
WO 2011/162717PCT/SG2010/000235 1 METHOD OF PRODUCING ALKENES BY
DEHYDRATION OF A MIXTURE OF ALCOHOLS FIELD OF THE INVENTION       [0001]
The invention relates to a method of producing alkenes by dehydration of a
mixture of alcohols. In particular, the invention relates to the use of a
metal-modified zeolite in said process. 10BACKGROUND OF THE INVENTION
[0002] Light olefins are important intermediates or building blocks in the
chemical industry, mainly produced using steam cracking of hydrocarbons.
Dwindling petroleum resources combined with its volatile price and
environmental concerns are directing the 15 industries to develop
alternative technologies based on renewable sources. Propylene is widely
used in the chemical industry in the production of iso-propanol,
acrylonitrile, acrylic acid, cumene and propylene oxide. But the major
application of propylene is in the manufacturing of polypropylene. On the
other hand C3+ olefins (i.e. olefins having three or more carbon atoms) can
be used as chemical intermediates or fuels. Therefore, the 20improvement of
propylene yield and the development on-purpose processes to produce
propylene from alternative feedstocks are important industrial targets.
[0003] Propylene demand worldwide is growing faster than ethylene.
Propylene is largely produced as a by-product in the thermal steam cracking
of liquid feedstock such as naphtha (cf. H. Zimmermann and R. Walzi,
Ullmann's Encyclopedia of Industrial 25 Chemistry, 7th Ed. (2010), John
Wiley & Sons). However, the yield of propylene from naphtha cracker is
about 15 % with propylene to ethylene ratio of about 0.5, depending on the
severity of the process. Propylene is also a by-product in the fluid
catalytic cracking. Alternatively, propylene also produced from the
dehydrogenation of propane (cf. M. Baerns and 0. Buyevskaya, Catal. Today
45 (1998) 13). The major challenge in this 30 process is to minimize the
formation of carbon oxides (COx) by complete conversion of hydrocarbons.
Alternatively propylene with high yields can also be produced from methanol
to olefins process using Silicoaluminophosphates (SAPO) and ZSM-5 zeolites
as catalysts. Coke formed in the process need to be removed by combustion
with air.  WO 2011/162717PCT/SG2010/000235 - 2 - However, the production of
propylene from renewable alcohols such as ethanol and butanol has not been
widely reported. Since alcohols can be produced from renewable feedstock,
it is clear that the production of propylene from bio-alcohols is an
important target. 5[0004] Currently, bio ethanol is being widely produced
via fermentation process from renewable sources such as biomass feed stocks
like corn, sugarcane and cellulose. There are mainly two categories of feed
stocks for the ethanol fermentation, which are classified as 1st generation
and 211d generation sources. The 1st generation feed stocks are sugars
(i.e. sugar beets, sugar canes), starch (i.e. corn, wheat) and oil (i.e.
rape seed, 10  soybean) while 2nd generation feed stocks are
lignocelluloses (i.e. lignin, hemicelluloses, and cellulose), wood chips,
crop residues, and tall grasses. The 2" generation sources are preferred
mainly because they are not competing with food. Moreover, the feedstock
for 2nd generation fermentation is usually much cheaper as most of them are
agricultural wastes. Ethanol is also a by-product in the sugar cane
industry. The ethanol produced from 15  the above processes is considered
as renewable feedstock which is independent of fossil fuel, being used as
fuels or fuel additives in automotive engines. Alternatively, production of
intermediate and value-added chemicals from ethanol is currently attracting
considerable interest because of the volatile oil price and concerns for
climate change. Dehydration of lower alcohols (methanol and ethanol)
derived from natural gas or biomass 20  to olefins represents an attractive
alternative route. Butanol (i.e. bio-butanol) can be produced from
renewable resources by using similar fermentation methods as ethanol
production. Acetone-butanol-ethanol (ABE) fermentation by Clostridium
acetobutylicum is especially applied for formation of bio-butanol. Similar
biomass feedstock as for ethanol production is used in ABE fermentation
process as well. 25[0005] Among various olefins, ethylene, propylene and
butylenes are the most widely produced olefins in the chemical industry. So
the direct conversion of (bio)- alcohols (methanol, ethanol and other
alcohols) to these light olefins is of industrial importance. Production of
light olefins from methanol has been reported in the literature (cf. B. V.
Vora, T. L. Marker, P. T. Barger, H. E. Fullerton, H. P. Nilson, S.
Kvisile. T. 30  Fuglerud, Stud. Surf Sci. Catal. 107 (1997) 87). Among
various catalysts reported SAPO34 was found to be the best with 100 %
methanol conversion and 90 % of light olefins selectivity. On the other
hand, SAPO-34 and microporous zeolites are known for the rapid deactivation
by coke formation which eventually influences the methanol conversion as
WO 2011/162717PCT/SG2010/000235 -3 well olefins selectivity (A. J. Marchi
and G. F. Froment, Appl. Catal. 71 (1991) 139). According to US
2006/0149109, a process converting mixed alcohols of methanol and ethanol
feedstock to light olefins was reported. M. Inaba, K. Murata, M. Saito, I.
Takahara, Green Chem., 9 (2007) 638 reported that Fe-H-ZSM-5 catalyst was
found to be efficient 5 for ethanol conversion into C3+ olefins. These
authors also report a higher C3 olefins production during ethanol
conversion on Fe/H-ZSM-5 catalysts. In this work, the authors identified
the causes of deactivation as carbon deposition on the catalyst and
collapse of zeolite framework. The selectivity of C3+ olefins was decreased
from 31.1 % to 27.4 % over 900 min (15 h). The highest selectivity of
propylene was about 12.8% with C3+  10 olefins selectivity of 28.7%. In EP
1 953 129 Al, ethanol and butanol were used separately to produce ethylene
and butylenes in the first step and propylene via metathesis in a second
step. Effect of mesoporosity in the propylene production from methanol was
described in C. Mei, P. Wen, Z. Liu, H. Liu, Y. Wang, W. Yang, Z. Xie, W.
Hua and Z. Gao, J. Catal. 258 (2008) 243. Enhancement in the propylene
production was attributed to the newly  15 generated mesopores together
with low Bronsted acidity. However, no such a study was undertaken for the
conversion of other alcohols into olefins, especially to improve the
propylene and C3+ olefins selectivity. Also Song et al. (Catal. Lett (2009)
131:364-369) report about the production of propylene from ethanol over
ZSM-5 zeolites, wherein the zeolites may be metal-modified. 20[0006] It is
therefore an object of the present invention to overcome the above 



disadvantages and to provide an improved method for producing alkenes, in
particular propylene. SUMMARY OF THE INVENTION 25       [0007] The
invention provides a method of producing alkenes by dehydration of a
mixture of alcohols in a single step comprising providing two or more
alcohols;                  contacting the mixture with a catalyst, wherein
the catalyst is a metal- 30modified zeolite; and reacting the mixture in
the temperature range of about 350 to about 500 C, thereby producing the
alkenes. [0008] The invention will be better understood with reference to
the detailed  WO 2011/162717PCT/SG2010/000235 4 description when considered
in conjunction with the help of the figures illustrated in the attached
drawings. BRIEF DESCRIPTION OF THE DRAWINGS 5       [0009] FIG. 1 depicts
the selectivity towards propylene during the conversion of ethanol/butanol
mixtures into light olefins over 20% Zr-ZSM-5. The effect of temperature on
the propylene selectivity is shown. [0010] FIG. 2 depicts the conversion of
ethanol/butanol mixtures into light olefins 10over 20% Zr-ZSM-5 at 450 C.
Propylene and C3+ olefins selectivity vs. time on stream.       [0011] FIG.
3 depicts the conversion of ethanol/butanol mixtures into light olefins
Over 20% Zr-mesoporous ZSM-5 at 400 C. Propylene and C3+ olefins
selectivity vs. time on stream.            [0012] FIG. 4 depicts the
propylene selectivity over Zr-modified non-meso and 15mesoporous H-ZSM-5
samples at various temperatures and Zr loadings. [0013] FIG. 5 depicts the
propylene and C3+ olefins selectivity in the conversion of ethanol/butanol
into light olefins over a 5% P-modified 20% Zr-ZSM-5 at 400 C.       [0014]
FIG. 6 depicts the propylene and C3+ olefins selectivity in the conversion
of ethanol/butanol mixtures into light olefins over 5% P-modified 20%
Zr-ZSM-5 at 450 20C. DETAILED DESCRIPTION OF THE INVENTION          [0015]
This present invention discloses a method of producing alkenes by
25dehydration of a mixture of alcohols in a single step. The process is
highly selective in that C3+ olefins may be obtained in a yield of above
about 50%.       [0016] In a single step according to the invention means
that no intermediate products have to be isolated or that several
components have to be produced in separate process steps. Thus, the present
invention can be considered as "one pot" procedure, i.e. the 30catalyst and
the alcohols are mixed and brought into contact with each other so that the
reaction for producing alkenes can be started.        [0017] In one
embodiment the present invention provides a method of producing alkenes by
dehydration of a mixture of alcohols in a single step comprising: providing
two  WO 2011/162717PCT/SG2010/000235 - 5 - 



or more alcohols; contacting the mixture with a catalyst, wherein the
catalyst is a metal-modified zeolite; and reacting the mixture in the
temperature range of about 350 to about 500 C, thereby producing the
alkenes. 100181 According to the present invention, the catalyst is a
metal-modified zeolite 5 The meaning of the expression "zeolite" may
include, but is not limited to, microporous, aluminosilicate minerals such
as hydrated aluminosilicates of the alkaline and alkaline earth metals. The
zeolite may be, but is not limited to, of natural or synthetic origin and
may be crystalline. In an embodiment, the zeolite may be a pentasil-type
zeolite (cf. L.B. McCusker and Ch. Baerlocher, Zeolites and Ordered
Mesoporous Materials: Progress and 10 Prospects. Stud. Surf. Sci. Catal.,
(2005) Vol 157, J. C.' ejka, H. van Bekkum, Eds.). Such pentasil-type
zeolites may be composed of several pentasil units linked together by
oxygen bridges to form pentasil chains. A pentasil unit consists of eight
five-membered rings. In these rings, the vertices are Al or Si and an 0 is
assumed to be bonded between the vertices. The pentasil chains are
interconnected by oxygen bridges to form corrugated 15 sheets with 10-ring
holes. Like the pentasil units, each 10-ring hole has Al or Si as vertices
with an 0 assumed to be bonded between each vertex. Each corrugated sheet
is connected by oxygen bridges to form a structure with "straight 10-ring
channels running parallel to the corrugations and sinusoidal 10-ring
channels perpendicular to the sheets. Adjacent layers of the sheets are
related by an inversion point. In one embodiment, the zeolite may 20 be,
but is not limited to, HY (FAU structure, chemical formula
(Ca2+,Mg2+Na+2)29 (H20)240 1A158 S 3403 841), H-BETA (BEA structure,
chemical formula Na+71A17Si5701281)3 H-Mordenite (MOR structure, chemical
formula Na+8(H20)241A18Si400961), H-PER (FER structure, chemical formula
Mg22Na+2(H20)181A16Si30 072]), H-MCM-22 (MWW structure, chemical formula
H+2.4Na+3.1[Alo.4B5.1Si66.50144]), H-ZSM-57 (MFS structure, 25 chemical
formula H+1.51A11.5S134.5 0721)3 S SZ- 13 (CHA structure, chemical formula
RNaNabAl2.4Si33.6072wH20 (1.4<a<27) (0.7<b<4.3) (1<w<7), where RN is
N,N,N-1- trimethyladarnantammonium), H-ZSM-22 (TON structure, chemical
structure for Theta-1 Na+n(H20)4 [Alr,Si -24-n04815 n < 2) or H-ZSM-5
zeolite (MFI structure, chemical formula Na+n (H20)161A1nSi96,01921 (0 < n
< 27)). The expressions "HY", "H-BETA", "H- 30 Mordenite" and "ZSM-5" are
generally used expression in the fields of zeolites. In one embodiment of
the invention, the zeolite may be H-ZSM-5 zeolite. The expression "ZSM5" is
used interchangeably with the expression "H-ZSM-5" throughout this entire
specification.  WO 2011/162717PCT/SG2010/000235 6       [0019] In one
embodiment of the present invention the zeolite may be a mesoporous
zeolite. Generally, a mesoporous material is a material containing pores
with diameters between about 2 and about 50 nm. The mesoporous zeolite,
which is prepared by - alkaline post-treatment, degrades its crystallinity
and physical strength due to 5 desilication, the extraction of framework
silicon. The removal of framework silicon also means change of chemical
properties of zeolite, i.e. change of intrinsic characteristics of zeolite.
[0020] The zeolite catalyst of the present invention is used in a
metal-modified form. "Metal-modified" in this respect means that the
zeolite is contacted with a metal 10 compound, wherein the respective metal
is linked to the surface of the zeolite via (wet) impregnation, adsorption,
ion-exchange method or an otherwise known procedure in the art. Generally,
every procedure which may link the metal to the surface of the zeolite may
be possible for the present invention. In one embodiment of the invention,
the metal may be selected from the group of, but is not limited to, Mg, Ca,
Ba, Sr, Cr, Mn, Fe, Co, Ni, Cu, 15 Zn, Ga, Ce, Ag, Pd, Bi, Ti, V, Zr, Mo,
W, Li, La and mixtures thereof, such as Zr, Li, Ba, La, Ga and mixtures
thereof In one embodiment of the invention the metal is Zr. In one
embodiment the zeolite is reacted with a respective metal compound to
attach the metal to the surface of the zeolite. The metal compounds for
producing the metal-modified zeolite may be, but are not limited to,
Mg(NO3)2.6H20, Ca(NO3)2.4H20, Ba(NO3)2, LiC1, 20 Cr(1\103)39H20,
Mn(NO3)26H20, Fe(NO3)3.9H20, Co(NO3)26H20, Ni(\103)26H20, Cu(NO3)2.6H20,
Zn(NO3)2.6H20, Ga(1\103)3-nH20, Ce(NO3)3.6H20, AgNO3 Pd(NO3)2.nH20,
Bi(NO3)2.5H20, (C4H90)4Ti, NH4V03, ZrO(NO3)22H20, (\TH4)6M0 70244E20,
La(\103)36H20 or (\11-14)10W120415H20. Further compounds in addition to the
above-mentioned compounds are possible, for example compounds without 25
the mentioned hydration water. Examples of further compounds may be, but
are not limited to, metal salts of acetylacetonates, acetates, halides,
such as fluorides, chloride, bromides, ammonium derived salts, such as
ammonium compounds) or sulphates.       [0021] The metal loading, i.e. the
amount of the metal, attached to the zeolite structure, of the inventive
catalyst may be between about 5 wt.% to about 30 wt.%, such as 30 about 5
wt.% to about 25 wt.% or about 5 wt.% to about 20 wt.%, based on the total
amount of the catalyst. In one embodiment of the invention, the metal
loading may be, but is not limited to, about 5 wt.%, about 6 wt.%, about 7
wt.%, about 8 wt.%, about 9 wt.%, about 10 wt.%, about 11 wt.%, about 12
wt.%, about 13 wt.%, about 14 wt.%, about 15  WO
2011/162717PCT/SG2010/000235 - 7 - wt.%, about 16 wt.%, about 17 wt.%,
about 18 wt.%, about 19 wt.%, about 20 wt.%, about 21 wt.%, about 22 wt.%,
about 23 wt.%, about 24 wt.% or about 25 wt.%. In one embodiment the metal
loading is about 20 wt.%. [0022] In one embodiment, the metal-modified
zeolite may be prepared by pre- 5 treating commercially available zeolite,
such as NH4-ZSM-5, at elevated temperatures for several hours. In one
embodiment the elevated temperatures may be between about 400 to about 600
C. For example, the temperature may be about 400 C, about 425 C, about 450
C, about 475 C, about 500 C, about 525 C, about 550 C, about 575 C or about
600 C. The respective metal compound may be dissolved in DI water and
reacted with the pre- 10 treated zeolite compound. In one embodiment of the
invention H-ZSM-5 may be obtained by treating commercial NH4-ZSM-5 at 500 C
for 6 h in air. 5 to 20 wt% of metal loading may be added to the H-ZSM-5 by
dry impregnation method. For example, calculated amounts of ZrO(NO3)22H20
may be dissolved in de-ionized water and H-ZSM-5 may be added to the
resulting solution. The prepared sample may be dried at 120 C and further
15calcined at 500 C for 4 h. This specific method may also be used for
other metals added to the same or other zeolite(s).       [0023] In one
illustrative embodiment of the invention, the zeolite compound is a
mesoporous compound. Mesoporous zeolites, such as ZSM-5, were synthesized
by treating ZSM-5 with, for example, 0.2 M NaOH at 80 C for 2 h. The sample
dried at 110 C may 20 be treated with 1 M NH4NO3 at 70 C for 24 h. The
prepared sample may be dried at 120 C and further calcined at 500 C for 4
h. The required amounts of the respective metal were impregnated on the
resulting mesoporous ZSM-5 catalysts, for example in the same manner as
described above. Other methods for preparing mesoporous zeolites are known
in the art and may be suitable for the present invention. 25[0024] In
another embodiment of the present invention, the zeolite is further
modified with a modifying agent. The modifying agent may be, but is not
limited to, an oxide containing compound or an oxy acid. These compounds
are believed to modify the surface acidity, which results in improved
stability of the metal catalyst. However, some oxides may also enhance the
oligomerization of light olefins to produce bulky molecules 



30 and thus the selectivity for alkene production may drop considerably.
Also, some metal oxides may be accompanied with surface oxygen atoms which
help in oxidizing the reactant or products resulting in non-selective
product formation. Moreover, metal or metal oxides may leach from the
surface after a period of time. These factors should be  WO
2011/162717PCT/SG2010/000235 -8 considered when selecting an oxide
containing compound or oxy acid. Some examples of the modifying agent of
the present invention include phosphate or sulfate compounds such as, for
example, phosphoric acid or sulfuric acid, or a derivative thereof. The
modifying agent may, for example be, but is not limited to, H3PO4, H2PO4-,
PO42-, PO43-, H2SO45 5 HSO4-, or SO42-. In one embodiment the modifying
agent may be phosphoric acid or a derivative thereof, for example as
mentioned above. In another embodiment, ammonium dihydrogen phosphate can
be used to modify the catalyst. In another embodiment of the present
invention the modifying agent may be, but is not limited to, tungstate-type
modifiers such as HW042-, W2072, 2 72-, W03, chromates such as Cr042-,
Cr2072-, Cr30102- and 10 Cr4013 6-, molybdates such as Mo03, M0042-,
MO2072-, M070242- and Mo80264-, heteropoly acids such as H3PMo12040,
H3PW12040 and H4[W12SiO40], silisic acid (H4SiO4) or derivates, or triflic
acid (CF3S03H) or derivates.       [0025] The amount of modifying agent
anchored and/or impregnated in the catalyst is not limited and suitable
amounts of the modifying agent would be understood to and can 15 be
determined by those of ordinary skill in the art. In an embodiment of the
invention, the amount of modifying agent anchored and/or impregnated in the
catalyst may include, but is not limited to, more than about 0.1 wt%, about
1.0 wt%, about 5 wt%, about 10 wt%, about 15 wt%, about 20 wt%, about 30
wt%, about 40 wt% and more than about 50 wt%. In one embodiment, the amount
of modifying agent anchored and/or impregnated in the catalyst 20 may
include, but is not limited to, less than about 50 wt%, about 25 wt%, about
20 wt%, about 15 wt%, about 10 wt% or about 5 wt%. For example, the
modifying agent may be used in an amount between about 1 to about 50 wt%,
about 1 to about 20 wt%, about 5 to about 50 wt%, about 5 to about 20 wt%,
and including any specific value within these ranges, such as, for example,
about 1 wt%, about 2 wt%, about 3 wt%, about 4 wt%, about 255 wt%, about 6
wt%, about 7 .wt%, about 8 wt%, about 9 or about 10 wt%. The amounts of
modifying agent refer to the wt% of modifying agent in the final catalyst.
100261 In one embodiment the modifying agent may be added to the catalyst,
for example by impregnating the zeolite catalyst with the modifying agent,
for example phosphoric acid. In one embodiment, the impregnation method may
be, but is not limited 30 to, a dry impregnation method. The meaning of the
expression "dry impregnation" would be understood to those of ordinary
skill in the art. Dry impregnation may include impregnation which uses an
amount of water which is less or greater than or equal to that required to
fill the pores of the substrate. For example, phosphoric acid may be added
in an  WO 2011/162717PCT/SG2010/000235 - 9 amount of about 5.0 to about
20.0 wt%. The amount of phosphoric acid refers to the wt% of phosphoric
acid in the zeolite. In a further embodiment, the process for preparing the
catalyst may comprise treating the zeolite at an elevated temperature
before adding the phosphoric acid or grinding and/or pelletizing the
catalyst. 5[0027] In one embodiment of the invention, the zeolite may have,
but is not limited to, a silica/alumina (Si/A1) ratio between about 30 to
about 280, such as between about 30 to about 80 or about 30 to about 50. In
one embodiment, the Si/A1 ratio may be 20, 30, 40, 50, 60, 70, 80, 90, 100,
110, 120, 130, 140, 150, 160, 170, 180, 190, 200, 210, 220, 230, 240, 250,
260, 270 or 280, such as 20, 30, 40, 50, 60, 70 or 80 and including any
specific 10  value within these ranges. Any of the above given values may
be the lower or upper limit of a suitable range for the Si/A1 ratio in the
present invention.       [0028] The average particle size of the catalyst
is not limited but may depend on the type and size of the reactor used and
may be modified to suit the particular reactor used. The skilled person
will be fully aware of the suitable particle sizes of the catalyst. 15
Thus, every particle size which may be suitable for the purpose of the
present invention is possible.       [0029] Generally, the pore volume of
the catalyst is not limited but may be adapted or chosen in view of the
specific system used. Thus, every pore volume which may be suitable for the
purpose of the present invention is possible. In one embodiment of the 20
invention, the catalyst composition may have a pore volume between about
0.1 cc/g to about 0.25 cc/g, such as between about 0.12 cc/g to about 0.22
cc/g or between about 0.15 cc/g to about 0.20 cc/g. In one embodiment, the
pore volume may be, but is not limited to, less than about 0.25 cc/g, less
than about 0.24 cc/g, less than about 0.23 cc/g, less than about 0.22 cc/g,
less than about 0.21 cc/g, less than about 0.20 cc/g, less than about 0.19
25 cc/g, less than about 0.18 cc/g, less than about 0.17 cc/g, less than
about 0.16 cc/g, less than about 0.15 cc/g, less than about 0.14 cc/g, less
than about 0.12 cc/g, less than about 0.11 cc/g, or less than about 0.10,
and including any specific value within these ranges.       [0030]
Generally, the surface area of the catalyst is not limited but may depend
on the catalyst modification and/or treatment. Therefore, every surface
area which may be 30 suitable for the purpose of the present invention is
possible. In one embodiment of the invention, the catalyst may have a
surface area between about 50 to about 350 m2/g, such as between about 75
to about 300 m2/g or between about 100 to about 250 m2/g. In one
embodiment, the surface area may but, but is not limited to, about 50 m2/g,
about 75 m2/g,  WO 2011/162717PCT/SG2010/000235 - 10 - about 100 m2/g,
about 125 m2/g, about 150 m2/g, about 175 m2/g, about 200 m2/g, about 225
m2/g, about 250 m2/g, about 275 m2/g, about 300 m2/g, about 325 m2/g or
about 350 m2/g, and including any specific value within these ranges,
wherein each value may represent the lower or upper limit of the possible
surface area. 5100311 The catalyst of the present invention may be used to
catalyze the conversion or dehydration of a mixture of alcohols to alkenes.
In the context of the present invention "a mixture of alcohols" means that
two or more alcohols are used. For example, two, three, four, five, six or
more alcohols may be used. The present invention enables the formation of
alkenes from a mixture of alcohols, wherein the prior art generally uses
one single 



10 alcohol as starting point for the preparation. Using a mixture of
alcohols in combination with the catalyst of the present invention
facilitate the production of a specific olefin or olefin mixtures. For
example, starting from a mixture of butanol and ethanol, the inventive
process leads to the formation of propylene and C3+ olefins with an alcohol
conversion and olefin selectivity as described below. 15100321 The alcohols
which may be used in the present invention may be, but are not limited to,
alkyl alcohols. The alcohols may, for example be C1_6 alkyl alcohols. The
Ci_6 alkyl group of an C1-6 alkyl alcohol may be, any straight or branched
alkyl, for example, methyl, ethyl, n-propyl, iso-propyl, sec-propyl,
n-butyl, iso-butyl, sec-butyl, t-butyl, n-pentyl, iso-pentyl, sec-pentyl,
t-pentyl, n-hexyl, iso-hexyl, 1,2-dimethylpropyl, 2- 20 ethylpropyl,
1-methyl-2-ethylpropyl, 1-ethyl-2-methylpropyl, 1,1,2-trimethylpropyl,
1,1,2- triethylpropyl, 1,1-dimethylbutyl, 2,2-dimethylbutyl, 2-ethylbutyl,
1,3-dimethylbutyl, 2- methylpentyl or 3-methylpentyl. In one embodiment,
the alcohols may be, but are not limited to, methanol, ethanol, n-butanol,
2-butanol, iso-butanol, 1-pentanol, 2-pentanol, 3- pentanol or
2-methyl-1-butan-1-ol. In one embodiment, the mixture of alcohols may be a
25 combination of ethanol and butanol, such as a combination of ethanol and
one or more of n-butanol, 2-butanol and iso-butanol. The alcohols in the
mixture of alcohols may be used in an equal amount or one or more alcohols
may be used in an excess compared to the other alcohol(s). In one
embodiment the mixture of alcohols may be, for example, a 1:1 mixture of
ethanol and butanol or mixtures of butanol. The alcohols may be used in a
pure 30form.       100331 In one embodiment of the invention, an aqueous
solution of the alcohol mixture may be used. The concentration of the
alcohols in the aqueous solution is not particularly limited, and suitable
concentrations would be understood to and can be  WO
2011/162717PCT/SG2010/000235 - 11 - determined by those of ordinary skill
in the art. In one embodiment, the concentration of the alcohols in the
solution may be from about 5 wt.% to about 90 wt.%, such as about 10 wt.%
to about 50 wt.%., based on the total alcohol concentration in the aqueous
solution. For example, the concentration of the alcohols may be, but is not
limited to, about 5 wt.%, 5 about 10 wt.%, about 15 wt.%, about 20 wt.%,
about 25 wt.%, about 30 wt.%, about 35 wt.%, about 40 wt.%, about 45 wt.%,
about 50 wt.%, about 55 wt.%, about 60 wt.%, about 65 wt.%, about 70 wt.%,
about 75 wt.%, about 80 wt.%, about 85 wt.%, or about 90 wt.%. Each alcohol
in the mixture may be present in the same amount as the other alcohols. In
one illustrative embodiment of the invention, about 5 wt.% butanol and
about 5 wt.% 10ethanol are used. In one embodiment of the invention each
alcohol of the mixture may be present in a different amount and ratio.
[0034] The catalyst of the invention exhibits a high degree of alcohol
conversion. For example, the alcohol conversion may be, but is not limited
to, greater than about 25 %, greater than about 45 %, greater than about 50
%, greater than about 60%, greater than 15 about 75 %, greater than about
85 %, greater than about 90 %, greater than about 95 %, greater than about
96 %, greater than about 97 %, greater than about 98 %, greater than about
99 % or even 100 %. Any specific value within these ranges lies within the
scope of the present invention. [0035] Suitable sources for the alcohol of
the invention would be understood to or 20 can be determined by those of
ordinary skill in the art. For example, the alcohol may be obtained from a
synthesis gas or biomass. In an embodiment, the alcohol may be, for
example, and without limitation, obtained from biomass. The alcohol
obtained from biomass may be referred to as bio-fuel or bio-alcohol.
Bio-fuel or bio-alcohol, unlike petroleum, is a form of renewable energy
that can be produced from agricultural feedstock. 25 It may be produced
from, but is not limited to, plant material, for example, very common crops
such as sugar cane, potato, manioc and maize or even cellulosic materials,
such as trees and grasses.       [0036] In the present invention, alkenes
are produced from a mixture of alcohols. The alkenes which may be prepared
may be C2-6 alkenes. In one embodiment, the C2_6 30 alkene may be, but are
not limited to, any straight or branched alkene, such as ethylene,
propylene, but-1 -ene, cis-but-2-ene, trans-but-2-ene, isobutylene, pent-1
-ene, cis-pent-2- ene, trans-pent-2-ene, 2-methylbut-l-ene, isopentene or
2-methylbut-2-ene. [0037] In one embodiment, the present invention
selectively produces propylene  WO 2011/162717PCT/SG2010/000235 - 12 - and
C3+ olefins. The term "C3+ olefins" refers to alkenes having three or more
carbon atoms. The selectivity of the present invention leads to formation
of propylene in an amount of between about 30 to about 60%, such as about
30% to about 50%, about 30 to about 45% or about 30 to about 40%, based on
the total amount of the alkenes produced. 5 The selectivity of the process
of the invention may be between about 31 to about 40%, about 31 to about
40%, about 32 to about 40%, about 33 to about 40%, about 34 to about 40%,
about 34 to about 40% or about 35 to about 40%. In one embodiment of the
present invention the propylene selectivity is up to about 45%, about 44%,
about 43%, about 42%, about 41%, about 40%, about 39%, about 38%, about
37%, about 36%, about 35%, about 1034%, about 33%, about 32%, about 31%, or
about 30.       [0038] In one embodiment the total olefin content based on
the total amount of products of the inventive process may be, but is not
limited to, more than about 80 mol%, more than about 85 mol%, more than
about 90 mol%, more than about 95 mol%, more than about 96 mol%, more than
about 97 mol%, more than about 98 mol%, more than 15 about 99 mol% or even
100 %. For example, the total olefin yield may be, but is not limited to,
between about 80 to about 99 mol%, between about 85 to about 99 mol%,
between about 90 to about 99 mol%, between about 95 to about 99 mol% or
between about 98 to about 99 mol%, and including any specific value within
these ranges. [0039] The reaction temperature is not particularly limited
and suitable reaction 20 temperatures would be understood to and can be
determined by those of ordinary skill in the art. In one embodiment, the
reaction temperature may be between about 300 to about 500 C, such as
between about 350 to about 500 C or about 350 to about 450 C. For example,
the reaction temperature may be between about 400 to about 450 C. In one
embodiment, the reaction temperature may be, but is not limited to, about
350 C, about 25 360 C, about 370 C, about 380 C, about 390 C, about 400 C,
about 410 C, about 420 C, about 430 C, about 440 C, about 450 C, about 460
C, about 470 C, about 480 C, about 490 C or about 500 C. Each value may
represent the lower or upper limit of the possible reaction temperature.
[0040] The time-on-stream defining the actual time that a unit is operating
and 30producing a product is not particularly limited and suitable
time-on-stream would be 



understood to and can be determined by those of ordinary skill in the art.
[0041] In one embodiment, the dehydration reaction may be, for example, and
without limitation, conducted in the gas or vapour phase. The dehydration
reaction could  WO 2011/162717PCT/SG2010/000235 - 13 - also be conducted in
the liquid phase, depending on the alcohol mixture and other reaction
conditions.       [0042] The pressure of the dehydration reaction is not
particularly limited, and suitable pressures would be understood to and can
be determined by those of ordinary skill  5 in the art. In one embodiment,
the dehydration reaction may be, but is not limited to, conducted at a
total pressure of about 1 bar to about 20 bar, such as about 5 bar to about
20 bar or 10 bar to about 20 bar or about atmospheric pressure.
[0043] The reactor type which may be used in the present invention is not
particularly limited, and suitable reactor types would be understood to and
can be 10 determined by those of ordinary skill in the art. The reactor may
have a simple design or may be complex. The type of reactor may be chosen
by the skilled person depending on the components used in the process and
the products which should be specifically obtained. In one embodiment, the
dehydration reaction may be, but not limited to, conducted in a flow
reactor or in a fluid or fluidized bed reactor. The flow reactor is not
particularly  15 limited, and suitable flow reactors would be understood to
and can be determined by those of ordinary skill in the art. In one
embodiment, the flow reactor may be a fixed bed reactor, a up flow fixed
bed reactor, or a down flow fixed bed reactor. The fixed bed reactor may be
isothermal and/or adiabatic. [0044] In one embodiment, the process of the
present invention may be carried out  20 in a reactor having three zones.
The first zone may be loaded with a suitable packaging material of
particular size, such as glass bead, such as about 1 mm, about 2 mm, about
3 mm, about 4 mm or about 5 mm size, acting as pre-heating as well as
mixing zone of the alcohol feedstock. Thus, generally the first zone may be
suitable for pre-heating and mixing the system, i.e. the respective
components. The second zone may be loaded with  25 the catalyst where the
vaporized feed enters in contact with the catalyst. The third zone is the
post reaction zone. The reaction temperatures of the three zones were
maintained by a three-heating zones heaters and the catalyst temperature
was monitored using a thermocouple inside the catalytic bed. In one
embodiment, a specific amount of the catalyst may be diluted with equal
amount of quartz and loaded into a down flow fixed bed  30 stainless steel
reactor. Prior to the reaction, the catalysts were in situ treated under N2
gas at a given temperature of about 400 C, or 500 C for a specific time,
such as about 3h, about 4h, about 5h or about 6h. In one embodiment of the
invention, the conversion of the mixture of alcohols is carried out in a
continuous fixed bed flow reactor at low pressure.  WO
2011/162717PCT/SG2010/000235 The temperature in the respective zones may be
monitored. In one embodiment, several thermocouples are required. Depending
on the reactor size the above general requirements may be adapted according
to the knowledge of the skilled person. [0045] The liquid hourly space
velocity (LHSV, 11-1) of the dehydration reaction is 5 not particularly
limited and suitable liquid hourly space velocities would be understood to
and can be determined by those of ordinary skill in the art. The expression
"liquid hourly space velocity" defines the liquid volume of alcohol
reactants supplied per hour divided by the volume of catalyst used.
Generally, in case the LHSV increases, the selectivity of the reaction is
decreased. In one embodiment, the dehydration reaction may be conducted
with 10 a liquid hourly space velocity of between about 1.5 to about 19
111, such as about 1.5 to about 10 111 or about 1.5 to about 5 h-1. In one
embodiment, the LHSV may be, but is not limited to, about 1.5 h-1, about 2
111, about 2.5 h-1, about 3 h-1, about 3.5 h-1, about 4 h-1, about 4.5 h-1,
about 5 h-1, about 6 h 1, about 8 h-1, about 10 h-1, about 12 h-1, about 15
h-1, about 17 h-1 or about 19 h-1, and including any specific value within
these ranges, wherein 15 the above values may be the upper or lower limit
of the suitable ranges. In one embodiment, the LHSV may influence the
selectivity of the reaction process, i.e. for example the amount of
propylene obtained.       [0046] It has been observed that a catalyst
composition of the invention exhibited a high degree of stability during a
dehydration reaction, including a catalyst composition 20 where
deactivation was not detected for longer than about 20 hours, longer than
about 25 hours, longer than about 30 hours, longer than about 50 hours,
longer than about 60 hours, longer than about 75 hours, longer than about
100 hours, longer than about 110 hours, longer than about 150 hours, longer
than about 250 hours, and including for any specific value within these
ranges, such as, for example, longer than about 110, about 150 or about
25250 hours.       [0047] In order that the invention may be readily
understood and put into practical effect, particular embodiments will now
be described by way of the following non-limiting examples. It is
understood that modification of detail may be made without departing from
the scope of the invention. 30 ILLUSTRATIVE EXERIMENTAL EXAMPLES  WO
2011/162717PCT/SG2010/000235 - 15 - of reactants and further processes that
may be used are described in the following section and the appended
figures. Most of the experiments were carried out in a fixed bed reactor
using 500 mg of catalyst. Mixtures of ethanol (Fischer Scientific, HPLC
grade) and nbutanol (Alfa Acer) were fed into the reactor with a fixed flow
rate between 0-1 ml/min 



5and preheated at 175 C before entering into the reactor. The reaction was
carried out in the temperature range between 300 to 500 C under atmospheric
pressure.      [0049] Catalytic tests were performed by injecting mixtures
of ethanol and butanol and/or their diluted solutions using a HPLC infusion
pump. Helium was used as diluent gas and supplied into the system employing
mass flow controllers. The analysis of the reaction 10 products along with
the reactants was performed using an online GC-HP (6890) equipped with a
CP-Porabond Q column for the FID detector and a Haysep D column for the TCD
one. The condensable products were condensed at low temperatures and then
analyzed using a GC-MS for product identification. The conversion of
alcohols and selectivity to light olefins are calculated as follows: 15
N' NAk0Hi N XAlc0Hi(%)=*100 Alc0Hir, Nin (1)  S olefin, (%) = Nolefini *100
EN producti i=1(2) XAlco0HDOH and 20is the conversion in mole percentage of
ethanol and butanol, X XNin But0H respectively. AkOH , are the moles of
alcohol "i" (ethanol or butanol) fed and AT out AkOHS olefin; the moles of
alcohol "i" observed in the products.is the selectivity towards olefin "i "
in mol %, Nolefin;are the moles of light olefin "i" observed in the
ENproduq products an i=1the total moles of reaction products.  WO
2011/162717PCT/SG2010/000235 - 16 -       100501 The gas phase catalytic
results during the conversion of mixtures of ethanol and butanol on
H-ZSM-5-based catalysts are presented in the following examples. The
reaction was carried out at between 350 to 500 C and 1 atmospheric pressure
using 500 mg of catalyst. Ethanol and n-butanol conversions reached 100 %
at 350 C and remained 5unchanged with further increase of temperature.
[0051] Catalytic results on H-ZSM-5 using pure ethanol yielded 12 % C3+
olefins with around 3 % of propylene, while using ethanol + butanol
mixtures about 15 % propylene and 24 % of C3+ olefins were obtained. Using
pure ethanol, 5 wt% H3PO4 on ZSM-5 catalyst yielded 15 wt% propylene, 20
wt% of butylenes and C3+ olefins 10selectivity of 43 % at 400 C. Higher
contents of H3PO4 (above 5%) resulted in higher ethylene selectivity,
suppressing C3+ olefins.       [0052] The above results clearly suggest
that there is urgent need for developing solid catalyst to selectively
produce propylene and C3+ olefins The present invention is particularly
advantageous since, using diluted ethanol and butanol, high propylene and
C3+ 15yield can be achieved on metal modified ZSM-5 catalyst using mixtures
of bio-alcohols as feedstock. 



Example 1: 20[0053] Catalytic tests were performed as described above using
Zr-modified ZSM- 5 catalysts with Zr loadings from 5.0 to 20.0 wt%,
prepared via wet impregnation method. All the catalysts were tested in the
temperature range of 350 to 500 C and the optimum temperature for high
propylene yield as well as C3+ olefins yield was observed at 450 C using a
5% ethanol and 5% butanol aqueous solution. The propylene yield increases
when 25 the Zr loading is increased from 5 % to 10 % and. Further increase
in Zr loading has not shown any change in the propylene selectivity. The
optimum content of Zr on ZSM-5 was found to be 20 wt%, leading to high
propylene and C3+ selectivity as well as no formation of other products
than olefins and paraffins. The results are shown in Table 1. 30Table 1:
Effect of Zr content on olefin selectivity during the conversion
bio-ethanol/bio- butanol mixtures into light olefins at 450 C     n-butanol
ethanol olefuis paraffin  Ethylene Propylene Butenes conversion conversion
selectivity selectivity     % % % 5  WO 2011/162717PCT/SG2010/000235 - 17 -
5% 



Zr/ZSM-5 37 34 12 100 100 84 12 10% Zr/ZSM-5 44 34 9.8 100 100 89.5 9.5 20
Zr/ZSM-5 44 34 10 100 100 90 10  Example 2: [0054] In a typical example,
the results obtained on 20 wt% Zr/H-ZSM-5 catalyst 5 in the temperature
range between 300-500 C are presented in Table 2. The propylene selectivity
increases with reaction temperature, reaching a maximum of 34 % at 450 C.
Further increase in temperature decreases the propylene yield. On the other
hand, butylenes selectivity decreases with temperature until 450 C and
shows a slight increase at 500 C. At lower temperatures, paraffin
selectivity is higher and decreases as temperature is 10increased. Figure 1
shows the selectivity towards propylene during the conversion of
ethanolibutanol mixtures at different temperatures. Table 2: Effect of the
reaction temperature on the catalytic performance in the conversion of
bio-ethanol/bio-butanol mixtures into light olefins over 20 wt% Zr/ZSM-5
catalyst 



Reactor temperature Propylene selectivity Ethylene selectivity Butene
selectivity Olefm selectivity Paraffin selectivity Butanol conversion
Ethanol conversion 350 16 12 26 63 20 100 100 400 28 23 19 74 19 100 100
450 34 



44 10 90 10 100 100 500 25 49 14 89 11 100 100  Example 3:       [0055]
Specifically, the process of the present invention is aimed to convert
aqueous solutions ethanol/butanol mixtures. In this regard we studied the
effect of the 20 concentration of alcohols in water from 10 to 90 wt %. The
results are shown in Table 3. A  10% alcohol concentration yields the
highest propylene selectivity. Higher alcohol concentrations result in a
drop in propylene selectivity, although a propylene selectivity of around
25 % can still be achieved. This result is significant in the sense that
the developed catalysts are able to tolerate the presence of water without
losing performance.  WO 2011/162717PCT/SG2010/000235 - 18-. Table 3: Effect
of alcohol concentration on the catalytic performance in the conversion of
bio-ethanol/bio-butanol mixtures into light olefins at 450 C over 10 %
Zr/ZSM-5 (80) wt% of alcohols in water Selectivity (%) Conversion (%)
Propylene Ethylene Butenes Olefins Paraffin Butanol 



Ethanol 5 wt.% BuOH + 5 wt.% Et0H 36 46 9 94 6 100 100 25 wt.% BuOH + 25
wt.% Et0H 24 41 14 83 16 100 100 45 wt.% BuOH + 45 wt.% Et0H 25 35 14 80 18
100 100  Example 4: 5       100561 Catalytic tests under the similar
reaction conditions as previously described were carried out varying the
space velocity (LHSV) of the ethanol and butanol from 1.5 to 4.5 111. 100 %
conversion of ethanol and butanol is obtained in the whole LHSV range used
in this invention (cf. Table 4). However, the selectivity towards propylene
and C3+ 10olefins is decreased at high LHSV (4.5while the butenes
selectivity is increased. Paraffin selectivity is also increased at high
LHSVs. 



Table 4: Effect of LHSV (If) on the catalytic performance in the conversion
of bioethanol/bio-butanol mixtures into light olefins at 450 C over 10 %
Zr/ZSM-5 (80). LHSV, III Selectivity (%) Conversion (%)  Propylene Ethylene
Butenes Olefins Paraffms Butanol Ethanol 1.5 36 51 8 95 5 100 100 3.0 36 46
9 94 6 100 100 4.5 29 46 12 84 10 



100 100  15 Example 5:       100571 20 wt% Zr on mesoporous H-ZSM-5 was
found to be similarly active for the conversion of ethanol/butanol mixtures
with high selectivity towards propylene and 20C3+ olefins. However, the
major difference being a slightly lower optimum reaction temperature, 400 C
instead of 450 C (Table 5).  WO 2011/162717- 19 -PCT/SG2010/000235 ZSM-5.
Reactor temperature C Selectivity (%) Conversion (%)  Propylene Ethylene
Butenes Olefins Paraffins Butanol Ethanol 350 25 36 18 85 13 100 100 400 35



44 12 90 9 100 100 450 31 48 11 91 9 100 100 500 18 49 20 86 14 100 100
Example 6: 5[0058] Propylene and C3+ selectivity as a function of time on
stream experiment are shown in Figure 2 and 3 for 20 wt% Zr-modified
non-meso and mesoporous HZSM-5, respectively. In both cases, a slight
decrease in selectivity as a function of the time on stream is observed. In
addition, Figure 4 shows the propylene selectivity of Zr-modified non-meso
and mesoporous HZSM-5 samples at various temperatures and Zr loadings. It
is 10 clear that the optimum temperature is 450 C for non-mesoporous ZSM-5
while for the mesoporous one is 400 C. Regarding Zr loading, there is no
significant effect for the nonmesoporous sample at the optimum temperature.
However, the mesoporous sample at 400 C shows a slight increase in
propylene selectivity as the Zr loading is increased. 15Example 7:
[0059] The influence of the Si/Al2 ratio was systematically investigated.
The results are presented in Table 6. The highest propylene selectivity was
observed for Si/Al2 ratio of 80 while the H-ZSM-5 sample with Si/Al2 ratio
of 280 shows the lowest propylene 20selectivity. Table 6: Effect of Si/Al2
ratio on the catalytic performance in the conversion of
bioethanol/bio-butanol mixtures into light olefins. Si/Al2 Selectivity (%)
Conversion (%) 



Propylene Ethylene Butenes Olefins Paraffins Butanol Ethanol 30 34 44 10 89
10 100 100 50 34 46 10 91 9 100 100 80 36 46 9 94 6 100 100 280 8 



48 25 91 19 100 100  WO 2011/162717- 20 -PCT/SG2010/000235 Example 8:
[0060] The influence of various metals (10 wt%) was investigated. Table 7
shows a summary of the results. It can be conclude that the propylene
selectivity decrease as 5 follows: 1 Owt% Ga-ZSM5(80) > 1 Owt% Fe-ZSM5(80)
>10wt% La-ZSM5(80) >10wt% Ba-ZSM5(80). However, under the same conditions,
the Zr-modified sample shows the highest selectivity.      Table 7: Effect
of type of metal on the catalytic performance in the conversion of
bio10ethanol/bio-butanol mixtures into light olefins. Catalyst Selectivity
(%) Conversion (%)  Propylene Ethylene Butenes Olefins Paraffins Butanol
Ethanol 10 wt.% La-ZSM-5 (80) 17 48 18 85 15 100 100 10 wt.% 



Fe-ZSM-5 (80) 21 48 16 87 13 100 100 10 wt.% Ga-ZSM-5 (80) 24 48 14 88 12
100 100 10 wt.% Ba-ZSM-5 (80) 11 48 22 82 18 100 100  Example 9: [0061] In
order to study the influence of the type of zeolites, different zeolites
(H- 15 Y, H-Beta, H-MOR and H-FER) were used to prepare 10 wt.% Zr-modified
samples. Tables 8 a-d summarize the catalytic results. Clearly, Zr-modified
ZSM-5 exhibits the highest propylene and C3 + olefins selectivity as
compared to any of the other zeolites investigated. Thus, the catalytic
performance of this sample is, by far, the best one. 20Table 8a: Catalytic
performance in the conversion of bio-ethanol/bio-butanol mixtures into 



light olefins over 10 wt% Zr on H-Y catalyst.  WO 2011/162717 - 21 -
PCT/SG2010/000235  Reactor temperature C Selectivity (%) Conversion (%)
Propylene Ethylene Butenes Olefins Paraffins Butanol Ethanol 350 3 51 18 75
28 100 100 400 2 51 21 77 25 100 



100 450 2 50 23 76 26 100 100 500 1 49 24 75 26 100 100  Table 8b:
Catalytic performance in the conversion of bio-ethanol/bio-butanol mixtures
into light olefins over 10 wt% Zr on H-BETA catalysts Reactor temperature C
Selectivity (%) Conversion (%)  Propylene Ethylene Butenes Olefins
Paraffins Butanol Ethanol 350 7 



47 19 75 25 100 100 400 6 50 19 76 24 100 100 450 3 50 20 73 27 100 100 500
1 47 19 68 32 100 100  5 Table 8c: Catalytic performance in the conversion
of bio-ethanol/bio-butanol mixtures into light olefins over 10 wt% Zr on
H-MOR (90) catalysts Reactor 



temperature C Selectivity (%) Conversion (%)  Propylene Ethylene Butenes
Olefins Paraffins Butanol Ethanol 350 4 48 13 66 34 100 100 400 1 49 16 66
34 100 100 450 0 48 17 65 35 



100 100 500 0 48 18 66 34 100 100       Table 8d: Catalytic performance in
the conversion of bio-ethanol/bio-butanol mixtures into 10light olefins
over 10 wt% Zr on FER (20) catalysts Reactor temperature C Selectivity (%)
Conversion (%)  Propylene Ethylene Butenes Olefins Paraffins Butanol
Ethanol 350 8 48 23 81 19 100 100 400 



6 48 27 81 19 '100 100 450 3 48 29 80 20 100 100 500 2 48 29 80 20 100 100
WO 2011/162717PCT/SG2010/000235 22 - Example 10:       [0062] In order to
obtain stable propylene and C3+ olefins selectivity during the conversion
of bio-ethanol/bio-butanol mixtures into light olefins, P-modified Zr-ZSM-5
5 catalysts were synthesized using a sequential impregnation method. Thus,
the 5 wt% P-modified catalysts show stable yield of propylene and C3+
olefins over 15 h at 400 C (Figure 5) and 50 h at 450 C (Figure 6). Example
11: 10       [0063] Under similar reaction conditions previously described,
a blank reactor without catalyst was tested at 400 C. No significant
conversion of either ethanol or butanol is observed during these tests.
[0064] It is clearly evident from the examples reported above that the
process for 15 selective production of C3+ olefins can be improved by
adding metals such as Zr, Ga, La Fe, Li and elements such as P to H-ZSM-5
catalyst. Based on the foregoing disclosure, it should be clear that by the
method the objects set forth herein above can be fulfilled. It is,
therefore, to be understood that any variations evidently fall within the
scope of the claimed invention and thus, the selection of specific device
or apparatus, and specific 



20 metals or P modified H-ZSM-5 catalysts can be determined without
departing from the spirit of the invention herein disclosed. Thus, the
scope of the invention shall include all modifications and variations that
may fall within the scope of the attached claims. [0065] The invention
illustratively described herein may suitably be practiced in 25 the absence
of any element or elements, limitation or limitations, not specifically
disclosed herein. Thus, for example, the terms "comprising", "including,"
containing", etc. shall be read expansively and without limitation.
Additionally, the terms and expressions employed herein have been used as
terms of description and not of limitation, and there is no intention in
the use of such terms and expressions of excluding any equivalents of the
30 features shown and described or portions thereof, but it is recognised
that various modifications are possible within the scope of the invention
claimed. Additional objects, advantages, and features of this invention
will become apparent to those skilled in the art upon examination of the
foregoing examples and the appended claims. Thus, it should be  WO
2011/162717PCT/SG2010/000235 - 23 - understood that although the present
invention is specifically disclosed by exemplary embodiments and optional
features, modification and variation of the inventions embodied therein
herein disclosed may be resorted to by those skilled in the art, and that
such modifications and variations are considered to be within the scope of
this invention.  WO 2011/162717- 24 -PCT/SG2010/000235 Claims What is
claimed is:  51.A method of producing alkenes by dehydration of a mixture
of alcohols in a single step comprising:  providing two or more alcohols;
contacting the mixture with a catalyst, wherein the catalyst is a
metal-modified zeolite; and 10-reacting the mixture in a temperature range
of about 350 to about 500 C, thereby producing the alkenes.  2. The method
of claim 1, wherein the two or more alcohols are selected from the group
consisting of ethanol, propanol, n-butanol, 2-butanol, iso-butanol,
1-pentanol, 2- 15pentanol, 3-pentanol and 2-methyl-butan-lol.  3. The
method of claim 2, wherein the two or more alcohols are ethanol and
butanol.  4. The method of claim 3, wherein the butanol is selected from
the group of n-butanol, 202-butanol, iso-butanol and mixtures thereof  5.
The method of any of the preceding claims, wherein the alcohol is a
bio-alcohol.       6. The method of any of the preceding claims, wherein an
aqueous solution of the 25alcohol mixture is used. 7. The method of claim
6, wherein the alcohol concentration is from about 5 wt.% to about 90 wt.%,
based on the total alcohol concentration in the aqueous solution.  WO
2011/162717PCT/SG2010/000235 9. The method of claim 8, wherein about 5 wt.%
ethanol and about 5 wt.% butanol are used.      10. The method according to
any of the preceding claims, wherein the metal-modified 5zeolite is a
pentasil-typ zeolite. 11. The method of claim 10, wherein the
metal-modified zeolite is H-ZSM-5.       12. The method of claim 11,
wherein the H-ZSM-5 is mesoporous H-ZSM-5. 10 13. The method of any of the
preceding claims, wherein metal-modified zeolite is modified with one or
more metals selected from the group consisting of Mg, Ca, Ba, Sr, Cr, Mn,
Fe, Co, Ni, Cu, Zn, Ga, Ce, Ag, Pd, Bi, Ti, V, Zr, Mo, W, Li and La. 1514.
The method of claim 13, wherein the metal is Zr. 15. The method of claim 13
or 14, wherein the metal loading is from about 5 wt.% to about 25 wt.%. 



2016. The method according to claim 15, wherein the metal loading is about
20 wt.%. 17. The method of any of the preceding claims, wherein the zeolite
is further modified with a modifying agent. 2518. The method of claim 17,
wherein the modifying agent is phosphoric acid or a derivative thereof. 19.
The method of any of the preceding claims, wherein the zeolite has a
silica/alumina ratio between about 30 to about 280. 30  WO
2011/162717PCT/SG2010/000235 -26- 21. The method of claim 20, wherein
between about 20 to about 40% propylene, based on the total amount of the
alkenes produced, is obtained.     22. The method of claim 21, wherein
between about 30 to 40% propylene, based on the 5total amount of the
alkenes produced, is obtained. 23. The method of any of the preceding
claims, wherein the temperature is in a range of about 400 to about 450 C.
1024. The method of any of the preceding claims, wherein the Liquid Hourly
Space Velocity (LHSV) is in the range of about 1.5 to about 9 WI. 


