, MEL and/or MWW structure type comprise the one or more alkaline earth metals in a
total amount in the range from 0.1 to 20% by weight, preferably from 0.5 to 15% by weight,
further preferably from 1 to 10% by weight, further preferably from 2 to 7% by weight, fur-
ther preferably from 3 to 5% by weight, further preferably from 3.5 to 4.5% by weight, and
further preferably in the range from 3.8 to 4.2% by weight, based in each case on the total
amount of the one or more zeolites of the MFI, MEL and/or MWW structure type and calcu-
lated as the metal. According to the present invention it is however alternatively preferred
that the MFI, MEL and/or MWW structure type comprise the one or more alkaline earth
metals in a total amount in the range from 0.1 to 10% by weight, further preferably from 0.5
to 5% by weight, further preferably from 0.8 to 3% by weight, further preferably from 1 to
2.5% by weight, further preferably from 1.2 to 2.2% by weight, and further preferably in the
range from 1.6 to 2.0% by weight, based in each case on the total amount of the one or
more zeolites of the MFI, MEL and/or MWW structure type and calculated as the metal.

According to the present invention, the catalyst for the conversion of oxygenates to olefins com-
prises, as well as the above-described zeolites, especially according to the particular and pre-
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ferred embodiments as described in the present application, further particles of one or more
metal oxides. According to the present invention, there are no restrictions whatsoever either
with respect to the type metal oxides which may be used in the catalyst, or with respect to the
number of different metal oxides which may be present therein. According to the present inven-
tion, however, preference is given to metal oxides which are generally used in catalytic materi-
als as inert materials and especially as support substances, preferably with a large BET surface
area. According to the present invention, figures for surface areas of a material are preferably
based on the BET (Brunauer-Emmett-Teller) surface area thereof, this preferably being deter-
mined to DIN 66131 by nitrogen absorption at 77 K.

With regard to the metal oxides which can be used in the present invention, there are no re-
strictions whatsoever. It is thus possible in principle to use any suitable metal oxide compound
and mixtures of two or more metal oxide compounds. Preference is given to using metal oxides
which are thermally stable in processes for the conversion of oxygenates to olefins, the metal
oxides preferably serving as binders. Thus, the one or more metal oxides which are used in the
catalyst are preferably selected from the group consisting of silica, alumina, titania, zirconia,
aluminum-titanium mixed oxides, aluminum-zirconium mixed oxides, aluminum-lanthanum
mixed oxides, aluminum-zirconium-lanthanum mixed oxides, titanium-zirconium mixed oxides
and mixtures of two or more thereof. Further preferably, according to the present invention, the
one or more metal oxides are selected from the group consisting of silica, alumina, aluminum-
titanium mixed oxides, aluminum-zirconium mixed oxides, aluminum-lanthanum mixed oxides,
aluminum-zirconium-lanthanum mixed oxides and mixtures of two or more thereof. According to
the present invention, particular preference is given to using the metal oxide alumina as parti-
cles in the catalyst.

Furthermore, no particular restrictions exist relative to further elements and compounds which
may be contained in the one or more metal oxides contained in the catalyst for the conversion
of oxygenates to olefins according to the present invention. Thus, any suitable further elements
or compounds may be contained in the one or more metal oxides, wherein it is preferred that
the one or more metal oxides comprise phosphorus. As regards the form in which the phospho-
rus may be contained in the one or more metal oxides according to said preferred embodiments
of the present invention, no particular restrictions apply, such that phosphorus may be con-
tained in the elemental form and/or as a phosphorus-containing compound such as in the form
of a phosphorus-containing salt or molecule. According to the present invention it is however
particularly preferred that according to preferred embodiments of the present invention wherein
phosphorus is contained in the one or more metal oxides, said phosphorus is present therein at
least partly in oxidic form.

Thus, it is preferred according to the present invention that the one or more zeolites of the MFI,
MEL and/or MWW structure type comprise phosphorus, the phosphorus being present at least
partly in oxidic form.
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According to the present invention, it is further preferred that the metal oxide is at least partly in
amorphous form. In preferred embodiments of the present invention, according to which the
metal oxide is used at least partly in crystalline form and wherein the metal oxide further com-
prises phosphorous, it is preferred that the phosphorus present in the metal oxide is not present
therein as part of the crystal structure of the metal oxide and hence does not form an element or
part of the crystal structure that would at least partly require crystallinity of the metal oxide. More
particularly, according to the present invention, it has been found that, surprisingly, specifically
in combination with one or more alkaline earth metal-comprising zeolites according to the pre-
sent invention, the application of phosphorus to a metal oxide as an additive and/or binder in a
process for the conversion of oxygenates to olefins not only effectively suppresses the for-
mation of coke on the catalyst, as a result of which the service life can be considerably pro-
longed, but also, unexpectedly, considerably and sustainably reduces the formation of unwant-
ed by-products and especially of methane.

As noted above, according to the present invention, it is preferred that the particles of the one or
more metal oxides and especially of the one or more metal oxides according to the particular
and preferred embodiment as described in the present application comprise phosphorus. With
respect to the form in which the phosphorus is present in the particles of the one or more metal
oxides according to said preferred embodiments, there is no particular restriction whatsoever,
provided that at least a portion of the phosphorus is in oxidic form. According to the present in-
vention, phosphorus is in oxidic form if it is in present in conjunction with oxygen, i.e. if at least a
portion of the phosphorus is at least partly in a compound with oxygen, especially with covalent
bonding of at least a portion of the phosphorus to the oxygen. According to the present inven-
tion, it is further preferred that the phosphorus which is at least partly in oxidic form comprises
oxides of phosphorus and/or oxide derivatives of phosphorus. The oxides of phosphorus ac-
cording to the present invention include especially phosphorus trioxide, diphosphorus tetroxide,
phosphorus pentoxide and mixtures of two or more thereof. In addition, according to the present
invention, it is preferred that the phosphorus and especially the phosphorus in oxidic form is at
least partly in amorphous form, the phosphorus and especially the phosphorus in oxidic form
further preferably being present essentially in amorphous form. According to the present inven-
tion, the phosphorus and especially the phosphorus in oxidic form is essentially in amorphous
form when the proportion of phosphorus and especially of phosphorus in oxidic form which is
present in crystalline form in the catalyst is 1% by weight or less based on 100% by weight of
the total amount of the particles of the one or more metal oxides, the phosphorus being calcu-
lated as the element, preferably in an amount of 0.5% by weight or less, further preferably of
0.1% by weight or less, further preferably of 0.05% by weight or less, further preferably of
0.001% by weight or less, further preferably of 0.0005% by weight or less and further preferably
in an amount of 0.0001% by weight or less.

With regard to the manner in which the phosphorus which is at least partly in oxidic form is pref-
erably present in the one or more metal oxides of the catalyst, according to the present inven-
tion, there is no particular restriction whatsoever, neither with respect to the manner in which it
is present, nor with respect to the amount of phosphorus present in the one or more metal ox-
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ides. With respect to the manner in which the phosphorus may be present, it may thus in princi-
ple be applied to the one or more metal oxides as the element and/or as one or more independ-
ent compounds and/or incorporated in the one or more metal oxides, for example in the form of
a dopant of the one or more metal oxides, this especially comprising embodiments in which the
phosphorus and the one or more metal oxides at least partly form mixed oxides and/or solid
solutions. According to the present invention, the phosphorus is preferably applied partly in the
form of one or more oxides and/or oxide derivatives to the one or more metal oxides in the par-
ticles, the one or more oxides and/or oxide derivatives of phosphorus further preferably originat-
ing from a treatment of the one or more metal oxides with one or more acids of phosphorus
and/or with one or more of the salts thereof. The one or more acids of phosphorus preferably
refer to one or more acids selected from the group consisting of phosphinic acid, phosphonic
acid, phosphoric acid, peroxophosphoric acid, hypodiphosphonic acid, diphosphonic acid, hy-
podiphosphoric acid, diphosphoric acid, peroxodiphosphoric acid and mixtures of two or more
thereof. Further preferably, the one or more phosphoric acids are selected from the group con-
sisting of phosphonic acid, phosphoric acid, diphosphonic acid, diphosphoric acid and mixtures
of two or more thereof, further preferably from the group consisting of phosphoric acid, diphos-
phoric acid and mixtures thereof, and, in particularly preferred embodiments of the present in-
vention, the phosphorus present in the one or more metal oxides at least partly originates from
a treatment of the one or more metal oxides with phosphoric acid and/or with one or more
phosphate salts.

According to the present invention, it is further preferred that the one or more zeolites of the
MFI, MEL and/or MWW structure type comprise phosphorus. This applies independently as to
whether the one or more metal oxides comprise phosphorous, wherein it is particularly preferred
according to the present invention that in the catalyst for the conversion of oxygenates to olefins
both the one or more metal oxides and the one or more zeolites of the MFI, MEL and/or MWW
structure type comprise phosphorous. With regard to the form in which the phosphorus is pre-
sent in the one or more zeolites, the same applies as described in the present application with
respect to phosphorus preferably present in the one or more metal oxides, especially with re-
gard to the partial presence thereof in oxidic form. With respect to the manner in which the
phosphorus is present in the one or more zeolites, according to the present invention, it is pref-
erably present in the pores of the zeolite framework and especially in the micropores thereof,
either as an independent phosphorus-comprising compound and/or as a counterion to the zeo-
lite framework, the phosphorus more preferably being present at least partly as an independent
compound in the pores of the zeolite framework.

Thus, according to the present invention, further preference is given to embodiments of the
catalyst for the conversion of oxygenates to olefins in which the one or more zeolites of the
MFI, MEL and/or MWW structure type comprise phosphorus, the phosphorus being at least
partly in oxidic form.

With regard to the ratio in which the one or more zeolites of the MFI, MEL and/or MWW struc-
ture type on the one hand and the particles of one or more metal oxides on the other hand are



10

15

20

25

30

35

40

WO 2015/091832 PCT/EP2014/078514
-11-

present in the catalyst according to the present invention, there is no particular restriction in
principle, the ratio preferably corresponding to one suitable for the use of the catalyst in at least
one of the preferred inventive uses of the catalyst according to the particular and preferred uses
as described in the present application, and especially a use for the conversion of oxygenates
to olefins. Thus, the weight ratio of zeolite to metal oxide in the catalyst according to the present
invention and especially according to the particular and preferred embodiments of the present
invention may be in the range from 10:90 to 95:5. According to the present invention, the zeo-
lite:metal oxide weight ratio, however, is preferably in the range from 20:80 to 90:10, further
preferably in the range from 40:60 to 80:20, further preferably in the range from 45 : 55 to
70:30, and further preferably in the range from 50 : 50 to 75 : 25. In particularly preferred em-
bodiments of the present invention, the zeolite:metal oxide weight ratio is in the range from
55:45 to 65:35. In the context of the present invention, the zeolite:metal oxide weight ratio indi-
cates especially the weight ratio of the total weight of the one or all of the plurality of zeolites to
the total weight of the particles of the one or all of the plurality of metal oxides.

Thus, according to the present invention, preference is given to embodiments of the catalyst
for the conversion of oxygenates to olefins in which the zeolite : metal oxide weight ratio in
the catalyst is in the range from 10 : 90 to 95 : 5, preferably in the range from 20 : 80 to 90 :
10, more preferably in the range from 40 : 60 to 80 : 20, more preferably in the range from
45 : 55 to 70 : 30, more preferably of from 50 : 50 to 75 : 25, and more preferably in the
range from 55 : 45 to 65 : 35.

With regard to the amount of phosphorus which may be preferably present in the catalyst ac-
cording to the present invention, there is no restriction whatsoever in principle, and so all con-
ceivably possible phosphorus contents may be present in the catalyst, these preferably being
selected such that the catalyst can be used in at least one of the particular or preferred catalytic
uses as described in the present application and especially for the conversion of oxygenates to
olefins. Thus, the total amount of phosphorus in the catalyst according to the present invention
may, for example, be in the range of 0.1-20% by weight, the total amount of phosphorus being
based on the sum of the total weight of zeolites of the MFI, MEL and/or MWW structure type
and the total weight of the particles of the one or more metal oxides, the phosphorus being cal-
culated as the element. According to the present invention, the total amount of phosphorus in
the catalyst, however, is preferably in the range of 0.5-15% by weight, further preferably in the
range of 1-10% by weight, further preferably of 2-7% by weight, further preferably of 2.5-5% by
weight, further preferably of 3.5-4.5% by weight, further preferably of 3.3-4.2% by weight and
further preferably of 3.5-4% by weight. In particularly preferred embodiments of the present in-
vention, the total amount of phosphorus in the catalyst based on the sum of the total weight of
zeolites and the total weight of the particles of the one or more metal oxides is in the range of
3.6-3.8% by weight, the phosphorus being calculated as the element.

Thus, according to the present invention, it is preferred that the total amount of phosphorus in
the catalyst for the conversion of oxygenates to olefins, based on the sum of the total weight
of zeolites of the MFI, MEL and/or MWW structure type and the total weight of the particles of
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the one or more metal oxides and calculated as the element, is in the range from 0.1 to 20% by
weight, preferably from 0.5 to 15% by weight, further preferably from 1 to 10% by weight, further
preferably from 2 to 7% by weight, further preferably from 2.5 to 5% by weight, further prefera-
bly from 3 to 4.5% by weight, further preferably from 3.3 to 4.2% by weight, further preferably
from 3.5 to 4% by weight, and further preferably in the range from 3.6 to 3.8% by weight.

With regard to the form in which the catalyst according to the present invention is present, there
are likewise no restrictions whatsoever, and so the one or more zeolites and the particles of the
one or more metal oxides present therein may in principle be combined in any possible and
suitable manner to give a catalyst, the form preferably being selected such that the catalyst is
suitable at least in one of the particular or preferred uses as described in the present application
and especially for the use of a catalyst for converting oxygenates to olefins. In this context, the
catalyst is preferably in the form of a shaped body comprising a mixture of the one or more zeo-
lites of the MFI, MEL and/or MWW structure type and the particles of the one or more metal
oxides, preferably of the one or more zeolites and the particles of the one or more metal oxides
according to one of the particular or preferred embodiments as described in the present applica-
tion. In a particularly preferred embodiment of the present invention, the shaped body is an ex-
trudate.

Thus, according to the present invention, it preferred that the catalyst for the conversion of
oxygenates to olefins, and especially the catalyst according to one of the particular and pre-
ferred embodiments of the present invention, is in the form of a shaped body comprising a
mixture of the one or more zeolites of the MFI, MEL and/or MWW structure type and of the par-
ticles of the one or more metal oxides.

According to the present invention, the catalyst displays a water uptake of 9.0 wt.-% or less.
Thus, the catalyst for the conversion of oxygenates to olefins according to the present invention
displays a low water uptake, i.e. a high hydrophobicity, wherein it is preferred that the catalyst
displays a water uptake of 8.0 wt.-% or less, more preferably of 7.0 wt.-% or less, more prefera-
bly of 6.0 wt.-% or less, and more preferably of 5.5 wt.-% or less, wherein more preferably the
catalyst displays a water uptake ranging from 0.5 to 5.0 wt.-%, more preferably of from 1.0 to
4.5 wt.-%, more preferably of from 1.5 to 4.0 wt.-%, and more preferably of from 2.0 to 3.5 wt.-
%. According to the present invention it is however particularly preferred that the catalyst for the
conversion of oxygenates to olefins displays a water uptake ranging from 2.5 to 3.0 wt.-%.

Within the meaning of the present invention, the water uptake of a material and in particular of a
zeolitic material as defined in any of the particular and preferred embodiments of the present
invention expressed in wt.-% preferably refers to the water uptake of a material at 85 wt.-% rela-
tive humidity (RH) expressed in increase in weight compared to the dry sample, i.e. the weight
of the sample measured at 0% RH. According to the present invention it is preferred that the
weight of the sample measured at 0% RH refers to the sample from which residual moisture has
been removed by heating the sample to 100 °C (heating ramp of 5 °C/min) and holding it for 6 h
under a nitrogen flow. According to the present invention it is particularly preferred that the wa-
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ter uptake of a material as defined for any of the particular and preferred embodiments of the
inventive process refers to the water uptake of a material and in particular of a zeolitic material
at 85% RH as obtained according to the procedure for the measurement of the water adsorp-
tion/desorption isotherms as described in the experimental section of the present application.

The catalyst according to the present invention can be prepared in any suitable manner, provid-
ed that it comprises one or more zeolites of the MFI, MEL and/or MWW structure type and parti-
cles of one or more metal oxides according to the present invention and especially according to
any one of the particular or preferred embodiments of the invention as described in the present
application. Preference is given to preparing the catalyst in the form of a shaped body compris-
ing a mixture of the one or more zeolites of the MFI, MEL and/or MWW structure type and the
particles of the one or more metal oxides according to the present invention and especially ac-
cording to any one of the particular or preferred embodiments as described in the present appli-
cation with respect to the one or more zeolites and/or the particles of the one or more metal
oxides.

Thus, the present invention also relates to a process for preparing a catalyst according to the
present invention, and especially a catalyst according to any one of the particularly preferred
embodiments thereof, comprising

()  providing a catalyst comprising one or more zeolites of the MFI, MEL and/or MWW
structure type and particles of one or more metal oxides,
the one or more zeolites of the MFI, MEL and/or MWW structure type comprising
one or more alkaline earth metals selected from the group consisting of Mg, Ca, Sr,
Ba and combinations of two or more thereof; and

(I  treating the catalyst with one or more silylating agents;

(1) optionally calcining the silylated catalyst obtained in (Il).

As regards step (I) of the inventive process for preparing a catalyst according to the present
invention, no particular restrictions apply relative to the one or more zeolites of the MFI, MEL
and/or MWW structure type, nor with respect to the one or more alkaline earth metals selected
from the group consisting of Mg, Ca, Sr, Ba and combinations of two or more thereof, nor with
respect to the particles of one or more metal oxides which may be respectively employed there-
in, provided that a catalyst may be obtained displaying a water uptake of 9.0 wt.-% or less in the
inventive process. According to the present invention, it is however preferred that the catalyst
provided in step () is a catalyst according to any of the particularly preferred embodiments of
the present invention as described in the foregoing sections, in particular relative to the one or
more zeolites of the MFI, MEL and/or MWW structure type as well as with respect to the one or
more metal oxides and to the one or more alkaline earth metals selected from the group of Mg,
Ca, Sr, Ba, and combinations of two or more thereof.
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It is, however, particularly preferred according to the inventive process for the preparation of a
catalyst for the conversion of oxygenates to olefins that the catalyst provided in step () is ob-
tainable and/or obtained according to a process comprising

(l.a) providing one or more zeolites of the MFI, MEL and/or MWW structure type;

(I.b) impregnating the one or more zeolites of the MFI, MEL and/or MWW structure type
with a solution comprising the one or more alkaline earth metals, preferably by
means of spray impregnation;

(l.c) optionally drying the one or more impregnated zeolites obtained in (I.b);

(l.d) optionally calcining the one or more impregnated zeolites obtained in (I.b) or (l.c);

(l.e) preparing a mixture comprising the one or more impregnated and optionally dried
and/or calcined zeolites of the MFI, MEL and/or MWW structure type, one or more
solvents and particles of the one or more metal oxides and/or precursor compounds
of the one or more particles of the one or more metal oxides;

(I.f)  homogenizing the mixture obtained in (l.e);

(I.g) extruding the homogenized mixture obtained in (1.f);

(I.h) optionally drying the extrudate obtained in (l.g);

(l.i) optionally calcining the extrudate obtained in (I.g) or (I.h).

According to the present invention it is particularly preferred that the catalyst provided in step (1)
of the inventive process for preparing a catalyst is obtained according to a process comprising
steps (l.a)-(l.i), and in particular that step (I) of the inventive process comprises steps (l.a)-(1.i).

With regard to the form in which the one or more zeolites of the MFI, MEL and/or MWW struc-
ture type are provided in step (l.a), there is no restriction whatsoever in principle, especially with
respect to the further elements or compounds which may be present therein. Thus, there are
generally no restrictions whatsoever with regard to the ions and compounds which may be pre-
sent in the micropores of the one or more zeolites, especially with respect to the counterions to
the possibly negatively charged zeolite framework which are present in the micropores. Accord-
ingly, the one or more zeolites may be in a form in which the possibly negative charge of the
zeolite framework is compensated for by one or more different cationic elements and/or com-
pounds, this preferably being accomplished at least partly by means of one or more cationic
elements and/or compounds selected from the group consisting of H*, NH4*, Li*, Na*, K* and
combinations of two or more thereof, further preferably from the group consisting of H*, Na*, K*
and combinations of two or more thereof. In particularly preferred embodiments of the present
invention, the one or more zeolites of the MFI, MEL and/or MWW structure type optionally com-
prise H* and/or Na*, and preferably H* as the counterion to the negatively charged zeolite
framework, which means that the one or more zeolites of the MFI, MEL and/or MWW structure
type are more preferably provided in the respective H form thereof in step (I.a) of the process
according to the invention.

In the particularly preferred embodiments of the present invention according to which the one or
more zeolites of the MFI, MEL and/or MWW structure type in step (l.a) are each provided at



10

15

20

25

30

35

40

WO 2015/091832 PCT/EP2014/078514
-15 -

least partly in the H form thereof, these can be converted to the desired H form by correspond-
ing ion exchange. In the preferred embodiments of the process for preparing the catalyst ac-
cording to which the one or more zeolites for the provision in (I.a) are optionally converted to the
H form, there are no particular restrictions in principle with respect to the manner in which this is
conducted, the conversion of the one or more zeolites preferably being effected by ion ex-
change. With respect to the preferred embodiments of the process for preparing the catalyst
according to which the conversion of the one or more zeolites of the MFI, MEL and/or MWW
structure type to the H form is effected over one or more ion exchange steps for the provision in
step (l.a), there are again no particular restrictions with respect to the manner in which this is
conducted, provided that at least some of the counterions to the zeolite framework can be ex-
changed for H* ions. In preferred embodiments, for the purpose of ion exchange, the one or
more zeolites are contacted with a solution of a protonated volatile base, preferably of a proto-
nated volatile amine, more preferably with an ammonium salt solution, or alternatively with an
acid and preferably with an aqueous acid solution, preferably with an aqueous solution of a
mineral acid. With respect to the ammonium salts which are preferably used, there is no general
restriction, provided that the exchange of at least some of the counterions present in the one or
more zeolites for ammonium can be accomplished. For example, it is possible for this purpose
to use one or more ammonium salts selected from the group consisting of NHsNO3, NH4ClI,
(NH4)2S04 and mixtures of two or more thereof. The same applies correspondingly with respect
to the acids and especially the mineral acids which can be used for the purpose of ion ex-
change, provided that the exchange of at least some of the counterions present in the one or
more zeolites for H* can be accomplished. Thus, it is possible to use, for example, solutions of
the mineral acids HNO3, HCI, H>SO4, and also mixtures of two or more thereof for the ion ex-
change. With respect to the concentration of the solutions of protonated volatile bases or of ac-
ids used for the preferred ion exchange, there is no particular restriction whatsoever, provided
that at least some of the counterions of the zeolite framework can be exchanged, and, in the
case of use of one or more acids, that the pH of the solution does not lead to any significant
dissolution of the zeolite framework. Thus, it is possible to use, for example, solutions of the
salts or of the acids having a concentration of 1 to 50% by weight, preference being given to
using concentrations of 5 to 30% by weight and more preferably of 10 to 25% by weight for the
ion exchange. The same applies correspondingly with respect to the weight ratio of salt solution
or acid solution to the one or more zeolites which are ion-exchanged. Thus, the weight ratio of
the solution used for the ion exchange to the one or more zeolites may, for example, be in the
range from 1 to 20, the weight ratio preferably being in the range from 2 to 10 and further pref-
erably in the range from 4 to 7.

In particularly preferred embodiments, an ion exchange is thus performed prior to provision of
the one or more zeolites in step (l.a). In the particularly preferred embodiments of the prepara-
tion of the catalyst used in the process according to the invention in which an ion exchange step
with a protonated volatile base, and preferably with a protonated volatile amine, more preferably
with ammonium, is performed, it is further preferred that, after the ion exchange and an optional
wash step and/or after an optional drying step, a further calcining step is performed in order to
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remove the volatile base and more preferably ammonia completely from the ion-exchanged
zeolite.

With regard to the manner of impregnation in step (I.b) and in (l.i) of the process according to
the invention, the impregnation can be performed by any suitable process, for example an im-
pregnation by soaking, spray impregnation and/or capillary impregnation. In particularly pre-
ferred embodiments of the process according to the invention, however, the impregnation in
step (1.b) is achieved by spray impregnation.

With regard to the solids concentration of the mixture provided in (l.e) or (l.e.3), according to the
present invention, there are no particular restrictions whatsoever, provided that homogenizing of
the mixture according to step (l.f) and extrusion in (I.g) of the homogenized mixture obtained in
(1.f) are possible. Thus, the solids concentration of the mixture provided in (l.e) or (l.e.3) may, for
example, be in the range of 40-85% by weight, the solids concentration according to the present
invention preferably being in the range of 50-75% by weight and further preferably in the range
of 55-70% by weight. In particularly preferred embodiments of the process according to the in-
vention for preparing a catalyst, the solids concentration of the mixture provided in (l.e) or (l.e.3)
is in the range of 60-65% by weight.

With regard to the homogenizing in step (I.f), according to the present invention, there is no par-
ticular restriction whatsoever, and so it is possible to select any conceivable procedure in order
to obtain a homogeneous mixture of the mixture prepared in step (I.e) or (I.e.3), for which pur-
pose it is possible to use, for example, one or more processes selected from the group consist-
ing of stirring, kneading, agitating, vibration or a combination of two or more thereof. According
to the present invention, the mixture prepared in step (l.e) or (l.e.3) is preferably homogenized
by stirring and/or by kneading in step (1.f), particular preference being given to homogenizing in
step (I.f) by kneading.

In preferred embodiments of the process according to the invention for preparing a catalyst, in
the preparation of the mixture in step (l.e), a first mixture comprising the one or more impreg-
nated and optionally dried and/or calcined zeolites of the MFI, MEL and/or MWW structure type
and the particles of the one or more metal oxides and/or precursor compounds of the one or
more particles of the one or more metal oxides is first prepared, this preferably being treated
with a peptizing aid prior to addition of the one or more solvents, the peptizing preferably being
performed by means of an acid treatment. With regard to the acid used for the preferred acid
treatment, according to the present invention, there is no particular restriction whatsoever with
respect to the amount or type of the acid which is used for the acid treatment, this being select-
ed in each case such that the components of the first mixture are merely etched and the one or
more zeolites and the particles of the one or more metal oxides and/or precursor compounds
are attacked only insignificantly thereby, more particularly such that the action thereof as a cata-
lyst is not substantially restricted thereby. According to the present invention, preference is thus
given to using weak acids and especially short-chain carboxylic acids for this purpose, prefera-
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bly (C1-C4)-carboxylic acids, further preferably (C+-Cs)-carboxylic acids, further preferably acetic
and/or formic acid, and especially formic acid is used for the preferred acid treatment.

According to the present invention it is however further preferred that in step (l.e) a mixture
comprising the one or more impregnated and optionally dried and/or calcined zeolites of the
MFI, MEL and/or MWW structure type and particles of the one or more metal oxides and/or pre-
cursor compounds of the one or more particles of the one or more metal oxides is first provided
in a step (l.e.1) and subsequently admixed in a step (l.e.2) with one or more acids of phospho-
rus prior to mixing the mixture obtained in (l.e.2) with one or more solvents in a step (l.e.3). In
particular, it is preferred that the peptizing is effected by means of this step, in addition to intro-
ducing phosphorous into the mixture for obtaining a phosphorous containing catalyst. With re-
gard to the acid or acids of phosphorus used for the acid treatment, there is no particular re-
striction according to the present invention with regard to the amount or type of the acid or acids
of phosphorus which are used for the acid treatment, these preferably being selected such that
the components of the first mixture are merely etched and the one or more zeolites and the par-
ticles of the one or more metal oxides and/or precursor compounds thereof are attacked only
insignificantly thereby, more particularly such that the action thereof as a catalyst is not substan-
tially restricted as a result. According to the present invention, it is thus possible in principle to
use any suitable acid of phosphorus, and also any suitable mixture of two or more acids of
phosphorus. In particular embodiments of the alternative of the process according to the inven-
tion, one or more acids of phosphorus selected from the group consisting of phosphinic acid,
phosphonic acid, phosphoric acid, peroxophosphoric acid, hypodiphosphonic acid, diphosphon-
ic acid, hypodiphosphoric acid, diphosphoric acid, peroxodiphosphoric acid and mixtures of two
or more thereof are used in (l.e.2). Further preferably, one or more acids of phosphorus select-
ed from the group consisting of phosphonic acid, phosphoric acid, diphosphonic acid, disphos-
phoric acid and mixtures of two or more thereof are used, further preferably from the group con-
sisting of phosphoric acid, diphosphoric acid and mixtures thereof, and, in particularly preferred
embodiments of the alternative of the process according to the invention in which the mixture
obtained in (l.e.1) is admixed in (l.e.2) with one or more acids of phosphorus, phosphoric acid is
used for this purpose.

Therefore, it is further preferred according to the present invention that step (l.e) comprises

(l.e.1) preparing a mixture comprising the one or more impregnated and optionally
dried and/or calcined zeolites of the MFI, MEL and/or MWW structure type and particles of the
one or more metal oxides and/or precursor compounds of the one or more particles of the one
or more metal oxides;

(l.e.2) admixing the mixture obtained in (l.e.1) with a phosphorus-comprising solu-
tion, preferably with phosphoric acid;
(l.e.3) mixing the mixture obtained in (l.e.2) with one or more solvents.

In further preferred embodiments of the process according to the invention for preparing a cata-
lyst, a plasticizing aid is used for the preparation of the mixture in (l.e) or (l.e.3). With regard to
the viscosity additives and especially the plasticizing aids which can be used in the preferred
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embodiments of the process according to the invention, there are no particular restrictions, pro-
vided that they are suitable for influencing the viscosity of the mixture in the desired manner,
and especially in order to establish a viscosity of the mixture obtained in (I.e) or (I.e.3) and es-
pecially of the homogenized mixture obtained in (l.f) suitable for the extrusion of the homoge-
nized mixture in step (l.g). Particular preference is given to using viscosity additives and espe-
cially the plasticizing aids according to the present invention which can be removed from the
extrudate at least partly and preferably substantially without residue, especially by the optional
drying step in (l.h) and/or by the optional calcining step in step (l.i), and preference is further
given to using a plasticizing aid which volatilizes out of the extrudate in step (I.h) and/or (l.i)
and/or decomposes as a result of thermolysis in step (1.h) in the case of preferred heating of the
extrudate and/or in step (l.i) as a result of pyrolysis to give volatile compounds and especially to
gases which can correspondingly escape from the extrudate. Thus, according to the preferred
embodiments, it is possible in principle to use any suitable substance or any suitable substance
mixtures as plasticizing aids, preference being given to using those which, according to the par-
ticular and preferred embodiments of the process according to the invention for preparing a cat-
alyst, can be removed from the extrudate at least partly and preferably substantially without res-
idue. The plasticizing aids used are thus preferably organic substances or substance mixtures
and especially organic polymers, and further preferably starch derivatives.

As regards the one or more plasticizing aids which are preferably used for the preparation of the
mixture in (l.e) or (l.e.3), in principle no particular restriction applies neither with respect to the
type, nor with respect to the amount thereof which may be employed, such that any suitable
plasticizing aid may be employed in any suitable amount. Thus, by way of example, the one or
more plasticizing aids may be selected from the group consisting of polymers, carbohydrates,
graphite, and mixtures of two or more thereof, wherein preferably the one or more plasticizing
agents are selected from the group consisting of polymeric vinyl compounds, polyalkylene ox-
ides, polyacrylates, polyolefins, polyamides, polyesters, cellulose and cellulose derivatives,
sugars, and mixtures of two or more thereof, more preferably from the group consisting of poly-
styrene, C2-C3 polyalkylene oxides, cellulose derivatives, sugars, and mixtures of two or more
thereof, more preferably from the group consisting of polystyrene, polyethylene oxide, C1-C2
hydroxyalkylated and/or C1-C2 alkylated cellulose derivatives, sugars, and mixtures of two or
more thereof, more preferably from the group consisting of polystyrene, polyethylene oxide,
hydroxyethyl methyl cellulose, and mixtures of two or more thereof. According to the inventive
process, it is particularly preferred that the one or more plasticizing agents preferably added in
(l.e) or (l.e.3) is selected from the group consisting of polystyrene, polyethylene oxide, hydroxy-
ethyl methyl cellulose, and mixtures of two or more thereof, wherein it is yet further preferred
that the one or more plasticizing agents consist of one or more selected from the group consist-
ing of polystyrene, polyethylene oxide, hydroxyethyl methyl cellulose, and mixtures of two or
more thereof, wherein more preferably the one or more plasticizing agents consist of hydroxy-
ethyl methyl cellulose.

According to the present invention it is further preferred that that phosphorous is added to the
catalyst after extrusion thereof in step (l.g), and optional drying and/or calcination thereof in
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steps (I.h) and (l.i), respectively. Therefore, it is further preferred according to the inventive pro-
cess that step () further comprises

(l.j) impregnating the optionally dried and/or calcined extrudate with a phosphorus-
comprising solution, preferably with phosphoric acid;

(I.k) optionally drying the impregnated extrudate obtained in (l.j);

(I.)  optionally calcining the extrudate obtained in (1.j) or (I.k).

With regard to the preferred impregnation of the optionally dried and/or calcined extrudate in
step (l.j) or the admixing of the mixture obtained in (l.e.1) in step (l.e.2) with a phosphorus-
comprising solution, there is no particular restriction whatsoever with respect to the phosphorus-
comprising solution which can be used for this purpose, wherein preferably the impregnation
leads, after optional drying in step (1.k) or (I.h) and/or optional calcining in step (l.I) or (l.i), to an
at least partly oxidic form of the phosphorus present in the particles of the one or more metal
oxides. Thus, it is possible in principle to use any suitable phosphorus-comprising solution for
this purpose. According to the present invention, it is possible to use, for example, phosphorus-
and oxygen-containing salts and/or acids, the solubility being based especially on the particular
and preferred solvents according to the present invention which are used especially in step (1.))
or (l.e.2) of the process according to the invention. Thus, it is possible to use solutions of phos-
phinates, phosphonates, phosphates, peroxophosphates, hypodiphosphonates, diphospho-
nates, hypodiphosphates, diphosphates, peroxodiphosphates and mixtures of two or more
thereof, in each case as salts and/or acids.

According to the present invention, however, it is preferable to use a solution and especially an
aqueous solution of a phosphorus- and oxygen-comprising salt and/or acid which is/are derived
from the salts selected from the group of the phosphonates, phosphates, diphosphonates, di-
phosphates and mixtures of two or more thereof, and especially a phosphorus-comprising solu-
tion is used in step (l.j) or (l.e.2) which comprises one or more acids of phosphorus, preferably
selected from the group consisting of phosphonic acid, phosphoric acid, diphosphonic acid, di-
phosphoric acid and mixtures of two or more thereof, preferably as an aqueous solution. Partic-
ular preference is given to using phosphoric acid solutions for impregnation of the optionally
dried and/or calcined extrudate in step (l.j) or for the admixing of the mixture obtained in (l.e.1)
in step (l.e.2) of the process according to the invention, preferably aqueous phosphoric acid
solutions.

With regard to the phosphorus-comprising solutions preferably used in the preferred embodi-
ments of the inventive process, there is no restriction whatsoever in principle with respect to the
concentration of phosphorus present therein, provided that suitable impregnation of the option-
ally dried and/or calcined extrudate can be achieved in step (1.j) or that it is suitable for admixing
the mixture obtained in (I.e.1) in step (l.e.2). In the preferred embodiments of the present inven-
tion in which phosphorus- and oxygen-containing salts and/or acids are used, it is thus possible,
for example, to use total concentrations of the phosphorus- and oxygen-containing salts and/or
acids in the solutions in the range from 0.1 to 90% by weight of the solution used and preferably
of the aqueous solutions used. According to the present invention, however, preference is given
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to using concentrations of the phosphorus- and oxygen-containing salts and/or acids according
to the particular and preferred embodiments of the invention in the range from 0.5 to 70% by
weight, further preferably from 1 to 50% by weight, further preferably from 5 to 40% by weight,
further preferably from 10 to 35% by weight, further preferably from 15 to 30% by weight and
even further preferably from 18 to 25% by weight. In particularly preferred embodiments of the
process according to the invention, the concentration of the preferred phosphorus- and oxygen-
containing salts and/or acids in step (l.j) of the process according to the invention is in the range
from 19 to 22% by weight based on the total weight of the solution used. In the alternative of the
process according to the invention in which the mixture obtained in (l.e.1) is admixed in (l.e.2)
with a phosphorus-comprising solution, preferably with one or more acids of phosphorus and
further preferably with phosphoric acid, preference is given to using total concentrations of the
phosphorus- and oxygen-containing salts and/or acids in the solutions in the range from 5 to
99% by weight of the solution used and preferably of the aqueous solutions used. According to
the present invention, however, preference is given to using concentrations of the phosphorus-
and oxygen-containing salts and/or acids as per the particular and preferred embodiments of
the invention in the range from 10 to 98% by weight, further preferably from 30 to 95% by
weight, further preferably from 50 to 92% by weight, further preferably from 60 to 90% by
weight, further preferably from 70 to 89% by weight and even further preferably from 80 to 88%
by weight. In particularly preferred embodiments of the process according to the invention, the
concentration of the preferred phosphorus- and oxygen-containing salts and/or acids in step (1.j)
of the process according to the invention is in the range from 83 to 87% by weight based on the
total weight of the solution used.

In particular embodiments of the inventive process in which the mixture obtained in (l.e.1) is
admixed in (l.e.2) with a phosphorus-comprising solution, the optionally dried and/or calcined
extrudate which is obtained correspondingly in (I.g), (.h) and/or (l.i) is then impregnated in a
subsequent step (l.j) with a phosphorus-comprising solution in the process according to the in-
vention or the particular and preferred embodiments thereof. In accordance with the process
according to the invention, in these preferred embodiments, the impregnated extrudate obtained
in (l.j) is optionally dried in a further step (l.k) in the process according to the invention or the
particular and preferred embodiments thereof, and optionally calcined in a further step (I.l) in the
process according to the invention or the particular and preferred embodiments thereof. Accord-
ingly, the preparation in the embodiments mentioned includes a double introduction of the
phosphorus into the one or more metal oxides and/or precursor compounds thereof in (l.e.2)
and in (1.j). However, particular preference is given to embodiments of the process according to
the invention for preparing the inventive catalyst in which no impregnation of the extrudate ob-
tained in (1.g), (I.h) and/or (l.i) with phosphorus or a phosphorus-containing compound is effect-
ed, such that a particularly efficient process for preparing the inventive catalyst is provided.

In the process according to the invention for preparing the inventive catalyst, especially in the
particular and preferred embodiments described in the present application, there is in principle
no restriction whatsoever with regard to the properties and especially the particle sizes and/or
morphologies of the one or more zeolites of the MFI, MEL and/or MWW structure type provided
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in step (l.a). According to the particle size of the zeolites provided in step (l.a), however, one or
more steps are optionally performed during the process according to the invention, preferably
after the impregnation in step (l.b) or after the optional drying in step (l.c) or after the optional
calcining in step (l.d), in order to bring the one or more zeolites to a preferred particle size. In
this connection, there is at first no particular restriction with regard to the particle size of the one
or more zeolites, provided that this is suitable for the performance of the further steps in the
process according to the invention, especially according to the particular and preferred embod-
iments of the present invention, and the particle size should especially be suitable for perfor-
mance of the extrusion in step (l.g), more particularly depending on the size and/or shape of the
extruded body. Thus, in particular embodiments of the process according to the invention, one
or more steps are performed after the impregnation in step (l.b) or after the optional drying in
step (I.c) or after the optional calcining in step (1.d), in order to bring the one or more impregnat-
ed and optionally dried and/or calcined zeolites of the MFI, MEL and/or MWW structure type to
a particle size Dsg in the range from 5 to 1000 um. In further preferred embodiments of the pro-
cess according to the invention, the one or more zeolites are brought after one or more of the
aforementioned steps, in one or more steps, to a particle size Dso in the range from 10 to 750
pm, further preferably from 30 to 500 um, further preferably from 50 to 300 um, further prefera-
bly from 70 to 200 ym and even further preferably from 80 to 150 um. In yet further preferred
embodiments of the process according to the invention, the one or more impregnated and op-
tionally dried and/or calcined zeolites, after the impregnation in step (I.b) or after the drying in
step (I.c) or after the calcining in step (1.d), is brought in one or more steps to a particle size Dso
in the range from 90 to 120 pym. With regard to the number of steps and the manner in which the
one or more zeolites are brought to a particular or preferred particle size Dso, according to the
present invention, there are no restrictions whatsoever, and so it is possible in principle to use
any suitable process for this purpose. According to the present invention, however, the one or
more zeolites are preferably subjected to one or more milling steps after one or more of steps
(I.b) and optional steps (I.c) and (I.d).

Thus, according to the present invention, preference is given to embodiments of the process
for preparing a catalyst according to the present invention, and especially a catalyst according
to one of the particular or preferred embodiments thereof, in which the impregnating in (I.b) or
the drying in (l.c) or the calcining in (l.d) is followed by bringing of the one or more impregnated
zeolites of the MFI, MEL and/or MWW structure type to a particle size Dsp in the range from 5 to
1000 pm, further preferably from 10 to 750 um, further preferably from 30 to 500 um, further
preferably from 50 to 300 pm, further preferably from 70 to 200 um, further preferably from 80 to
150 um, even further preferably from 90 to 120 pm, preferably by milling.

According to the present invention, in the process according to the invention, a drying step is
performed according to one or more of steps (I.c), (I.h) and/or (I.k). With regard to the manner in
which the optional drying is achieved in one or more of these steps, there is no restriction what-
soever in principle, and so the drying can be performed at any suitable temperature and in any
suitable atmosphere. Thus, the optional drying can be effected under a protective gas atmos-
phere or in air, the optional drying preferably being effected in air. With regard to the tempera-
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ture at which the drying is effected, it is possible, for example, to select a temperature in the
range from 50 to 220°C. According to the present invention, the optional drying according to one
or more of steps (l.c), (I.h) and/or (1.k) is effected at a temperature in the range from 70 to
180°C, further preferably from 80 to 150°C, further preferably from 90 to 130°C and further pref-
erably in the range from 100 to 125°C. In particularly preferred embodiments of the process
according to the invention, the drying according to one or more of steps (l.c), (I.h) and/or (l.k) is
effected at a temperature in the range from 110 to 120°C. With regard to the duration of the one
or more optional drying steps, especially in particular and preferred embodiments of the process
according to the invention, there is no particular restriction, provided that drying suitable for the
further process steps can be achieved, for example after a drying step having a duration of 1 to
50 hours. In particular embodiments of the process according to the invention, the optional dry-
ing is performed for a period of 5 to 40 h, further preferably of 8 to 30 h, further preferably of 10
to 25 h, further preferably of 12 to 20 h and still further preferably of 14 to 18 h.

Thus, according to the present invention, preference is given to embodiments of the process
for preparing a catalyst according to the present invention, and especially a catalyst according
to one of the particular or preferred embodiments thereof, in which the drying in (l.¢), (I.h) and/or
(1.k) is effected at a temperature in the range from 50 to 220°C, preferably from 70 to 180°C,
further preferably from 80 to 150°C, further preferably from 90 to 130°C, further preferably from
100 to 125°C, and further preferably from 110 to 120°C.

With regard to the optional calcining steps according to the present invention, the same applies
in principle as with regard to the optional drying steps, and so no particular restriction whatso-
ever exists here either, either with regard to the temperature or with regard to the atmosphere in
which the calcination is performed, and finally also not with regard to the duration of a calcina-
tion according to the particular and preferred embodiments of the present invention, provided
that the product of the calcination is an intermediate suitable for being processed in the further
steps of the process according to the invention to give a catalyst according to the present inven-
tion. Thus, for example, with regard to the temperature of the optional calcining in one or more
of the optional steps (l.d), (l.i) and/or (I.l), a temperature in the range from 300 to 850°C may be
selected, preference being given to selecting a temperature in the range from 350 to 750°C,
further preferably from 400 to 700°C, further preferably from 450 to 650°C and even further
preferably from 480 to 600°C. In yet further preferred embodiments of the present invention, the
calcination in one or more of the optional steps (1.d), (I.i) and/or (l.1) is performed at a tempera-
ture of 500 to 550°C. With regard to the atmosphere in which the optional calcination according
to one or more of the aforementioned steps of the process according to the invention is per-
formed, this may be either an inert atmosphere or air, the optional calcination in one or more of
the optional steps (l.d), (l.i) and/or (I.l) preferably being performed in air. Finally, there is also no
restriction whatsoever with regard to the duration of the calcination step in the optional steps
(.d), (I.i) and/or (1.1), provided that the product of the calcination is suitable for further use, espe-
cially as an intermediate according to the optional steps (l.d) and/or (l.i), in the process accord-
ing to the invention for preparing a catalyst, especially a catalyst according to one of the particu-
lar or preferred embodiments of the present application. Thus, the duration of the calcination
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according to one or more of the optional calcination steps in (I.d), (I.i) and/or (l.I) may, for exam-
ple, be 0.5 to 20 hours, preference being given to a duration of 1 to 15 h, further preferably of 2
to 10 h, further preferably of 3 to 7 h, and particular preference to a duration of 4 to 5 h.

Thus, according to the present invention, preference is given to embodiments of the process
for preparing a catalyst according to the present invention, and especially a catalyst according
to one of the particular or preferred embodiments thereof, in which the calcining in (l.d), (l.i)
and/or (l.1) is effected at a temperature in the range from 300 to 850°C, preferably from 350 to
750°C, further preferably from 400 to 700°C, further preferably from 450 to 650°C, further pref-
erably from 480 to 600°C, and further preferably from 500 to 550°C.

In steps (l.b) and (l.j) of the process according to the invention, the one or more zeolites of the
MFI, MEL and/or MWW structure type are first impregnated with a solution comprising one or
more alkaline earth metals, or the optionally dried and/or calcined extrudate is impregnated with
a phosphorus-comprising solution. According to the present invention, there is no restriction
whatsoever either with respect to step (I.b) or with respect to step (I.j) with regard to the type
and/or number of solvents used for this purpose. Thus, it is possible in principle to use any suit-
able solvent or solvent mixture in steps (l.b) and (l.j), provided that it is suitable for bringing
about a corresponding impregnation of the materials defined therein, especially according to the
particular and preferred embodiments of the present invention. This is equally true of the one or
more solvents which are used in step (l.e) or (l.e.3) for preparation of the mixture defined there-
in, provided that the one or more solvents used for this purpose are suitable for enabling ho-
mogenization in step (l.f) and the extrusion in step (I.g). For example, it is possible in one or
more of steps (I.b), (I.j) and/or (l.e) or (l..3) to use one or more solvents selected from the
group consisting of alcohols, water, mixtures of two or more alcohols and mixtures of water and
one or more alcohols. In preferred embodiments of the present invention, the one or more sol-
vents used in (I.b), (1.j) and/or (l.e) or (l.e.3) are selected from the group consisting of (C+-Cs)-
alcohols, water, mixtures of two or more (C4-Ce)-alcohols and mixtures of water and one or
more (C4-Ce)-alcohols, the one or more solvents further preferably being from the group consist-
ing of (C4-Ca4)-alcohols, water, mixtures of two or more (C+-Ca)-alcohols and mixtures of water
and one or more (C4-Cy)-alcohols. In further preferred embodiments, the one or more solvents
in steps (1.b), (1.j) and/or (l.e) or (l.e.3) are selected from the group consisting of methanol, eth-
anol, n-propanol, isopropanol, water and mixtures of two or more thereof, further preferably from
the group consisting of methanol, ethanol, water and mixtures of two or more thereof, the sol-
vent even further preferably being water, preferably distilled water.

Thus, according to the present invention, preference is given to embodiments of the process
for preparing a catalyst according to the present invention, and especially a catalyst according
to one of the particular or preferred embodiments thereof, in which the solution used in (I.b)
and/or (1.j) or (l.e.2) and/or the mixture prepared in (l.e) or (l.e.3) comprises one or more sol-
vents selected from the group consisting of alcohols, water, mixtures of two or more alcohols,
and mixtures of water and one or more alcohols, preferably from the group consisting of (C+-Ce)
alcohols, water, mixtures of two or more (C+-Ce) alcohols, and mixtures of water and one or



10

15

20

25

30

35

40

WO 2015/091832 PCT/EP2014/078514
-24 -

more (C+-Cs) alcohols, further preferably (C+-Cs) alcohols, water, mixtures of two or more (Cs-
C4) alcohols, and mixtures of water and one or more (C+-C4) alcohols, further preferably consist-
ing of methanol, ethanol, n-propanol, isopropanol, water and mixtures of two or more thereof,
further preferably consisting of methanol, ethanol, water and mixtures of two or more thereof,
the solvent further preferably being water, preferably distilled water.

In step (1) of the inventive process for preparing a catalyst, the catalyst provided in step (I) is
treated with one or more silylating agents. According to the present invention, no particular re-
striction applies relative to the one or more silylating agents which may be employed for the
treatment of the catalyst in step (Il), such that in principle any suitable silylating agent or combi-
nation of silylating agents may be employed, provided that the catalyst provided in step (I) is at
least in part silylated during the course of the treatment in step (ll). Thus, by way of example,
the one or more silylating agents are preferably selected from the group consisting of alkyldisi-
lazanes, alkylalkoxysilanes, haloalkylsilanes, and mixtures of two or more thereof. According to
the inventive process for the preparation of a catalyst it is however particularly preferred that the
one or more silylating agents comprise one or more alkyldisilazanes, wherein even more pref-
erably the one or more silylating agents consist of one or more alkyldisilazanes.

Concerning the alkylalkoxysilanes preferably comprised among the one or more silylating
agents, no particular restriction applies, neither with respect to the type nor with respect to the
number of specific alkylalkoxysilanes which may be employed as silylating agents in step (Il) of
the inventive process. In particular, there is no particular restriction as to the number of alkyl
and alkoxy chains which may be present among the four silane rests, wherein it is preferred that
the one or more alkylalkoxysilanes are selected from the group consisting of trialkyl-
alkoxysilanes, alkyltrialkoxysilanes, and mixtures of two or more thereof. Furthermore, as re-
gards the alkyl and alkoxy rests which are respectively present in the alkylalkoxysilanes, again
no particular restriction applies relative to the length of the alkyl and alkoxy chains, provided that
the one or more alkylalkoxysilanes are capable of reacting with the catalyst in step (Il) of the
inventive process such that at least a portion thereof may be silylated. Furthermore, no re-
striction applies as to whether said alkyl and alkoxy rests are branched or unbranched, or as to
whether they are substituted by other moieties than hydrogen. Thus, by way of example, the
alkyl chains may be selected from the group consisting of optionally branched and/or optionally
substituted (C1-C6)alkyl, wherein preferably the alkyl chains are independently from one anoth-
er selected from the group consisting of optionally branched and/or optionally substituted (C1-
C5)alkyl, more preferably (C1-C4)alkyl, and more preferably optionally branched and/or option-
ally substituted (C1-C3)alkyl. According to the present invention it is however preferred that the
alkyl chains are independently from one another selected among unsubstituted alkyl and more
preferably unsubstituted and unbranched alkyl, wherein more preferably the alkyl groups are
independently from one another selected from the group consisting of methyl, ethyl, or propyl,
wherein more preferably the alkyl groups are selected from ethyl and methyl. Thus, according to
the inventive process for the production of a catalyst it is particularly preferred that the alkyl-
alkoxysilanes are selected from the group consisting of methoxytrimethylsilane, ethoxytrime-
thylsilane, propoxytrimethylsilane, methyltrimethoxysilane, methyltriethoxysilane, ethyltri-
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methoxysilane, ethyltriethoxysilane, propyltrimethoxysilane, propyltriethoxysilane, and mixtures
of two or more thereof, wherein according to the present invention it is particularly preferred that
the alkylalkoxysilanes are selected from the group consisting of methoxytrimethylsilane, ethoxy-
trimethylsilane, methyltrimethoxysilane, methyltriethoxysilane, ethyltrimethoxysilane, ethyltrieth-
oxysilane, and mixtures of two or more thereof.

Regarding the haloalkylsilanes preferably comprised among the one or more silylating agents
employed in step (Il) of the inventive process, as for the alkylalkoxysilanes, no particular re-
striction applies neither with respect to their number nor with respect to the specific type of
haloalkylsilanes which may be employed, provided that at least a portion of the catalyst treated
in step (l1) is silylated when contacted with said one or more haloalkylsilanes. Thus, there is no
particular restriction relative to the type or number of halo groups nor with respect to the type or
number of alkoxy groups contained therein, such that independently from one another the four
residues of said silane compounds may be a halo group or an alkyl group. According to the pre-
sent invention it is however preferred that the haloalkylsilanes are selected from the group con-
sisting of dihalodialkylsilanes. As regards the alkyl chains present in the haloalkylsilanes or
preferably in the dihalodialkylsilanes, no particular restriction applies such that in principle there
is no restriction relative to the number of carbon atoms in the alkyl chain nor as to whether said
chain is branched or unbranched, or as to whether independently thereof the alkyl chain is sub-
stituted or not. Thus, by way of example, the alkyl chains may be selected from the group con-
sisting of optionally branched and/or optionally substituted (C1-C6)alkyl, wherein preferably the
one or more alkyl chains are independently from one another selected from the group consisting
of optionally branched and/or optionally substituted (C1-C5)alkyl, more preferably (C1-C4)alkyl,
and more preferably optionally branched and/or optionally substituted (C1-C3)alkyl. According
to the present invention it is further preferred that the alkyl groups of the haloalkylsilanes are
non-substituted alkylgroups, and more preferably unbranched and unsubstituted alkyl groups,
such that it is particularly preferred that the alkyl groups are independently from one another
selected from the group consisting of methyl, ethyl, or propyl, and even more preferably wherein
the alkyl groups are independently from one another selected from ethyl and methyl. As regards
the one or more halo groups contained in the alkylsilanes, these are independently from one
another selected from the group consisting of halogens and pseudohalogens, preferably from
the group consisting of CN, F, Cl, Br, and |, and more preferably from the group consisting of
CN, CI, and Br, wherein even more preferably the halo groups are, independently from one an-
other Cl or Br, the one or more halo groups particularly preferably being Cl. Thus, according to
the inventive process wherein the one or more silylating agents comprise one or more haloal-
kylsilanes, these preferably comprise dichlorodimethylsilane and/or dichlorodiethylsilane, and
more preferably dichlorodimethylsilane, wherein it is even more preferred that the one or more
haloalkylsilanes preferably contained among the one or more silylating agents are dichlorodime-
thylsilane and/or dichlorodiethylsilane, and even more preferably wherein dichlorodimethylsilane
is preferably the dihalodialkylsilane used as silylating agent in step (l1).

With respect to the alkyldisilazanes which are preferably comprised among the one or more
silylating agents used in step (ll), any conceivable type or number of alkyldisilazanes may be
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employed provided that at least a portion of the catalyst provided in step (I) may be silylated
therewith. Thus, as regards the one or more alkyl groups of the alkyldisilazanes preferably em-
ployed in the inventive process, no particular restriction applies, neither with respect to the
number of alkyl groups nor with respect to the type of alkyl group which may be contained
therein. Thus, independently from one another, the seven substituents of the alkyldisilazane
structure may or may not be substituted with alkyl, provided that at least one substituent is an
alkyl group, wherein preferably at least one of the silane moieties is substituted with an alkyl
group. According to the present invention it is however preferred that the one or more silylating
agents comprise one or more hexaalkyldisilazanes, wherein each of the silane moieties is re-
spectively substituted by three alkyl groups. As regards the alkyl moieties present in the al-
kyldisilazanes and in particular in the preferred hexaalkyldisilazanes contained in the one or
more silylating agents of step (ll), said alkyl groups may independently from one another be
branched or unbranched and/or substituted or unsubstituted. As regards the chain length of the
alkyl groups, again no particular restriction applies, such that the alkyl groups may independent-
ly from one another be selected from the group consisting of optionally branched and/or option-
ally substituted (C1-C6)alkyl, wherein preferably the one or more alkyl groups are selected from
the group consisting of optionally branched and/or optionally substituted (C1-C5)alkyl, more
preferably (C1-C4)alkyl, and more preferably from the group consisting of optionally branched
and/or optionally substituted (C1-C3)alkyl. According to the present invention it is however pre-
ferred that the alkyl groups are non-substituted alkyl groups, and more preferably that the alkyl
groups are unbranched and unsubstituted, such that according to the invention it is particularly
preferred that the alkyl groups are, independently from one another, selected from the group
consisting of methyl, ethyl, or propyl, wherein even more preferably the alkyl groups are select-
ed from ethyl and methyl. Thus, according to the present invention it is particularly preferred that
the one or more silylating agents in step (Il) comprise hexamethyldisilazane and/or hexaethyl-
disilazane, and preferably hexamethyldisilazane, wherein even more preferably hexamethyldisi-
lazane and hexaethyldisilazane, preferably hexamethyldisilazane is employed as the one or
more silylating agents in step (ll) of the inventive process.

Concerning the conditions under which the treating of the catalyst in step (ll) is performed, no
particular restrictions apply relative to the temperature, pressure, or other reaction parameters
such as in particular the atmosphere under which said step is performed provided that at least a
portion of the catalyst provided in step (I) may be silylated. Thus, as regards the temperature at
which the catalyst is treated in step (), any suitable temperature may be employed. Thus, by
way of example, step (Il) may be conducted under heating, wherein preferably heating is con-
ducted at a temperature ranging from 40 to 150 °C, and more preferably at a temperature rang-
ing from 50 to 130 °C, more preferably from 60 to 110 °C, more preferably from 70 to 100 °C,
and even more preferably from 75 to 95 °C. According to the invention it is particularly preferred
that the silylation in step (Il) is conducted at a temperature ranging from 80 to 90 °C.

Regarding the atmosphere under which the silylation in step (I) of the inventive process is con-
ducted, any suitable atmosphere may be employed provided that at least a portion of the cata-
lyst provided in step (1) may be silylated in step (II). According to particular and preferred em-
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bodiments of the inventive process wherein silylating agents are employed which are air sensi-
tive, it is accordingly preferred that silylation in step (Il) is performed in an inert atmosphere
such as in an atmosphere containing one or more noble gases and/or nitrogen, including com-
binations of two or more thereof, preferably in an atmosphere containing argon and/or nitrogen,
wherein even more preferably step (1) is conducted in a nitrogen atmosphere.

Regarding the apparatus in which the silylation in step (ll) of the inventive process may be con-
ducted, no particular restriction applies such that in principle any suitable apparatus may be
employed provided that at least a portion of the catalyst provided in step (I) may be effectively
silylated. According to the inventive process it is however preferred that the silylation in step (1)
is conducted in a reactor, in particular in cases in which the catalyst is heated in step (ll) for the
silylation treatment. As regards the types of reactors which may preferably be used to this ef-
fect, again no restriction applies, such that a fixed bed as well as a fluidized bed reactor may be
employed to this effect. According to the inventive process it is however particularly preferred
that the silylation in step (Il) is conducted in a fixed bed reactor.

In addition to a catalyst for the conversion of oxygenates to olefins according to the present in-
vention as described in the present application, and especially according to the particular and
preferred embodiments thereof, the present invention likewise relates to those catalysts for the
conversion of oxygenates to olefins which are obtainable by the preparation process according
to the invention, i.e. including catalysts per se which can, for example, be obtained by the prep-
aration process according to the invention, without necessarily having to be prepared by this
process. More particularly, the present invention thus relates to catalysts for the conversion of
oxygenates to olefins which can be prepared by the process according to the invention, espe-
cially according to the particular and preferred embodiments thereof described in the present
application, but can be or have been prepared by another process suitable for this purpose.

Thus, according to the present invention, preference is given to embodiments of the catalyst
for the conversion of oxygenates to olefins in which the catalyst, and especially the catalyst
according to one of the particular or preferred embodiments of the present invention, is ob-
tainable by the process according to the invention for preparing a catalyst, preferably by
one of the particular or preferred embodiments of the process according to the invention.

In addition to a catalyst for the conversion of oxygenates to olefins and a process for preparing
such a catalyst, the present invention also relates to a process for converting oxygenates to
olefins. More particularly, the present invention relates to such a process comprising:

(1) providing a gas stream comprising one or more oxygenates;
(2) contacting the gas stream with a catalyst according to the present invention.

With regard to the catalyst which can be used in the process according to the invention for con-
verting oxygenates to olefins, there is in principle no restriction whatsoever, provided that it is a
catalyst according to the present invention as obtainable, for example, also by the process ac-
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cording to the invention, and provided that this catalyst is suitable for the conversion of at least
one oxygenate to at least one olefin. This is especially true of the embodiments of the inventive
catalyst according to the particular and preferred embodiments of the present invention.

The same applies correspondingly to the one or more oxygenate(s) present in the gas stream
according to (1), and so there is no restriction here whatsoever in principle in the process ac-
cording to the invention, provided that the one or more oxygenates present in the gas stream
according to (1) can be converted by one of the catalysts according to the present invention and
especially according to the particular and preferred embodiments thereof to at least one olefin
when contacted according to (2). According to the present invention, however, it is preferable
that the one or more oxygenates present in the gas stream according to (1) are selected from
the group consisting of aliphatic alcohols, ethers, carbonyl compounds and mixtures of two or
more thereof. Further preferably, the one or more oxygenates are selected from the group con-
sisting of (C+-Ce)-alcohols, di(C+-Cs)alkyl ethers, (C1-Cs)-aldehydes, (C>-Cs)-ketones and mix-
tures of two or more thereof, further preferably consisting of (C+-C4)-alcohols, di(C+-C2)alkyl
ethers, (C1-C4)-aldehydes, (C2-C4)-ketones and mixtures of two or more thereof. In yet further
preferred embodiments of the present invention, the gas stream according to (1) comprises one
or more oxygenates selected from the group consisting of methanol, ethanol, n-propanol, iso-
propanol, butanol, dimethyl ether, diethyl ether, ethyl methyl ether, diisopropyl ether, di-n-propyl
ether, formaldehyde, dimethyl ketone and mixtures of two or more thereof, the one or more ox-
ygenates further preferably being selected from the group consisting of methanol, ethanol, di-
methyl ether, diethyl ether, ethyl methyl ether and mixtures of two or more thereof. In particular-
ly preferred embodiments of the process according to the invention for converting oxygenates to
olefins, the gas stream according to (1) comprises methanol and/or dimethyl ether as the one or
more oxygenates, and dimethyl ether is more preferably the oxygenate present in the gas
stream according to (1).

Thus, according to the present invention, preference is given to embodiments of the process
for converting oxygenates to olefins in which the gas stream according to (1) comprises one or
more oxygenates selected from the group consisting of aliphatic alcohols, ethers, carbonyl
compounds and mixtures of two or more thereof, preferably consisting of (C4+-Ce) alcohols,
di(C+-Ca)alkyl ethers, (C1-Ce) aldehydes, (C2-Cs) ketones and mixtures of two or more thereof,
further preferably consisting of (C1-C4) alcohols, di(C+-Cs)alkyl ethers, (C+-C4) aldehydes, (Co-
C4) ketones and mixtures of two or more thereof, further preferably from the group consisting of
methanol, ethanol, n-propanol, isopropanol, butanol, dimethyl ether, diethyl ether, ethyl methyl
ether, diisopropyl ether, di-n-propyl ether, formaldehyde, dimethyl ketone and mixtures of two or
more thereof, further preferably from the group consisting of methanol, ethanol, dimethyl ether,
diethyl ether, ethyl methyl ether and mixtures of two or more thereof, the gas stream further
preferably comprising methanol and/or dimethyl ether, and more preferably dimethyl ether.

On the other hand, with regard to the content of oxygenates in the gas stream according to (1)
to the process according to the invention for converting oxygenates to olefins, there is no re-
striction whatsoever according to the present invention here either, provided that, when the gas
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stream is contacted in (2) with a catalyst according to the present invention, at least one oxy-
genate can be converted to at least one olefin. In preferred embodiments, the content of oxy-
genates in the gas stream according to (1) is in the range from 5 to 100% by volume based on
the total volume, the content especially being based on a gas stream at a temperature in the
range from 200 to 700°C and at a pressure of 101.3 kPa, preferably at a temperature in the
range from 250 to 650°C, further preferably from of 300 to 600°C, further preferably from 350 to
560°C, further preferably from 400 to 540°C, further preferably from 430 to 520°C, and further
preferably in the range from 450 to 500°C and at a pressure of 101.3 kPa. According to the pre-
sent invention, it is further preferred that the content of oxygenates in the gas stream according
to (1) is in the range from 10 to 99% by volume, further preferably from 15 to 95% by volume,
further preferably from 20 to 90% by volume, further preferably from 25 to 80% by volume, fur-
ther preferably from 30 to 70% by volume, further preferably from 30 to 60% by volume and
further preferably from 30 to 50% by volume. In particularly preferred embodiments of the pro-
cess according to the invention for converting oxygenates to olefins, the content of oxygenates
in the gas stream according to (1) is in the range from 30 to 45% by volume.

Thus, according to the present invention, preference is given to embodiments of the pro-
cess for converting oxygenates to olefins in which the content of oxygenates in the gas stream
according to (1) is in the range from 5 to 100% by volume based on the total volume, preferably
from 10 to 99% by volume, further preferably from 15 to 95% by volume, further preferably from
20 to 90% by volume, further preferably from 25 to 80% by volume, further preferably from 30 to
70% by volume, further preferably from 30 to 60% by volume, further preferably from 30 to 50%
by volume, and further preferably from 30 to 45% by volume.

With regard to the other components in the gas stream according to (1) in the process accord-
ing to the invention, there is in principle no restriction whatsoever, provided that the gas stream
is suitable overall for converting at least one of the oxygenates to at least one olefin in step (2)
when contacted with a catalyst according to the present invention. In addition, for example, as
well as the one or more oxygenates in the gas stream according to (1), one or more inert gases
may also be present therein, for example one or more noble gases, nitrogen, carbon monoxide,
carbon dioxide, water and mixtures of two or more thereof. In particular embodiments of the
present invention, the gas stream according to (1) of the process according to the invention, as
well as the one or more oxygenates, comprises water.

With regard to those preferred embodiments in which, as well as the one or more oxygenates,
water is present in the gas stream according to (1), there is no restriction in principle with re-
spect to the water content which may be present therein, provided that the conversion of at
least one oxygenate in the gas stream to at least one olefin in step (2) of the contacting of the
gas stream can be effected with a catalyst according to the present invention. In these preferred
embodiments, however, it is preferable that the water content in the gas stream is in the range
from 5 to 60% by volume based on the total volume, the water content more preferably being in
the range from 10 to 55% by volume, further preferably from 20 to 50% by volume and further
preferably from 30 to 45% by volume.
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Thus, according to the present invention, preference is given to embodiments of the pro-
cess for converting oxygenates to olefins in which water is present in the gas stream according
to (1), preferably in the range from 5 to 60% by volume based on the total volume, preferably
from 10 to 55% by volume, further preferably from 20 to 50% by volume, and further preferably
from 30 to 45% by volume.

In particularly preferred embodiments of the process according to the invention for converting
oxygenates to olefins, the gas stream provided in (1) originates from a preliminary reaction,
preferably from the conversion of one or more alcohols to one or more ethers, especially from
the conversion of one or more alcohols selected from the group consisting of methanol, ethanol,
n-propanol, isopropanol and mixtures of two or more thereof, further preferably from the group
consisting of methanol, ethanol, n-propanol and mixtures of two or more thereof, the gas stream
provided in (1) more preferably originating from a preliminary reaction of methanol and/or etha-
nol and methanol further preferably being at least partly converted to one or more di(C+-Cz)alkyl
ethers, preferably to one or more di(C+-Cz)alkyl ethers selected from the group consisting of
dimethyl ether, diethyl ether, ethyl methyl ether and mixtures of two or more thereof. For in-
stance, the gas stream provided in (1), in a particularly preferred embodiment, originates from a
preliminary reaction of conversion of methanol to dimethyl ether.

In the particularly preferred embodiments of the process according to the invention in which the
gas stream provided in (1) originates from a preliminary reaction of one or more alcohols, there
is no particular restriction whatsoever in principle with respect to the reaction and hence the
reaction product of the conversion of one or more alcohols, provided that this leads to a gas
stream comprising one or more oxygenates which, when contacted in (2) with a catalyst accord-
ing to the present invention, enables the conversion of at least one of the oxygenates to at least
one olefin. In these particular embodiments, it is further preferable that the preliminary reaction
leads to conversion of at least one alcohol to at least one ether and especially to at least one
dialkyl ether, the preliminary reaction more preferably being a dehydration in which water is ob-
tained as a coproduct to one or more dialkyl ethers. In the particular and preferred embodiments
of the present invention in which the gas stream provided in (1) originates from a preliminary
reaction, it is particularly preferred in the process according to the invention that such a gas
stream originating from a preliminary reaction is supplied directly and without workup to the pro-
cess according to the invention in step (1).

With respect to the manner of contacting the gas stream with a catalyst according to the present
invention in step (2) of the process according to the invention for converting oxygenates to ole-
fins, there is in principle no restriction whatsoever, provided that the conversion of at least one
oxygenate to at least one olefin can be implemented. This applies, for example, to the tempera-
ture at which the contacting (2) takes place. Thus, for example, the contacting in step (2) of the
process according to the invention can take place at a temperature in the range from 200 to
700°C, preference being given to selecting temperatures in the range from 250 to 650°C, further
preferably from 300 to 600°C, further preferably from 350 to 560°C, further preferably from 400
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to 540°C and further preferably from 430 to 520°C. In particularly preferred embodiments of the
present invention, the contacting according to (2) of the process according to the invention is
performed at a temperature in the range from 450 to 500°C.

Thus, according to the present invention, preference is given to embodiments of the pro-
cess for converting oxygenates to olefins in which the contacting according to (2) is effected at
a temperature in the range from 200 to 700°C, preferably from 250 to 650°C, further preferably
from 300 to 600°C, further preferably from 350 to 560°C, further preferably from 400 to 540°C,
further preferably from 430 to 520°C, and further preferably from 450 to 500°C.

The same applies correspondingly to the pressure at which the gas stream is contacted in step
(2) of the process according to the invention with the catalyst according to the present invention.
Thus, the contacting can in principle take place at any desired pressure, provided that this al-
lows the conversion of at least one oxygenate to at least one olefin by virtue of the contacting of
the gas stream with the catalyst. Thus, the pressure, for example in the contacting in step (2),
may be in the range from 0.1 to 10 bar, the pressure according to the present application indi-
cating the absolute pressure, such that a pressure of 1 bar in the contacting accordingly corre-
sponds to the standard pressure of 1.03 kPa. According to the present invention, the contacting
in step (2) takes place preferably at a pressure from 0.3 to 7 bar, further preferably from 0.5t0 5
bar, further preferably from 0.7 to 3 bar, further preferably from 0.8 to 2.5 bar and further prefer-
ably from 0.9 to 2.2 bar. In particularly preferred embodiments of the process according to the
invention for converting oxygenates to olefins, the contacting in step (2) takes place at a pres-
sure of 1 to 2 bar.

Thus, according to the present invention, preference is given to embodiments of the pro-
cess for converting oxygenates to olefins in which the contacting according to (2) is effected
at a pressure in the range from 0.1 to 10 bar, preferably from 0.3 to 7 bar, further preferably
from 0.5 to 5 bar, further preferably from 0.7 to 3 bar, further preferably from 0.8 to 2.5 bar, fur-
ther preferably from 0.9 to 2.2 bar, and further preferably from 1 to 2 bar.

In addition, there are no particular restrictions with respect to the manner of performance of the
process according to the invention for converting oxygenates to olefins, and so it is possible to
use either a continuous or a noncontinuous process, the noncontinuous process being perform-
able, for example, in the form of a batch process. According to the present invention, however, it
is preferable to conduct the process according to the invention for the conversion of oxygenates
as a continuous process. Thus, according to the present invention, preference is given to
embodiments of the process for converting oxygenates to olefins in which the process is a
continuous process.

With respect to these preferred embodiments of a continuous process, there are no restrictions
whatsoever with respect to the space velocity selected, provided that the conversion of an oxy-
genate to an olefin can be effected. Thus, it is possible to select, for example, space velocities
(WHSV = weight hourly space velocity is calculated as the ratio of oxygenate reactant stream in
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kg/h to the amount of zeolite in the reactor in kg) in the contacting in step (2) which are in the
range from 0,5 to 50 h-', preference being given to selecting space velocities from 1 to 30 h-",
further preferably from 2 to 20 h-1, further preferably from 3 to 15 h-' and further preferably from
4 to 10 h-'. In particularly preferred embodiments of the process according to the invention for
converting oxygenates, space velocities for the contacting of the gas stream in step (2) in the
range from 5 to 7 h-' are selected.

With respect to the preferred space velocities according to the particular embodiments of the
process according to the invention for converting oxygenates to olefins, these are preferably
established in connection with a conversion of oxygenates within a particular range. Thus, the
space velocities according to the particular and preferred embodiments of the process accord-
ing to the invention may be established at a conversion of oxygenate in the range from, for ex-
ample, 50 to 99.9%. According to the present invention, the space velocity according to the par-
ticular and preferred embodiments, however, is preferably established at a conversion of oxy-
genates in the range from 70 to 99.5%, further preferably from 90 to 99%, further preferably
from 95 to 98.5%, further preferably from 96 to 98% and further preferably 96.5 to 97.5%. Ac-
cording to the present invention, however, it is further preferred that the space velocity in the
course of contacting of the gas stream in step (2) of the process according to the invention is
established at a full conversion from 96.5 to 99.9% or more of the oxygenate, further preferably
from 97.5 to 99.9% or more, further preferably from 98 to 99.9% or more, further preferably from
99 t0 99.9% or more and further preferably from 99.5 to 99.9% or more conversion of oxygen-
ates.

Thus, according to the present invention, preference is given to embodiments of the pro-
cess for converting oxygenates to olefins in which the space velocity in the course of contact-
ing according to (2) is in the range from 0.5 to 50 h-', preferably from 1 to 30 h-', further prefera-
bly from 2 to 20 h-', further preferably from 3 to 15 h-', further preferably from 4 to 10 h-' and
further preferably from 5to 7 h-1.

As described above and shown in the examples of the present application, it is possible to
achieve particularly long service lives with the inventive catalyst in a process for converting oxy-
genates as described in the present application, especially with respect to the particular and
preferred embodiments of the process according to the invention. It has thus been found that,
surprisingly, the use of a catalyst according to the present invention can considerably increase
the service life of the catalyst before the process has to be interrupted for regeneration of the
catalyst, at least with respect to the use of this catalyst batch compared to the use of catalysts
according to the prior art. It is thus particularly preferable according to the present invention to
select long service lives for the performance of the process for converting oxygenates to olefins
at one of the particular or preferred space velocities, as described in the present application.

Thus, preference is given to service lives in the range from 50 to 450 h, further preferably in the
range from 100 to 400 h, further preferably from 150 to 375h, further preferably from 200 to 350
h, further preferably from 225 to 325 h and further preferably from 250 to 310 h. More particular-
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ly, based on the particular and preferred space velocities at which the process according to the
invention is performed, preference is thus given, for example, to service lives of 50 to 450 h at a
space velocity in the range from 0.5 to 50 h-'. Further preference is given to a service life of 100
to 400 h at a space velocity in the range from 1 to 30 h-', further preference to a service life of
150 to 375 h at a space velocity in the range from 2 to 20 h-1, further preference to a service life
of 200 to 350 h at a space velocity in the range from 3 to 15 h-1, and further preference to a ser-
vice life of 225 to 325 h at a space velocity in the range from 4 to 10 h-'. In a particularly pre-
ferred embodiment of the process according to the invention, a service life of the catalyst, dur-
ing which the continuous process is performed without interruption, in the range from 250 to 310
h at a space velocity of 5to 7 h-' is selected. As already above with respect to the particular and
preferred space velocities which are selected in the process according to the invention, the par-
ticular and preferred embodiments with respect to the selected service life and especially the
selected service lives in combination with particular space velocities relate to a simultaneous full
conversion of the catalyst and especially to conversions in the range from 96.5 to 99.9% or
more, preferably from 97.5 to 99.9% or more, further preferably from 98 to 99.9% or more, fur-
ther preferably from 99 to 99.9% or more and further preferably from 99.5 to 99.9% or more with
respect to the conversion of the one or more oxygenates present in the gas stream according to
(1) of the process according to the invention.

Thus, according to the present invention, further preference is given to embodiments of the pro-
cess for converting oxygenates to olefins in which the service life of the catalyst during which
the continuous process is performed without interruption is in the range from 50 to 450 h, pref-
erably from 100 to 400 h, more preferably from 150 to 375 h, more preferably from 200 to 350 h,
more preferably from 225 to 325 h, and more preferably from 250 to 310 h.

The present invention further also relates to the use of the inventive catalyst as described
above, and especially to the use of the inventive catalyst according to the particular and pre-
ferred embodiments as described in the present application. According to the present invention,
there is no restriction whatsoever in principle with respect to the use of the inventive catalyst,
and so it can be used either for the conversion of oxygenates to olefins or in any conceivable
catalytic process in which the catalyst exhibits a corresponding catalytic action with respect to a
chemical conversion. According to the present invention, however, the inventive catalyst is pref-
erably used in a methanol-to-olefin process (MTO process), in a dimethylether to olefin process
(DTO process), methanol-to-gasoline process (MTG process), in a methanol-to-hydrocarbon
process, in a biomass to olefins and/or biomass to aromatics process, in a methane to benzene
process, for alkylation of aromatics or in fluid catalytic cracking processes (FCC processes), and
preferably in a methanol-to-olefin process (MTO process) and/or in a dimethylether to olefin
process (DTO process). According to the present invention it is particularly preferred that the
inventive catalyst according to any one of the particular and preferred embodiments as de-
scribed in the present application is used in a methanol-to-propylene process (MTP process), in
a methanol-to-propylene/butylene process (MT3/4 process), in a dimethylether-to-propylene
process (DTP process), in a dimethylether-to-propylene/butylene process (DT3/4 process),
and/or in a dimethylether-to-ethylene/propylene (DT2/3 process).
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A catalyst for the conversion of oxygenates to olefins, wherein the catalyst comprises
one or more zeolites of the MFI, MEL and/or MWW structure type and particles of one or
more metal oxides,

the one or more zeolites of the MFI, MEL and/or MWW structure type comprising one or
more alkaline earth metals selected from the group consisting of Mg, Ca, Sr, Ba and
combinations of two or more thereof,

wherein the catalyst displays a water uptake of 9.0 wt.-% or less, preferably of 8.0 wt.-%
or less, more preferably of 7.0 wt.-% or less, more preferably of 6.0 wt.-% or less, more
preferably of 5.5 wt.-% or less, wherein more preferably the catalyst displays a water up-
take ranging from 0.5 to 5.0 wt.-%, more preferably of 1.0 to 4.5 wt.-%, more preferably
of 1.5 to 4.0 wt.-%, more preferably of 2.0 to 3.5 wt.-%, and more preferably of 2.5 to 3.0
wt.-%.

The catalyst of embodiment 1, wherein the particles of the one or more metal oxides
comprise phosphorus, the phosphorus being present at least partly in oxidic form.

The catalyst of embodiment 1 or 2, wherein the one or more zeolites of the MFI, MEL
and/or MWW structure type comprise phosphorus, the phosphorus being present at
least partly in oxidic form.

The catalyst of any of embodiments 1 to 3, wherein the one or more zeolites are of the
MFI structure type, wherein preferably the one or more zeolites of the MFI structure type
are selected from the group consisting of ZSM-5, ZBM-10, [As-Si-O]-MFI, [Fe-Si-O]-MFI,
[Ga-Si-O]-MFI, AMS-1B, AZ-1, boron-C, boralite C, encilite, FZ-1, LZ-105, monoclinic H-
ZSM-5, mutinaite, NU-4, NU-5, silicalite, TS-1, TSZ, TSZ-lll, TZ-01, USC-4, USI-108,
ZBH, ZKQ-1B, ZMQ-TB and mixtures of two or more thereof, further preferably from the
group consisting of ZSM-5, ZBM-10 and mixtures thereof, the zeolite of the MFI structure
type preferably being ZSM-5.

The catalyst of any of embodiments 1 to 4, wherein the alkaline earth metals are select-
ed from the group consisting of Mg, Ca, Sr and combinations of two or more thereof,
wherein preferably the alkaline earth metal is Mg.

The catalyst of any of embodiments 1 to 5, wherein the one or more zeolites of the MFI,
MEL and/or MWW structure type comprise the one or more alkaline earth metals in a to-
tal amount in the range from 0.1 to 20% by weight, based on the total amount of the one
or more zeolites of the MFI, MEL and/or MWW structure type and calculated as the met-
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al, preferably in a total amount in the range of 0.5-15% by weight, more preferably of 1-
10% by weight, more preferably of 2-7% by weight, more preferably of 3-5% by weight,
more preferably of 3.5-4.5% by weight, and more preferably of 3.8-4.2% by weight.

The catalyst of any of embodiments 1 to 6, wherein the one or more metal oxides are se-
lected from the group consisting of silica, alumina, titania, zirconia, aluminum-titanium
mixed oxides, aluminum-zirconium mixed oxides, aluminum-lanthanum mixed oxides,
aluminum-zirconium-lanthanum mixed oxides, titanium-zirconium mixed oxides and mix-
tures of two or more thereof, preferably from the group consisting of silica, alumina, alu-
minum-titanium mixed oxides, aluminum-zirconium mixed oxides, aluminum-lanthanum
mixed oxides, aluminum-zirconium-lanthanum mixed oxides and mixtures of two or more
thereof, wherein more preferably the metal oxide is alumina.

The catalyst of any of embodiments 1 to 7, wherein the zeolite : metal oxide weight ratio
in the catalyst is in the range from 10 : 90 to 95 : 5, preferably in the range from 20 : 80
to 90 : 10, more preferably in the range from 40 : 60 to 80 : 20, more preferably in the
range from 45 : 55 to 70 : 30, more preferably of from 50 : 50 to 75 : 25, and more pref-
erably in the range from 55 : 45 to 65 : 35.

The catalyst of any of embodiments 2 to 8, wherein the total amount of phosphorus,
based on the sum of the total weight of zeolites of the MFI, MEL and/or MWW structure
type and the total weight of the particles of the one or more metal oxides and calculated
as the element, is in the range from 0.1 to 20% by weight, preferably from 0.5 to 15% by
weight, more preferably from 1 to 10% by weight, more preferably from 2 to 7% by
weight, more preferably from 2.5 to 5% by weight, more preferably from 3 to 4.5% by
weight, more preferably from 3.3 to 4.2% by weight, more preferably from 3.5 to 4% by
weight, and more preferably in the range from 3.6 to 3.8% by weight.

The catalyst of any of embodiments 1 to 9 in the form of a shaped body comprising a
mixture of the one or more zeolites of the MFI, MEL and/or MWW structure type and of
the particles of the one or more metal oxides.

A process for preparing a catalyst according to any of embodiments 1 to 10, comprising
(I) providing a catalyst comprising one or more zeolites of the MFI, MEL and/or
MWW structure type and particles of one or more metal oxides,
the one or more zeolites of the MFI, MEL and/or MWW structure type comprising one or
more alkaline earth metals selected from the group consisting of Mg, Ca, Sr, Ba and
combinations of two or more thereof; and
(I) treating the catalyst with one or more silylating agents;
(1) optionally calcining the silylated catalyst obtained in (Il).
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The process of embodiment 11, wherein step (I) comprises

(l.a) providing one or more zeolites of the MFI, MEL and/or MWW structure type;

(I.b) impregnating the one or more zeolites of the MFI, MEL and/or MWW structure
type with a solution comprising the one or more alkaline earth metals, preferably by
means of spray impregnation;

(l.c) optionally drying the one or more impregnated zeolites obtained in (I.b);

(l.d) optionally calcining the one or more impregnated zeolites obtained in (I.b) or
(l.c);

(l.e) preparing a mixture comprising the one or more impregnated and optionally
dried and/or calcined zeolites of the MFI, MEL and/or MWW structure type, one or more
solvents and particles of the one or more metal oxides and/or precursor compounds of
the one or more particles of the one or more metal oxides;

(I.f)  homogenizing the mixture obtained in (l.e);

(l.g) extruding the homogenized mixture obtained in (1.f);

(I.h) optionally drying the extrudate obtained in (l.g);

(l.i) optionally calcining the extrudate obtained in (1.g) or (I.h).

The process of embodiment 12, wherein step (l.e) comprises

(l.e.1) preparing a mixture comprising the one or more impregnated and op-
tionally dried and/or calcined zeolites of the MFI, MEL and/or MWW structure type and
particles of the one or more metal oxides and/or precursor compounds of the one or
more particles of the one or more metal oxides;

(l.e.2) admixing the mixture obtained in (I.e.1) with a phosphorus-comprising
solution, preferably with phosphoric acid;

(l.e.3) mixing the mixture obtained in (l.e.2) with one or more solvents.

The process of embodiment 12 or 13, wherein step (I) further comprises

(l.j) impregnating the optionally dried and/or calcined extrudate with a phosphorus-
comprising solution, preferably with phosphoric acid;

(.k) optionally drying the impregnated extrudate obtained in (l.j);

(I.1) optionally calcining the extrudate obtained in (1.j) or (I.k).

The process of any of embodiments 12 to 14, wherein the impregnating in (I.b) or the
drying in (I.c) or the calcining in (l.d) is followed by bringing the one or more impregnated
zeolites of the MFI, MEL and/or MWW structure type to a particle size Dso in the range
from 5 to 1000 um, preferably from 10 to 750 um, more preferably from 30 to 500 pm,
more preferably from 50 to 300 um, more preferably from 70 to 200 um, more preferably
from 80 to 150 ym, and more preferably from 90 to 120 pym, preferably by milling.

The process of any of embodiments 12 to 15, wherein the drying in (I.c), (I.h) and/or (1.k)
is effected at a temperature in the range from 50 to 220°C, preferably from 70 to 180°C,
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more preferably from 80 to 150°C, more preferably from 90 to 130°C, more preferably
from 100 to 125°C, and more preferably from 110 to 120°C.

The process of any of embodiments 11 to 16, wherein the calcining in (1.d), (L.i), (1.1)
and/or (lll) is effected at a temperature in the range from 300 to 850°C, preferably from
350 to 750°C, more preferably from 400 to 700°C, more preferably from 450 to 650°C,
more preferably from 480 to 600°C, and more preferably from 500 to 550°C.

The process of any of embodiments 12 to 17, wherein the solution used in (1.b) and/or
(.j) or (I.e.2) and/or the mixture prepared in (l.e) or (I.e.3) comprises one or more sol-
vents selected from the group consisting of alcohols, water, mixtures of two or more al-
cohols, and mixtures of water and one or more alcohols, preferably from the group con-
sisting of (C4-Cs) alcohols, water, mixtures of two or more (C+-Cs) alcohols, and mixtures
of water and one or more (C+-Cs¢) alcohols, more preferably (C1+-C4) alcohols, water, mix-
tures of two or more (C+-C4) alcohols, and mixtures of water and one or more (C+-C4) al-
cohols, more preferably consisting of methanol, ethanol, n-propanol, isopropanol, water
and mixtures of two or more thereof, more preferably consisting of methanol, ethanol,
water and mixtures of two or more thereof, the solvent more preferably being water,
preferably distilled water.

The process of any of embodiments 11 to 18, wherein the one or more silylating agents
are selected from the group consisting of alkyldisilazanes, alkylalkoxysilanes, haloal-
kylsilanes, and mixtures of two or more thereof, wherein the one or more silylating
agents preferably comprise one or more alkyldisilazanes.

The process of embodiment 19, wherein the alkyldisilazanes are selected from the group
consisting of hexaalkyldisilazanes, wherein independently form one another the alkyl
groups are preferably selected from the group consisting of optionally branched and/or
optionally substituted (C1-C6)alkyl, preferably (C1-C5)alkyl, more preferably (C1-
C4)alkyl, and more preferably optionally branched and/or optionally substituted (C1-
C3)alkyl, wherein more preferably the alkyl groups are, independently from one another,
selected from the group consisting of optionally substituted methyl, ethyl, or propyl,
wherein more preferably the alkyl groups are selected from ethyl and methyl, wherein
even more preferably the alkyldisilazane is hexamethyldisilazane and/or hexaethyldisi-
lazane, preferably hexamethyldisilazane.

The process of embodiment 19 or 20, wherein the alkylalkoxysilanes are selected from
the group consisting of trialkylalkoxysilanes, alkyltrialkoxysilanes, and mixtures of two or
more thereof, wherein independently from one another the alkyl chains of the trialkyl-
alkoxysilanes and alkyltrialkoxysilanes are preferably selected from the group consisting
of optionally branched and/or optionally substituted (C1-C6)alkyl, preferably (C1-
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Cb5)alkyl, more preferably (C1-C4)alkyl, and more preferably optionally branched and/or
optionally substituted (C1-C3)alkyl, wherein more preferably the alkyl groups are, inde-
pendently from one another, selected from the group consisting of optionally substituted
methyl, ethyl, or propyl, wherein more preferably the alkyl groups are selected from ethyl
and methyl, wherein even more preferably the alkylalkoxysilane is selected from the
group consisting of methoxytrimethylsilane, ethoxytrimethylsilane, propoxytrime-
thylsilane, methyltrimethoxysilane, methyltriethoxysilane, ethyltrimethoxysilane, ethyltri-
ethoxysilane, propyltrimethoxysilane, propyltriethoxysilane, and mixtures of two or more
thereof, more preferably from the group consisting of methoxytrimethylsilane, ethoxytri-
methylsilane, methyltrimethoxysilane, methyltriethoxysilane, ethyltrimethoxysilane, ethyl-
triethoxysilane, and mixtures of two or more thereof.

The process of any one of embodiments 19 to 21, wherein the haloalkylsilanes are se-
lected from the group consisting of dihalodialkylsilanes, wherein independently from one
another the alkyl chains of the dihalodialkylsilanes are preferably selected from the
group consisting of optionally branched and/or optionally substituted (C1-C6)alkyl, pref-
erably (C1-C5)alkyl, more preferably (C1-C4)alkyl, and more preferably optionally
branched and/or optionally substituted (C1-C3)alkyl, wherein more preferably the alkyl
groups are, independently from one another, selected from the group consisting of op-
tionally substituted methyl, ethyl, or propyl, wherein more preferably the alkyl groups are
selected from ethyl and methyl, and

wherein independently from one another the halo groups are selected from the group
consisting of halogens and pseudohalogens, preferably from the group consisting of CN,
F, Cl, Br, and |, more preferably from the group consisting of CN, Cl, and Br, wherein
more preferably the halo groups are, independently from one another Cl or Br, preferably
Cl, and

wherein the haloalkylsilane is preferably dichlorodimethylsilane and/or dichlorodieth-
ylsilane, preferably dichlorodimethylsilane.

The process of any one of embodiments 11 to 22, wherein step (Il) is conducted under
heating, preferably at a temperature ranging from 40 to 150°C, more preferably from 50
to 130°C, more preferably from 60 to 110°C, more preferably from 70 to 100°C, more
preferably from 75 to 95°C, and more preferably from 80 to 90°C.

A catalyst for the conversion of oxygenates to olefins, obtainable by a process according
to any of embodiments 11 to 23.

A process for converting oxygenates to olefins, comprising:

(1) providing a gas stream comprising one or more oxygenates;

(2) contacting the gas stream with a catalyst according to any of embodiments 1 to
10 and 24.
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The process of embodiment 25, wherein the gas stream according to (1) comprises one
or more oxygenates selected from the group consisting of aliphatic alcohols, ethers, car-
bonyl compounds and mixtures of two or more thereof, preferably from the group con-
sisting of (C4-Cs) alcohols, di(C4-Cs)alkyl ethers, (C1-Cs) aldehydes, (C>-Cs) ketones and
mixtures of two or more thereof, more preferably consisting of (C4-C4) alcohols, di(C+-
Co)alkyl ethers, (C1-C4) aldehydes, (C2-C4) ketones and mixtures of two or more thereof,
more preferably from the group consisting of methanol, ethanol, n-propanol, isopropanol,
butanol, dimethyl ether, diethyl ether, ethyl methyl ether, diisopropyl ether, di-n-propyl
ether, formaldehyde, dimethyl ketone and mixtures of two or more thereof, more prefer-
ably from the group consisting of methanol, ethanol, dimethyl ether, diethyl ether, ethyl
methyl ether and mixtures of two or more thereof, the gas stream more preferably com-
prising methanol and/or dimethyl ether, and more preferably dimethyl ether.

The process of embodiment 25 or 26, wherein the content of oxygenates in the gas
stream according to (1) is in the range from 5 to 100% by volume based on the total vol-
ume, preferably from 10 to 99% by volume, more preferably from 15 to 95% by volume,
more preferably from 20 to 90% by volume, more preferably from 25 to 80% by volume,
more preferably from 30 to 70% by volume, more preferably from 30 to 60% by volume,
more preferably from 30 to 50% by volume, and more preferably from 30 to 45% by vol-
ume.

The process of any of embodiments 25 to 27, wherein the water content in the gas
stream according to (1) is in the range from 5 to 60% by volume based on the total vol-
ume, preferably from 10 to 55% by volume, more preferably from 20 to 50% by volume,
and more preferably from 30 to 45% by volume.

The process of any of embodiments 25 to 28, wherein the contacting according to (2) is

effected at a temperature in the range from 200 to 700°C, preferably from 250 to 650°C,
more preferably from 300 to 600°C, more preferably from 350 to 560°C, more preferably
from 400 to 540°C, more preferably from 430 to 520°C, and more preferably from 450 to
500°C.

The process of any of embodiments 25 to 29, wherein the contacting according to (2) is
effected at a pressure in the range from 0.1 to 10 bar, preferably from 0.3 to 7 bar, more
preferably from 0.5 to 5 bar, more preferably from 0.7 to 3 bar, more preferably from 0.8
to 2.5 bar, more preferably from 0.9 to 2.2 bar, and more preferably from 1 to 2 bar.

The process of any of embodiments 25 to 30, wherein the process is a continuous pro-
cess.
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32. The process of embodiment 31, in which the space velocity in the contacting according
to (2) is in the range from 0.5 to 50 h-, preferably from 1 to 30 h-', more preferably from
2 to 20 h-', more preferably from 3 to 15 h-', more preferably from 4 to 10 h-' and more
preferably from 5 to 7 h-'.

33. The process of embodiment 32, in which the service life of the catalyst during which the
continuous process is performed without interruption is in the range from 50 to 450 h,
preferably from 100 to 400 h, more preferably from 150 to 375 h, more preferably from
200 to 350 h, more preferably from 225 to 325 h, and more preferably from 250 to 310 h.

34. The use of a catalyst according to any of embodiments 1 to 10 and 24 in the conversion
of oxygenates to olefins, in a methanol-to-olefin process (MTO process), in a di-
methylether to olefin process (DTO process), methanol-to-gasoline process (MTG pro-
cess), in a methanol-to-hydrocarbon process, in a biomass to olefins and/or biomass to
aromatics process, in a methane to benzene process, for alkylation of aromatics or in a
fluid catalytic cracking process (FCC process), preferably in a methanol-to-olefin process
(MTO process) and/or in a dimethylether to olefin process (DTO process), and more
preferably in a methanol-to-propylene process (MTP process), in a methanol-to-
propylene/butylene process (MT3/4 process), in a dimethylether-to-propylene process
(DTP process), in a dimethylether-to-propylene/butylene process (DT3/4 process),
and/or in a dimethylether-to-ethylene/propylene (DT2/3 process).

EXAMPLES

Water Adsorption / Desorption Measurements

Water adsorption/desorption isotherms in the present examples were performed on a VTI SA
instrument from TA Instruments following a step-isotherm program. The experiment consisted of
a run or a series of runs performed on a sample material that has been placed on the microbal-
ance pan inside of the instrument. Before the measurement was started, the residual moisture
of the sample was removed by heating the sample to 100 °C (heating ramp of 5 °C/min) and
holding it for 6 h under a nitrogen flow. After the drying program, the temperature in the cell was
decreased to 25 °C and kept constant during the measurement. The microbalance was calibrat-
ed, and the weight of the dried sample was balanced (maximum mass deviation 0.01 wt.-%).
Water uptake of a sample was measured as the increase in weight compared to the dry sample.
First, an adsorption curve was measured by increasing the relative humidity (RH) (expressed as
weight-% water in the atmosphere inside of the cell) to which the sample was exposed and
measuring the water uptake by the sample as equilibrium. The RH was increased with a step of
10 % from 5 % to 85 % and at each step the system controlled the RH and monitored the
weight of the sample until reaching the equilibrium conditions after the sample and recording the
weight uptake. The total adsorbed water of the sample was taken after the sample was exposed
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to the 85 weight-% RH. During the desorption measurement, the RH was decreased from 85
weight-% to 5 weight-% with a step of 10 % and the change in the weight of the sample (water
uptake) was monitored and recorded.

Reference Example 1: Synthesis of ZSM-5 zeolite at an SiO, : Al,Oz molar ratio of 250

Tetraethylorthosilicate (757 kg) was stirred in a vessel. Water (470 kg) and tetrapropylammoni-
um hydroxide (40 wt% in water, 333 kg) were added. The mixture was stirred for 60 minutes
during which the temperature rose to 60 °C. This was due to the hydrolysis of tetraethylorthosili-
cate resulting in the formation of ethanol. The ethanol was removed via distillation until a sump
temperature of 95 °C was reached. Thereby 832 kg of ethanol were removed from the mixture.
832 kg of water and a solution of aluminum sulfate octadecahydrate (9.4 kg) and water (20 kg)
were added to the vessel. The vessel was closed and heated to 150 °C.

After stirring the gel at 150 °C for 24 h the autoclave was cooled to ambient temperature and
the mixture was removed. It was treated with nitric acid (10 wt% in water) until a pH value of 7.1
was reached. The resulting suspension was filtered. The filter cake was washed with water and
dried (120 °C). The dry powder was ground and subsequently calcined (5 h, 500 °C).

Elemental analysis:

Si  43.5wt-%
Al 0.36 wt.-%
Na <100 ppm
K <100 ppm

Thus, according to the chemical analysis, the calcined material displayed an SiO; : Al,Os molar
ratio of 233.

The material displayed a BET surface area of 441 m?g. The pore volume was determined to be
0.18 cm?g at p/po = 0.301 and the median pore width to be 0.54 nm as respectively determined
via Argon adsorption using the Horvath-Kawazoe method. The total intrusion volume deter-
mined according to Hg porosimetry according to DIN 66133 was 1.45 ml/g (milliliter/gram), the
respective total pore area 71.3 m¥g.

Temperature programmed desorption of ammonia (NHs-TPD) afforded values of 0.24 mmol/g
when conducted at 107 °C and of 0.12 mmol/g when conducted at 343 °C.

The material had a water uptake of 7.1 wt.% at a relative humidity of 85 %.
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Comparative Example 1: Preparation of an extrudate comprising Mg-ZSM-5 (SiO- : Al,O3 molar
ratio of 250)

The ZSM-5 powder obtained from Reference Example 1 was spray impregnated with a magne-
sium nitrate solution. In the course of this spray impregnation, spraying was effected to 90% of
the water absorption or the zeolite powder. The amount of Mg weighed in was such that the
powder after the calcination comprises 4% by weight of Mg. For impregnation, 3.00 kg of zeolite
powder were introduced into a tumble mixer. 1.34 kg of magnesium nitrate were dissolved in
water and further diluted with a total amount of 2.6 liters of distilled water. The resulting magne-
sium nitrate solution was then sprayed onto the ZSM-5 powder through a glass spray nozzle
while rotating over a time period of 110 min. On completion of addition of the magnesium nitrate
solution, the powder was dried under vacuum (100 mbar) at 90°C for 310 min while further ro-
tating, calcined at 500°C in a convection muffle furnace for 250 min, milled and sieved through a
sieve having a mesh size of 1 mm.

The BET surface area of the resulting magnesium-impregnated zeolite was BET 324 m?/g.

Elemental analysis:
Mg: 4.0 g/100g

Temperature programmed desorption of ammonia (NHs-TPD) afforded values of 0.53 mmol/g
when conducted at 135 °C.

The Mg-ZSM-5 powder prepared by spray impregnation was further processed with pseu-
doboehmite (Pural SB; Sasol) as a binder to give extrudates. The starting weights were select-
ed such that the zeolite/binder ratio in the calcined extrudate corresponds to 60:40. For this
purpose, 2.52 kg of zeolite and 2.18 kg of pseudoboehmite (Pural SB; Sasol) were weighed in,
mixed in a drum hoop (“Rhonrad”), admixed with dilute formic acid (65 g of formic acid in 0.5 | of
distilled water) and processed with 0.125 kg of carboxymethylcellulose (Walocel; DOW) and
2.34 | of water to give a homogeneous material. The kneaded material was pressed with the aid
of an extrudate press through a 2.5 mm die at 60 - 100 bar. Subsequently, the resulting extru-
dates were dried in a drying cabinet at 120°C for 16 h and (after a heating-up period of 2 h) cal-
cined in a muffle furnace at 500°C for 4 h (after a heating-up period of 3 h), and the calcined
extrudates were processed in a sieving machine with 2 steel balls (diameter approx. 2 cm, 258
g/ball) to give 1.6-2 mm spall.

The BET surface area of the resulting spall was 302 m#/g.

Elemental analysis:
Si: 241 g/100g
Al:  20.4 g/100g
Mg: 2.3 g/100g
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Temperature programmed desorption of ammonia (NHs-TPD) afforded values of 0.61 mmol/g
when conducted at 110 °C.

The material had a water uptake of 7.5 wt.% at a relative humidity of 85 %.
Example 1: Silylation of an extrudate comprising Mg-ZSM-5 (SiO- : AlO3 molar ratio of 250)

89 g of the spalled Mg-ZSM-5 extrudates from Comparative Example 1 were placed in a fixed
bed reactor. A stream of 30 standard cubic meters of N2 per hour was then directed over a satu-
rator filled with hexamethyldisilazane (HMDS). The resulting gas mixture was then directed for
1 hinto the fixed bed reactor, which was heated to 85°C.

The BET surface area of the silylated spall was 301 m#/g.

Elemental analysis:
Si: 24.7 g/100g
Al:  19.7 g/100g
Mg: 2.3 g/100g

Temperature programmed desorption of ammonia (NHs-TPD) afforded values of 0.54 mmol/g
when conducted at 130 °C.

The material had a water uptake of 3.3 wt.% at a relative humidity of 85 %.

Comparative Example 2: Preparation of a phosphorus-treated extrudate comprising Mg-ZSM-5
(SiO2 : AlO3 molar ratio of 250)

Prior to the phosphorus impregnation, the water absorption capacity of the H-ZSM-5/Al,03 spall
from Comparative Example 1 was determined to be 1 ml H.O/ 2 g of extrudate. Accordingly, a
solution of 23.3 g of 85% phosphoric acid (Sigma Aldrich) was made up to total liquid of 75 ml
with distilled water. The amount of phosphoric acid was calculated such that, after the calcina-
tion, 4% by weight of phosphorus, calculated as the element, is present on the extrudate. 150 g
of spall from Reference Example 2 were placed in a porcelain dish and homogenized with the
dilute phosphoric acid using a spatula. The homogenized mixture was dried in a vacuum drying
cabinet at 80°C for 8 h and then calcined under air in a muffle furnace at 500°C for 4 h (after a
heating-up period of 4 h).

The BET surface area of the resulting phosphorus-impregnated spall was 236 m?/g.
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Elemental analysis:
Si: 221 9g/100¢g
Al:  18.4g/100¢g
Mg: 2.1 g/100g
P: 4.0 g/100g

Temperature programmed desorption of ammonia (NHs-TPD) afforded values of 0.67 mmol/g
when conducted at 127 °C.

The material had a water uptake of 5.0 wt.% at a relative humidity of 85 %.

Example 2: Silylation of phosphor-treated extrudate comprising Mg-ZSM-5 (SiO- : Al,Oz molar
ratio of 250)

100 g of the spalled phosphor-treated Mg-ZSM-5 extrudates from Comparative Example 2 were
placed in a fixed bed reactor. A stream of 30 standard cubic meters of N> per hour was then
directed over a saturator filled with hexamethyldisilazane (HMDS). The resulting gas mixture
was then directed for 1 h into the fixed bed reactor, which was heated to 85°C.

70 g of the surface-passivated phosphor-treated Mg-ZSM-5 extrudates thus obtained were then
heated to 500°C in a muffle furnace over a period of 4 h and calcined at 500°C for 4 h.

The BET surface area of the silylated spall was 221 m?/g.

Elemental analysis:
Si: 23.19g/100¢g
Al:  18.5g/100¢g
Mg: 2.2 g/100g
P: 3.7 g/100g

Temperature programmed desorption of ammonia (NHs-TPD) afforded values of 0.62 mmol/g
when conducted at 128 °C.

The material had a water uptake of 4.3 wt.% at a relative humidity of 85 %.



10

15

20

25

30

35

40

WO 2015/091832 PCT/EP2014/078514
-45 -

Example 3: Regeneration of the surface-passivated phosphor-treated Mg-ZSM-5 extrudates
from Example 2

After conducting the catalyst test in Example 4 with the surface-passivated phosphor-treated
Mg-ZSM-5 extrudates from Example 2, the used catalyst was extracted from the reactor and
analyzed relative to its basic elements.

Elemental analysis of the used catalyst:
Si: 17.59g/100¢g
Al:  13.3g/100¢g
C: 24.89g/100g

The used catalyst which was blackened by carbon was the regenerated by heating to 500°C
over a period of 4 h and subsequent calcination at 550°C for 5 h. The regenerated catalyst,
which regained its white appearance after the regeneration process, was again analyzed rela-
tive to its basic elements:

Elemental analysis of the used catalyst:
Si: 2249/100g
Al:  18.4g/100¢g
C: <0.5¢g/100g

Example 4: Comparative tests in the methanol-to-propylene/butylene process (DT3/4 process)

The catalysts prepared in examples 1 and 2 (Example 3 after regeneration) and in comparative
examples 1 and 2 (in each case 2 g) were respectively mixed with silicon carbide (in each case
23 g) and installed in a continuously operated, electrically heated tubular reactor. Upstream of
the test reactor, methanol vapor was produced to give a gas stream comprising 75% by volume
of methanol and 25% by volume of N2, which was converted to dimethyl ether by means of a
pre-reactor charged with 34 ml of alumina spall at 275°C and an (absolute) pressure of 1-2 bar.
The stream comprising dimethyl ether was then passed into the tubular reactor, and converted
therein at a temperature of 450 to 500°C, a WHSV (= weight hourly space velocity) of 6 h-
based on methanol and an (absolute) pressure of 1 to 2 bar, and the reaction parameters were
maintained over the entire run time. Downstream of the tubular reactor, the gaseous product
mixture was analyzed by on-line chromatography.

The results achieved in the DT3/4 process for the catalysts according to examples 1, 2, and 3
(regenerated catalyst of Example 2) and according to comparative examples 1 and 2 with re-
spect to the selectivities are shown in table 1, these reproducing the average selectivities during
the run time of the catalyst in which the conversion of methanol was 97% or more.

Table 1: Average selectivities at a methanol conversion of >97%.
Comp. Ex. 1 | Ex. 1 Comp. Ex.2 | Ex. 2 ‘ Ex. 3 (reg. ‘
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Ex. 2)

Mg [wt.-%] 2.3 2.3 2.1 2.2 n.a.
P [wt.-%] -—- -—- 4.0 3.7 n.a.
H.O uptake [wt.-%] | 7.5 3.3 5.0 4.3 n.a.
Selectivity [%]:

ethylene 6.0 5.9 6.2 6.0 3.8

propylene 42.4 42.6 38.7 37.8 39.5

butylene 24.6 27.3 25.0 24.6 22.5

C, paraffins 1.6 1.8 2.8 2.6 1.6

Cs+ (mixture) 18.9 17.1 23.5 24.7 30.7

aromatics 4.3 3.8 2.4 2.9 1.1

methane 2.2 1.5 1.3 1.3 0.8
Service life [h] 100 249 192 307 > 250

As can be taken from the results displayed in Table 1, it has surprisingly been found that by
reducing the water uptake in examples 1 and 2 compared to the catalysts according to compar-
ative examples 1 and 2, the catalyst lifetime may be tremendously increased. More specifically,
as may be taken from a comparison of Comparative Example 2 and Example 2, the increased
hydrophobicity in Example 2 due to the reduced water uptake leads to an increase in liefetime
of over 50%. In this respect it has quite unexpectedly been found that this may be achieved
without noticeably influencing the catalyst selectivity, in particular relative to the conversion of
diethylether to ethylene, propylene and butylene.

Comparison of Comparative Example 1 and Example 1 on the other hand, which as opposed to
Comparative Example 2 and Example 2 do not contain phosphor, even more surprisingly re-
veals that an increase in hydrophobicity for the catalyst of Example 1 leads to an enormous in-
crease in lifetime of about 150%. Thus, although the catalyst lifetime of Comparative Example 1
is much lower than for Comparative Example 2 containing phosphorous in addition to magnesi-
um, the surface-treated catalyst sample of Example 1 displays an increase in catalyst lifetime
which clearly surpasses the catalyst lifetime of the phosphorous containing catalyst of Com-
parative Example 2, and is only somewhat inferior to the catalyst lifetime a also been surface-
treated for reduction of its water uptake, i.e. for increasing its hydrophobicity. Compared to the
phosphorous containing samples, however, the selectivity of the samples according to Compar-
ative Example 1 and Example 1 are higher relative to propylene compared to the catalyst sam-
ples of Comparative Example 2 and Example 2.

As concerns Example 1, however, it has quite surprisingly been found that, as opposed to the
phosphorous containing samples wherein the selectivities remain more or less unchanged, in
particular relative to the production of ethylene, propylene, and butylene, the reduction of the
water uptake in Example 1 actually leads to a notable increase in the selectivity towards butyl-
ene, while leaving the selectivities towards ethylene and propylene practically unchanged. Ac-
cordingly, with respect to the samples of Example 1 which does not contain phosphorous, it has
quite unexpectedly found that not only may the catalyst lifetime be formidably increased by the
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reduction of the water uptake. Far more, the selectivity of the conversion of dimethylether to
butylene may even be increased, while maintaining the high level of selectivity towards ethylene
and propylene respectively achieved by the catalyst of Comparative Example 1 which has not
been surface-treated for reducing the water uptake thereof.

Based on these unexpected effects which can be brought about by the surface-treatment for
reducing the water uptake of a catalyst containing an alkaline earth metal and optionally further
containing phosphorus and according to the present invention, a catalyst is thus provided for the
conversion of oxygenates to olefins which, as has been shown by the test results in the DT3/4
process according to example 4, not only enables tremendously longer service lives, but also
maintains a high selectivity towards Cs and C4 olefins compared to untreated samples. Further-
more, it has been unexpectedly found that in the absence of optional phosphorous, the selectivi-
ty towards C4 may even be increased in addition to the considerable increase in catalyst lifetime
while maintaining a high level of selectivity towards Cs olefins compared to the untreated sam-
ples.
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It is to be understood that, if any prior art publication is referred to herein, such reference does
not constitute an admission that the publication forms a part of the common general knowiedge
in the art, in Australia or any other country.

In the claims which follow and in the preceding description of the invention, except where the
context requires otherwise due to express language or necessary implication, the word
“‘comprise” or variations such as “comprises” or “comprising” is used in an inclusive sense, i.e.
to specify the presence of the stated features but not to preclude the presence or addition of
further features in various embodiments of the invention.

10057054 _1 (GHMatters) P103307.AU
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A catalyst for the conversion of oxygenates to olefins, wherein the catalyst comprises
one or more zeolites of the MFI, MEL and/or MWW structure type and particles of one or
more metal oxides,

the one or more zeolites of the MFI, MEL and/or MWW structure type comprising one or
more alkaline earth metals selected from the group consisting of Mg, Ca, Sr, Ba and
combinations of two or more thereof,

wherein the catalyst displays a water uptake of 1 to 4.5 wt-%, and

wherein the catalyst has been treated with one or more silylating agents.

The catalyst of claim 1, wherein the particles of the one or more metal oxides comprise
phosphorus, the phosphorus being present at least partly in oxidic form.

The catalyst of claim 1 or claim 2, wherein the one or more zeolites of the MFI, MEL
and/or MWW sfructure type comprise phosphorus, the phosphorus being present at
least partly in oxidic form.

The catalyst of any one of claims 1 to 3, wherein the one or more zeolites are of the MFI
structure type.

The catalyst of any one of claims 1 to 4, wherein the alkaline earth metals are selected
from the group consisting of Mg, Ca, Sr and combinations of two or more thereof.

The catalyst of any one of claims 1 to 5, wherein the one or more zeolites of the MFI,
MEL and/or MWW structure type comprise the one or more alkaline earth metals in a to-
tal amount in the range from 0.1 to 20% by weight, based on the total amount of the one
or more zeolites of the MFI, MEL and/or MWW structure type and calculated as the met-
al.

The catalyst of any one of claims 1 to 6, wherein the one or more metal oxides are se-
lected from the group consisting of silica, alumina, titania, zirconia, aluminum-titanium
mixed oxides, aluminum-zirconium mixed oxides, aluminum-lanthanum mixed oxides,
aluminum-zirconium-lanthanum mixed oxides, titanium-zirconium mixed oxides and mix-
tures of two or more thereof.

The catalyst of any one of claims 1 to 7, wherein the zeolite . metal oxide weight ratio in
the catalyst is in the range from 10 : 90 to 95 : 5.

10057054 _1 (GHMatters) P103307.AU
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The catalyst of any one of claims 2 to 8, wherein the total amount of phosphorus, based
on the sum of the total weight of zeolites of the MFI, MEL and/or MWW structure type
and the total weight of the particles of the one or more metal oxides and calculated as
the element, is in the range from 0.1 to 20% by weight.

The catalyst of any ane of claims 1 to 9 in the form of a shaped body comprising a mix-
ture of the one or more zeolites of the MFI, MEL and/or MWW structure type and of the
particles of the one or more metal oxides.

A process for preparing a catalyst according to any one of claims 1 to 10, comprising

(I) providing a catalyst comprising one or more zeolites of the MFI, MEL and/or
MWW structure type and particles of one or more metal oxides,
the one or more zeolites of the MFI, MEL and/or MWW structure type comprising one or
more alkaline earth metals selected from the group consisting of Mg, Ca, Sr, Ba and
combinations of two or more thereof; and

(I treating the catalyst with one or more silylating agents;

(1) optionally calcining the silylated catalyst obtained in (il).

The process of claim 11, wherein step (I) comprises

(l.a) providing one or more zeolites of the MFI, MEL and/or MWW structure type;

(I.b) impregnating the one or more zeolites of the MFI, MEL and/or MWW structure
type with a solution comprising the one or more alkaline earth metals;

(I.c) optionally drying the one or more impregnated zeolites obtained in (1.b);

(1.dy optionally calcining the one or more impregnated zeolites abtained in {1.b) or
(l.c);

(l.e) preparing a mixture comprising the one or more impregnated and optionaily
dried and/or calcined zeolites of the MFI, MEL and/or MWW structure type, one or more
solvents and particles of the one or more metal oxides and/or precursor compounds of
the one or more particles of the one or more metal oxides;

(I.f) homogenizing the mixture obtained in (l.e);

l.g) extruding the homogenized mixture obtained in (1.f);
.h) optionally drying the extrudate obtained in (1.g);
i) optionally calcining the extrudate obtained in (I.g) or (1.h).

(
(I
(

The process of claim 12, wherein step (l.e) comprises

(lL.e.1) preparing a mixture comprising the one or more impregnated and op-
tionally dried and/or caicined zeolites of the MFI, MEL and/or MWW structure type and
particles of the one or more metal oxides and/or precursor compounds of the one or
more particles of the one or more metal oxides;

(l.e.2) admixing the mixture obtained in (l.e.1) with a phosphorus-comprising

10057054 _1 (GHMatters) P103307.AU
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solution;
(l.e.3) mixing the mixture obtained in (l.e.2) with one or more solvents.

The process of claim 12 or claim 13, wherein step () further comprises

(1)) impregnating the optionally dried and/or calcined extrudate with a phosphorus-
comprising solution;

(1.k) optionally drying the impregnated extrudate obtained in (1.j);

(1.1) optionally calcining the extrudate obtained in (1.j) or (l.k).

The process of any one of claims 12 to 14, wherein the impregnating in (1.b) or the dry-
ing in (l.c) or the calcining in (i.d) is followed by bringing the one or more impregnated

zeolites of the MFI, MEL and/or MWW structure type to a particle size Dso in the range
from 5 to 1000 ym.

The process of any one of claims 12 to 15, wherein the drying in (I.c), {I.h) and/or (1.k) is
effected at a temperature in the range from 50 to 220°C.

The process of any one of claims 11 to 16, wherein the calcining in (1.d), (1.i), (I.I) and/or
(il is effected at a temperature in the range from 300 to 850°C.

The process of any one of claims 12 to 17, wherein the solution used in (I.b) and/or (l.j)
or (l.e.2) and/or the mixture prepared in (l.e) or (l.e.3) comprises one or more solvents
selected from the group consisting of alcohols, water, mixtures of two or more alcohols,
and mixtures of water and one or more alcohols.

The process of any one of claims 11 to 18, wherein the one or more silylating agents are
selected from the group consisting of alkyldisilazanes, alkylalkoxysilanes, haloal-
kylsilanes, and mixtures of two or more thereof.

The process of claim 19, wherein the alkyldisilazanes are selected from the group con-
sisting of hexaalkyldisilazanes.

The process of claim 19 or claim 20, wherein the alkylalkoxysilanes are selected from
the group consisting of trialkylalkoxysilanes, alkyltrialkoxysilanes, and mixtures of two or
more thereof.

The process of any one of claims 19 to 21, wherein the haloalkylsilanes are selected
from the group consisting of dihalodialkylsilanes, and

10057054 _1 (GHMatters) P103307.AU
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wherein independently from one another the halo groups are selected from the group
consisting of halogens and pseudchalogens.

The process of any one of claims 11 to 22, wherein step (l1) is conducted under heating.

A catalyst for the conversion of oxygenates to olefins, obtainable by a process according
fo any one of claims 11 o 23.

A process for converting oxygenates to olefins, comprising:

(1) providing a gas stream comprising one or more oxygenates;

(2) contacting the gas stream with a catalyst according to any one of claims 1 to 10
and 24.

The process of claim 25, wherein the gas stream according to (1) comprises one or more
oxygenates selected from the group consisting of aliphatic alcohols, ethers, carbonyl
compounds and mixtures of two or more thereof.

The process of claim 25 or claim 26, wherein the content of oxygenates in the gas
stream according to (1) is in the range from 5% to 100% by volume based on the total
volume.

The process of any one of claims 25 to 27, wherein the water content in the gas stream
according to (1) is in the range from 5 to 60% by volume based on the total volume.

The process of any one of claims 25 to 28, wherein the contacting according to (2) is ef-
fected at a temperature in the range from 200 to 700°C.

The process of any one of claims 25 to 29, wherein the contacting according to (2) is ef-
fected at a pressure in the range from 0.1 to 10 bar.

The process of any one of claims 25 to 30, wherein the process is a continuous process.

The process of claim 31, in which the space velocity in the contacting according to (2) is
in the range from 0.5 to 50 h,

The process of claim 32, in which the service life of the catalyst during which the contin-
uous process is performed without interruption is in the range from 50 to 450 h.

10057054 _1 (GHMatters) P103307.AU
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34. The use of a catalyst according to any one of claims 1 to 10 and 24 in the conversion of
oxygenates to olefins, in a methanol-to-olefin process (MTO process), in a dimethylether
to olefin process (DTO process), methanol-to-gasoline process (MTG process), in a
methanol-to-hydrocarbon process, in a biomass to olefins and/or biomass to aromatics
process, in a methane to benzene process, for alkylation of aromatics or in a fluid cata-
Ivtic cracking process (FCC process).

10057054 _1 (GHMatters) P103307.AU
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