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DESCRIPTION

TECHNICAL FIELD

[0001] The present invention relates generally to the field of dehydration and skeletal
iIsomerization of alcohols on acidic catalysts to make corresponding olefins, preferably of
alcohols having at least four carbon atoms for the production of olefins having the same
number of carbon atoms as the alcohols. The present invention relates to a catalyst
composition comprising a modified crystalline aluminosilicate preferably of the group FER
(Framework Type FER) or SZR, and a silica binder; and to a process for the preparation
thereof. The present Invention also relates to the use of said catalyst composition In a
dehydration process of alcohols and to the use of the olefins so-produced In various
subsequent processes.

BACKGROUND OF THE INVENTION

[0002] The dehydration reactions of alcohols to produce alkenes have been known for a long
time. Solid acid catalysts are widely used for alcohol dehydration and the conversion of
alcohols therewith I1s nearly complete. However, in view of the potential downstream
applications of olefins, it is of particular importance to limit the amount of secondary products
and ensure a stable catalyst performance to gain in process efficiency and to save expensive
steps of downstream separation/purification as well as to recover the catalyst activity by
regeneration. Zeolites-based catalysts are particularly interesting for alcohols dehydration due
to their high-activity, high-yield of corresponding olefins, and a possibility to operate under
high-pressure conditions, which offers the best energy efficiency solutions for the technology:.

[0003] Dehydration of ethanol on zeolites was described in WO2011/089235. The process for
the dehydration of ethanol to ethylene was carried out in presence of zeolite catalysts and
provides an alternative route to ethylene from biobased products if ethanol i1s obtained by
fermentation of carbohydrates.

[0004] Dehydration of isobutanol to the corresponding olefins brings a perspective route to
produce the renewable feedstock for petrochemicals and refining applications. Unfortunately,
the direct conversion of isobutanol over a conventional dehydration catalyst, for example on
alumina, leads to a product rich In i1sobutene. Selective production of linear butenes from
IBUOH requires again a zeolite-based catalyst. The cut that is rich In linear butenes Is often
Interesting as feedstock for metathesis, sulfuric acid catalyzed alkylation, oligomerization,
oxidative dehydrogenation to butadiene, for the use as a copolymer. Therefore, the efficient
catalyst for one-pot process converting i1sobutanol to the effluent rich in the linear butenes is
sought.
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[0005] While many skeletal isomerization catalysts for the conversion of n-butenes Into
Isobutene have been developed, the reverse skeletal isomerization of isobutene into n-butenes
has been rarely mentioned. Among the catalysts being active and selective, there are mostly
unidirectional 10-membered ring zeolites. W0O2011/113834 relates to the simultaneous
dehydration and skeletal isomerization of isobutanol on acid catalysts. The process discloses
the contact of a stream comprising iIsobutanol with a catalyst able to make such reaction. The
catalyst was a crystalline silicate, a dealuminated crystalline silicate, or phosphorus modified
crystalline silicate having SIAI higher than 10, or silicoaluminaphosphate molecular sieve, or a
silicated, zirconated or titanated or fluorinated alumina. The conversion of i1sobutanol was
almost complete with selectivity in butenes ranging from 95 wt% to 98 wt%. The selectivity In
Isobutene was around 41-43%. This document indicates that steaming at temperatures above
400°C leads to a modification of the acidity of the catalyst and to the removal of aluminium
from the crystalline silicate framework. Subsequently, it iIs necessary to treat the catalyst via a
leaching to remove the aluminium and to increase the ratio SIYAl. The steps of steaming and
leaching are associated in this document.

[0006] However, crystalline silicate catalysts deactivate fast and have Iimited regenerability.
Hence, there Is still a need for selective catalysts towards linear olefins and having improved
regenerability.

[0007] In catalysis letters 41 (1996) 189-194, Gon Seo et al. studied the impact of coke
deposits on ferrierite zeolites for the reaction of skeletal isomerization of 1-butene. The
ferrierite studied was calcined at 500°C for 16h without any other particular treatment aiming at
modifying its acidity. This ferrierite has a SI/Al ratio of 21 and 1t i1s further covered with coke
using a plasma deposition before the reaction of skeletal isomerization of 1-butene is studied.

[0008] In WO2013/014081, SUZ-4 i1s studied for the methanol to olefin reaction. This
document discloses the possibility of steaming the catalyst at a temperature of at least 400°C
followed by a leaching, 1.e. a washing, of the steamed solid with an aqueous acid solution.
Such treatment is said to increase the Si/Al ratio.

[0009] In Applied Catalysis A: General 208 (2001) 153-161, Rutenbeck et al. studied the
skeletal iIsomerization of n-butenes to isobutene. The catalyst studied was a ferrierite having a
SI/Al ratio In the range of 20-70. A treatment of the ferrierite with the inorganic acid HCI was
performed to obtain the protonic form of the ferrierite.

[0010] In the Journal of Catalysis 163, 232-244 (1996), Wen-Qing Xu et al. studied the
modification ferrierite for the skeletal isomerization of n-butene. The ferrrierite used presents a
SI/Al ratio of 8.8. Treatment of the ferrierite also includes steaming at a temperature of at least

550°C and acidic treatment with HCI or HNOx.

[0011] In EP2348005, the use of a ferrierite based catalyst for the dehydration of isobutanol is
described. It is disclosed that the ferrierite may be used directly without further treatment or
that it may be used once being steamed and dealuminated with an acidic treatment.
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[0012] In Applied Catalysis A: General 403 (2011) 1-11, Dazhi Zhang et al. the use of a
ferrierite for the conversion of n-butanol to iIsobutene 1s described. Such ferrierite was calcined

at 550°C but did not undergo any further treatment.

[0013] In US5523510, the use of an acid wash ferrierite based catalyst for the skeletal
Isomerization of n-olefins to i1so-olefins Is described. Such acid wash Is performed with HCI. In
all the examples, the ferrierite i1s firstly steamed above 400°C at atmospheric pressure before
being acid washed. In EP 0 134 333, a method of preparation of a cracking catalyst comprising
a zeolite with a SI/Al ratio of at least 250 with a binder 1s described. In EP 0 034 444 a method
for increasing the catalytic of acid zeolite catalyst is described.

[0014] To summarize, zeolite-based catalysts are important for alcohols dehydration, skeletal
iIsomerization of butenes, MTO and many other reactions. To tune the SI/Al ratio of zeolite,
dealumination via steaming at a temperature above 400°C under atmospheric pressure
followed by a leaching Is usually performed. However, such treatment leads to the formation of
extra framework aluminium and partial destruction of the zeolite framework that induce
different diffusion properties. Consequently, the selectivity of a catalyst prepared with a
steamed and leached zeolite Is generally impacted by the steaming. In the particular case of
FER and SZR (SUZ-4), steaming followed by leaching has an even stronger impact on the
selectivity due to the plate-shaped crystal morphology of those frameworks. However, FER and
SZR are Interesting because of their very high selectivity. Additionally, those structure types are
particularly difficult to synthesize with a SiI/Al atomic ratio above 35. Tuning of the acidity Is
consequently not easy albeit necessary. The present invention aims at providing catalyst
compositions that address the above-discussed drawbacks of the prior art and solve the
problem.

SUMMARY OF THE INVENTION

[0015] In particular, it Is an object of the present invention to provide a catalyst composition
comprising a crystalline aluminosilicate and a binder, wherein the crystalline aluminosilicate is a
modified crystalline aluminosilicate or zeolite (both terms are equivalent) being preferably of
the Framework Type FER or SZR and having a SI/Al framework molar ratio greater than 10.
The catalyst composition according to the invention exhibits substantially complete once-
through conversion of the C2-C7 alcohols to the corresponding olefins.

[0016] In a preferred mode, the present invention provides a catalyst composition showing
good to excellent selectivity to Ilinear olefins, above thermodynamic equilibrium, In
simultaneous dehydration and skeletal isomerization reaction of alcohols having at least four
carbon atoms.

[0017] In one aspect, the present invention provides a process for preparing a catalyst
composition containing a modified a crystallne aluminosilicate as well as the catalyst
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composition obtained by said process. The use of a modified crystalline aluminosilicate is for
Instance useful for the preparation of a catalyst composition that can be used in the conversion
of the C2-C7 alcohols to the corresponding olefins. In a preferred mode said catalyst
composition comprising a modified crystalline aluminosilicate i1s particularly useful for the
simultaneous dehydration and skeletal isomerization of a mono-alcohol having at least four
carbon atoms into olefins having the same number of carbons. In a most preferred application,
sald mono-alcohol is iIsobutanol, 1.e. 2 methyl propan-1-ol.

[0018] The Iinvention provides a process for preparing a catalyst composition containing a
modified crystalline aluminosilicate and a binder, wherein the catalyst composition comprises
from 5 to 95 % by weight of crystalline aluminosilicate as based on the total weight of the
catalyst composition, the process being remarkable in that it comprises the following steps:

1. a) providing a crystalline aluminosilicate having a SI/Al framework molar ratio greater
than 10;
2. b) optionally calcining said crystalline aluminosilicate;
3. ¢) steaming said crystalline aluminosilicate:
o at a temperature ranging from 100 °C to 380 °C ;
o under a gas phase atmosphere, without liquid, containing from 5 wt % to 100 wt %
of steam, the rest being one or more gas selected from N5, CO,, Ar, He, CHy, air,

or any mixture of thereof; with preference air is selected from air and depleted air
containing below 10 wt% of oxygen as based on the total weight of the depleted
air, preferably below 5 wt%, more preferably below 1 wt% ;

o at a pressure ranging from 2 to 200 bars ;

o at a partial pressure of H,O ranging from 2 to 200 bars ; and

o sald steaming being performed during at least 30 min and up to 144 h ;

and In that the process comprises a step of shaping, or of extruding, the crystalline
aluminosilicate with a binder, wherein the binder Is selected to comprise at least 85 wt % of
silica as based on the total weight of the binder, and less than 1000 ppm by weight as based
on the total weight of the binder of aluminium, gallium, boron, iron and/or chromium.

The content of steam in wt% I1s based on the total weight of the gas phase atmosphere.

[0019] The process for modifying a crystalline aluminosilicate by steaming avoids the formation
of the defects In the crystalline aluminosilicate. Indeed, the process avoids blocking the
porosity simultaneously to a decrease of the effective number of the acid sites. It has been
discovered that a mild steaming (i.e. steaming performed at a maximum temperature of
380°C) and under pressure (l.e. a pressure higher than the atmospheric pressure) Is
particularly beneficial for the activity, selectivity and regenerability of the catalyst composition
prepared with said modified crystalline aluminosilicate. It has been discovered that modified
crystalline aluminosilicate being prepared according to the above mentioned recipe presents
acidic properties that are particularly suitable for the dehydration of mono-alcohol having 2 to 7
carbon atoms as well as for the simultaneous dehydration and skeletal isomerization of a
mono-alcohol into olefins having the same number of carbons. Such modified crystalline
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aluminosilicate has a sufficient acidity to perform the dehydration reaction with a good activity
while not being too acidic thereby maintaining a suitable selectivity toward normal olefins. Said
modified crystalline aluminosilicate iIs therefore particularly useful for instance for the
preparation of a catalyst composition that can be used for alcohol(s) dehydration iInto
corresponding olefins having the same number of carbons said mono-alcohol being preferably
ethanol, isobutanol, 1.e. 2 methyl propan-1-ol.

[0020] With preference, one or more of the following features can be used to better define the
Inventive process for modifying a crystalline aluminosilicate:

» [he step c) of steaming said crystalline aluminosilicate is performed at a temperature of
at least 200°C, preferably at least 250°C.

» [he step ¢) of steaming said crystalline aluminosilicate I1s performed at a temperature up
to a maximum temperature of 350°C.

e The step c) of steaming said crystalline aluminosilicate 1s performed at a pressure
ranging from 2 to 20 bars, more preferably ranging from 2 to 15 bars.

e The step ¢) of steaming said crystalline aluminosilicate is performed at a partial pressure

of H>O from 3 to 10 bars.

e [he binder contains at least 90 wt % of silica as based on the total weight of the binder,
preferably at least 95 wt %, more preferably at least 99 wt%, and even more preferably
at least 99.5 wt%.

» [he binder comprises less than 500 ppm by weight as based on the total weight of the
binder of aluminium, gallium, boron, iron and/or chromium, preferably less than 200
Ppm.

e No any leaching treatment is performed either before step a) or after step ¢) in order to
maintain constant the concentration of aluminium In the modified crystalline
aluminosilicate.

o A step of washing or ion exchange with an alkali metal or NH4 salts i1s performed after

step ¢) or before step b).
e A calcination step of the product obtained after step c) or before step b) Is performed.
» Astep of recovering said modified crystalline aluminosilicate is performed after step c) or

after any of the other optional steps.

e The crystalline aluminosilicate i1s a 10 membered ring zeolite preferably of the
Framework Type FER, MWW, EUO, MFS, ZSM-48, MTT, MFI, MEL, TON or SZR and is
preferably chosen among ferrierite, FU-9, |SI-6, NU-23, Sr-D, ZSM-35, ZSM-57 or SUZ-
4 or any mixture thereof.

e The step of shaping, or of extruding, the crystalline aluminosilicate with a binder is
performed prior to any of steps a) to ¢), so the step of steaming said crystalline
aluminosilicate 1s conducted on a crystalline aluminosilicate shaped with, or extruded
with, a binder; preferably the step of shaping, or of extruding, the crystalline
aluminosilicate with a binder I1s a step of extruding In quadrilobes the crystalline
aluminosilicate with a binder.

e The step of shaping, or of extruding, the crystalline aluminosilicate with a binder is
performed on the product obtained after step c), preferably the step of shaping, or of
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extruding, the crystalline aluminosilicate with a binder Is a step of extruding In
quadrilobes the product obtained after step ¢) with a binder.

The step of shaping, or of extruding, the crystalline aluminosilicate with a binder is
conducted with a binder containing at least 99.5 wt % of SIO».

Neither any steaming at a temperature higher than 380 °C nor any leaching has been
performed on said crystalline aluminosilicate prior to step a) and wherein neither any
steaming at a temperature higher than 380 "C nor any leaching is further performed on
sald modified aluminosilicate after step c).

The modified crystalline aluminosilicate has Si/Al framework molar ratio ranging from 10
to 100, preferably ranging from 10 to 65, more preferably 20 to 50, and even more
preferably ranging from 21 to 30.

The modified crystalline aluminosilicate has a content in transition metals or cations
thereof lower than 1000 ppm wt, as measured by the method ASTM UOP961-12, said
transition metals belonging to any of the columns 3 to 12 of the Periodic Table. Indeed
transition metals or cations thereof are particularly detrimental for the catalyst
composition selectivity because they catalyze the formation of heavy hydrocarbons.

The process for modifying a crystalline aluminosilicate 1s remarkable In that said
crystalline aluminosilicate Is shaped (u-spheres by spray-drying or droplet, tablets,
extrudates: trilobes, quadrilobes, cylinders) preferably in quadrilobes extrudates prior to
any of steps a) to ¢) with said binder being preferably pure SIO5 (i.e. silica) for instance.

sald binder contains at least 99.5 wt % of SIO».

The process for preparing a catalyst composition is further remarkable In that said
steaming of step ¢) Is performed on said shaped or extruded crystalline alumino silicate
In situ prior to the use of the catalyst composition.

The process for modifying a crystalline aluminosilicate is remarkable in that preferably
after step c¢) a further step of shaping or extrusion, preferably Iin quadrilobes iIs
performed with a binder being preferably pure SIO», 1.e. said binder contains at least

99.5 wt % of SI0».

The process for modifying a crystalline aluminosilicate is further remarkable In that
preferably neither any steaming at a temperature higher than 380 "C nor any leaching
has been performed on said crystalline aluminosilicate prior to being used In the
dehydration of a mono-alcohol into olefins having the same number of carbons.

The process for modifying a crystalline aluminosilicate 1s further remarkable in that it is a
versatile process: it can be performed in situ or ex situ. Said process for modifying a
crystalline aluminosilicate can preferably be performed on a catalyst composition
comprising the crystalline aluminosilicate to be modified. Said process for modifying a
crystalline aluminosilicate can more preferably be performed on a catalyst composition
comprising the crystalline aluminosilicate to be modified already loaded and prior to its
use In a process for dehydration of a mono-alcohol. Alternatively, said process for
modifying a crystalline aluminosilicate can be performed on the crystalline
aluminosilicate to be modified prior to its incorporation and/or prior to the shaping into a
catalyst composition.
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[0021] In a second aspect, the present invention provides a process for dehydration of a
mono-alcohol, or of a mixture of at least two mono-alcohols, having at least 2 carbon atoms
and at most /7 carbon atoms Into olefins having the same number of carbons; the process
being remarkable in that it comprises the following steps:

1. 1. providing catalyst composition comprising a modified crystalline aluminosilicate,
wherein the catalyst composition is prepared according to the first aspect;

2. 1. providing a feed (A) comprising said mono-alcohols, optionally water, optionally an
Inert component;

3. lll. contacting said feed (A) with said catalyst composition at conditions effective to
dehydrate at least a portion of said mono-alcohol,;

4.1Iv. recovering an effluent (B) and removing water, the inert component If any and

unconverted alcohols If any to get said olefins having the same number of carbons as
sald mono-alcohol.

With preference, the catalyst composition containing a modified crystalline aluminosilicate and
a binder, wherein the catalyst composition comprises from 5 to 95 % by weight of crystalline
aluminosilicate as based on the total weight of the catalyst composition, Is prepared by a
process for modifying a crystalline aluminosilicate comprising the following steps:

1. a) providing a crystalline aluminosilicate, preferably of the FER or SZR structure type,
having a SI/Al framework molar ratio greater than 10;
2. b) optionally shaping and/or calcination said crystalline aluminosilicate;
3. ¢) steaming said crystalline aluminosilicate or said optionally shaped and/or calcined
crystalline aluminosilicate:
o at a temperature of at least 100 "C preferably 200 "C more preferably 250 °C up
to a maximum temperature of 380 “C preferably 350 "C; and
o under a gas phase atmosphere (i.e. without liquid) containing from 5 wt % to 100
wt % of steam the rest being one or more gas selected from No, CO»5, Ar, He, CHy,

air, or any mixture of thereof; with preference air is selected from air and depleted
air containing below 10 wt% of oxygen as based on the total weight of the
depleted air or preferably below 5 wt % or even below 1 wt % of oxygen ; and

o at a pressure ranging from 2 bars up to 200 bars preferably up to 20 more
preferably up to 15 bars ; and

o at a partial pressure of H>O from 2 bars to 200 bars more preferably from 3 to 10

bars; and
o sald steaming being performed during at least 30 min and up to 144h;
o optionally the steaming being performed in a flow reactor;
wherein the binder 1s selected to comprise at least 85 wt % of silica as based on

the total weight of the binder, and less than 1000 ppm by weight as based on the
total weight of the binder of aluminium, gallium, boron, iron and/or chromium.
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[0022] In a third aspect, the present invention provides a process for dehydration of a mono-
alcohol, or of a mixture of at least two mono-alcohols, having at least 2 carbon atoms and at
most /7 carbon atoms Into olefins having the same number of carbons; the process being
conducted in a dehydration reactor or in a dehydration and skeletal isomerization reactor, and
being remarkable in that it comprises the following steps:

1. 1. providing a catalyst composition comprising a crystalline aluminosilicate shaped with,
or extruded with, a binder; wherein the catalyst composition comprises from 5 to 95 % by
weight of crystalline aluminosilicate as based on the total weight of the catalyst
composition, and steaming said catalyst composition in situ in the dehydration reactor or
In the dehydration and skeletal isomerization reactor:

o at a temperature ranging from 100 °C to 380 °C ;
o under a gas phase atmosphere, without liquid, containing from 5 wt % to 100 wt %
of steam, the rest being one or more gas selected from Ny, CO», Ar, He, CHy, air,

or any mixture of thereof; with preference air is selected from air and depleted air
containing below 10 wt% of oxygen as based on the total weight of the depleted
air, preferably below 5 wt%, more preferably below 1 wit% ;
o at a pressure ranging from 2 to 200 bars ;
o at a partial pressure of H,O ranging from 2 to 200 bars ; and

o sald steaming being performed during at least 30 min and up to 144h ;

wherein the crystalline aluminosilicate having a SIAlI framework molar ratio greater than
10;
wherein the binder is selected to comprise at least 85 wt % of silica as based on the total
weight of the binder, and less than 1000 ppm by weight as based on the total weight of
the binder of aluminium, gallium, boron, iron and/or chromium ; and
wherein the step of steaming the catalyst composition comprising a crystalline
aluminosilicate results In a catalyst composition comprising a modified crystalline
aluminosilicate ;

2. 1. providing a feed (A) comprising said mono-alcohols, optionally water, optionally an
Inert component;

3. lil. contacting said feed (A) with said catalyst composition at conditions effective to
dehydrate at least a portion of said mono-alcohol,;

4.1Iv. recovering an effluent (B) and removing water, the inert component If any and

unconverted alcohols If any to get said olefins having the same number of carbons as
sald mono-alcohol.

[0023] With preference, one or more of the following features can be used to better define the

Inventive process according to the second or to the third aspect for the simultaneous
dehydration and skeletal isomerization:

» No any leaching treatment is performed either before step a) or after step ¢) in order to
maintain constant the concentration of aluminium In the modified crystalline
aluminosilicate;
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A step of washing or ion exchange with an alkali metal or NH4 salts is performed after

step c) or before step a).

An optionally calcination step of the product obtained after step ¢) or before step b) Is
performed.

A step of recovering said modified crystalline aluminosilicate i1s performed after step ¢) or
after any of the other optional steps.

The crystaline aluminosilicate, or the modified crystalline aluminosilicate, i1s a 10
membered ring zeolite preferably of the Framework Type FER, MWW, EUO, MFS, ZSM-
48, MTT, MFI, MEL, TON or SZR and is preferably chosen among ferrierite, FU-9, |SI-6,
NU-23, Sr-D, ZSM-35, ZSM-57 or SUZ-4 or any mixture thereof

The modified crystalline aluminosilicate has SI/Al framework molar ratio ranging from 10
to 100, preferably ranging from 10 to 65, more preferably from 20 to 50, and even more
preferably ranging from 21 to 30.

The modified crystalline aluminosilicate has a content Iin transition metals or cations
thereof lower than 1000 ppmwt, preferably measured by the method ASTM UOP961-12,
sald transition metals belonging to any of the columns 3 to 12 of the Periodic Table.

The process for modifying a crystalline aluminosilicate 1s remarkable In that said
crystalline aluminosilicate Is shaped (u-spheres by spray-drying or droplet, tablets,
extrudates: trilobes, quadrilobes, cylinders) preferably in quadrilobes extrudates prior to
any of steps a) to ¢) with said binder pure being SIO», 1.e. said binder contains at least

99.5 wt % of SI10».

The process for modifying a crystalline aluminosilicate i1s remarkable in that after step ¢)
a further step of shaping or extruded preferably in quadrilobes is performed with said
being pure Si0,, I.e. said binder contains at least 99.5 wt % of SIO».

The process for modifying a crystalline aluminosilicate is further remarkable In that
neither any steaming at a temperature higher than 380 °C nor any leaching has been
performed on said crystalline aluminosilicate prior to step before being used for the
dehydration of a mono-alcohol(s) into olefins having the same number of carbons.

The process for modifying a crystalline aluminosilicate Is further remarkable said
steaming of step ¢) Is performed on said shaped or extrudated crystalline aluminosilicate
In situ prior to the direct use of the catalyst composition.

The process for modifying a crystalline aluminosilicate is further remarkable in that it is a
versatile process: it can be performed Iin situ or ex situ. Said process for modifying a
crystalline aluminosilicate can preferably be performed on a catalyst composition
containing the crystalline aluminosilicate to be modified. Said process for modifying a
crystalline aluminosilicate can more preferably be performed on a catalyst composition
containing the crystalline aluminosilicate to be modified already loaded and prior to its
use In a process for dehydration of a mono-alcohol. Alternatively said process for
modifying a crystalline aluminosilicate can be performed on the crystalline
aluminosilicate to be modified prior to its incorporation and/or prior to the shaping into a
catalyst composition.

The process for dehydrating a mono-alcohol is further remarkable in that said conditions
effective to the simultaneous dehydration and skeletal isomerization of a mono-alcohol,
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or of a mixture of at least two mono-alcohols, into olefins having the same number of
carbons are any combinations of:

o adiabatic or isotherm operating conditions or any of intermediate conditions In
between the adiabatic and the isotherm including partial heat compensation or
Intermediate re heating; and/or

o an Inlet temperature ranging from 200°C to 500°C, preferably 225°C to 450°C,
most preferably 250°C to 400°C, and/or

o a pressure ranging from 0.5 bar to 15 bars absolute (50 kPa to 1.5 MPa)
preferably 0.5 bar to 10 bars absolute (50 kPa to 1.0 MPa) most preferably 1.2 to
O bars absolute (0.12 MPa to 0.9 MPa) ; and/or

> a Weight Hourly Space Velocity (WHSV) ranging from 1 to 30 h™1 preferably from 2

to 21 h"!, more preferably from 3 to 9 h-! wherein the WHSV represents the
weight flow rate of said mono-alcohol at the inlet of the reactor divided by the
mass of the catalyst composition in said reactor; and/or

o said feed (A) having a partial pressure of alcohols from 0.1 to 15 bars absolute
(0.01 MPa to 1.5 MPa), more preferably from 0.5 to 9 bars absolute (0.05 MPa to
0.9 MPa).

e the process for dehydrating a mono-alcohol, or of a mixture of at least two mono-
alcohols, i1s further remarkable In that saild mono-alcohol(s) has at least four carbon
atoms and at most five carbon atoms and In that said dehydration of a mono-alcohol is
performed together with a skeletal isomerization

e the process for dehydrating a mono-alcohol is further remarkable In that said mono-
alcohol Is 1sobutanol, 1.e. 2 methyl propan-1-ol, that is converted into n-butenes and
Isobutene.

e [he catalyst composition comprising a crystallne aluminosilicate shaped with, or
extruded with, a binder, Is selected to have a modified crystalline aluminosilicate having

an acidity between 350 and 500 umol/g, preferably between 350 and 450 ymol/g as
measured by temperature programmed desorption of ammonia.

[0024] It has been discovered that catalyst composition comprising said modified
aluminosilicate are particularly suitable for the dehydration of alcohols or of a mixture of at
least two mono-alcohols. In particular, the above described ranges of acidity are perfectly well
suited for having a sufficient catalyst activity while maintaining the selectivity at a sufficient
level.

[0025] The process for modifying a crystalline aluminosilicate is particularly versatile. The
steaming can be applied directly after the synthesis of the crystalline aluminosilicate or it can
be applied once the catalyst composition has been shaped or extruded with a binder. Said
process for modifying a crystalline aluminosilicate can also be performed in situ, 1.e. once the
catalyst composition comprising a modified crystalline aluminosilicate 1s loaded In a
dehydration reactor or in the dehydration and skeletal isomerization reactor, 1.e. prior to its use.
In this latter case, there is no need to have a dedicated unit to perform the steaming under
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pressure. Catalyst manufacturers do not necessarily have the facilities to perform a steaming
under pressure, but it is still possible to prepare said modified crystalline aluminosilicate In situ
of the dehydration and optionally isomerization unit.

Additionally, it has been discovered that the process for modifying an aluminosilicate leads to
improved properties. Without willing to be bound by any theory, it 1Is assumed that a low
temperature steaming associated with an increase partial pressure during the steaming and
the absence of any leaching iIs particularly beneficial for the activity and selectivity of the
modified crystalline aluminosilicate. Therefore, to maintain the good activity and selectivity, any
further steaming at a high temperature or any further leaching should be avoided.

DETAILED DESCRIPTION OF THE INVENTION

[0026] In a preferred embodiment, the crystalline aluminosilicate or the modified crystalline
aluminosilicate of the Framework Type FER Is a crystalline aluminosilicate containing
advantageously at least one 10 members ring into the structure based on T-atoms, I1.e. on the
Al and Si atoms contained in said ring. The family of Framework Type FER includes Ferrierite,
[B-SI-O]-FER, [Ga-SI-O]-FER, [SI-O]-FER, [SI-O]-FER, FU-9, |SI-6, Monoclinic ferrierite, NU-23,
or-D, ZSM-35, and SUZ-4. Preferably, the modified crystalline aluminosilicate of the
Framework Type FER is Ferrierite. The process for modifying a crystalline aluminosilicate does
not change the Framework Type FER.

[0027] The SI/Al framework molar ratio of the modified crystalline aluminosilicate may be at
least 11, preferably at least 15, more preferably at least 20, even more preferably at least 21,
most preferably at least 22, and even most preferably at least 25. Preferably, the SI/Al
framework molar ratio of the modified crystalline aluminosilicate may be at most 150,
preferably at most 100, more preferably at most 75, even more preferably at most 65, most
preferably at most 55 and even most preferably at most 35. In a preferred embodiment, the
SI/Al framework molar ratio of the modified crystalline aluminosilicate may range from 11 to
150, preferably from 15 to 100, more preferably from 20 to 100, even more preferably from 20
to 75, and In particular from 25 to 35. In a preferred embodiment, the SI/Al framework molar
ratio of the modified crystalline aluminosilicate is ranging from 10 to 65. Advantageously, the
modified crystalline aluminosilicate shows a high crystallinity of its zeolite phase, said
crystallinity being similar to the crystallinity of the parent zeolite before modification, 1.e. said
crystallinity is similar to the crystallinity of the crystalline aluminosilicate before being modified.
A similar crystallinity is evidenced via the X ray diffraction patterns (less than 20% of difference
measured on the area below the X ray curves), 1.e. the X ray diffraction pattern of the
crystalline aluminosilicate (before being modified) is the same as the crystallinity of the
modified crystalline aluminosilicate.

[0028] In a preferred embodiment, said modified crystalline aluminosilicate has content In
redox transition metals or cations thereof lower than 1000 ppmwt, said transition metals
belonging to one of the columns 3 to 12 of the Periodic Table. Preferably, said metals are Fe,
Co, Ni, Cu, Mo, Mn, Ti, Zn, V, Cr, Ru, Rh, Cd, Pt, Pd, Au, Zr. Preferably, saild modified
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crystalline aluminosilicate has content in metals or cations thereof as defined above lower than
500 ppm wt, more preferably lower than 200 ppm wt, most preferably lower than 100 ppm wit,
In particular lower than 50 ppm wt being measured by the method ASTM UOP961-12.

[0029] According to the Invention, the catalyst composition comprising a modified crystalline
aluminosilicate comprises a binder, preferably an inorganic binder. The catalyst composition
comprises from 5 to 95 wt% as based on the total weight of the catalyst of crystalline
aluminosilicate, preferably from 10 to 90 wt%, more preferably at least 20 to 80 wt% even more
preferably from 30 to 70 wt%.

The binder is selected so as to be resistant to the temperature and other conditions employed
In the dehydration process of the invention. The binder is an inorganic material containing at
least 85 wt% of silica as based on the total weight of the binder, preferably 90 wt%, more
preferably 95 wt % of silica, even more preferably at least 97 wt%, most preferably at least 99
wt%, and even most preferably at least 99.5 wt%. The binder has a concentration of
aluminium, gallium, boron, iron and/or chromium of at most 1000 ppm wt, preferably at most
500 ppm wt, more preferably at most 200 ppm. It Is desirable to provide a catalyst having good
crush strength. This I1s because iIn commercial use, it is desirable to prevent the catalyst from
breaking down Into powder-like materials. A particularly preferred binder for the catalyst
composition of the present invention is silica. The relative proportions of the finely divided
modified crystalline aluminosilicate material and the inorganic oxide matrix of the binder can
vary widely. Typically, the binder content may range from 5 to 95% by weight, more typically
from 20 to 85% by weight, based on the weight of the catalyst composition. By adding a binder
to the catalyst composition, this latter may be formulated into pellets, extruded into other
shapes, or formed into spheres or a spray-dried powder.

[0030] The modified crystalline aluminosilicate may be in H-form. The H-form of a modified
crystalline aluminosilicate of the Framework Type FER means that it comprises oxygen atoms
bonded to one aluminium atom and one silicon atom, and which is protonated with a hydrogen
atom, resulting in the following sequence -[-Al-O(H)-SI-]-. In the present invention, the modified
crystalline aluminosilicate may be essentially under H-form, which means containing less than
1000 ppmwt of the total amount of the alkali ions and the alkaline earth ions. In another
embodiment, the modified crystalline aluminosilicate iIs partly under H-form. |t means that In
sald modified crystalline aluminosilicate part of the hydrogen atoms bonded to oxygen atoms In
the following sequence -[-Al-O(H)-SI-]- I1s substituted by metallic ions, preferably alkali 1ons,

alkaline earth ions or silver ions. Preferably, the alkali ions or alkaline earth ions may be Na, K,
Cs, Li, Mg or Ca being measured via chemical analysis with the method ASTM UOP961-12.

[0031] Said process for modifying a crystalline aluminosilicate is particularly remarkable in that
no preferably leaching is performed. The term leaching shall encompass any treatment of a
solid with an acidic medium (inorganic or organic) or complexing agent able to remove
aluminium from the crystalline aluminosilicate framework or preferably extra framework
aluminium (EFAL).

[0032] As non-limiting example, said acidic medium and/or said complexing agent used In
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leaching treatment shall encompass citric acid, formic acid, oxalic acid, tartaric acid, malonic
acid, succinic acid, glutaric acid, adipic acid, maleic acid, phthalic acid, isophthalic acid, fumaric
acid, nitrilotriacetic acid, hydroxyl ethylene diamine triacetic acid, ethylene diamine tetraacetic
acid, trichloroacetic acid, trifluoroacetic acid, methanesulfonic or a salt of such an acid (e.g. the
sodium salt) or a mixture of two or more of such acids or salts. Inorganic acids, such as nitric
acids or halogenic acids, are also encompassed In the meaning of acidic medium. Complexing
agent shall encompass any organic molecule able to form a complex with aluminium and
preferably forms a water-soluble complex with aluminium in order to remove aluminium and
preferably extra framework aluminium (EFAL). A particularly preferred complexing agent may
comprise an amine, preferably ethylene diamine tetraacetic acid (EDTA) or a salt thereof, In
particular the sodium salt thereof. The term complexing agent shall encompass also organic
acidic medium but not only. The man skilled in the art can recognize the organic medium able
to remove the aluminium or EFAL from a crystalline aluminosilicate. As a guidance, it may be
put forward that said organic medium refers to organic molecule able to form a complex with
aluminium and preferably forms a water-soluble complex with aluminium in order to remove
aluminium or EFAL, I.e. In order to remove at least 5 wt %, preferably 10 wt % of the aluminium
or EFAL present on the crystalline aluminosilicate. It shall also be clear that saild modified
crystalline aluminosilicate i1s not preferably further leached prior to its use for instance In the
process for dehydrating mono-alcohols.

[0033] In an optional embodiment, the process for modifying a crystalline aluminosilicate
encompasses an optional calcinations. Said calcinations are performed to burn organic
component that may be present on the crystalline aluminosilicate but under conditions avoiding
the formation of pentahedral aluminium. In particular, at the inlet of the calcinations reactor, the
calcination gas should contain less than 1000 ppm vol of water. Therefore, even If the
crystalline aluminosilicate contains Interstitial water, the presence of water Inside the
calcinations reactor i1s low enough to avoid a partial steaming of the crystalline aluminosilicate.
During the optional calcinations, the crystalline aluminosilicate may be under the NH4 form, the

Na, K or H - forms. The calcinations can be performed under atmospheric pressure or
alternatively at a pressure up to 9 bars. The calcination gas may contain inert components
such as for instance N»,, Ar, He, CO,, or other species such as for instance natural gas

components or CO, N>,O which are not inert under the calcination conditions but do not lead to

the deposition of any molecules such as coke on the crystalline aluminosilicate. The
calcinations may be alternatively be performed under depleted air or the calcination gas may
contains below 10 wt% of oxygen or preferably below 5 wt % or even below 1 wt % of oxygen
In order to avoid the thermal runaway when organic molecules are burnt during calcinations. In
depleted air the content of oxygen Is based on the total weight of said depleted air. The
optional calcinations can be performed at a temperature not higher than 600 °C preferably 550
°C, most preferably 500 °C and with a temperature increase of less than 10 *C/min, preferably
less than 1 °C/min, the most preferably at 0.5 "C/min, for a period of at least 30 min, preferably
at least 2 h and at most 48 h and under a gas flow containing at most 1000 ppm volume of
water measured at the inlet of the calcination reactor. The optional calcinations can either be
performed In situ or ex situ, I.e. calcinations can be applied directly after the synthesis of the
crystalline aluminosilicate or after the process for modifying the crystalline aluminosilicate or it
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can be applied once the catalyst composition has been shaped or extruded with a binder. Said
optional calcinations can also be performed In situ, 1.e. once the catalyst composition
comprising a crystalline aluminosilicate or a modified crystalline aluminosilicate is loaded In a
dehydration reactor or in the dehydration and skeletal isomerization reactor, 1.e. prior to its use
In a process for dehydrating.

[0034] Preferably, the mono-alcohol or the mixture of at least two mono-alcohols has at least
four carbon atoms and at most five carbon atoms. Said mono-alcohol is preferentially a
primary mono-alcohol substituted by an alkyl group in position 2. Preferably, the mono-alcohols
are provided from biomass fermentation or biomass gasification to syngas followed by a
modified Fischer-Tropsch synthesis.

[0035] Preferably, the alcohol may be 1-butanol, 2-butanol, isobutanol, pentan-1-ol, 3-
Methylbutan-1-ol, 2-Methylbutan-1-ol, 2,2-Dimethylpropan-1-ol, pentan-3-ol, Pentan-2-ol, 3-
Methylbutan-2-ol, 2-Methylbutan-2-ol, or mixture thereof with the proviso that the mixture
contains alcohols having the same number of carbon atoms or optionally presenting a different
number of carbon atoms. For example, a mixture of butanol comprises two or more of the
following alcohols: 1-butanol, 2-butanol, isobutanol. A mixture of pentanol comprises two or
more of the following alcohols: pentan-1-ol, 3-methylbutan-1-ol, 2-methylbutan-1-ol, 2,2-
dimethylpropan-1-ol, pentan-3-ol, pentan-2-ol, 3-methylbutan-2-ol, 2-methylbutan-2-ol. More
preferably, the alcohol may be selected from C2-C4 alkyl substituted by one hydroxyl group or
mixture thereof with the proviso that the alcohols contained in the mixture have the same
number of carbon atoms. Advantageously, the invention is of interest for 1-butanol, 2-butanol,
Isobutanol or mixture thereof with the proviso that the mixture contains alcohols having the

same number of carbon atoms. In particular, a mixture of butanol Is used, preferably
Isobutanol is used.

[0036] The dehydration reactor can be a fixed bed reactor (radial, isothermal, adiabatic etc), a
moving bed reactor, multitubular or a fluidized bed reactor. A typical fluid bed reactor is one of
the FCC type used for fluidized-bed catalytic cracking in the oll refinery. A typical moving bed
reactor 1s of the continuous catalytic reforming type. The dehydration may be performed
continuously In a fixed bed reactor configuration using several reactors in series of equal or
different sizes or a pair of parallel "swing" reactors. The various preferred catalyst
compositions of the present invention have been found to exhibit high stability. This enables
the dehydration process to be performed continuously in two parallel "swing" reactors wherein
when one reactor Is operating, the other reactor is undergoing catalyst regeneration. The
catalyst composition of the present invention also can be regenerated several times.

[0037] As preferred embodiment, the process for dehydration of a mono-alcohol or of a
mixture of at least two mono-alcohols may be performed at a pressure ranging from 0.5 to 30
bars absolute (50kPa to 3 MPa), advantageously from 0.5 to 15 bars absolute (50kPa to 1.5
MPa), advantageously from 0.5 to 10 bars absolute (50kPa to 1 MPa). Advantageously, the
partial pressure of the alcohol I1s lower than 5 bars absolute (0.5 MPa) and more
advantageously from 0.5 to 9 bars absolute (0.05 MPa to 0.9 MPa), preferably lower than 8
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bars absolute (0.8 MPa) and more preferably lower than 7 bars absolute (0.7 MPa).

[0038] As preferred embodiment, the process for dehydration of a mono-alcohol or of a
mixture of at least two mono-alcohols may be performed at a temperature ranging from 200 °C
to 500 °C, more advantageously from 225 °C to 450 °C and preferably from 250 °C to 400 °C.
These reaction temperatures refer mainly to the Inlet temperature. Dehydration Is an
endothermic reaction and requires the input of reaction heat in order to maintain catalyst
activity sufficiently high and shift the thermodynamic equilibrium to sufficiently high conversion
levels. In case of fluidised bed reactors: (1) for stationary fluidised beds without catalyst
circulation, the reaction temperature is substantially homogeneous throughout the catalyst bed;
(1) In case of circulating fluidised beds where catalyst circulates between a converting reaction
section and a catalyst regeneration section, depending on the degree of catalyst back mixing
the temperature in the catalyst bed approaches homogeneous conditions (a lot of back mixing)
or approaches plug flow conditions (nearly no back mixing) and hence a decreasing
temperature profile will install as the conversion proceeds. In case of fixed bed or moving bed
reactors, a decreasing temperature profile will install as the conversion of the alcohol
proceeds. In order to compensate for temperature drop and consequently decreasing catalyst
activity or approach to thermodynamic equilibrium, reaction heat can be introduced by using
several catalyst beds In series with inter heating of the reactor effluent from the first bed to
higher temperatures and introducing the heated effluent in a second catalyst bed, etc. VWhen
fixed bed reactors are used, a multitubular reactor can be used where the catalyst composition
IS loaded In small-diameter tubes that are installed in a reactor shell. At the shell side, a
heating medium is introduced that provides the required reaction heat by heat-transfer through
the wall of the reactor tubes to the catalyst composition.

[0039] As preferred embodiment, the process for dehydration of a mono-alcohol or of a
mixture of at least two mono-alcohols may be performed with a weight hour space velocity

ranging from 0.1 h™1to 20 h™1, preferably from 0.5 h-1to 10 h-!, more preferably from 1 h™' to 9

h-1. The WHSV represents the weight flow rate of the mono-alcohol at the inlet of the reactor
divided by the mass of the catalyst composition in said reactor.

[0040] The effluent of the process for the simultaneous dehydration and skeletal isomerization
comprises essentially water, olefin, an inert component (if any) and unconverted mono-alcohol.
Sald unconverted mono-alcohol is supposed to be as low as possible. The olefin Is recovered
by usual fractionation means. Advantageously, the inert component, if any, Is recycled In the
feed (A) as well as the unconverted alcohol, If any.

[0041] The inert component, If any, Is any component provided that there i1s no adverse effect
on the catalyst composition comprising the modified crystalline aluminosilicate. Dehydration of
a mono-alcohol i1Is an endothermic reaction; the inert component can be used to bring energy
to the reactor. For instance, the inert component can be selected among water, saturated
hydrocarbons having up to 10 carbon atoms, naphthenes, nitrogen and CO,. An example of

iInert component can be any individual saturated compound, a synthetic mixture of individual
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saturated compounds as well as some equilibrated refinery streams like straight naphtha,
butanes etc. Advantageously, it 1s a saturated hydrocarbon or a mixture of saturated
hydrocarbons having from 3 to 7 carbon atoms, more advantageously having from 4 to 6
carbon atoms and preferably pentane. The weight proportions of respectively alcohols, water
and inert component are, for instance, 5-100/0-95/0-95 the total being 100.

[0042] In a preferred embodiment, said process for dehydration of a mono-alcohol or of a
mixture of at least two mono-alcohols may further comprises a step of recovering and
regenerating the catalyst.

[0043] In a preferred embodiment, at least 80% wt of the olefins obtained In said process for
dehydration of a mono-alcohol have the same number of carbon atoms as the mono-alcohol,
preferably at least 85% wt, more preferably at least 90% wt, Iin particular at least 95% wit.

[0044] In a preferred embodiment, the present process for dehydrating is carried out with a
mixture of butanol as mono-alcohol, preferably isobutanol, and the mixture of olefins produced
comprises at least 80% wt of butene and isomers thereof, preferably at least 90%, more
preferably at least 95% wt, most preferably at least 98% wt. In addition, the selectivity In n-
butenes may be at least 65% wt based on the total amount of butene and isomers thereof
contained in the mixture of olefins produced, preferably at least 70% wt.

[0045] In another aspect of the present invention, the mixture of olefins produced by the
process for dehydration of a mono-alcohol may be used as starting material for subsequent
reactions such as the production of propylene via metathesis process, the production of
butadiene via dehydrogenation, oligomerization, as well as for the production of transportation
fuels, monomers and fuel additives. The mixture of olefins produced according to the present
process may also replace the use of raffinate as defined In US4282389 In the refinery or
petrochemical plants. The most typical application of a mixture containing isobutene is the
conversion of the said isobutene into ethers (MTBE and ETBE), into t-butylalcohol (TBA) or
oligomers (e.g. di/tri-iso-butenes), all being gasoline components. The higher oligomers of
Isobutene can be used for jet fuel applications. High purity isobutene can further be made by
the decomposition of ethers (backcracking) or TBA (dehydration). High purity isobutene finds
applications In the production of butyl-rubber, poly-isobutene, methylmethacrylate, isoprene,
hydrocarbons resins, t-butyl-amine, alkyl-phenols and t-butyl-mercaptan. Vwhen the mixture of
olefins contains n-butenes which have not reacted during the production of ethers or TBA and
substantially not or only to a Iimited extent during the oligomerisation, said n-butenes have
applications In the production of sec-butanol, alkylate (addition of isobutane to butenes),
polygasoline, oxo-alcohols and propylene (metathesis with ethylene or self-metathesis
between but-1-ene and but-2-ene). By means of super fractionation or extractive distillation or
absorptive separation but-1-ene can be isolated from the n-butenes mixture. But-1-ene Is used
as comonomer for the production of polyethylenes, for polybut-1-ene and n-butyl-mercaptan.
This Involves an isomerization catalyst that i1s located in the distillation column and continuously
converts the but-1-ene into but-2-ene, being a heavier component than but-1-ene. Doing so, a
bottom product rich in but-2-ene and a top product poor in but-1-ene and rich in isobutene iIs
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produced. The bottom product can be used as described above. One main application of such
but-2-ene rich stream i1s the metathesis with ethylene In order to produce propylene. If high
purity iIsobutene Is desired the top product can be further super fractionated into substantially
pure isobutene and pure but-1-ene or the isobutene can be isolated via formation of ethers or
TBA that is subsequently decomposed into pure isobutene. The n-butenes rich stream may be
used for the production of butadiene via dehydrogenation or oxidative dehydrogenation or
send to alkylation unit to produce bio-alkylate. The mixture of isobutene and butenes can be
sent to a catalytic cracking which i1s selective towards light olefins in the effluent, the process
comprising contacting said isobutene and butenes mixture with an appropriate catalyst
composition to produce an effluent with an olefin content of lower molecular weight than that of
the feedstock. Said cracking catalyst can be a silicalite (MFI or MEL type) or a P- ZSM5S.

ANALYTICAL METHODS

[0046] Measure of the acidity of the crystalline aluminosilicate or of the modified
aluminosilicate can be performed by temperature desorption of ammonia. Methods known In
the art suitable to quantify the acidic sites can be used. For instance, the method described In
the procedure ASTM D4824-13 can be used. The amount of ammonia then determined via this

method In cubic centimetre per grams can then be easily converted into umol/g.

[0047] Alternative measure of the amount of acid sites can for instance be done by
temperature-programmed desorption of ammonia according to the following method. The
temperature-programmed desorption of ammonia 1s performed in a Pyrex®™ cell containing
about 0.4 g of sample in form of the fraction 35-45 mesh. The cell is placed in an oven of the
AUTOCHEM Il 2920 equipped with TCD detector and the following steps are carried out:

Activation: this step 1s performed under a flow rate of dried (over molecular sieve e.g. 3A or 4A)

He of 50 cm®/min (<0.001 % of water). The temperature is increased from room temperature
to 600°C with a rate of 10°C/min. The temperature i1s then maintained at 600°C during 1h. The
temperature is then decreased to 100°C with a rate of 10°C/min.

Saturation: this step is performed at 100°C. During a first hour, the solid is put in contact with a

flow of 30 cm3/min of a dried (over molecular sieve e.g. 3A or 4A, <0.001 % of water) mixture
of 10 weight % of NH4 diluted in He. Then, during the next 2h, the solid is put In contact with a

flow rate of 50 cm®/min of dried (over molecular sieve e.g. 3A or 4A, <0.001 % of water) He to
remove the physisorbed NHs;.

Analysis: this step is performed under a flow of 50 cm®/min of dried (over molecular sieve e.g.
3A or 4A, <0.001 % of water) He. The temperature is increased to 600°C with a rate of
10°C/min. Once the temperature of 600°C has been reached, it iIs maintained for 1h. The cell
IS then cooled down and weighted.

Calculation: The amount of NH3 desorbed from the solid is referenced to the weight of the
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sample by integrating the surface below the TCD curve and reporting to a calibration curve.
The amount of NH3 desorbed from the solid gives the acidity of the solid in umol/g.

[0048] Measure of the content of transition metals and determination of the SI/Al framework
molar ratio in the catalyst, in the modified crystalline aluminosilicate or In the crystalline
aluminosilicate can be done by any suitable technique known In the art. For instance, it can be

done using the method ASTM UOP961-12.

[0049] Alternatively measure of the SI/Al framework molar ratio in the catalyst, in the modified
crystalline aluminosilicate or in the crystalline aluminosilicate can be determined using solid-

state 2°Si MAS NMR. All solid state 29Si MAS MAS NMR spectra were recorded on a Bruker
DRX500 spectrometer (Pulse 45°, Relaxation delay 7 sec, rotor 4mm). For a low defect zeolite

samples, an aluminium atom will always be surrounded by four Silicones. The 4°Si MAS NMR
spectra of aluminosilicate zeolites give typically a series of peaks which correspond to SiO4

tetrahedra In five different possible environments corresponding to different numbers of AlO4

tetrahedra connected to the silicon via oxygen. For simplicity, these sites will be denoted
ignoring the oxygen atoms as Si (4-nAl), where n Is a number of Si In the tetrahedral: Si(OAl),
SI(TAl), SI(2Al), SI(3Al), Si(4Al). The Intensity of a silicon resonance iIs proportional to the
number of associated silicon atoms. The number of Al atoms Is proportional to a sum of the
each corresponding peak multiplied by a number of Al (4-n) and divide by 4. The Iintensity of
each resonance iIs determined by deconvolution: SI(0Al), SI(1Al), SI(2Al), SI(3Al), SI(4Al).

The SI/Al ratio Is then given by the following equation:

SI/Al = 4*Si total area / [Area Si(1Al) + 2*Area Si(2Al) + 3*Area Si(3Al) + 4*Area

Si(4Al)]

EXAMPLES

[0050] The Si/Al framework molar ratio was determined using solid-state 2°Si MAS NMR
measurement method described above.

[0051] The acidity was measured using the temperature-programmed desorption of ammonia
method as described in the analytical methods above.

[0052] General procedure for dehydration process of alcohols is done as follows:

A stainless-steel reactor tube having an internal diameter of 10mm is used. 10ml of the catalyst
composition, as pellets of 35-45 mesh, 1s loaded In the tubular reactor. The void spaces,
before and after the catalyst composition, are filled with SIC granulates of 2mm. The
temperature profile Is monitored with the aid of a thermocouple well placed inside the reactor
at the top of the catalyst bed. Before the reaction, the catalyst was pretreated in a nitrogen flow
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at 550°C for 2h (heating rate 60°C/h) followed by cooling down to the reaction temperature.
The nitrogen I1s then replaced by the feed at the indicated operating conditions. The catalytic
tests are performed down-flow, In a pressure range from 1.5 to 11 bars, In a temperature

range of 100-500°C and with an alcohol weight hour space velocity varying from 0.1- 20 h*! (kg
of product/ hours X kg of catalyst). Analysis of the products is performed by using an on-line
gas chromatography.

Example 1

[0053] Sample A I1s made of FERSS (CP914 from Zeolyst international) extruded with SIO 5
(FER/SIO,: 70/30). It i1s characterized by having a SI/Al in the zeolite framework of 28 and an
acidity of 750 umol/g.

Example 2

[0054] Sample B has been obtained by steaming sample A with deionized water at 300°C at

8.8 bars during 24h hours with a weight hour speed velocity (whsv) of 7.9 h-! and under an
atmosphere containing 100% of steam (i.e. at a partial pressure of H,O of 8.8 bars). Sample B

IS characterized by having an acidity of 500 umol/g.

Example 3

[0055] Sample C has been obtained by steaming sample A with deionized water at 300°C at

8.8 bars during 6 days with a weight hour speed velocity (whsv) of 7.9 h-! and under an
atmosphere containing 100% of steam (i.e. at a partial pressure of H>O of 8.8 bars). Sample C

IS characterized by having an acidity of 400 umol/g.

Example 4

[0056] Sample D has been obtained by steaming sample A with deionized water at 350 °C at

8.8 bars during 24 hours with a weight hour speed velocity (whsv) of 7.9 h™! and under an
atmosphere containing 100% of steam (i.e. at a partial pressure of H>O of 8.8 bars). Sample C

IS characterized by having an acidity of 425 umol/g.

Example $
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[0057] Sample E has been obtained by steaming sample A according to a standard procedure:
steaming with deionized water at 600 "C under atmospheric pressure during 6 hours with a

weight hour speed velocity (whsv) of 0.5 h"! and under an atmosphere containing 100% of
steam. Sample E is characterized by having an acidity of 300umol/g.

Example 6

[0058] Sample F has been obtained by steaming sample A according to a standard procedure:
steaming with deionized water at 300 °C under atmospheric pressure during 24 hours with a

weight hour speed velocity (whsv) of 7.9 h-! and under an atmosphere containing 100% of
steam. Sample F is characterized by having an acidity of 550 umol/g.

Example 7 (comparison)

[0059] The catalysts described In the examples 1 to 5 have been crushed and sieved (35-45
mesh) for loading 10 mL in a fixed bed reactor. The catalysts are then subjected to isobutanol
dehydration testing. The testing conditions are a pressure of 3 bars, a temperature between

250 and 350 °C (isothermal) and an isobutanol weight hour space velocity (WHSV) of 7 h™1.
Isobutanol was diluted with H>O, the ratio IBUOH/H,O = 95/5. The results obtained at 300 °C

and 350 °C are presented in Table 1.
Table 1 - Isobutanol dehydration test results under isothermal conditions.

R R R R R R R ) 0§§0§§0§§0§§0§§0§§0§§0§§0‘50‘50‘50‘50§§0§§0§§0§§0§§0§§0§§0§§0§§0‘50‘50‘50‘50‘50‘50‘50‘\ §§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§

Reaction Temp.: 300°C Reaction Temp.: 350°C

iBuOH C4— nC4= iBUOH C4— nC4=

conv. sel. conv. sel.
Sample A (base) 100 % 97 S Y% 100 % 97 0 % 73 0 %

050§§0‘50‘50‘50‘50§§0§§0§§0§§0§§0§§0§§0§§0§§0‘50‘50‘50‘50Qﬁ\.QQCQQCQQCQQCQ§0§§0§§0§§CQQCQQCQQCQ\CQQCQQCQQCQQCQQCQQCQQCQQ\ §§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§

(?na\',rzﬂfoﬁ) 100% {98.0% § 82.0 % 97.5% § 77.0 %

(f’n"‘:,rgmfog) 100% 1990%1{835% i 100% 1985%1i 805%

(ISnaVr:rr::?on) 100% (199.0% { 86.0 % 100% 1990% i 80.0%

c f;’gg:twe) 870% 1990%1750% { 100% 1980%1i 655 %

(cc?r?l?:rlaetwe) 100% {97.0%{805% §{ 100% {97.0% ;655 %

AR R L LA L L L L L L L A e e n R L L L LA LA L LA LA A L LS LA LGS L LS, e e e e e e e e e

[0060] At a reaction temperature of 300 °C (Table 1), the catalysts treated according to the
present invention have similar isobutanol conversion but improved selectivity towards linear
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butenes compared to base catalyst (Sample A). The comparative sample E has lower
conversion and lower selectivity while comparative sample F is similar to base catalyst (Sample
A).

At a reaction temperature of 350 "C (Table 1), the catalysts treated according to the present
Invention have similar isobutanol conversion but improved selectivity towards linear butenes
compared to base catalyst (Sample A) while the comparative samples E and F are much less
selective.

Example 8 (comparison)

[0061] Sample A and sample B have been tested under adiabatic condition. The testing
conditions are a pressure of 8.8 bars, an entrance temperature of 350 “C (adiabatic) and an

isobutanol weight hour space velocity (WHSV) of 7 h™!. For this test, 200 mL of extruded
catalysts which were blended with 200 ml of SIC are placed In 2 reactors (100 mL of catalyst
per reactor). The reactors were Iinstalled in a series with an intermediate reheating. The results

obtained after 100 h on stream are presented in Table 2.
Table 2 - Isobutanol dehydration test results under adiabatic conditions.

[ iuOHcom: | Ci=se [ nCémsel |

H000000000000000000000000000000000000000000000000000000000000000000000000000.00000000000000000000000000000000000000000Cw 0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

[0062] According to testing results under adiabatic conditions (Table 2), the catalysts treated
according to the present invention have similar isobutanol conversion but improved selectivity
towards linear butenes compared to base catalyst (Sample A).

Example 9 (Comparison)

[0063] Samples A, B and D have been loaded, in a 3 parallel fixed beds reactors (316 L
stainless steel, 13 mm internal diameter, downflow operating). 1.5 g of extrudated catalysts are
diluted with 200 ym SIC. The catalyst i1s activated under air (6 NL/h) at 450 °C (10 *C/min)
during 1 h. The catalysts are then subjected to i1sobutanol dehydration testing under these
conditions: a pressure of 8.8 bars, a temperature of 300°C (isothermal) and an isobutanol
weight hour space velocity (WHSV) of 7 h-1. Isobutanol was diluted with H>O, the ratio

IBUOH/H>O = 95/5 w/w. The results obtained in these conditions, after 50h and after 300 h on

stream, are presented here below (Table 3).
Table 3 - Isobutanol dehydration test results under isothermal conditions (300 °C) at

different times on stream.
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Time on stream: 300h

C4= sel.

Time on stream: 50h

Sample A 100% 1985% { 835% | 870% 1995% | 84.0%
(base)

Sample B 100% §990% § 850% §| 990% {995% { 850 %

(invention)

Sample D 100% 1990% | 850% | 990% 1995% | 85.0%

(Invention)

[0064] At a reaction temperature of 300°C, after 50 h on stream (Table 3, left part), the
catalysts treated according to the present invention have similar isobutanol conversion but
Improved selectivity towards linear butenes compared to base catalyst (Sample A). At longer
reaction time, at 300 °C (Table 3, right part), the isobutanol conversion obtained with base
catalyst (Sample A) drops while samples prepared according to the invention maintain high
conversion. Furthermore, the catalysts treated according to the present invention retain better
selectivity towards linear butenes and better stability compared to base catalyst (Sample A).

[0065] As shown In the present examples, the catalysts according to the present invention
have several advantages compared to the catalysts known in the art.
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AATALYSATONSAMMEND & THING ONPFATIENDE MODIMOERET
KREYSTALLINGK ALUMINOGSILIRAT T DEHYDRERING AF ALKOHOLER

PATENTRRAY

1. Fremgangsmade i fremstilling af en katalysatorsammensatning indeholdends o

modificerat Krystatimsk siuminosiikat o &t cindemicaged, g\Vels

kataiysaioreammensssiningen omiatier fra 5 4l 85 veegh-% krystailinsk aluminosiiikat

paserst pa den samiede vaegt af katalysalorsammensastningen, hvilken fremgangsmads

ar Rendetegnet ved, at den omiatter {gigendgs iy

&) tlvejebringeise gt ef Rrysialinsk aluminostikat med ef Si/Al-rammemoiforhold, ger
ar stgre and 14,

Dy eventueil Kaloinening af det Krystaliinske aluminosiikat

Cyo dampning at det krystaliinske aiuminosiiikat

: ved en temperatur fra 100 0 8 380 70, g

- undger en gastaseaimostaesre ygen vaeske ndenoidandes fra o vaegi-Y¢ i 100 veegt-%
darnn, idet resten or en allar Here gassear vaigt biandt N2, COq, Ar, He, CHg, uft elier
eniiver pianding af deral, del jufl fornnsvis er vaigt blandt uft og udismi ult
rcdeholdende under 10 vaegh-% oxygen baserst pad den samiede vaegl af den
oigmie ufl forinnewvis under o veegt-7%, mers fortrnsvie under 1 veegt-%. g

- vad et vk fra 2 & 200 ban

: ved et delvist ryk al Holl Tra 2 il 200 Dar, og

- Mvitken damping udigres | mindst 30 minutier og op i 144 fimer;

og vad at fremgangsmaden omfatler of inin mad formning eller ekstrudering af dst

krystatinske siuminesiikat med et dindemiddsl, wor bindemidiet er vaigt i at omfatie:

- mindst 85 vaagi-Y% sihka baserel pa den samisade vaegt af bindemidiaet, 09

-~ mindre end 1000 veegt-ppm baserst pd den samieds vaegt af bindemidist af

aturrinium, gallium, bor, em ogisiier Krom.

2. Fremgangsmade U fremsiiing af en katalysstorsammensaeining ifgige krav 1.

rendstegnet ved, at

. pindemidiet indeholder mindst 90 vaegl-% silika baserst pa den samisdes vaegt af
cindemidiel, fortrinsvis mindst %5 vagh-Y%, mers ormnnsvis mindgst 885 vagh%
og/elier

-~ indemidiel omfatter mindre end 500 vaegt-ppm baseret pa den samisde vaegt af
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sindemidiet af aluminium, galiium, Ror, jerm og/elier Krom, forinnsvis mindre eng

200 ppm.

2. Fremgangsmade ti fremsiilling af en kstalysatorsammensseining ifgige krav 1 elier 2,

kendetegnet ved, at fremgangsmaden yderligers omfatter {pigende trin:

- ngen udiersise af nogen udvaskningshenandiing hverken tgr trin b} elier efier tnin ¢
for at nolde Roncentrationen af giuminum | det modificereds Krystallinsks
siuminosiikat konstant;

- udfereise at o vailgint tin med vask aler ionbyining med ef aikalimetal shier
MNits-salie efter tnn C) sllertgrinn by

- udfgrelse af et valghit kalcinenngsinin af det opnaede produkt efter inin ©) slier far
trin o,

-~ udigreise at el vaighit inn med genvinding af det moaiticersde krysiaiinske

aiuminosiikat efter tnn ).

4. Fremgangsmads til fremstilling af en katalysatorsammenssstning ifsige ef hvilket som
naelst af kKravene 1 8 3, kendetegnet ved, at det krystaliinske aluminostikat er en 1l-leddst
ringzectt af rammetypen FRE, MWW, BUQ, MBS Z50M-48, MTT, M B, TON siler
EE og fortrinsvis er vaigl blandt femient, FUWS, 1S58, NU-Z3, DD, Z5M-35 Z5M-57

alier SUZ-4 glier en hvilken som helst blanding deraf,

5 Fremgangsmade t fremstiing af en katalysatorsammensatning felge &f hvitkat som
neist af Kravene 1 1t 4, kendetegnat ved, at nnnet med formning siler ekstrudenng af det
xrystalinske agiuminostikal med ot pindemidde! udigres fer ot hwvilket som nelst af
trinmena a3 il ¢, 8a trinnet med dampning af det krystaliinske aluminositikat udferes pa ¢
rystatinsk alumiinosiikat formet med, elier ekstruderet med, ot bindemidde], Tornnsvis at
tnnnet med formning eler ekstrudering at get krysigiinske aiumimosiikal mea
pindemiddal er et nin med ekstrudenng at det Rrysiailinske aluminosilikal + quadniober

mied ef pingamidast

&, Fremgangsmads i fremstiliing af en katalysalorsammensstning iiglge of hvilket som
netst af kravene 141 4, kKendetegne! vaed, al innnet med formning eiler ekstruderng af det
krystalinske sluminosilikat med & bindamidds! udfgres pa det opnaedes produld efter Inn
C, fortrinsvis at irinnet med formning, eller eksirudenng, af det kKrystaiinske aluminosiikat

mad of bindemidde! er el trin med skstrudering af det opndede produlkd | quadriober effer
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N

irirt ¢} med ef bindenigdsal.

7. Fremgangsmade i fremstilling af en katalysatorsammensaining fsigs of hvilket som
neist af kravene 1 i &, Kendetegnet ved, al verken nogen dampiing ved en iemperatur
over 380 “C sller nogen udvaskning er bievet udfart pa det krysialiinske aluminosilikat far
rin &), 09 hver hverken nogen dampning ved en temperatur over 380 °C slier nogsn

uddvaskning yderligers udfares pa detl modificerade aluminosilikat effer trin ¢

8 Fremgangsmads i fremstiliing af en katalysatorsammensstning iglgs of hwvilket som

naelst af Kravene 1 4 7 kendetsgnet ved, at det modificerads Krysiaitinske aluminosiiikat

nar Si-fAl-rammemoiiomneld fra 10 1 85,

9. Fremgangsmade t fremsiiling af en katalysatorsammaensasining ifeige et hvilkel som
nelst at kravene 1 8, kendelagnet ved, at del modificerads krystatinske aluminositikat
har et indhold | overgangsmatalier eller kationsr deraf under 1000 vagt-nem som mal
ved fremgangsmaden ASTM UORS81-12, hvilke overgangsmeialler herer il en hvilken

som helst af koionneme 2 4 14t det periodiske sysiem.

10, Fremgangsmade b fremstilling af en katalysatorsammensatning ifgige st hvilkat som
nelst at kravene 1 4 Y Kendetegnet ved, al trinnet ¢ med dampring af det krysiaiiinske
alurninosiikat udigres,

- vad en lemperatur pa mindst 200 °C, forinnsvis mindst 250 °C; ogleller

- vad en temperatur pa hajst 350 °C, oglslier

. ved et fra 2 4l 20 bar, mere forfringvis fra £ 4 15 bar, ogisiier

- vad et debvist trvk af He0 fra 3 i 10 bar.

11. Fremgangsmade it dehvydrering af en monoalkohol, elier af en blanding af mindst {o
moncaikohoier med mindst 2 carbonatomer og nigist 7 carponatemer, B olefiner med det
samme antal carbonaiomer, hvitken fremgangsmade er kendetegnet ved, af den omfatter

feigends rin:
ltvaelsbringeise af Kalalysatorsammensainmg omiaitende of modgihicerst krysiaiiinsk

afuminosiikal, hvor katgiysaglorsammensainngen tremshiles migige et hvilketl som

nedst af kravene 1 414
1 itvejebringeise af en ifgrsel (A} omfattende mongalkonoierne, eveniusil vand

aventuai en nert komponent,
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i kontakl af Uifersien (A} med kKalalvsatorsammensseinimngsn under pelingeiser, der er
sffekiive il al dehvydrere mindst en del at menoaikehoien;

v UGVNAING af et splidevand (B} og iemeise af vand, den eventuelle inerte komponent
og eventusile uomdannede altkoholer for al opng olefinems med det samme antsl

CArponalomer som monoaikonoien.

12. Fremgangsmade il dehydrering af en monoalkchaol, elier af en blanding af mindst io
moneaikonoter med mindst 2 carbongiomer og hgist 7 carvonaiomer, i glefinegr med det
samme antal carbonatomer, hvilken fremgangsmade udipres | en dehvydreringsreakior
agfier | en dehydrenngs- g skelstisomensenngsreakionr og er kendslegnet ved, at den
smfatier fpigends tnn:

L biveiebringeise af en  kalalysatorsammensseining  omtatiende ot Krysialiinsk
siuminositikal  formetl  med,  siigr  eketruderst med, et bhindemigasl,  hwvor
Katalysaiorsammenssainmagen omfatter fra 5 i 85 vagh-Y% kKrysiagiinsk aluminosiikat
caserst pa den samiede vaegt af katglysalorsammenssinimasn, og dampning &f
Katalysatorsammensaeinngan in ity dehydrenngsreaiioren siler dehyarenngs- og
skelglisomernssrngsreakioran:

- ved entemperatur frg 100 0 B 380 (]

. unider en gasfasaaimostasre uden vaeske indenoidands tra 5 vaegt-9% 4 100 vaegt-%
damp, el resten er en eller flere gasser vaigt biandt Ne, COz, Ar, He, OFls, uft eller
enfiver pianding af deral, del {ufl fortrinsvis er vaigt diandt uft og udismi uft
ndeholdendes under 10 vaegh-% oxygen baseret pa den samisde vapgt af den
otgmie iuft, Tornnsvis unader 2 vaegh-", mere fornnsvis under 1 vaagh-%;

. vad et iIrvK ira 2 i 200 bar;

-~ ved et delvist tryk af Hold fra 2 6l 200 bar, og

- nviiken damping udigres minast S0 minutter og op i 144 timer,

rver def krysiathinske aluminosiikat har et Si-Al-rammemaoliorhoid, der er starre end 106

hvor bindemidiet er valgt il gt omfatte mindst 85 vaegt-% silika baseret pa den samiede

veegt af bindemudiset og mindre end 1000 vaegi-ppm baseret pa den samisde vasgt af

Dindemidiel af alumenim, galiium, bor, e og/elier Krom, og

WOr trnnet med dampning al kstalysatorsammensssinngen omfatiende et krysiatiinsk

siuminosiikatl resuflerer | en Katahysatorsammensseining omiattende of moaiticerst

xrystalhinsk gluminostikat;
. Hlvejebringeise at en tifprsel {A) omiailends monoaikohoieme, eveniuail vandg

svaniuell en nert Komponent;
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-

.

i, Kontakt gt Gffgrsien (A) med Kataiysalorsammensaztningen under pelingeiser, der er
etfeklive 4l at gehydrers mndst en del af monoaikongien;

v, udvinding af ot spildevand (8} g fiemeise af vand, den eventusie inerte komponent
Gg eventuelie uomdannede alkcheler for al opna olefinerne mead det samme ants!

CATDONASIoMEr sOm monoaikoholen.

13. Fremgangsmade ifgloe krav 11 sller 12, hvitken framgangsmade erkendsisgnet ved

gt Detingeiserne, der er effekiive Ul dehydrenng al moneatkohoien/-erme Ui olefiner meag

gdei samme antsl carponstomer, er en hviiken som neist kompination at

. agiatatiske  egller solermiske drifigsbetingslser siler en hwviken som  heist
melembiggendes Detingeise  ngbefatiende delvis  varmekompensston  sler
meienhiggends genopvarmning

- an temperatur fra 200 °C 4 500 °C, fortrinewvis 225 70 6 450 "0, mest fortrninsvis
250 °C 1 400 °0; ogleller

- af tryk fra G5 1 15 absotut bar (SO kPa il 1,5 Mgy, tortnnsvis 0.5 1 10 absoiul bar
(50 kKia 1 1,0 MPa), mest foririnewvis 1.7 1 9 absolid bar (012 MPFa g G MPa)
ogietier

- an WHEV fra 1 30 R fortrinsvis ra 2 21 ' mere fortrinsvis ra 2 81 9 !, hvor
WHsY  repreesenterer  vaegistrsmningshastigheden for moneatkoholen  ved
ndgangen bl reakioren dividerst med massen at kalalysaloren | reakioren, ogfelier
el delvist tryk af atkoholer | tifgrsien (&) fra U1 B 15 absolut bar (0,01 Mg
1.5 MiPa), mere fornnsvis fra 0,0 1 8.0 absolut bar (0,005 MPa U U9 MPa)

14, Fremgangsmade i dehydrering af en monoalkehol, aller af en blanding af mindst 1o

moncaikenoier, feige of hvilket som hsis! at Kravene 11 13, Kendetagnst ved, al

- mongaikehoien/-eme har mindst 4 carponatomer, ©g al dehvdrenngan at an
MONoEIKORGE Tornnsvis ugiagres sammen med en skelelisomensenng, ogistier

: mongaikoholen er sobuianst, og ved at isebutangt omdannes i n-butener og

iSObuten.

15. Fremgangsmade i dehydrering af en monoealkohol, eller af en bianding af mindst o
monecatkehoter, f2ige of nvikat som helst af kravense 11, 158 sller 14, kendsisgnet ved, at
ratatysaiorsammensainmgen omfattende et krystatiinsk aluminosiikat formest med, siler
ekstruderet med, e Dindemiddsel er vaigh il at have et modificere! kKrysialinsk

aluTinosilikat med en surnedsgrad meilaemn 20U og SUD umoil/g, forrnswis meliermn 350 og
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450 umolfg, som malt ved temperaturprogrammeret dasorplion af ammoniak.
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