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ZINC AND/OR MANGANESE ALUMINATE CATALYST
USEFUL FOR ALKANE DEHDYROGENATION

The present invention relates to a catalyst composition suitable for the dehydrogenation
of alkanes having 2-8 carbon atoms comprising zinc and/or manganese aluminate,
optionally further comprising sodium (Na), potassium (K), caesium (Cs), rubidium (Rb),
strontium (Sr), barium (Ba), magnesium (Mg), calcium (Ca), gallium (Ga), germanium
(Ge),tin (Sn), copper (Cu), zirconium (Zr), cobalt (Co), tungsten (W) or mixtures thereof,
wherein said catalyst composition preferably is essentially platinum free. Furthermore, a
method for preparing said catalyst composition and a process for dehydrogenating
alkanes having 2-8 carbon atoms, preferably isobutane, comprising contacting the said

catalyst composition with said alkanes is provided.

Olefinic lower hydrocarbons such as propene, butenes and isobutene are very important
intermediates in the petrochemical industry. Such olefins are primarily produced as co-
products in catalytic and steam cracking processes. Alternatively, lower olefins can be
commercially produced by catalytic dehydrogenation of the corresponding lower
alkanes. US 3763255 for instance describes a method for dehydrogenation of C4-C30
hydrocarbons using a catalyst which comprises a platinum component, an iridium
component and an alkali or alkaline earth metal component with a porous carrier
material. The applicability of conventional endothermic dehydrogenation of lower
alkanes, however, is limited by thermodynamic constraints and rapid catalyst

deactivation caused by coke formation.

It has been previously described that zinc-aluminate based catalyst compositions are
useful as catalysts in a brocess for dehydrogenation of lower alkanes. US 5,344,805; US
5,430,220; and EP 0 557 982 A2 describe a process for dehydrogenating at least one
alkane comprising 2 to 8 carbon atoms to an alkene in the presence of steam and a
catalyst composition comprising zinc aluminate, at least one tin oxide (i.e. SnO and/or
Sn0 ,) and platinum. The zinc aluminate is prepared by a solid state method comprising

calcining hydrated alumina and zinc oxide.

A major drawback of known zinc-aluminate based catalyst compositions useful as
alkane dehydrogenation catalyst is that they require an additional metal like platinum as
part of the catalyst composition to be effective. Without such an additional active metal

the conversion of alkanes is greatly reduced. In addition thereto, it is described that the
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feed stream of a conventional dehydrogenation catalyst further comprises steam. It was
an object of the present invention to provide a catalyst suitable for the dehydrogenation

of alkanes with improved activity. Furthermore, it was an object of the present invention
to provide an alkane dehydrogenation process which does not require steam to be

present in the feed.

The solution to the above problem is achieved by providing the embodiments as
described herein below and as characterized in the claims. Accordingly, the present
invention provides a catalyst composition suitable for the dehydrogenation of alkanes
having 2-8 carbon atoms comprising zinc and/or manganese aluminate, wherein the
relative molar ratios of the elements comprised in said composition are represented by
the formula -
M/ZnyyMn Al,0 4
wherein:
0-5 wt-% M based on the zinc and/or manganese aluminate is present in the
catalyst composition and M is selected from the group of sodium (Na), potassium
(K), caesium (Cs), rubidium (Rb), strontium (Sr), barium (Ba), magnesium (Mg),
calcium (Ca), gallium (Ga), germanium (Ge), or tin (Sn), copper (Cu), zirconium
(Zr), cobalt (Co), tungsten (W) and mixtures thereof, and

y is in the range of 0-1.

In the context of the present invention, it was surprisingly found that zinc and/or
manganese aluminate comprising catalyst composition of the present invention provides
a very high activity (as shown by a higher conversion and yield) and good selectivity for
dehydrogenation of lower alkanes to alkenes. Preferably, the catalyst of the invention
has a good selectivity towards isobutene. Furthermore, this high activity and/or
selectivity may even be present in the absence of steam in the feed. Furthermore, the
catalyst may have improved stability; that is it may maintain its activity for longer periods

of use and/or more catalyst regeneration cycles.

Preferably, the catalyst composition of the present invention is essentially platinum free.
As used herein, the term "essentially free" when relating to a certain (group of)
element(s), preferably platinum, means to describe a catalyst composition wherein the
comprised amount of said (group of) element(s) is too low to have an effect on catalyst
performance. In one embodiment, the catalyst composition of the invention comprises

less than 0.05 wt-% of said (group of) element(s), preferably less than 0.01 wt-% of said
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(group of) element(s), more preferably less than 0.005 wt-% said (group of) element(s)
and even more preferably less than 0.001 wt-%. Particularly preferably, the content of
said certain (group of) element(s) is below the detection limit of e.g. 60ppm for platinum,
when using Atomic Adsorption Spectroscopy. Most preferably, the catalyst composition
comprises no platinum. In one embodiment, the catalyst composition is essentially free
from one or more elements selected from Group 10 of the Periodic Table (IUPAC
version of 22 June 2007).

The zinc and/or manganese aluminate may have spinel structure. The term "spinel
structure” is well known in the art and is defined herein as an aluminium comprising
mixed oxide having the general formulation Z%A |23+O42' which is crystallised in the cubic
(isometric) crystal system and wherein the oxide anions are arranged in a cubic close-
packed lattice and wherein the cations "Z" and Al occupy some or all of the octahedral

and tetrahedral sites in the lattice.

The amount of zinc and/or manganese present in the zinc and/or manganese aluminate
is determined by the molar ratio of zinc and/or manganese in relation to the aluminium.
Accordingly, the molar ratio of zinc and manganese to aluminium ([Zn+Mn]:Al) in the
zinc and/or manganese aluminate is 1:2 (also depicted as Zn;,.,Mn,Al,). This means that
when y=0 that the catalyst composition comprises zinc aluminate and when y=1 that the
catalyst composition comprises manganese aluminate. However, it is preferred that the
catalyst composition comprises zinc manganese aluminate, which is a mixed oxide
comprising both zinc and manganese (also depicted as Zn,,Mn,Al,, wherein 0<y<1).
More preferably, the molar ratio of zinc and manganese to aluminium in the zinc
manganese aluminate (Zn-Mn-aluminate) is Zn;.,Mn,Al,, wherein y is in the range of
0.01-0.99 (or "y=0.01-0.99"), even more preferably y=0.1-0.9 and most preferably y=0.4-
0.6.

The zinc and/or manganese aluminate comprised in the catalyst composition of the
invention may be modified with gallium (Ga) ortin (Sn). The amount of gallium or tin
present in the modified zinc and/or manganese aluminate may be 0-5 wt-% gallium (Ga)
ortin (Sn) based on the zinc and/or manganese aluminate. Preferably, the zinc and/or
manganese aluminate comprises more than 0.001 wt-% Ga or Sn, even more preferably
more than 0.01 wt-% Ga or Sn and most preferably more than 0.05 wt-% Ga or Sn
based on the zinc and/or manganese aluminate. Preferably, the zinc and/or manganese

aluminate comprises less than 1wt-% Ga or Sn, even more preferably less than 0.5 wt-
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% Ga or Sn and most preferably less than 0.1 wt-% Ga or Sn based on the zinc and/or

manganese aluminate.

For example, M may be gallium (Ga) ortin (Sn) in an amount of 0.01 - 0.1wt% based on

the zinc and/or magnesium aluminate.

In a special embodiment of the invention, y stands for 0. Preferably, in said embodiment,
M is present in an amount from 0.01 to 1.5wt% based on the zinc aluminate present in
the catalyst composition, since the catalyst composition may then provide an even
higher activity (as shown by a higher conversion and yield) and/or selectivity for
dehydrogenation of lower alkanes (e.g. alkanes having 2-8 carbon atoms) to alkenes.
Furthermore, this high activity and/or selectivity may even be present in the absence of
steam in the feed. Furthermore, the catalyst may have further improved stability; that is:
it may maintain its activity for even longer periods of use and/or more catalyst

regeneration cycles

Therefore, in another aspect, the invention relates to a catalyst composition of the
invention, wherein in case y stands for 0, M is present in an amount from 0.01 to 1.5wt%

based on the zinc aluminate present in the catalyst composition.

For example, in this special embodiment of the invention, M may be present in an
amount of at least 0.02, for example at least 0.03, for example at least 0.04, for example
at least 0.05, for example at least 0.1, for example at least 0.2, for example at least 0.3
and/or for example at most 1.4, for example at most 1.3, for example at mot 1.2, for
example at most 1.1, for example at most 1wt% based on the zinc aluminate present in
the catalyst composition. For example M may be present in an amount of from 0.05 to

1.2wt% based on the zinc aluminate present in the catalyst composition.

Preferably, in said special embodiment, M is selected from the group of caesium (Cs),
potassium (K), copper (Cu), sodium (Na), magnesium (Mg), calcium (Ca), zirconium (Zr)

and mixtures thereof.

In a further aspect of the present invention a method for preparing a catalyst
composition is provided. Accordingly, the present invention provides a method

comprising the steps of
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(a) preparing a solution of zinc- and/or manganese-comprising salts and of
aluminium comprising salts to form a zinc- and/or manganese and aluminium-
comprising solution;

(b) admixing a basic solution, preferably a sodium carbonate (Na,CO ,) solution, to
the zinc- and/or manganese and aluminium-comprising solution to form zinc
and/or manganese aluminate; and

(c) calcining the zinc and/or manganese aluminate.

Preferably, the catalyst composition as defined herein above is prepared with the

method for preparing a catalyst composition of the present invention.

In the solution preparation step (a), a solution of zinc- and/or manganese-comprising
salts and of aluminium comprising salts is prepared to form a zinc- and/or manganese
and aluminium-comprising solution. The solution may be made in any suitable solvent,
preferably water, most preferably demineralised water. Suitable solvents are all liquid
compounds in which the chosen salts are soluble and which are easy to remove when
the solid catalyst particles are formed. The solvent and the obtained solution may be
heated to at least 60 °C and up to 95 °C (60-95 °C), most preferably to 75-85 °C to
facilitate dissolving of the zinc- and/or manganese-comprising salts and/or of the
aluminium comprising salt. The preferred solvent is water, most preferably

demineralised water.

Any source of zinc, manganese and aluminium that is soluble in the selected solvent
may be used to prepare the zinc- and/or manganese and aluminium-comprising
solution. Suitable zinc-, manganese- and aluminium- sources may be in the form of
nitrate, chloride, carbonate, and bicarbonate. A particularly suitable soluble zinc salt is
zinc nitrate hexahydrate, a particularly suitable soluble manganese salt is manganese
(1) nitrate and a particularly suitable soluble aluminium salt is aluminium nitrate

nonahydrate.

In the precipitation step (b) a basic solution, preferably sodium carbonate (Na,CO ,)
solution, is admixed to the zinc- and/or manganese and aluminium-comprising solution
to form insoluble zinc and/or manganese aluminate, preferably under constant agitation.
Other particularly suitable bases include, but are not limited to K,CO 5, (NH,),CO ;and
NH,OH. Preferably, the base is added in a controlled fashion until the pH of the mixture

reaches a value of 7.0-7.5. The temperature during the precipitation step may be kept at
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60-95 °C, preferably at 75-85 °C. After adding the base the obtained mixture is

preferably kept at elevated temperature under constant agitation for 0.5-5 hours.

After step (b) and before step (c) as described herein, the solid catalyst precursor (i.e.
the solid phase of the mixture that is formed after completing the precipitation step (b)) is
preferably separated from the liquid (i.e. the liquid phase of the mixture that is formed
after completing the precipitate forming step (b)) using any conventional method which
allows the separation of a precipitate from a liquid. Suitable methods include, but are not
limited to, filtering, decanting and centrifugation. Subsequently the obtained solid may
be washed, preferably using one of the solvents in which the solutions were made, more
preferably with water, most preferably with distilled water. The solid then may be dried,
preferably at 110-120 °C for 4-16 hours.

Finally in the calcination step (c), the catalyst precursor is calcined by heating the
obtained zinc and/or manganese aluminate in an oxygen containing atmosphere. The
catalyst precursor may be calcined at 500-1 100°C, preferably at 550-800°C and most
preferably at 600-700°C for 2-24 hrs.

A catalyst composition prepared using a calcination temperature of 600 - 700°C may be
able to provide alkenes from alkanes with an even higher conversion and yield. Also, or
alternatively, the catalyst composition prepared using a calcination temperature of 600-

700°C may maintain its activity for a longer period of time.

The catalyst composition may then be contacted with a reducing agent after the
calcining step (c) but prior to use, wherein said reducing agent preferably is selected
from the group consisting of hydrogen (H,) and hydrocarbons having 2 to 5 carbon

atoms.

In one embodiment, a soluble M-comprising salt may be admixed to the zinc- and/or

manganese and aluminium-comprising solution. The soluble M- comprising salt may be

admixed before admixing the basic solution of in the precipitate forming step (b).

Accordingly, the present invention provides a method comprising the steps of

(a) preparing a solution of zinc- and/or manganese-comprising salts and of
aluminium comprising salts to form a zinc- and/or manganese and aluminium-

comprising solution;
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(b") admixing soluble M- comprising salt to form an M-modified zinc- and/or
manganese and aluminium-comprising solution;

(b) admixing a basic solution, preferably a sodium carbonate (Na,CO0 ) solution, to
the M-modified zinc- and/or manganese and aluminium-comprising solution to
form M-modified zinc and/or manganese aluminate; and

(c) calcining the M-modified zinc and/or manganese aluminate.

For the avoidance of doubt, with an "M-comprising salt” is meant a salt of M, wherein M
is selected from the group of sodium (Na), potassium (K), caesium (Cs), rubidium (Rb),
strontium (Sr), barium (Ba), magnesium (Mg), calcium (Ca), gallium (Ga), germanium
(Ge),tin (Sn), copper (Cu), zirconium (Zr), cobalt (Co), tungsten (W) and mixtures

thereof.

Similarly, with zinc comprising salt, manganese comprising salt or aluminium comprising
salt is meant a salt of zinc, respectively a salt of manganese respectively a salt of

aluminium.

Any salt of zinc, manganese or aluminium that is soluble in the selected solvent may be
used. For example, suitable salts may be in the form of nitrate, chloride, carbonate and
bicarbonate. Preferably, one or more of the salts in the zinc comprising salt, the

manganese comprising salt or the aluminium comprising salt is a nitrate salt.

Alternatively, the zinc and/or manganese aluminate formed after admixing the basic

solution is contacted with an M-comprising salt solution to deposit the M selected from

the group of sodium (Na), potassium (K), caesium (Cs), rubidium (Rb), strontium (Sr),

barium (Ba), magnesium (Mg), calcium (Ca), gallium (Ga), germanium (Ge),tin (Sn),

copper (Cu), zirconium (Zr), cobalt (Co), tungsten (W) and mixtures thereof on the zinc

and/or manganese aluminate. Accordingly, the present invention provides a method

comprising the steps of

(a) preparing a solution of zinc- and/or manganese-comprising salts and of
aluminium comprising salts to form a zinc- and/or manganese and aluminium-
comprising solution;

(b) admixing a basic solution, preferably a sodium carbonate (Na,CO ;) solution, to
the zinc- and/or manganese and aluminium-comprising solution to form zinc

and/or manganese aluminate;



10

15

20

25

30

WO 2013/091822 PCT/EP2012/005211

-8 -

(b")  contacting the formed zinc and/or manganese aluminate with a M-comprising
salt solution to form the M-modified zinc and/or manganese aluminate; and

(c) calcining the M-modified zinc and/or manganese aluminate.

Any salt comprising M that is soluble in the selected solvent may be used to modify the
zinc and/or manganese aluminate. Suitable salts may be in the form of nitrate, chloride,
carbonate, and bicarbonate. For example, a particularly suitable soluble tin salt is tin
chloride and a particularly suitable soluble gallium salt is gallium nitrate. Preferably, one
or more of the salts in the M-comprising salt solution are nitrate salts. More preferably,
one or more of the salts in the M-comprising salt solution, the zinc comprising salt, the

manganese comprising salt or the aluminium comprising salt is a nitrate salt.

The invention therefore, also relates to a method for preparing the catalyst composition
of the invention wherein the zinc- and/or manganese and aluminium-comprising solution
further comprises M before admixing a solution of sodium carbonate (Na,CO ,) in step
(b), or

wherein the zinc and/or manganese aluminate formed in step (b) is contacted with an M-
comprising salt solution; wherein M in the M-comprising salt solution is selected from the
group of sodium (Na), potassium (K), caesium (Cs), rubidium (Rb), strontium (Sr),
barium (Ba), magnesium (Mg), calcium (Ca), gallium (Ga), germanium (Ge),tin (Sn),

copper (Cu), zirconium (Zr), cobalt (Co), tungsten (W) and mixtures thereof.

The catalyst composition of the present invention is preferably formed in regularly sized
particles such as conventionally formed catalyst pellets and/or sieved catalyst particles.
The catalyst composition of the present invention may comprise further components

such as diluents. Any inert catalyst diluent may be used. Preferably, the diluent is alpha

alumina.

In a further embodiment of the present invention, a catalyst composition suitable for the
dehydrogenation of alkanes having 2-8 carbon atoms comprising zinc and/or
manganese aluminate is provided, wherein said catalyst composition is obtainable by
the herein described method for preparing the catalyst composition. This catalyst
composition is preferably essentially platinum-free. Accordingly, the present invention

provides a catalyst composition obtainable by the method comprising the steps of
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(a) preparing a solution of zinc- and/or manganese-comprising salts and of
aluminium comprising salts to form a zinc- and/or manganese and aluminium-
comprising solution;

(b) admixing a basic solution, preferably a sodium carbonate (Na,CO0 ,) solution, to
the zinc- and/or manganese and aluminium-comprising solution to form zinc
and/or manganese aluminate; and

(c) calcining the zinc and/or manganese aluminate.

This catalyst composition can be readily distinguished from known zinc and/or
manganese aluminate comprising catalysts by known methods such as by X-ray
diffraction (XRD).

In a further embodiment of the present invention, a process for dehydrogenating alkanes
having 2-8 carbon atoms is provided, wherein said process comprises contacting the

catalyst composition as described herein with said alkanes.

It is evident for the skilled person that the process of the present invention is performed
under alkane dehydrogenation conditions, preferably non-oxidative dehydrogenation
conditions. Process conditions useful in the process of the present invention, also
described herein as "alkane dehydrogenation conditions”, can be easily determined by
the person skilled in the art; see Horvath (2003) Encyclopaedia of Catalysis Volume 3,
49-79. Accordingly, the dehydrogenation process may be performed at a reaction
temperature of 500-600 °C, a space velocity of 0.1-1 h* and a pressure of 0.01-0.1
MPa.

The alkane having 2-8 carbon atoms preferably is propane or isobutane.

Accordingly, a process for dehydrogenating alkanes having 2-8 carbon atoms is

provided comprising:

preparing a catalyst composition comprising the steps of

(@) preparing a solution of zinc- and/or manganese-comprising salts and of
aluminium comprising salts to form a zinc- and/or manganese and aluminium-
comprising solution;

(b) admixing a basic solution, preferably a sodium carbonate (Na,CO0 ,) solution, to
the zinc- and/or manganese and aluminium-comprising solution to form zinc

and/or manganese aluminate; and
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(c) calcining the zinc and/or manganese aluminate; and
(d) contacting the catalyst composition with said alkanes under alkane

dehydrogenation conditions.

Although the invention has been described in detail for purposes of illustration, it is
understood that such detail is solely for that purpose and variations can be made therein
by those skilled in the art without departing from the spirit and scope of the invention as

defined in the claims.

It is further noted that the invention relates to all possible combinations of features
described herein, preferred in particular are those combinations of features that are

present in the claims.

It is further noted that the term '‘comprising’ does not exclude the presence of other
elements. However, it is also to be understood that a description on a product
comprising certain components also discloses a product consisting of these
components. Similarly, it is also to be understood that a description on a process

comprising certain steps also discloses a process consisting of these steps.

Mode(s) for Carrying Out the Invention
The present invention will now be more fully described by the following non-limiting

Examples.

Brief description of the Figures
Figure 1 (Fig. 1) shows the powder XRD pattern of zinc aluminate as prepared in

example 1.

Figure 2 (Fig. 2) shows the powder XRD pattern of zinc manganese aluminate as

prepared in example 3.

Figure 3 (Fig. 3) shows the XRD pattern of the zinc aluminate prepared in example 7 as

compared to the XRD pattern of zinc aluminate prepared by coprecipitation method.

Figure 4 (Fig. 4) shows the XRD pattern of the zinc manganese aluminate prepared in

example 8.
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Figure 5 (Fig. 5) shows the XRD pattern of zinc aluminate of example 1 (a) as compared
to the zinc aluminate containing 0.05wt% Cs (0.05%Cs-ZnAl,0,) of example 9 (b).

Figure 6 (Fig. 6) shows the XRD profiles of the zinc aluminate catalysts of the invention

containing different amounts of Copper (Cu).

Example 1: Preparation of zinc aluminate.

16.232 g zinc nitrate hexahydrate was dissolved in 60 ml demineralised water. 40.92 g
of aluminium nitrate nonahydrate was dissolved in 110 ml of demineralised water. Both
solutions were mixed in a 3-neck round bottom flask. 30 g of sodium carbonate was
dissolved in 285 ml of demineralised water. The 3-neck flask containing the mixture of
nitrate solutions was heated to 85°C with stirring. Then the sodium carbonate solution
was added drop wise with continuous stirring. The addition was stopped when the pH of
the hot mixture in the 3-neck flask was 7.0-7.5. This mixture was further digested at
100°C for 2.5 hours. Then the hot slurry formed was vacuum filtered and washed with
demineralised water up to the pH of the filtrate was 7.0 and the sodium content in the
filtrate was about 5 ppm. About 800 ml demineralised water was required for this
washing. Then the wet cake was removed and dried at 120°C in an air oven for 12
hours. The dried solid was, then, calcined in a muffle furnace at 600°C for 4 hours in
presence of air. The powder XRD pattern is given in Figure 1. X-ray diffraction data
provided in the present application were obtained using a Bruker's D8 Advance system.
Ni filtered Cu Ka radiation (A=1 .54056 A) was used to obtain X-ray diffraction (XRD)
pattern. The X-ray source was operated at 40 kV and 30 mA and was scanned at a rate
of 0.05 deg/min from 2@value of 5° to 70°. The powdered samples were packed into a

plastic slide for XRD data analysis.

Example 2: Preparation of manganese aluminate.

13.79 g of manganese (ll) nitrate was dissolved in 80ml of demineralised water. 40.92 g
of aluminium nitrate nonahydrate was dissolved in 110 ml of demineralised water. All
three solutions were mixed in a 3-neck round bottom flask. 30 g of sodium carbonate
was dissolved in 285 ml of demineralised water. The method of preparation was same

as described in Example 1.

Example 3: Preparation of zinc manganese aluminate.
8.1 16 g zinc nitrate hexahydrate was dissolved in 30 ml demineralised water. 6.895 g of

manganese (Il) nitrate was dissolved in 40ml of demineralised water. 40.92 g of
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aluminium nitrate nonahydrate was dissolved in 110 ml of demjneralised water. All three
solutions were mixed in a 3-neck round bottom flask. 30 g of sodium carbonate was
dissolved in 285 ml of demineralised water. The method of preparation was same as

described in Example 1. The powder XRD pattern is given in Figure 2.

The catalysts of this invention and the other comparative catalysts were evaluated for
lower alkane dehydrogenation reaction, particularly, isobutane dehydrogenation as
follows: The catalyst powder and diluant (alpha alumina) powder were mixed thoroughly
in the ratio 1:1. The mixture was pressed at 10 ton pressure to make pellets. The pellets
were crushed and sieved to 0.5 to 1.0 mm size patrticles. 5 g of these particles were

loaded in a down flow fixed bed micro catalytic reactor and pre-treated as follows:

Step 1. Exposed for 1 hrto air at the flow rate of 100 ml/min at 550°C
Step 2: Exposed for 10 min to nitrogen at the flow rate of 100 ml/min at 550°C
Step 3: Exposed for 1 hrto hydrogen at the flow rate of 100 ml/min at 550°C

After the pre-treatment, isobutane is fed to the reactor at 19 ml/min. The temperature of
the catalyst bed before start of isobutane flow was maintained at 550°C. Pure isobutene
was used as feedstream. The product stream coming out of the reactor was analyzed by
an on-line Gas Chromatograph with a plot Al,0 ¥Na,so , column using a Flame
lonization Detector (FID). The isobutane conversion and isobutene selectivity were
recorded. Table 1 presents the isobutane conversion and isobutene selectivity of some

of the catalysts of this invention.

The provided values were calculated as follows:

Conversion:

An indication of the activity of the catalyst was determined by the extent of conversion of
the isobutane. The basic equation used was:

Conversion % = Moles of isobutane , - moles of isobutane ,/moles of isobutane , ¥

100/1

Selectivity:
First of all, the varying response of the detector to each product component was
converted into %v/v by, multiplying them with online calibration factors. Then these were

converted into moles by taking account the flow out of internal standard, moles of feed in
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and time in hours. Moles of each product were converted into mole-% and selectivity-%

was measured by taking carbon numbers into account.

Yield:
The yield of a given process product can be calculated by multiplying the conversion

with the fraction of selectivity.

Table 1: The isobutane conversion and isobutene selectivity on the catalysts at different

time on stream

Catalyst Time on Isobutane Isobutene
stream (min.) | Conversion (%) Selectivity (%)
Zinc aluminate 7 50.0 85.0
(Example 1) 41 41.3 91.4
74 36.6 92.6
106 34.6 93.6
Manganese aluminate (Example 7 24.3 77.0
2) 41 19.9 75.3
74 194 74.0
106 18.7 72.9
Zinc manganese aluminate 8 48.9 92.5
(Example 3) 39 48.5 92.5
71 49.1 92.5
102 49.3 92.3

The catalyst of Example 3 (zinc manganese aluminate) is better than the catalysts of
Example 1 (zinc aluminate) and Example 2 (manganese aluminate) with respect to

conversion, selectivity and stability.

Example 4: Preparation of Zn-Mn-aluminate with different compositions.

Zinc manganese aluminate with compositions of zinc and manganese were prepared by
the same method of Example 1 and varying the weight of zinc and manganese
components. Both Zn and Mn ratios were varied 0.0-1 .0 and the resulting compositions
were as described in Table 2. The amount of aluminium nitrate for all catalysts was

40.92 g and the amount of sodium carbonate was 30 g.
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Table 2: Zn and Mn ratios of catalyst compositions

PCT/EP2012/005211

Catalyst | Structural formula Zinc nitrate Aluminium nitrate
hexahydrate (g) nonahydrate (g)

4.1 Zng gMng 1AILO,4 14.609 1.379

4.2 zno_gMno.2A|204 12.986 2.758

4.3 Zno_7Mno.3A|204 11.362 4,137

4.4 ZnoAsMno_4A|204 9.739 5.516

4.5 Zn0.4Mno_6A|204 6.493 8.274

4.6 Zno_sMno]AlgO“ 4.870 9.653

4.7 ZnolgMn0_8A|204 3.246 11.032

The results of these catalysts for dehydrogenation of isobutane are given in Table 3.

The dehydrogenation reaction was carried out by the procedure described in Example 3.
The results show that Zn-Mn-aluminate with Zn=0.6-0.4 and Mn=0.4-0.6 (as indicated in

the structural formula in Table 2) is the preferred composition range as these

compositions are better than other compositions.

Table 3: Performance of zinc manganese catalysts with different compositions of Zn
and Mn.

Catalyst Isobu}ane Isob_u.tene
Conversion (%)* | Selectivity (%)*

Zno_gMn0,1A|204 (Catalyst 4.1 ) 51.4 83.6
ZnoiaMno,gAlgo‘t (Catalyst 41) 50.9 86.4
Zno‘7Mn0,3A|204 (Catalyst 4. 1) 47.6 91.0
ZnosMno 4Al,0, (Catalyst 4.1) 49.9 89.6

Zno_5Mno‘5A|204 (Examp|e 3) 48.9 92.5
Zno_4Mn0.5A|204 (Catalyst 41) 44.0 92.5
Zno,sMno.7A|204 (Catalyst 41) 35.3 94.4
Zno,zMno.3A|204 (Catalyst 41) 30.9 93.3

*The conversion and selectivity given in this table are for reaction time of 8 min.

Example 5: Preparation of Zn-Mn-aluminate using different calcination

temperatures.

Zinc manganese aluminate catalysts were prepared by the same procedure described in
Example 1 but calcined at different temperatures: 700°C, 800°C, 900°C and 1090°C.

The catalysts prepared by calcining at different temperatures were designated as

follows:

Catalyst 5.1:
Catalyst 5.2:
Catalyst 5.3:
Catalyst 5.4:

Calcined at 700°C
Calcined at 800°C
Calcined at 900°C
Calcined at 1090°C
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The results of these catalysts for dehydrogenation of isobutane are given in Table 4.
The dehydrogenation reaction was carried out by the procedure described in Example 3.
The conversion decreases with increase in temperature. The results show that the

optimum temperature of calcination is 600-700°C.

Table 4: Performance of zinc manganese catalysts calcined at different temperatures.

Calcination Isobutane Isobutene Selectivity
Temperature (°C) Conversion (%)* (%)*
600 49.1 92.5
700 47.7 93.1
800 21.1 91.6
900 18.5 85.0
1090 12.1 60.1

*The conversion and selectivity given in this table are for reaction time of 8 min.

Example 6: Preparation of Ga and Sn/Zn-Mn-aluminate.

The Ga/Zn-Mn-aluminate catalysts with Ga 0.1 to 1.0 wt-% were prepared by the
method described in Example 3 by adding required amount of gallium nitrate (0.0597 g
for 0.1 wt-% Ga, 0.2976 g for 0.5 wt-% Ga and 0.5952 g for 1.0 wt-% Ga) also with other

chemicals.

The Sn/Zn-Mn-aluminate catalysts were also prepared by method same as Ga/Zn-Mn-
aluminate by taking required amounts of SnCl, (0.022 g for 0.1 wt-%, 0.095 g for 0.5 wt-
% and 0.19 g for 1.0 wt-%). SnCl, was dissolved in water by adding about 2 ml of nitric
acid. This solution was mixed with other nitrate salt solutions and the preparation was
carried out as described above.

Both Ga/- and Sn/Zn-Mn-catalysts were evaluated for isobutane dehydrogenation by the

procedure described in Example 3. The results are given in Table 5.

Table 5: Performance of Ga/- and Sn/Zn-Mn-aluminate catalysts for isobutane

dehydrogenation.
Catalyst Isobutane Isobutene
Conversion (%) Selectivity (%)
Ga(0.1 wt-%)/ZnMnAl .0 4 52.1 91.7
Ga(0.5 wt-%)/ZnMnAl ,0 , 46.3 92.4
Ga(1 .0 wt-%)/ZnMnAl ,0 4 415 93.6
Sn(0.1 wt-%)/ZnMnAl ,0 , 47.2 94.5
Sn(0.5 wt-%)/ZnMnAl .0 , 41.3 94.6
Sn(1_.0 wt-%)/ZnMnAl ,0 , 375 94.4
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Ga in the catalyst improves the conversion at lower concentration of Ga. The conversion
decreases with increase of Ga above 0.1 wt-%. The presence of Sn improves the

selectivity.

Example 7: Preparation of Zn-aluminate by solid state method.

22.19 g of zinc oxide and 27.81 g of hydrated gamma-alumina are mixed thoroughly by
grinding in a mortar with demineralised water to form a thick paste. The paste was dried
at 120°Cand calcined in air at 900°Cfor 8 hours. The XRD pattern (as obtained as
described in Example 1) of this zinc aluminate is given in Figure 2 and XRD pattern of
zinc aluminate prepared by coprecipitation method is also given Figure 3 for
comparison. Accordingly, it is concluded that a different composition is obtained by
preparing the Zn-aluminate with the co-precipitation method of the present invention

than when using the solid state method of the prior art.

Example 8: Preparation of Zn-Mn-aluminate with different precipitating agents.
Zinc manganese catalysts were prepared by using different precipitating agents also.
Potassium carbonate, ammonium carbonate and ammonium hydroxide were used as
precipitating agents instead of sodium carbonate. The procedure is same as Example 3.
These catalysts were evaluated for isobutane dehydrogenation by the procedure
described in Example 3. The results are given in Table 6. The results show that the
performance of these catalysts are less than the catalyst prepared using sodium
carbonate as precipitating agent (Example 1). The XRD pattern of Zn-Mn-aluminate
samples prepared with these precipitating agents are given in Figure4. The XRD pattern
of Zn-Mn-aluminate prepared with sodium carbonate as precipitating agent is also given
in Figure 4 for comparison. The XRD pattern was obtained as described above in

example 1.

Table 6: Performance of zinc manganese catalysts prepared using different precipitating

agents
Precipitating Agent Isobutane Isobutene
Conversion (%) Selectivity (%)
K>,CO3 47.8 87.4
(NH,),CO; 41.4 89.6
NH,OH 35.6 93.2

Example 9: Preparation of Zn-aluminate with different amounts of Cs.

Previously prepared solutions of aluminium nitrate nonahydrate (40,99 in 54.4ml

deionized water), zinc nitrate hexahydrate(16.2g in 27.3ml deionized water) and 7.33mg



10

15

20

25

30

WO 2013/091822 PCT/EP2012/005211

-17 -

Caesium nitrate (for 0.05wt% Cs in the zinc aluminate catalyst) or 0.73mg Caesium
nitrate (for 0.005wt% Cs in the zinc aluminate catalyst) and 100ml deionized water were
transferred to a round-bottom flask, under stirring (250 rpm) and heated to 85°C. 1M
sodium carbonate solution was added slowly to a pH of 8. The temperature was raised
to 100°C and the precipitate was digested at 100°C for 2 hours. The contents were
cooled, filtered and washed by hot air. The final pH of the washed liquid was 7. The wet
cake was dried in an air oven at 120 for about 8 hours. The sample was powdered and
calcinated at 900°C for 4 hours using a heating rate of 10°C per minute, an air flow rate

of 150ml per minute. The weight of the final product was 9.1g.

An XRD pattern was recorded. Figure 5 (Fig. 5) shows the XRD pattern of the zinc
aluminate of example 1 (a) as compared to the zinc aluminate containing 0.05wt% Cs
(0.05%Cs-ZnAl,0,) (b).

A dehydrogenation reaction using these catalysts was carried out by the procedure
described in Example 3. Conversion of isobutane and selectivity for isobutene were

determined. The results are presented in Table 7.

Table 7: Performance of zinc/aluminate catalysts with different amounts of Cs.

Catalyst Conversion (%) Selectivity (%) Yield (%)
Cs (0wt%)/ZnAl,Q, 44.0 96.0 42.2
Cs (0.005wt%)/ZnAl,O, 46.8 95.6 44.7
Cs (0.05wt%)/ZnAl,O, 50.3 94.9 47.7

As can be seen from Table 7, the Cs containing zinc-aluminate catalyst having
0.05wt%Cs based on the zinc-aluminate has better activity compared to the zinc-
aluminate catalyst calcined at 900° C with increased conversion and yield.
Furthermore, it was found that these catalysts also maintain their activity for a longer

period of operation.

Example 10. Preparation of Zn-aluminate with different amounts of K.

Analagous to example 9, a catalyst containing 0.05wt% K was prepared.

A dehydrogenation reaction using this catalyst and zinc aluminate catalyst 5 was

carried out by the procedure described in Example 3.

The selectivity, conversion and yield were determined after 8 minutes. The results are

presented in Table 8 below:
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Table 8: Selectivity, conversion and yield of a 0.05wt% K containing zinc-aluminate

catalyst as compared to a non-K containing zinc-aluminate catalyst after 40 min.

Conversion Selectivity Yield (%)
(%) (%)
K (0wt%)/ZnAl,O, 44 96 42.2
K (0.05wt%)/ZnAl,0O, 49.3 95.5 47 1

As can be seen from Table 8, the presence of K in the zinc-aluminate catalyst of the
invention improves conversion and yield in dehydrogenation of alkanes, while

maintaining selectivity.

Example 11. Preparation of Zn-aluminate with different amounts of Cu.

Analagous to example 9, a zinc-aluminate catalyst was prepared containing different
amounts of copper (Cu); 1wt% or 5wi% based on the zinc aluminate catalyst. Thereto,
the following amounts of cupper nitrate trihydrate in deionized water were added to the
zinc and aluminium nitrate solutions: 0.366 g copper nitrate trihydrate (for 1.0wt% Cu in
the zinc aluminate catalyst), 1.867 g copper nitrate trihydrate (for 5.0wt% Cu in the zinc
aluminate catalyst) and 3.731 g copper nitrate trihydrate (for 10.0wt% Cu in the zinc

aluminate catalyst).

Calcination was performed either for 2 hours at 700°C (catalysts indicated with 700C) or
for 4 hours at 900°C (catalysts indicated with 900C).

The Cu containing zinc-aluminate catalysts thus prepared were used in a
dehydrogenation reaction using the procedure as described in example 3. The
selectivity for isobutene, conversion and yield were determined.

The results are presented in Table 9 below.

Table 9: Performance of Cu containing zinc-aluminate catalysts.

Catalyst Conversion (%) Selectivity (%) Yield (%)
Cu (0wt%)/ZnAl ,0, 900C 44.0 96.0 42.2
Cu (1wt%)/ZnAl 0 ,, 700C 56.4 80.1 45.2
Cu (1wt%)/ZnAl 0 ,, 900C 45.6 97.2 44.3
Cu (5wt%)/ZnAl .0 ,, 900C 45.2 97.5 44.1
Cu (10wt%)/ZnAl ,0,, 900C 28.7 97.5 28.0
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As can be seen from Table 9 above, calcination at 700°C for 2 hours leads to a catalyst
that is more active for converting isobutane than the catalyst calcined at 900°C for 4

hours.

Furthermore, as shown, the optimal amount of M in the catalyst can easily be

determined by the skilled person through routine experimentation.

Also, it is shown that the presence of M, in this case copper (Cu) up to 1wt% in the zinc
aluminate catalyst of the invention increases the yield and conversion in an alkane

dehydrogenation reaction using said catalyst.

The XRD profiles of the zinc aluminate catalysts of the invention containing different
amounts of Copper (Cu) were also recorded as described above and are given in Figure
6 (Fig. 6). In Fig. 6, (a) is the pure zinc aluminate catalyst; (b) is the zinc aluminate
catalyst containing 1wt% Cu; (c)is the zinc aluminate catalyst containing 5wt% Cu; (d) is

the zinc aluminate catalyst containing 10wt% Cu.

Example 12. Preparation of Zn-aluminate with mixtures of M.

Analogous to example 9, a zinc aluminate catalyst was prepared containing 0.05wt% of
each of , K, Ca, Ba, Mg and Cs. Thereto, the following amounts of M were present in the
zinc and aluminium containing solution: 12.930 mg potassium nitrate(for 0.05wt% K in
the zinc aluminate catalyst), 29.461 mg calcium nitrate (for 0.05wt% Ca in the zinc
aluminate catalyst), 9.515 mg barium nitrate (for 0.05wt% Ba in the zinc aluminate
catalyst), 52.343 mg magnesium nitrate (for 0.05wt% Mg in the zinc aluminate catalyst)

and 7.332 mg caesium nitrate (for 0.05wt% Cs in the zinc aluminate catalyst).

Also, a zinc aluminate catalyst was prepared containing 0.05wt%Cs and 1wt%Cu.
Thereto, the following amounts of Cs and of Cu were present in the zinc and aluminium
containing solution: 7.332 mg of caesium nitrate (for 0.05wt% Cs in the zinc aluminate
catalyst) and 0.373 g copper nitrate trihydrate (for 1.0wt% Cu in the zinc aluminate

catalyst).

Also, a zinc aluminate catalyst was prepared containing 1% zirconium (Zr), 0.05wt%
Chromium (Cr) and 0.05wt% Potassium (K). Thereto, the following amounts of Zr, Cr
and K were present in the zinc and aluminium containing solution: 0.253 g of zirconium

nitrate (for 1.0wt% Zr in the zinc aluminate catalyst), 0.0385 g of chromium (lll) nitrate
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nona hydrate (for 0.05wt% Cr in the zinc aluminate catalyst and 0.124 g potassium

nitrate (for 0.05wt% K in the zinc aluminate catalyst).

The catalysts were used in a dehydrogenation reaction using the procedure as

described in example 3 and selectivity, conversion and yield were determined.

The results are presented in Table 11 below.

Table 10: Performance of a zinc aluminate catalyst comprising a mixtures of M.

Catalyst Selectivity (%) Conversion (%) Yield (%)
Na, K, Ca, Mg and Cs 95.9 50.3 48.3
(0.05wt% of
each)/ZnAl,O,
Cs (0.05wt%), Cu 96.6 46.7 45.1
(1wWt%)/ZnAl,O,
Zr (1wt%), Cr (0.05wt%), 95.3 50.0 47.6
K (0.05wt%) /ZnAl,O,
0.05wt%Cr

As can be seen from Table 11, the zinc aluminate catalyst of the invention comprising a
mixture of different M, shows a good conversion, selectivity and yield. Furthermore, it
was found that the activity of the catalyst is maintained over longer periods of

operation.

Example 13. Preparation of zinc/aluminate catalysts with Zr.

Zinc aluminate catalysts with Zr (0.5wt%,1 .0wt%; 5.0wt% or 8.0wt%) were prepared
analogous to example 9. Thereto, the following amounts of or Zr were present in the
zinc and aluminium containing solution: 0.127 g zirconium nitrate (for 0.5wt% Zr in the
zinc aluminate catalyst), 0.254 g zirconium nitrate (for 1.0wt% Zr in the zinc aluminate
catalyst), 1.267 g zirconium nitrate (for 5.0wt% Zr in the zinc aluminate catalyst) and
2.028 g zirconium nitrate (for 8.0wt% Zr in the zinc aluminate catalyst). Calcination was

performed at 900°C for 4 hours.

The catalysts were used in a dehydrogenation reaction using the procedure as

described in example 3 and selectivity, conversion and yield were determined.

The results are presented in Table 12 below.

Table 11: Performance of a zinc aluminate catalyst comprising Cr, Ce or Zr.
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Catalyst Selectivity (%) Conversion (%) Yield (%)
ZnAl204 96.0 44.0 42.2
Zr(0.5Wt% )/ZnAl0 4 93.1 55.2 51.4
Zr(1.0wt% )/ZnAl_ O, 93.3 56.0 52.2
Zr(5.0wt% )/ZnAl_ 0 , 93.6 52.1 48.8
Zr(8.0wt% )/ZnAl0 4 94.1 51.5 48.5

As can be seen from Table 12, a zinc aluminate catalyst of the invention comprising Zr

in a non-oxidative dehydrogenation

combination with high conversion and yield.

reaction of isobutane shows a good selectivity, in

Furthermore, it was found that the activity of the catalyst could be maintained for longer

periods of operation (more than 40 reaction-regeneration cycles).
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CLAIMS

1. Catalyst composition suitable for the dehydrogenation of alkanes having 2-8
carbon atoms comprising zinc and/or manganese aluminate, wherein the
relative molar ratios of the elements comprised in said composition are
represented by the formula

M/Zn l'yM ny,ALO ,

wherein:
0-5 wt-% M based on the zinc and/or manganese aluminate is present in
the catalyst composition and M is selected from the group of sodium
(Na), potassium (K), caesium (Cs), rubidium (Rb), strontium (Sr), barium
(Ba), magnesium (Mg), calcium (Ca), gallium (Ga), germanium (Ge), or
tin (Sn), copper (Cu), zirconium (Zr), cobalt (Co), tungsten (W) and
mixtures thereof, and

y is in the range of 0-1.

2. The catalyst composition according to claim 1, wherein said catalyst

composition is essentially platinum free.

3. The catalyst composition according to claim 1 or 2, wherein the zinc and/or

manganese aluminate has spinel structure.

4, The catalyst composition according to any one of claims 1-3, wherein y=0.01-

0.99, preferably y=0.1-0.9, and most preferably y=0.4-0.6.

5. The catalyst composition according to any one of claims 1-4, wherein M is 0.01 -

0.1 wt-% gallium (Ga) or tin (Sn).

6. The catalyst composition according to any one of claims 1-3, wherein in case y
stands for 0, M is present in an amount from 0.01 to 1.5wt % based on the zinc

aluminate present in the catalyst composition.

7. The catalyst composition according to claim 6, wherein M is selected from the
group of caesium (Cs), potassium (K), copper (Cu), sodium (Na), magnesium

(Mg), calcium (Ca). zirconium (Zr) and mixtures thereof.
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10.

11.

12.

-23.

Method for preparing a catalyst composition as defined in any one of claims 1-7

comprising the steps of:

(@) preparing a solution of zinc- and/or manganese-comprising salts and of
aluminium comprising salts to form a zinc- and/or manganese and
aluminium-comprising solution,

(b) admixing a basic solution, preferably a sodium carbonate (Na,CO ,)
solution, to the zinc- and/or manganese and aluminium-comprising
solution to form zinc and/or manganese aluminate, and

(c) calcining the zinc and/or manganese aluminate.

The method according to claim 8 wherein:

the zinc- and/or manganese and aluminium-comprising solution further
comprises M before admixing a solution of sodium carbonate (Na,CO ;) in step
(b), or

wherein the zinc and/or manganese aluminate formed in step (b) is contacted
with a M-comprising salt solution;

wherein M in the M-comprising salt solution is selected from the group of
sodium (Na), potassium (K), caesium (Cs), rubidium (Rb), strontium (Sr),
barium (Ba), magnesium (Mg), calcium (Ca), gallium (Ga), germanium (Ge), tin
(Sn), copper (Cu), zirconium (Zr), cobalt (Co), tungsten (W) and mixtures

thereof..

The method according to claims 8 or 9, wherein one or more of the salts in the

M-comprising salt solution are nitrate salts.

The method according to any one of claims 8-10, wherein the zinc and/or
manganese aluminate is calcined at 500-1 100°C, preferably at 550-800°C and
most preferably at 600-700°C for 2-24 hrs in an oxygen containing atmosphere,

preferably air.

The method according to any one of claims 8-1 1, wherein the catalyst
composition is contacted with a reducing agent after calcination, wherein said
reducing agent preferably is selected from the group consisting of hydrogen

(H,) and hydrocarbons having 2 to 5 carbon atoms.
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13. The catalyst composition obtainable by the method according to any one of
claims 8-12.

14. Process for dehydrogenating alkanes having 2-8 carbon atoms, preferably

propane or isobutane, comprising contacting said alkanes with the catalyst

composition according to any one of claims 1-7 or 13.

15. The process according to claim 14, wherein the process is performed at a
reaction temperature of 500-600 °C, a space velocity of 0.1-1 h™" and a pressure
of 0.01-0.1 MPa.
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Figure 1. XRD pattern of zinc aluminate
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5  Figure 2. XRD pattern of zinc manganese aluminate
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Figure 3. XRD pattern of zinc aluminate prepared by (a) coprecipitation method and (b)
solid state method from ZnO and hydrated alumina.

1200
1100
1000
00
800

700 \ o S : \“MM
600 i

o ) MMM%
- B st N

100

Lin (Counts)

(s} Illllllll!l!ll]llllIIIllllll]llll‘llllllllIIIII![!!IIlI]I!IIIIIII

5 10 20 30 40 50 60 70

2-Theta - Scale

Figure 4. XRD pattern of Zn-Mn-Al,O, prepared with different precipitating agents: (a)
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Figure 5. XRD pattern of zinc aluminate of example 1 (a) without caesium
(Example 1) and (b) with 0.05wt% caesium (0.05%Cs-ZnAl,O,) (Example 9)
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Figure 6. XRD profiles of the zinc aluminate catalysts with different amounts of copper:
(a) 0 wt% Cu, (b) 1 wt% Cu, (c) 5wt% Cu and (d) 10 wt% Cu
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