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PRODUCTION OF C,:. OLEFINS

PRIORITY

[0001] This application claims priority to USSN 61/912,866, filed December 6, 2013, the
disclosure of which is incorporated herein by reference in its entirety. This application also
claims priority to EP 14153943.7, filed February 5, 2014. Cross reference is made to the
following related patent applications: (i) U.S. Patent Application No.  , (Docket No.
2013EM330/2U8), filed November 17, 2014; (ii) U.S. Patent Application No. |, (Docket
No. 2013EM331/2US), filed November 17, 2014; (iii) P.C.T. Patent Application No. |
(Docket No. 2013EM342PCT), filed November 17, 2014; (iv), U.S. Patent Application No.
_, (Docket No. 2013EM342/2US), filed November 17, 2014; (v) U.S. Patent Application

No.  , (Docket No. 2014EMO068/2US), filed November 17, 2014; (vi) P.C.T. Patent
Application No.  , (Docket No. 2014EMO68PCT), filed November 17, 2014; (vii); U.S.
Patent Application No.  , (Docket No. 2013EM343/2US), filed November 17, 2014 (viii)
and P.C.T. Patent Application No. _ , (Docket No. 2013EM343PCT), filed November 17,
2014.

FIELD

[0002] This disclosure relates to processes for producing C,: olefins, equipment and
materials useful in such processes, and to the use of such olefins in, for example, the
production of polymers.

BACKGROUND

[0003] Although methane is abundant, its relative inertness has limited its utility in
conversion processes for producing higher-value hydrocarbons. For example, oxidative
coupling methods generally involve highly exothermic and potentially hazardous methane
combustion reactions, and frequently require expensive oxygen generation facilities and
produce large quantities of environmentally sensitive carbon oxides. Non-oxidative methane
conversion is equilibrium-limited, and temperatures > about 800°C are needed for methane
conversions greater than a few percent.

[0004] One way to avoid this difficulty involves converting methane to a mixture
comprising carbon monoxide and molecular hydrogen (the mixture being conventionally
referred to as “syngas”), converting the syngas to a mixture of oxygenates, and then converting

the oxygenates to olefins. See, e.g., U.S. Patent Application Publications Nos. 2005/0107481
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Al, 2008/0033218 A1, and 2007/0259972 A1, which disclose aspects of converting syngas to
a mixture comprising C; alcohol and C, alcohol, and then converting the mixture to a product
mixture comprising ethylene and propylene. According to those references, approximately
100% of the mixture’s ethanol is selectively converted to ethylene. The mixture’s methanol, in
contrast, produces (i) ethylene and propylene, in approximately equal amounts, and (ii) a
significant amount of by-products. The by-products can include, e.g., one or more of
molecular hydrogen, water, alcohols, carboxylic acids, ethers, carbon oxides, ammonia and
other nitrogenated compounds, arsines, phosphines, and chlorides. The by-products can also
include hydrocarbons, such as one or more of C4 to Cs olefins, acetylene, methyl acetylene,
propadiene, butadiene, butyne, and the like, and combinations therecof.

[0005] A more flexible process is desired, which can produce ethylene and propylene over
a wide range of relative amounts. In order to increase the efficiency of ethylene and propylene
recovery from the product mixture, a process is desired which produces fewer by-products than
does the conventional process. Advantageously, by-products (if any) should include (i)
molecules which can be efficiently separated from the product mixture’s ethylene and
propylene, such as water, and (ii) relatively high-value hydrocarbon such as Cs; hydrocarbon.
SUMMARY

[0006] Certain aspects of the invention are directed toward producing C,: olefin, such as
cthylene and propylene, from an alcohol-containing mixture. The alcohol-containing mixture
can comprise, €.g., > 2 wt. % methanol and > 1 wt. % ethanol, and can have a molar ratio of
methanol to C,; alcohol in the range of from 1.5:1 to 3:1. At least first and second streams are
separated from the alcohol-containing mixture. The first stream comprises at least a portion of
alcohol-containing mixture’s methanol. The second stream comprises at least a portion of the
alcohol-containing mixture‘s C,; alcohol.

[0007] At least a portion of the first stream’s methanol is reacted to produce a first
hydrocarbon and a first oxygenate. The first hydrocarbon and first oxygenate can be
conducted away from the reaction as components of a first product mixture. The first product
mixture can further comprise, e.g., unreacted components of the first stream, by-products of the
reacting, etc. The first hydrocarbon, which is produced by reacting the first stream’s methanol,
comprises > 25.0 wt. % of propylene and < 10.0 wt. % of ethylene, the weight percents being
based on the weight of the first hydrocarbon. At least a portion of the second stream’s Cs:

alcohol is reacted to produce a second hydrocarbon and a second oxygenate. The second
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hydrocarbon and second oxygenate can be conducted away from the reaction as components of
a second product mixture. The second product mixture can further comprise, e.g., unreacted
components of the second stream, by-products of the reacting, etc. The hydrocarbon produced
by reacting the second stream’s C,: alcohol comprises ethylene and propylene, the total
amount of ethylene + propylene being > 10.0 wt. % based on the weight of hydrocarbon
produced by reacting the second stream’s C,. alcohol.

[0008] The alcohol-containing mixture can be produced from a feed mixture comprising
molecular hydrogen and carbon monoxide, such as syngas. The syngas can be produced from
hydrocarbon, such as methane, or other suitable carbon source, such as coal or biomass. The
syngas can comprise, e.g., molecular hydrogen and > 5.0 wt. % of carbon monoxide, based on
the weight of the syngas, and the syngas can have an H, : (CO + CO,) molar ratio in the range
of from 0.5 to 20, e.g., an H,:CO ratio in the range of from 0.5 to 20. The syngas is then
reacted to produce the alcohol-containing mixture (this aspect of the process being referred to
as alcohol synthesis). The alcohol synthesis can further comprise recycling carbon monoxide
and/or molecular hydrogen from the alcohol-containing mixture to the feed mixture.

[0009] Certain aspects of the invention are based on the discovery that it is more efficient
to separate the methanol from the C,. alcohols upstream of alcohol conversion, rather than
convert the alcohol-containing mixture and then separate the various products and by-products.
More particularly, it has been found that separately processing the methanol and Cs+ alcohol
results in a significant increase in the olefin product’s propylene:ethylene weight ratio over that
of the conventional process. For example, when the alcohol-containing mixture has a molar
ratio of methanol to C,; alcohol in the range of from 1.5:1 to 3:1, the olefin product’s
propylene:ethylene weight ratio can be > 1.0, e.g., > 1.5. Moreover, it is observed that
separately processing the specified alcohol-containing mixture’s methanol and C,, alcohol
leads to a significant decrease in the amount of by-products, with remaining by-products, if
any, being either of relatively high value and/or easy to separate from the desired ethylene and
propylene products. The process is flexible, and can be operated to produce propylene and
ethylene over a wider propylene:ethylene weight ratio range than can conventional processes.
[0010] In other aspects, the invention relates to a process for producing ethylene and
propylene from a carbon-containing source material, e.g., natural gas or components thereof,
such as methane. The process includes reacting at least a portion of the source material’s

hydrocarbon to produce a feed mixture, the feed mixture comprising molecular hydrogen and >
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5.0 wt. % of carbon monoxide, based on the weight of the feed mixture, the feed mixture
having an H,:(CO + CO,) molar ratio in the range of from 0.5 to 20. The process continues by
reacting at least a portion of the feed mixture’s molecular hydrogen with at least a portion of
the feed mixture’s carbon monoxide, the reacting being carried out in the presence of a catalyst
comprising one or more elements or oxides thereof from Groups 8 to 12 of the Periodic Table,
to produce an alcohol-containing mixture, the alcohol-containing mixture comprising methanol
and > 2 wt. % of one or more C,. alcohols, based on the weight of the alcohol-containing
mixture. The alcohol-containing mixture has, e.g., a molar ratio of methanol to C,; alcohol in
the range of from 1.5 to 3. First and second streams are separated from the alcohol-containing
mixture, wherein (i) the first stream comprises > 50.0 wt. % of the alcohol-containing
mixture’s methanol based on the weight of the intermediate product’s methanol, and (ii) the
second stream comprises > 50.0 wt. % of the alcohol-containing mixture’s Cs; alcohols, based
on the weight of the alcohol-containing mixture’s C,: alcohols. At least part of the first
stream’s methanol is reacted in a first stage to produce a first hydrocarbon and first oxygenate,
wherein (i) the first hydrocarbon comprises Cs. olefin and (ii) the Cs_ olefin comprises > 25.0
wt. % of propylene and < 10.0 wt. % of cthylene, based on the weight of the first
hydrocarbon’s C;_ olefin. At least part of the second stream’s C,. alcohol is reacted in a
second stage to produce a second hydrocarbon and a second oxygenate, wherein (i) the second
hydrocarbon comprises C»+ olefin and (ii) the C+ olefin comprises a total amount of ethylene
+ propylene that is > 10.0 wt. % , based on the weight of the second hydrocarbon’s C,+ olefin.
DETAILED DESCRIPTION

Definitions

[0011] For the purpose of this description and appended claims, the following terms are
defined. The term "C," hydrocarbon wherein n is a positive integer, e.g., 1, 2, 3, 4, or 5, means
a hydrocarbon having n number of carbon atom(s) per molecule. The term "C," hydrocarbon
wherein n is a positive integer, e.g., 1, 2, 3, 4, or 5, means a hydrocarbon having at least n
number of carbon atom(s) per molecule. The term "C,-" hydrocarbon wherein n is a positive
integer, e.g., 1, 2, 3, 4, or 5, means a hydrocarbon having no more than n number of carbon
atom(s) per molecule. The term “hydrocarbon” encompasses mixtures of hydrocarbon having
different values of n. The term “alcohol-containing mixture” means a mixture comprising C;

alcohol and C, alcohol, and optionally other species including, e.g., Cs4+ alcohol and/or non-
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alcohols. As used herein, the numbering scheme for the groups of the Periodic Table of the
Elements is as disclosed in Chemical and Engineering News, 63(5), 27 (1985).

[0012] Certain aspects of the invention relate to producing C,+ olefin, particularly ethylene
and propylene, from alcohol-containing mixtures. Optionally, the alcohol-containing mixture
is produced by reacting a mixture comprising molecular hydrogen and carbon monoxide (a
“feed mixture” or “feed stream”), such as syngas. Optionally, the feed mixture is obtained by
reacting hydrocarbon (a “source material”), the source material comprising, e.g., Ci+
hydrocarbon, such as methane and/or ethane.

[0013] Methanol and ethanol are separated from the alcohol-containing mixture and
processed separately. Certain aspects of the invention utilize alcohol-containing mixtures
comprising a mixture of Cz- alcohol. The Cs- alcohol mixture is subsequently separated into a
first, methanol-containing stream and a second, C,—C; alcohol-containing stream. The
methanol in the first stream can then be converted into a propylene-rich product while the C,
and C; alcohol in the second stream can be dehydrated to ethylene and additional propylene.
These aspects are described in more detail below. The invention is not limited to these aspects,
and this description is not meant to foreclose other embodiments within the broader scope of
the invention.

Alcohol-Containing Mixture

[0014] In certain aspects, the alcohol-containing mixture comprises > 2 wt. % of methanol
and > 1 wt. % of C,: alcohol, the weight percents being based on the weight of the alcohol-
containing mixture. For example, the alcohol-containing mixture can comprise at least 15 wt.
% methanol and at least 7.5 wt. % ethanol, based on the weight of the alcohol-containing
mixture. Optionally, the alcohol-containing mixture comprises > 15 wt. % of methanol and >
7.5 wt. % of ethanol and/or propanol.

[0015] Optionally, the alcohol-containing mixture product contains methanol in an amount
ranging from about 2 wt. % to about 99 wt. %, based on the weight of the alcohol-containing
mixture, and contains an amount of ethanol and/or propanol effective for separation into the
specified first and second streams. For example, the alcohol-containing mixture can comprise
1 wt. % to 75 wt. % methanol, e.g., 5 wt. % to 60 wt. % methanol, such as 10 wt. % to 50 wt.
% methanol, based on the weight of the alcohol-containing mixture. The alcohol-containing
mixture can comprise, €.g., an amount of ethanol and/or propanol that is > 1 wt. %, e.g., > 2

wt. %, such as > 6 wt. %, or > 10 wt. %, based on the weight of the alcohol-containing
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mixture. For example, the alcohol-containing mixture can comprise > 2 wt. % of C, and/or Cs
alcohol, e.g., > 10 wt. %, such as > 15 wt. %, or > 20 wt. %, based on the weight of the
alcohol-containing mixture. In certain aspects, the alcohol-containing mixture comprises > 15
wt. % methanol and > 7.5 wt. % C, and/or Cs alcohol, e.g., 15 wt. % to 50 wt. % methanol and
7.5 wt. % to 25 wt. % C, and/or Cs alcohol.

[0016] In certain aspects, the alcohol-containing mixture comprises > 0.1 wt. % of Cs
alcohols, based on the weight of the alcohol-containing mixture, e.g., > 0.5 wt. %, such as >
1.0 wt. %. In certain aspects, the alcohol-containing mixture comprises > 0.1 wt. % water, e.g.,
> 1.0 wt. % water, based on the weight of the alcohol-containing mixture. For example, the
amount of water in the alcohol-containing mixture can be in the range of from 0.1 wt. % water
to 20 wt. % water, such as from 1 wt. % water to 10 wt. % water. Optionally, the second
stream comprises > 0.1 wt. % water, e.g., > 1.0 wt. % water, based on the weight of the second
stream. For example, the amount of water in the second stream can be in the range of from 0.1
wt. % water to 20 wt. % water, such as from 1 wt. % water to 10 wt. % water.

[0017] In certain aspects, the alcohol-containing mixture comprises < 1.0 mole % of
carbon monoxide, e.g., <0.1 mole %, such as <0.01 mole %; < 1.0 mole % of carbon dioxide,
e.g., <0.1 mole %, such as < 0.01 mole %; < 1.0 mole % of aldehyde, e.g., <0.1 mole %, such
as <0.01 mole %; and < 1.0 mole % of molecular hydrogen, e.g., <0.1 mole %, such as <0.01
mole %; the mole percents being per mole of the alcohol-containing mixture.

[0018] Conventional means can be utilized for separating the specified first and second
streams from the alcohol-containing mixture. The first stream generally comprises > 10.0 wt.
% of the alcohol-containing mixture’s methanol based on the weight of the intermediate
product’s methanol. The second stream generally comprises > 10.0 wt. % of the alcohol-
containing mixture’s Cy; alcohols, based on the weight of the alcohol-containing mixture’s Cy+
alcohols.

[0019] In certain aspects, the first stream comprises > 10.0 wt. % of the alcohol-containing
mixture’s methanol, based on the weight of methanol in the alcohol-containing mixture, e.g., >
50.0 wt. %, such as > 75.0 wt. %, or > 90.0 wt. %, or > 95.0 wt. %, or > 99.0 wt. % of the
alcohol-containing mixture’s methanol. In certain aspects of the invention, the first stream
comprises > 50.0 wt. % methanol, e.g., > 75.0 wt. %, such as > 90.0 wt. %, or > 99.0 wt. %
methanol, based on the weight of the first stream. Although it can be undesirable to do so, for

reasons including inefficiency and cost, it is not necessary to obtain all of the first stream’s
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methanol via methanol removal from the alcohol-containing mixture. For example, methanol
can be added to the first stream when insufficient methanol is obtained from the alcohol-
containing mixture, as might occur when the alcohol-containing mixture contains less than the
desired amount of methanol or when inefficient separation means are utilized for transferring
methanol from the alcohol-containing mixture to the first stream. In certain aspects, > 50.0 wt.
% of the first stream’s methanol is methanol removed from the alcohol-containing mixture,
e.g., > 75.0 wt. %, such as > 90.0 wt. %, or > 99.0 wt. %, based on the weight of the first
stream’s methanol. In related aspects, substantially all of the first stream’s methanol is
obtained from the alcohol-containing mixture. Although C,; alcohol (and other non-methanol
oxygenates) can be present in the first stream, it is preferred that the amounts of these species
do not exceed 1.0 wt. %, based on the weight of the first stream, e.g., < 0.1 wt. %, such as <
0.01 wt. %. Water can be present in the first stream, but it is preferred that the amounts of
water does not exceed 10.0 wt. %, based on the weight of the first stream, e.g., <1 wt. %, such
as < 0.1 wt. %. Generally, the first stream does not contain a significant amount of
hydrocarbon, whether saturated or otherwise. For example, the amount of hydrocarbon in the
first stream is generally < 1.0 wt. %, based on the weight of the first stream, e.g., < 0.1 wt. %,
such as <0.01 wt. %.

[0020] In certain aspects, the second stream comprises > 10.0 wt. % of the alcohol-
containing mixture’s C,; alcohol, based on the weight of C,; alcohol in the alcohol-containing
mixture, e.g., > 50.0 wt. %, such as > 75.0 wt. %, or > 90.0 wt. %, or > 95.0 wt. %, or > 99.0
wt. % of the alcohol-containing mixture’s C,; alcohol. In certain aspects of the invention, the
second stream comprises > 50.0 wt. % C,; alcohol, e.g., > 75.0 wt. %, such as > 90.0 wt. %, or
> 99.0 wt. % C,. alcohol, based on the weight of the second stream. Optionally, the second
stream’s C,; alcohol comprises > 60.0 wt. % ethanol, such as > 80.0 wt. % ethanol, based on
the weight of the second stream’s Co; alcohol.  Optionally, the second stream’s C,. alcohol
comprises > 0.5 wt. % propanol, e.g., > 1.0 wt. %, such as > 5.0 wt. %, based on the weight of
the second stream’s C,; alcohol. Optionally, the second stream has a propanol: ethanol weight
ratio in the range of from about 0.01 to 1.0, e.g., 0.05 to 0.70, such as about 0.10 to about 0.50.
Although it can be undesirable to do so, for reasons including inefficiency and cost, it is not
necessary to obtain all of the second stream’s C,4 alcohol (or individual alcohol components
thereof) via C,; alcohol removal from the alcohol-containing mixture. For example, Cs:

alcohol can be added to the second stream when insufficient methanol is obtained from the
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alcohol-containing mixture, as might occur when the alcohol-containing mixture contains less
than the desired amount of C,, alcohol, or when inefficient separation means are utilized for
transferring C,: alcohol from the alcohol-containing mixture to the second stream. In certain
aspects, > 50.0 wt. % of the second stream’s C,. alcohol is C,. alcohol removed from the
alcohol-containing mixture, e.g., > 75.0 wt. %, such as > 90.0 wt. %, or > 99.0 wt. %, based on
the weight of the second stream’s C,; alcohol. In related aspects, substantially all of the
second stream’s C,; alcohol is obtained from the alcohol-containing mixture. Although
methanol (and other non-C,; alcohol oxygenates, such as CO,) can be present in the second
stream, it is preferred that the amounts of these species do not exceed 1.0 wt. %, based on the
weight of the second stream, e.g., < 0.1 wt. %, such as < 0.01 wt. %. Water can be present in
the second stream, but it is preferred that the amount of water does not exceed 20.0 wt. %,
based on the weight of the second stream, e.g., < 10 wt. %, such as < 1.0 wt. %, or <0.1 wt. %.
Generally, the second stream does not contain a significant amount of hydrocarbon, whether
saturated or otherwise. For example, the amount of hydrocarbon in the second stream is
generally < 1.0 wt. %, based on the weight of the second stream, e.g., < 0.1 wt. %, such as <
0.01 wt. %.

[0021] Aspect relating to producing a carbon monoxide — molecular hydrogen mixture
such as syngas by reacting a carbon-containing source material will now be described in more
detail. The invention is not limited to these aspects, and this description is not meant to
foreclose other embodiments within the broader scope of the invention.

Producing a Carbon Monoxide — Molecular Hydrogen Mixture

[0022] In certain aspects, methane and/or other carbon-containing source material is
converted via a mixture of carbon monoxide and molecular hydrogen, e.g., syngas. The carbon
monoxide — molecular hydrogen mixture is reacted to produce a mixture of lower alcohols, the
lower alcohols being divided into separate methanol and C,, alcohol streams before the alcohol
streams are converted to olefins.

[0023] The type of carbon-containing source material used is not critical. The source
material can comprise, e.g., methane and other lower (C4-) alkanes, such as contained in a
natural gas stream, or heavier hydrocarbonaceous materials, such as coal and biomass.
Desirably, the source material comprises > 10 vol. %, such as > 50 vol. %, based on the

volume of the source material, of at least one hydrocarbon, especially methane.
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[0024] The source material can be initially converted to a carbon monoxide — molecular
hydrogen mixture by any convenient method, including those well-established in the art.
Suitable methods include those described in U.S. Patent Application Publications Nos.
2007/0259972 Al, 2008/0033218 Al, and 2005/0107481, each of which is incorporated by
reference herein in its entirety. Certain aspects where the carbon monoxide — molecular
hydrogen mixture is syngas will now be described in more detail. The invention is not limited
to these aspects, and this description is not meant to foreclose other aspects within the broader
scope of the invention, such as those where the carbon monoxide — molecular hydrogen
mixture does not contain syngas.
[0025] Natural gas can be converted to syngas by steam reforming. The first step normally
involves the removal of inert components in the natural gas, such as nitrogen, argon, and
carbon dioxide. Natural gas liquids will also be recovered and directed to other processing or
transport. The treated natural gas will comprise primarily methane and some ethane with small
amounts of higher alkanes, such as propane. Preferably, the natural gas comprises more than
90 vol. % methane. The treated natural gas is then contacted with steam in the presence of a
catalyst, such as one or more metals or compounds thereof selected from Groups 7 to 10 of the
Periodic Table of the Elements supported on an attrition resistant refractory support, such as
alumina. The contacting is normally conducted at high temperature, such as in the range of
from 800°C to 1100°C, and pressures < 5000 kPa. Under these conditions, methane converts
to carbon monoxide and hydrogen according to reactions, such as:
CH4 + H,O=CO + 3H..
[0026] Steam reforming is energy intensive in that the process consumes over 200 kJ/mole
of methane consumed. A second method is partial oxidation, in which the methane is burned
in an oxygen-lean environment. The methane is partially-oxidized to carbon monoxide
(reaction (i)), with a portion of the carbon monoxide being exposed to steam reforming
conditions (reaction (ii)) to produce molecular hydrogen and carbon dioxide, according to the
following representative reactions:
CH,4 +°/, 0, =CO + 2H,0 (i),
CO + H,0 =CO; + Hy (ii).
[0027] Partial oxidation is exothermic and yields a significant amount of heat. Because one
reaction is endothermic and the other is exothermic, steam reforming and partial oxidation are

often performed together for efficient energy usage. Combining the steam reforming and
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partial oxidation yields a third process wherein the heat generated by the partial oxidation is
used to drive the steam reforming to yield syngas.

[0028] Syngas can be utilized as a feed mixture to the alcohol-synthesis reaction. The
syngas can be reacted by any convenient methods, including conventional methods such as
those disclosed in U.S. Patent Application Publications Nos. 2007/0259972 A1, 2008/0033218
Al, and 2005/0107481. Aspects of the invention which include reacting at least a portion of
the syngas in the presence of at least one alcohol-synthesis catalyst to produce the specified
alcohol-containing mixture, will now be described in more detail. The invention is not limited
to these aspects, and this description is not meant to foreclose other aspects within the broader
scope of the invention, including aspects utilizing non-catalytic methods and those utilizing a
different catalyst.

Producing an Alcohol-Containing Mixture

[0029] Syngas can be utilized as a carbon monoxide — molecular hydrogen mixture for
synthesizing C,; olefin. In certain aspects, the invention relates to a process including the
catalytic conversion of at least part of the syngas to a mixture of methanol and C,. alcohol,
especially ethanol and propanol. The choice of alcohol-synthesis catalyst is not critical.
Conventional alcohol-synthesis catalysts can be used in the process, such as one or more
elements or oxides from Groups 8 to 12 of the Periodic Table, for example Ni, Cu, Zn, Mn, Ru,
Rh, Ag and combinations thereof. Optionally, the alcohol-synthesis catalyst is supported on a
refractory support, such as one or more of alumina, zirconia, titania, calcia silica, and
magnesia. The catalyst can be promoted by doping with one or more elements or compounds
thereof from Groups 1 or 2 of the Periodic Table, such as Cs, K, and Ca. Desirably, the
catalyst comprises copper oxide and zinc oxide, for example in an atomic ratio of copper to
zinc from 1:1 to 8:1. An example of such a catalyst is disclosed in U.S. Patent No 4,111,847,
the entire contents of which are incorporated herein by reference. One advantage of such
mixed copper and zinc oxide catalysts is that they exhibit a combination of a high selectivity
for the conversion of syngas to alcohols and a low selectivity for the conversion of syngas back
to methane. In one embodiment, the catalyst comprises a mixed copper and zinc oxide catalyst
promoted with an alkali metal, such as caesium, and supported on alumina. An example of
such a catalyst is disclosed in U.S. Patent Publication No 2007/0161717, the entire contents of

which are incorporated herein by reference.
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[0030] The syngas conversion process can be conducted over a wide range of conditions,
e.g., a temperature in the range of from 200°C to 350°C, a pressure in the range of from 300
psia to 1200 psia (2068 to 8274 kPa), a gas hourly space velocity (vol/vol) of 1000 hr™' to 6000
hr', and a H»/CO molar ratio of > 0.5, ¢.g., in the range of from 0.5:1 to 4:1, or from 0.5:1 to
3:1. Desirably the reaction is conducted in a reactor that allows high heat transfer rates so as to
reduce the formation of by-products, such as methane and carbon dioxide. A suitable reactor is
a microchannel reactor which includes a plurality of microchannel reaction channels in thermal
contact with a plurality of adjacent heat exchange microchannels. In such a reactor each
microchannel may have a width of 5 mm or less, with the reactor having 10, 100, 1000 or more
channels. Non-limiting examples of microchannel reactors are disclosed in U.S. Patent Nos.
6,200,536 and 6,219,973 (both of which are incorporated by reference herein in their entirety).
[0031] By controlling the catalyst and reaction conditions as described above, the syngas
conversion process can be operated to produce a mixture of methanol and C,. alcohols, in
which methanol comprises at least 40 wt. % of the total conversion products, C,: alcohols
comprise at least 20 wt. % of the total conversion products and the ratio of methanol to Cs:
alcohols in the product effluent is in the range of from 1.5 to 3. Typical rates of conversion of
the syngas that can be achieved during the process are from 10 to 50 mole %. A representative
reaction occurring during the syngas conversion process is as follows:

4CO + 8H, — 2CH;0H + C;HsOH + H,O .
[0032] Any unreacted syngas, and any by-products of the syngas conversion, can readily
be removed from process effluent. Optionally, at least a portion of any separated syngas
and/or at least a portion of any components thereof, are recycled to a location upstream of the
alcohol-synthesis reaction, e.g., for combining with the syngas feed to the alcohol-synthesis
reaction. This can be accomplished in one or more separation stages located downstream of the
syngas conversion, which will now be described in more detail.
[0033] In certain aspects, a first separation stage is utilized for separating from the alcohol-
containing mixture one or more of (i) the first stream, (ii) the second stream, (iii) an aqueous
stream, (iv) unreacted syngas and components thereof, and (v) additional streams such as
additional by-product streams. The first separation stage can include one or more separation
means, e.g., membrane means, sorption means, fractional distillation means, knock-out drum

means, extraction means, ctc. Conventional separations means are suitable, such as those
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described in U.S. Patent Application Publication No. 2008/0033218 A1, but the invention is
not limited thereto.

[0034] In certain aspects, at least a portion of any unreacted syngas is optionally separated
from the alcohol-containing mixture and recycled to the conversion process (the alcohol-
synthesis reaction). The separation can be carried out in the specified first separation stage.
Although at least a portion of any carbon dioxide and/or water present in the syngas or
produced in the alcohol-synthesis reaction can be recycled, e.g., for regulating the alcohol-
synthesis reaction, it is within the scope of the invention to utilize the first separation stage for
removing at least portions of these from the process.

[0035] In certain aspects, the process effluent obtained from the alcohol-synthesis reaction
comprises (or consists essentially of, or consists of) C;. alcohols, carbon monoxide, molecular
hydrogen, and optionally water and/or carbon dioxide. The first separation stage can be
utilized at least for separating and conducting away (for storage, recycle, or further processing)
> 90.0%, > 95.0%, such as > 99.0% of each (weight basis) of the carbon monoxide, molecular
hydrogen, and optionally water and/or carbon dioxide in the process effluent. The remainder
of the process effluent from the alcohol-synthesis reaction constitutes the alcohol-containing
mixture. The alcohol-containing mixture comprises mainly of Cs. alcohols, e.g., > 50.0 wt. %
Cs. alcohols, e.g., > 75.0 wt. %, such as > 99.0 wt. %, based on the weight of the alcohol-
containing mixture. In certain aspects, the alcohol-containing mixture comprises least 15 wt.
% methanol and at least 7.5 wt. % ethanol, based on the weight of the alcohol-containing
mixture. Further separations, which can be carried out by fractional distillation in the specified
first separation stage, can be utilized for separating from the alcohol-containing mixture (i) a
methanol-containing first stream (methanol has a normal boiling point of 64.7°C) and (ii) a Cy,
alcohol-containing second stream (ethanol has a normal boiling point of 78.4°C). These
streams are then separately converted to olefinic products, with the methanol in the first stream
being converted into a propylene-rich product while the C,—Cj3 alcohols in the second stream
are dehydrated to ethylene and additional propylene.

[0036] Surprisingly, it has been found to be more efficient to separate the methanol from
the C,—C; alcohols upstream of alcohol conversion process, rather than convert the entire Cs-
alcohol mixture and then separate the various products and by-products, particularly when
increased amounts of propylene are desired. It has also been surprisingly found that the

process produces fewer undesirable by-products than oxygenate-to-olefin processes. The
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conventional oxygenate-to-olefins process described in U.S. Patent Application Publication
No. 2007/0259972, discloses that approximately 100% of ethanol in its methanol-ethanol feed
is converted to ethylene, which strongly suggests that the many by-products enumerated in that
patent application are produced by methanol conversion. Surprisingly, it has been found that
separating and converting at least a portion of the alcohol-containing mixture’s methanol
produces fewer by-products than does converting all of the methanol in the second stage in the
presence of C,. alcohol. Certain by-products are particularly undesired because, e.g., they
have a deleterious effect on the process, are difficult to separate from the desired light olefin
products, etc. Such undesired by-products include one or more of alcohols; carboxylic acids;
ethers, carbon oxides; ammonia and other nitrogenated compounds; arsine; phosphine;
chlorides; molecular hydrogen; hydrocarbons containing one or more carbon-carbon triple
bonds, such as acetylene; and hydrocarbons containing two or more carbon-carbon double
bonds, propadiene and butadiene. The amount of such by-products in the first and second
product mixtures (on a weight basis, based on the combined weight of the first and second
product mixtures) is generally < 0.9 times that observed in the effluent of an oxygenate-to-
olefin reaction utilizing the same alcohol-containing mixture as a feed an operated under
substantially the same conditions as those specified for converting the second stream in the
second stage of the process, < 0.75 times, such as <0.5 times.

[0037] Certain aspects for reacting the first and second streams will now be described in
more detail. The invention is not limited to these aspects, and this description is not meant to
foreclose other aspects within the broader scope of the invention.

Reacting the First Stream

[0038] Conversion of the methanol-containing first stream into a propylene-rich product is
conveniently effected by a two-stage process, the first stage being utilized for reacting the first
stream’s methanol and the second stage being utilized for reacting the second stream’s C,—Cs
alcohols.

[0039] At least a portion of the methanol in the first stream is reacted in a first stage to
convert at least a portion of the first stream’s methanol to olefins, e.g., Cs. olefin, wherein the
Cs. olefin comprises > 25.0 wt. % of propylene and < 10.0 wt. % of cthylene, based on the
weight of the Cs. olefin. For example, > 50.0 wt. % of the first stream’s methanol, based on
the weight of the first stream’s methanol, > 75.0 wt. %, such as > 90.0 wt. %, or > 95.0 wt. %

can be reacted in the first stage to produce a first hydrocarbon and a first oxygenate.
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Generally, (i) the first hydrocarbon comprises Cs. olefin and (ii) the Cs.olefin comprises
primarily ethylene + propylene that is > 10.0 wt. % (ethylene + propylene), based on the
weight of the first hydrocarbon’s Cs. olefin, e.g., > 50.0 wt. %, such as > 75.0 wt. %, or > 95.0
wt. % (ethylene + propylene). Optionally, the first hydrocarbon comprises > 50.0 wt. % of Cas.
olefin, based on the weight of the first hydrocarbon, e.g., > 75.0 wt. %, such as > 90.0 wt. %.
Optionally, the first hydrocarbon comprises > 50.0 wt. % of propylene, based on the weight of
the first hydrocarbon, e.g., > 75.0 wt. %, such as > 90.0 wt. %. Optionally, the first
hydrocarbon has a propylene: ethylene weight ratio PE; > 10.0, e.g., > 1.0x10?, such as >
1.0x10°. In certain aspects, the first hydrocarbon contains substantially no ethylene, e.g., < 0.1
wt. % of ethylene based on the weight of the first product. The first hydrocarbon can further
comprise (1) Cs+ hydrocarbon, e.g., 5.0 wt. % to 50 wt. % of Cs+ hydrocarbon, such as 10.0 wt.
% to 30.0 wt. %, and/or (ii) C4. saturated hydrocarbon, e.g., 1.0 wt. % to 20.0 wt. % of Cy
saturated hydrocarbon, such as 5.0 wt. % to 15.0 wt. %, the weight percents being based on the
weight of the first hydrocarbon. The first hydrocarbon can further comprise C4 olefin.

[0040] The first oxygenate is primarily water, e.g., > 50.0 wt. % water based on the weight
of the first oxygenate, such as > 90.0 wt. %. The first hydrocarbon and first oxygenate can be
conducted away from the second stage as components of a second product mixture.

[0041] At least part of the first stream’s methanol is reacted in a first stage to produce a
first hydrocarbon and first oxygenate, e.g., > 50.0 wt. %, such as > 75.0 wt. % or > 90.0 wt. %
based on the weight of methanol in the first stream. The first hydrocarbon generally comprises
Cs. olefin, the C;. olefin comprising > 25.0 wt. % of propylene and < 10.0 wt. % of ethylene,
based on the weight of the first hydrocarbon’s Cs. olefin.

[0042] In certain aspects, the first stage includes reacting the at least a portion (e.g., > 50.0
wt. %, such as > 75.0 wt. %, or > 90.0 wt. %) of the first stream’s methanol (generally at least
a portion of which is in the vapor phase) over a first catalyst, such as alumina, to obtain a first
vapor mixture containing dimethyl ether (“DME”). The DME-containing first vapor mixture is
then reacted over a shape-sclective molecular sieve catalyst disposed in at least two series-
connected tubular reactors to produce a product mixture containing propylene. Suitable shape-
selective molecular sieves comprise aluminosilicate zeolites having a Constraint Index of 1 to
12. Constraint Index is defined in U.S. Patent No. 4,016,218 and suitable aluminosilicate
zeolites with a Constraint Index of 1 to 12 include ZSM-5, ZSM-11, ZSM-12, ZSM-22, ZSM-
23, ZSM-35, and ZSM-48. ZSM-5 is described in detail in U.S. Patent Nos. 3,702,886 and Re.
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290,948. ZSM-11 is described in detail in U.S. Patent No. 3,709,979. ZSM-12 is described in
U.S. Patent No. 3,832,449. ZSM-22 is described in U.S. Patent No. 4,556,477. ZSM-23 is
described in U.S. Patent No. 4,076,842, ZSM-35 is described in U.S. Patent No. 4,016,245.
ZSM-48 is more particularly described in U.S. Patent No. 4,234,231. In one preferred
embodiment, the molecular sieve is ZSM-5 with an alkali content of less than 380 ppm and
preferably less than 200 ppm, a ZnO content of less than 0.1 wt-%, a CdO content of less than
0.1 wt. %, a BET surface area of 300 to 600 m*/g, and a pore volume (determined by mercury
porosimetry) of 0.3 to 0.8 m*/g.

[0043] Suitable conditions for the first stage conversion of methanol to DME include a
temperature in the range of from 200°C to 350°C, a pressure in the range of from 100 kPa to
1000 kPa, and a methanol weight hourly space velocity from 1 hr' to 6 hr'. Suitable
conditions for the second stage conversion of DME to propylene include a temperature in the
range of from 350°C to 500°C, a pressure in the range of from 100 kPa to 1000 kPa and a
DME weight hourly space velocity in the range of from 1 hr' to 5 hr'. Under these
conditions, > 10.0 wt. % of the first stream’s methanol is converted to propylene, based on the
weight of the first stream’s methanol, e.g., > 20.0 wt. %, such as > 30.0 wt. %. Further details
of this methanol to propylene conversion process can be found in the Handbook of Petroleum

Production Processes, Chapter 10.1, McGraw-Hill, 2005, and in U.S. Patent No. 7,015,369, the

entire contents of both being incorporated herein by reference. A first product mixture can be
conducted away from the first stage, the first product mixture comprising (i) at least a portion
of the propylene produced in the first stage by reacting the first stream’s methanol and
optionally (ii) at least a portion of any by-products, such as at least a portion of any water, Cs
hydrocarbon, and/or Cs saturated hydrocarbon. In certain aspects, the product mixture
discharged from the last tubular reactor in this process has a propylene content of 20 to 50 vol.
% based on the total volume of the first product mixture.

[0044] In certain aspects, the first product mixture comprises > 10.0 wt. % propylene, e.g.,
> 20.0 wt. %, such as > 30.0 wt. %; > 1.0 wt. % of Cs; hydrocarbon, ¢.g., > 2.0 wt. %, such as
> 3.0 wt. %; > 0.01 wt. % of C4_ saturated hydrocarbon, e.g., > 0.02 wt. %, such as > 0.03 wt.
%; and > 30.0 wt. % water, e.g., > 40.0 wt. %, such as > 50.0 wt. %; the weight percents being
based on based on the weight of the first product mixture. Generally, the first product mixture
comprises < 15.0 wt. % of Cs, hydrocarbon, e.g., < 10.0 wt. %, such as < 5.0 wt. %; and <0.15
wt. % of C4_ saturated hydrocarbon, e.g., <0.10 wt. %, such as <0.05 wt. %. The first product
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mixture can contain small amounts of other by-products, e.g., ethylene, C4 olefin, and/or
oxygenate. When present, the amount of such by-products is generally < 1.0 wt. %, e.g., <0.1
wt. %, such as < 0.01 wt. %, based on the weight of the first product mixture. The weight
fraction of the first product mixture that is propylene (weight of propylene in the product
mixture divided by the weight of the product mixture) has the value Py. Py is generally > 0.1,
e.g., > 0.2, such as > 0.3.

[0045] Conventional separation means can be utilized for separating propylene from the
first product mixture, but the invention is not limited thereto. Suitable separation means are
disclosed in U.S. Patent Application Publication No. 2008/0033218 Al.

[0046] In certain aspects, at least a portion of the first product mixture is conducted to a
second separation stage for removing propylene from the first product mixture. The second
separation stage can include one or more of the separation means disclosed in U.S. Patent
Application Publication No. 2008/0033218 A1, for example. In other aspects, at least a portion
of the first product mixture is conducted to the first separation stage, e.g., by combining at least
a portion of the first product mixture with at least a portion of the alcohol-containing mixture,
or one or more components thereof. The combining can be carried out in the first separation
stage, and/or at a location upstream thereof. These aspects of the invention are efficient
because, e.g., water present in the first product mixture can be removed using the water-
removal means present in the first separation stage for removing water from the alcohol-
synthesis process effluent, obviating the need for additional water-removal means in a second
separation stage. For greater efficiency, propylene-removal means can be located in the first
separation stage for removing propylene from the first product mixture. Other by-products
(non-aqueous, and especially non-water by-products) in the first product mixture can be
removed in the first separation stage. For example, the first separation stage can contain
additional separation means for removing at least a portion of any Cs: hydrocarbon, C, olefin,
C4 olefin, and/or Cs. saturated hydrocarbon that might be present in the first product mixture.
Separated propylene can be conducted away from the process, e.g., for storage or further
processing, including polymerization.

Reacting the Second Stream

[0047] At least a portion of the C,. alcohol in the second stream are reacted in a second
stage to convert at least a portion of the second stream’s C,. alcohol to olefins, e.g., ethylene

and propylene. For example, > 50.0 wt. % of the second stream’s C,. alcohol , based on the
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weight of the second stream’s Cy, alcohol, > 75.0 wt. %, such as > 90.0 wt. %, or > 95.0 wt. %
can be reacted in a second stage to produce a second hydrocarbon and a second oxygenate,
wherein (i) the second hydrocarbon comprises C,: olefin and (ii) the C,: olefin comprises a
total amount of ethylene + propylene that is > 10.0 wt. % , based on the weight of the second
hydrocarbon’s C,. olefin. The second hydrocarbon optionally comprises > 50.0 wt. % of Cyy
olefin, based on the weight of the second hydrocarbon, e.g., > 75.0 wt. %, such as > 90.0 wt.
%. Optionally, the C,. olefin comprises primarily ethylene and propylene, ¢.g., > 50.0 wt. %
of ethylene+propylene, based on the weight of the second hydrocarbon, such as > 75.0 wt. %,
or > 90.0 wt. %. Optionally, the second hydrocarbon has a propylene:ethylene weight ratio
PE; > 0.10, e.g., > 0.20, such as > 0.30, or > 0.40, or > 0.50. For example, the second
hydrocarbon can have a propylene:ethylene weight ratio in the range of from 0.10 to 0.60, e.g.,
about 0.20 to about 0.50, or about 0.30 to about 0.40.  The second oxygenate is primarily
water, e.g., > 50.0 wt. % water based on the weight of the second oxygenate. The second
hydrocarbon and second oxygenate can be conducted away from the second stage as
components of a second product mixture.

[0048] In certain aspects, the second stage includes at least one conventional alcohol
dehydrogenation reaction, where the C,; alcohols in the second stream are converted to their
corresponding olefins by dehydration. In these aspects, the dehydration can be, e.g., conducted
in the presence of a solid acid catalyst, such as amorphous and/or crystalline Al,O3, ZrO,,
and/or WOs;, either alone or supported on metal oxides and sulfides of W, V, Zr, and/or Mo.
Polyoxometalates containing W and/or Mo are also suitable dehydration catalysts. Suitable
conditions for the dehydration reaction include a temperature of at least 180°C, such as in the
range of from 180°C to 450°C and a pressure in the range of from 0.5 atm to about 25 atm
absolute (from 50 kPa to 2.5 MPa). Suitable conventional alcohol dehydrogenation processes
include those described in U.S. Patent Nos. 4,062,905; 4,079,095; 4,079,096; 3,911,041; and
4,049,573, each of which is incorporated by reference herein in its entirety.

[0049] In aspects where the second stage includes at least one conventional alcohol
dehydrogenation reaction, the second product mixture generally comprises propylene and
ethylene, the propylene and ethylene being present in a propylene:ethylene weight ratio that is
substantially equal to the second stream’s propanol:ethanol weight ratio. The term
“substantially” equal in this case means within about +/- 10% of equal, such as within about

+/- 5% of equal. For example, when the second stream has an propanol: ethanol weight ratio
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in the range of from 0.01 to 1.0, e.g., 0.05 to 0.70, such as 0.10 to 0.50, the second product
mixture’s propylene: ethylene weight ratio is substantially within the range of from 0.01 to 1.0,
¢.g., substantially in the range of 0.05 to 0.70, such as substantially in the range of 0.10 to 0.50.
In certain aspects where the second stage includes conventional alcohol dehydrogenation, the
second product mixture comprises > 20.0 wt. % ethylene, e.g., > 30.0 wt. %, such as > 40.0 wt.
%; > 10.0 wt. % propylene, e.g., > 20.0 wt. %, such as > 30.0 wt. %; < 1.0 wt. % of Cs,

hydrocarbon, e.g., < 0.1 wt. %, such as <0.01 wt. %; < 1.0 wt. % of C,4_ saturated hydrocarbon,

e.g., <0.1 wt. %, such as <0.01 wt. %; and > 30.0 wt. % water, e.g., > 40.0 wt. %, such as >
50.0 wt. %; the weight percents being based on based on the weight of the second product
mixture. The second product mixture can contain small amounts of other by-products, e.g., C4
olefin, and/or oxygenate such as one or more ethers. When present, the amount of such by-
products is generally < 1.0 wt. %, e.g., < 0.1 wt. %, such as < 0.01 wt. %, based on the weight
of the second product mixture. The weight fraction of the second product mixture that is
propylene (weight of propylene in the second product mixture divided by the weight of the
second product mixture) has the value P,. P, is generally > 0.1, e.g., > 0.2, such as > 0.3. The
weight fraction of the second product mixture that is cthylene (weight of ethylene in the second
product mixture divided by the weight of the second product mixture) has the value E,. E, is
generally > 0.2, e.g., > 0.3, such as > 0.4.

[0050] In certain aspects, the second stage includes at least one alcohol conversion
reaction, where the C,. alcohols in the second stream are converted to olefins in at least one
oxygenate-to-olefin (“OTO”) reaction carried out in the presence of at least one
aluminophosphate molecular sieve OTO catalyst. Suitable OTO reactions include those
described in U.S. Patents Nos. 4,499,327 and 6,518,475, both of which are incorporated by
reference herein in their entirety. OTO reactions differ from conventional alcohol
dehydrogenation reactions. One difference is found in the relationship between (i) the weight
ratios of component alcohols in the olefin-synthesis reaction’s feed and (ii) the weight ratios of
the equivalent olefins in the reaction product.  These ratios are strongly correlated in
conventional alcohol dehydrogenation, with, e.g., the C, alcohol: Cs alcohol weight ratio in the
olefin synthesis reaction’s feed being substantially the same as the C, olefin: C; olefin weight
ratio in the olefin synthesis reaction’s product. In OTO reactions, the weight ratios of olefins in
the product generally do not correlate strongly with the weight ratios of the equivalent alcohols

in the feed.
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[0051] This effect is observed in U.S. Patent Application Publication No. 2007/0259972
A1, which discloses that an OTO reaction converts ethanol to primarily ethylene, methanol
converts to generally equal amounts of ethylene and propylene. This would lead one skilled in
the art to expect that an OTO reaction would convert propanol to primarily propylene. This
has been found to not be the case. Contrary to expectations, when one or more OTO processes
(such as those disclosed in U.S. Patent Application Publication No. 2007/0259972A1) are
utilized for reacting the second stream, increasing the amount of Cs alcohol in the second
stream leads to an increase in ethylene produced in the OTO reaction.

[0052] Certain aspects of the invention utilize a second stage which includes one or more
of the OTO reactions described in U.S. Patent Application Publication Nos. 2007/0259972A1,
2008/0033218A1, and 2005/0107481A1. An important difference between those OTO
processes and OTO processes utilized in aspects of the second stage of this invention, is that
the conventional OTO processes do not separate from mixed alcohols (i) a methanol-
containing stream and (ii) a C,+ alcohol-containing stream, and then separately process streams
(1) and (i1) in order to produce primarily propylene (from stream (i)) and primarily ethylene
(from stream (ii)). Instead, the conventional process transfers to an OTO reaction mixed
alcohols, such as mixed alcohols containing, e.g., at least 40 wt. % methanol and at least 3 wt.
% ethanol, and at least 1 wt. % propanol (per U.S. Patent Application Publication No.
2008/0033218A1).

[0053] In aspects where the second stage includes at least one OTO reaction, the second
product mixture generally comprises propylene and ethylene, the propylene and ethylene being
present in a propylene:ethylene weight ratio that is not well-correlated with the second
stream’s propanol:cthanol weight ratio. The term “not well correlated” in this case means that
the propylene:ethylene weight ratio differs from the second stream’s propanol:ethanol weight
ratio by more than about +/- 10% of equal, such as more than about 15%, or more than about
20%.

[0054] In certain aspects where the second stage includes at least one OTO reaction, the
second product mixture comprises > 20.0 wt. % ethylene, e.g., > 30.0 wt. %, such as > 40.0 wt.
%; > 5.0 wt. % propylene, e.g., > 10.0 wt. %, such as > 15.0 wt. %; < 1.0 wt. % of Cs,
hydrocarbon, e.g., < 0.1 wt. %, such as <0.01 wt. %; < 1.0 wt. % of C,4_ saturated hydrocarbon,
e.g., <0.1 wt. %, such as <0.01 wt. %; and > 30.0 wt. % water, e.g., > 40.0 wt. %, such as >

50.0 wt. %; the weight percents being based on based on the weight of the second product
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mixture. The second product mixture can contain small amounts of other by-products, e.g., C4
olefin, and/or oxygenate such as one or more ethers. When present, the amount of such by-
products is generally < 1.0 wt. %, e.g., < 0.1 wt. %, such as < 0.01 wt. %, based on the weight
of the second product mixture. The weight fraction of the second product mixture that is
propylene (weight of propylene in the second product mixture divided by the weight of the
second product mixture) has the value P,. P, is generally > 0.05, e.g., > 0.1, such as > 0.15.
The weight fraction of the second product mixture that is ethylene (weight of ethylene in the
second product mixture divided by the weight of the second product mixture) has the value E.
E, is generally > 0.2, e.g., > 0.3, such as > 0.4.

[0055] In certain aspects, (i) the first stream contains substantially all of the alcohol-
containing mixture’s methanol, (ii) the second stream contains substantially all of the alcohol-
containing stream’s C,-Cy alcohol, and (iii) the alcohol-containing stream has a methanol: C,-
C4 alcohol weight ratio in the range of about 0.1 to about 4.0, e.g., about 0.33 to about 0.30. In
related aspects, when (i) the alcohol-containing mixture has a molar ratio of methanol to C;.
alcohol in the range of from 1.0 to 4.0, e.g., in the range of from 1.5 to 3.0; (ii) the first stream
contains substantially all of the alcohol-containing mixture’s methanol; (iii) the second stream
contains substantially all of the alcohol-containing stream’s Cs. alcohol; and (iv) the total
olefin product of the process (first and second stage) has a propylene:ethylene weight ratio that
is > 1.0, e.g., > 1.1, such as > 1.25, or > 1.5, or > 2.0, including in the range of from about 1.1
to about 4.0, such as about 1.25 to 2.0. When the specified first stage is utilized for converting
the first stream and an OTO reaction is utilized in the second stage for reacting the second
stream, these first and second streams together have a propylene:ethylene weight ratio > 1.0, or
>1.1,or> 1.2, or > 1.5, or > 2.0, e.g., in the range of 1.1 to 2.5, such as in the range of 1.25 to
2.0. For example, the first and second hydrocarbons together can have a propylene:ethylene
weight ratio P; thatis > 1.0, or> 1.1, or > 1.2, or > 1.5, or > 2.0, e.g., in the range of 1.1 to 2.5,
such as in the range of 1.25 to 2.0. The same result can be achieved when conventional
alcohol dehydration is substituted for OTO in the second stage, provided the amounts of
ethanol and propanol in the second stream (and alcohol-containing mixture) are selected to
produce the designated amounts of the corresponding olefins in the second product mixture.
[0056] Conventional separation means can be utilized for separating olefins, e.g., ethylene

and/or propylene from the second product mixture, but the invention is not limited thereto.
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Suitable separation means are disclosed in U.S. Patent Application Publication No.
2008/0033218 Al.

[0057] In certain aspects, at least a portion of the second product mixture is conducted to a
third separation stage for removing ethylene and/or propylene from the second product
mixture. The third separation stage generally includes means for separating ethylene, e.g., one
or more cryogenic ethylene separators, and can further include one or more of the separation
means disclosed in connection with the second separation stage. In other aspects, at least a
portion of the second product mixture is conducted to the first separation stage, e.g., by
combining at least a portion of the second product mixture with at least a portion of the
alcohol-containing mixture, the first product mixture (when at least a portion thereof is
conducted to the first separation stage), or one or more components thereof. The combining
can be carried out in the first separation stage and/or at a location upstream thereof. These
aspects of the invention are efficient for many of the same reasons as in the case of the first
product stream. For greater efficiency, ethylene and/or propylene-removal means can be
located in the first separation stage for removing propylene from the first and/or second
product mixtures. Other by-products (non-aqueous, and especially non-water by-products) in
the second product mixture can be removed in the first separation stage. Separated light olefin,
c.g., separated cthylene and/or propylene can be conducted away from the process, e.g., for
storage or further processing, including polymerization. The C,:olefin produced by the present
process can be used as feedstocks in a variety of important industrial processes, including the
production of homopolymers and copolymers of ethylene and propylene.

Combined First and Second Product Mixtures

[0058] Although individual olefin-containing streams, such as an ethylene-containing
stream and a propylene-containing stream, can be conducted away from the process. In other
aspects, at least one olefin-containing stream containing a plurality of C, olefins is conducted
away from the process. For example, at least a portion of the first product mixture (or one or
more components thereof, such as at least a portion of the first product mixture’s propylene)
can be combined with at least a portion of the second product mixture (or one or more
components thereof, such as at least a portion of the second product mixture’s ethylene and/or
at least a portion of the second product mixture’s propylene). The combining can be carried
out, e.g., by physically mixing the first product mixture and the second product mixture. This

can be done, e.g., downstream of the first and second stages, such as by combining the first and
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second product mixtures in the first separation stage (in aspects where those product streams
are conducted to first separation stage) and/or downstream of the second and third separation
stages. In certain aspects, the combined product mixture (i) contains substantially all of the Cs.
olefin produced in the first and second stages and (ii) has a propylene:ethylene weight ratio >
1.0, e.g., in the range of 1.1 to 2.5, such as in the range of 1.25 to 2.0.

Regulating the Propylene: Ethylene Weight Ratio

[0059] Certain aspects of the invention include regulating the weight ratio of the ethylene
and propylene produced in the first and second stage by adjusting at least one of (i) the amount
of first stream conducted to the first stage, (ii) the amount of second stream conducted to the
second stage, (iii) the relative amount of methanol the first stream, and (iv) the relative amount
of C,: alcohol in the second stream. The process can be operated in a “closed loop”, e.g., by
measuring the combined product mixture’s propylene: ethylene ratio, generating a differential
by subtracting the desired propylene: ethylene weight ratio from the measured propylene:
ethylene weight ratio, and then utilizing the differential to calculate the amount of adjustment
needed in one or more of (i) to (iv), in order to substantially minimize the differential.
Computing means, such as one or more digital and/or analog computers can be utilized for the
calculating.

[0060] Although the effect is believed to be smaller, related aspects of the invention
include adjusting the amount of Cs alcohol in the second stream. For example, the amount of
Cs alcohol in the second stream can be set to a designated value in the range of 0.1 wt. % to 2.0
wt. % in order to trim the combined product mixture’s propylene: ethylene weight ratio to a
designated value in the range of from 1.1 to 2.5. The amount of C; alcohol in the second
stream can be adjusted by any convenient method, including conventional methods such as one
or more of (i) regulating source material composition, (ii) regulating process conditions during
the reacting of the source material to produce an alcohol-containing mixture having the desired
amount of Cs alcohol, (iii) separating and conducting away excess Cz alcohol from the alcohol-
containing mixture, etc. The process can be operated in a “closed loop” using, e.g.,
substantially the same methods utilized for adjusting the amount of first stream conducted to
the first stage.

[0061] In certain aspects, the alcohol-containing mixture further comprises water.
Optionally, (particularly in embodiments where one or more OTO reactions are utilized for

reacting the second stream), at least a portion of the alcohol-containing mixture’s water is
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present in the second stream. The amount of water in the second stream can be utilized for
regulating the selectivity of the OTO process toward ethylene and/or propylene, e.g., to trim
the propylene: ethylene weight ratio in the combined product mixture to a designated value.
This can be accomplished utilizing substantially the same methods as those utilized for
adjusting the amount of first stream conducted to the first stage.

[0062] All patents, test procedures, and other documents cited herein, including priority
documents, are fully incorporated by reference to the extent such disclosure is not inconsistent
and for all jurisdictions in which such incorporation is permitted.

[0063] While the illustrative forms disclosed herein have been described with particularity,
it will be understood that various other modifications will be apparent to and can be readily
made by those skilled in the art without departing from the spirit and scope of the disclosure.
Accordingly, it is not intended that the scope of the claims appended hereto be limited to the
examples and descriptions set forth herein but rather that the claims be construed as
encompassing all the features of patentable novelty which reside herein, including all features
which would be treated as equivalents thereof by those skilled in the art to which this
disclosure pertains.

[0064] When numerical lower limits and numerical upper limits are listed herein, ranges
from any lower limit to any upper limit are contemplated, and are expressly within the scope of
the invention. The term "comprising" is synonymous with the term "including". Likewise
whenever a composition, an element or a group of components is preceded with the transitional
phrase "comprising”, it is understood that we also contemplate the same composition or group
of components with transitional phrases "consisting essentially of," "consisting of", "selected

L

from the group of consisting of," or "is" preceding the recitation of the composition,

component, or components, and vice versa.
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CLAIMS

1. A process for producing C,, olefins, the process comprising;:

(a) providing an alcohol-containing mixture, the alcohol-containing mixture comprising
> 2 wt. % of methanol and > 1 wt. % of one or more C,. alcohol, the weight percents being
based on the weight of the alcohol-containing mixture;

(b)  separating first and second streams from the alcohol-containing mixture,
wherein (i) the first stream comprises > 50.0 wt. % of the alcohol-containing mixture’s
methanol based on the weight of the alcohol-containing mixture’s methanol, and (ii) the second
stream comprises > 50.0 wt. % of the alcohol-containing mixture’s C,; alcohol, based on the
weight of the alcohol-containing mixture’s C,+ alcohol;

(©) reacting at least part of the first stream’s methanol to produce a first
hydrocarbon and a first oxygenate, the first hydrocarbon comprising > 25.0 wt. % of propylene
and < 10.0 wt. % of ethylene, the weight percents being based on the weight of the first
hydrocarbon; and

(d) reacting at least part of the second stream’s C,, alcohol to produce a second
hydrocarbon and a second oxygenate, wherein (i) the second hydrocarbon comprises C,. olefin
and (ii) the second hydrocarbon comprises a total amount of (ethylene + propylene) that is >

10.0 wt. % , based on the weight of the second hydrocarbon.

2. The process of claim 1, wherein the process further comprises producing the alcohol-
containing mixture by:

(e) providing a feed mixture, the feed mixture comprising molecular hydrogen and
> 5.0 wt. % of carbon monoxide, based on the weight of the feed mixture, the feed mixture
having an H, : (CO + CO,) molar ratio in the range of from 0.5 to 20; and

(f)  reacting at least a portion of the feed mixture’s molecular hydrogen with at least
a portion of the feed mixture’s carbon monoxide, the reacting being carried out in the presence
of a catalyst comprising one or more elements or oxides thereof from Groups 8 to 12 of the
Periodic Table to produce the alcohol-containing mixture, wherein (i) the molar ratio of
methanol to C, alcohol in the mixed alcohols is in the range of from 1.5:1 to 3:1 and (ii) the
alcohol-containing mixture comprises > 10 wt. % of methanol and > 5 wt. % of C,; alcohol,

the weight percents being based on the weight of the alcohol-containing mixture.
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3. The process of claims 1 or 2, wherein the alcohol-containing mixture comprises > 50.0

wt. % Cs. alcohols based on the weight of the alcohol-containing mixture.

4, The process of any of claims 1-3, wherein (i) the first stream comprises > 90.0 wt. % of
the alcohol-containing mixture’s methanol, (ii) the second stream comprises > 90.0 wt. % of
the alcohol-containing mixture’s C,. alcohols, (iii) the first hydrocarbon has a first
propylene:ethylene weight ratio P; that is > 10.0, (iv) the second hydrocarbon has a second
propylene:ethylene weight ratio P, > 0.10, and (v) the first and second hydrocarbons together
have a propylene:ethylene weight ratio P; that is > 1.1.

5. The process of any of claims 1-4, wherein the catalyst employed in the reacting (c)
comprises CuO and ZnO supported on alumina and promoted with caesium or a compound

thereof.

6. The process of any one of claims 1-5, wherein the alcohol-containing mixture

comprises at least 15 wt. % methanol and at least 7.5 wt. % ethanol.

7. The process of any one of claims 1-6, wherein the reacting (c) comprises reacting at

least part of the methanol in the first stream in the presence of a molecular sieve catalyst.

8. The process of claim 5, wherein the molecular sieve catalyst comprises ZSM-5.

9. The process of any one of claims 1-6, wherein the reacting (d) comprises (i)
dehydrating at least part of the C,; alcohol in the second stream and/or (ii) converting at least

part of the C, alcohol in the second stream in at least one OTO reaction.

10. The reacting of any of claims 1-9, further comprising polymerizing at least a portion of

the first and/or second hydrocarbon’s olefin.
11. A process for producing ethylene and propylene, comprising;

(a) providing a source material comprising at least 10 vol. % of at least one

hydrocarbon;
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(b) reacting at least a portion of the source material’s hydrocarbon to produce a
feed mixture, the feed mixture comprising molecular hydrogen and > 5.0 wt. % of carbon
monoxide, based on the weight of the feed mixture, the feed mixture having an H, : (CO +
CO;) molar ratio in the range of from 0.5 to 20;

(c) reacting at least a portion of the feed mixture’s molecular hydrogen with at least a
portion of the feed mixture’s carbon monoxide, the reacting being carried out in the presence
of a catalyst comprising one or more elements or oxides thereof from Groups 8 to 12 of the
Periodic Table, to produce alcohol-containing mixture comprising methanol and > 2 wt. % of
one or more C, alcohols, based on the weight of the alcohol-containing mixture, wherein the
molar ratio of methanol to C,; alcohol in the alcohol-containing mixture is in the range of from
1.5 to 3;

(d) separating first and second streams from the alcohol-containing mixture,
wherein (i) the first stream comprises > 50.0 wt. % of the alcohol-containing mixture’s
methanol based on the weight of the alcohol-containing mixture’s methanol, and (ii) the second
stream comprises > 50.0 wt. % of the alcohol-containing mixture’s C,; alcohol, based on the
weight of the alcohol-containing mixture’s C,4 alcohol;

(e) reacting at least part of the first stream’s methanol to produce a first
hydrocarbon and first oxygenate, wherein (i) the first hydrocarbon comprises Cs. olefin and (ii)
the Cs. olefin comprises > 25.0 wt. % of propylene and < 10.0 wt. % of ethylene, based on the
weight of the first hydrocarbon’s Cs._ olefin; and

() reacting at least part of the second stream’s C,; alcohol to produce a second
hydrocarbon and a second oxygenate, wherein (i) the second hydrocarbon comprises C,. olefin
and (ii) the Cy olefin comprises a total amount of (ethylene + propylene) that is > 10.0 wt. % ,

based on the weight of the second hydrocarbon’s C,; olefin.

12. The process of claim 11, wherein the source material comprises > 50 vol. % methane,

based on the volume of the source material.

13. The process of any of claims 11 or 12, wherein the feed mixture produced in step (b)

comprises syngas.
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14. The process of any of claims 11-13, wherein the amount of C;. olefin in the first
hydrocarbon is > 50.0 wt. %, based on the weight of the first hydrocarbon, and the amount of
Cy+ olefin in the second hydrocarbon is > 50.0 wt. %, based on the weight of the second

hydrocarbon.

15. The process of any of claims 11-14, wherein (i) the alcohol-containing mixture
comprises at least 15 wt. % methanol and at least 7.5 wt. % ethanol, (ii) the first stream
comprises > 90.0 wt. % of the alcohol-containing mixture’s methanol based on the weight of
the intermediate product’s methanol, and (iii) the second stream comprises > 90.0 wt. % of the

alcohol-containing mixture’s C,; alcohol.

16. The process of any of claims 11-15, wherein the feed mixture produced in step (b)

comprises syngas.

17. The process of any of claims 11-16, further comprising recycling from the alcohol-
containing mixture to the feed mixture one or more of carbon monoxide or molecular

hydrogen.

18. The process of any of claims 11-17, wherein step (d) further comprises separating third,
fourth, and fifth streams from the alcohol-containing mixture, third stream comprises Cs.

hydrocarbon, fourth stream comprises acetaldehyde, and fifth stream comprises water.

19. The process of any of claims 11-18, further comprising away the first hydrocarbon and

the first oxygenate as components of a first product mixture.
20. The process of any of claims 11-19, wherein the first oxygenate comprises > 90.0 wt.
% water, based on the weight of the oxygenate, and wherein the first product mixture further

comprises Cs, hydrocarbon and saturated C4 hydrocarbon.

21. The process of any of claims 11-20, further comprising conducting away the second

hydrocarbon and the second oxygenate produced as components of a second product mixture.
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22. The process of any of claims 11-21, wherein the second oxygenate comprises > 90.0

wt. % water, based on the weight of the second oxygenate.

23. The process of any of claims 11-22, further comprising combining with the alcohol-
containing mixture during or before step (d) at least a portion of (i) the first product mixture

and/or (ii) the second product mixture, to produce a combined stream.
24, The process of claim 23, further comprising separating from the combined stream (i) >
95.0 wt. % of the combined stream’s ethylene and (ii) > 95.0 wt. % of the combined stream’s,

propylene, the separating being carried out before steps (e) or (f).

25.  The process of claims 23 or 24, wherein the combined stream has a propylene: ethylene

weight ratio in the range of from 1.1 to 2.5.
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