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SYSTEMS AND METHODS FOR PREPARING
BUTENES

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application 1s a divisional of U.S. patent
application Ser. No. 17/846,476 filed Jun. 22, 2022, entitled
“Systems and Methods for Preparing Butenes”, which
claims priority to and the benefit of U.S. Provisional Patent
Application Ser. No. 63/213,2775 filed Jun. 22, 2021, entitled
“Process and Catalysts for Making Linear Butenes-Rich
Olefins from Aldehyde, Ethanol, or Mixtures Thereol”, the
entirety of each of which is incorporated by reference herein.

STAIEMENT AS TO RIGHTS TO
DISCLOSURES MADE UNDER
FEDERALLY-SPONSORED RESEARCH AND
DEVELOPMENT

[0002] This invention was made with Government support
under Contract DE-ACO05-76R1.01830 awarded by the U.S.
Department of Energy. The Government has certain rights 1n
the 1nvention.

TECHNICAL FIELD

[0003] The present disclosure provides systems and meth-
ods for preparing olefins. In particular embodiments, the
present disclosure provides systems and methods for pre-
paring olefin-rich products including 1-butene and/or
2-butene from ethanol and/or aldehydes.

BACKGROUND

[0004] Petroleum depletion and environmental concerns
have led to renewed interest in using biomass as a carbon
source for the production of biofuels. Fthanol and ethanol-
derived aldehyde conversion to biofuels represent an appeal-
ing bioenergy technology. Accordingly, ethanol and ethanol-
derived aldehydes are commercially produced from
renewable biomass or waste sources. Additionally, an etha-
nol “blend wall” coupled with advancements 1n production
elliciency and feedstock diversification may potentially lead
to excess ethanol having competitive pricing for the pro-
duction of a wide range of fuels and/or commodity chemi-
cals. Moreover, with the lightening of feedstocks to steam
crackers, due to the increasing use of shale gas instead of
naphtha as feed, there may be a shortage of C, and C, olefins
as industrial starting materals.

SUMMARY

[0005] Systems for preparing butenes are provided. The
systems can include a reactor 1nlet coupled to both a reactor
and at least one reactant reservoir; at least one of the reactant
reservoirs containing one or both of an aldehyde and/or
cthanol; a catalyst within the reactor, the catalyst comprising
a metal component and an acidic support matenal; and a
reactor outlet operationally configured to convey a butene-
rich reaction product to a product reservorr.

[0006] Methods for preparing butenes are also provided.
The methods can include exposing one or both of ethanol
and/or an aldehyde to a catalyst comprising a metal com-
ponent and an acidic support to form a butene-rich product
that comprises one or both of 1-butene and/or 2-butene.
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DRAWINGS

[0007] Embodiments of the disclosure are described
below with reference to the following accompanying draw-
Ings.

[0008] FIG. 1 1s a depiction of a system according to an
embodiment of the disclosure.

[0009] FIG. 2 1s a depiction of an alternative system
according to an embodiment of the disclosure.

[0010] FIG. 3 1s a graphical depiction of butene selectivity

achieved utilizing embodiments of the disclosure. Butene
selectivity 1s depicted as a function of the partial pressure of

cthanol (Pethanol) for Cu/47r0O,/SBA-16 (510,) catalysts.
T=400° C., total pressure=100 psig, WHSV=0.7-1.8 hr'.
Operating at Pethanol equal to 20-30 mol % can achieve
higher linear butenes formation.

[0011] FIG. 4 1s a depiction of total olefin selectivity
utilizing embodiments of the disclosure. Total olefin selec-

tivity 1s depicted as a function of the partial pressure of
cthanol (Pethanol) for Cu/47r0O,/SBA-16 (510,) catalysts.

T=400° C., total pressure=100 psig, WHSV=0.7-1.8 hr".
The total olefins selectivity can be higher for Pethanol s 40
mol %.

[0012] FIG. 5 1s a depiction of catalytic performance
utilizing embodiments of the disclosure. Evolution of the
catalytic performance of 4% Cu/4% 7ZrO,/SBA-16 (510,)
with time on stream for direct ethanol conversion nto
butenes-rich olefins 1s depicted. T=400° C., Pethanol=11%
(molar), P=100 psig, WHSV=1.8 hr™'. Only a relatively
small decrease 1n conversion from 96% (TOS=24 hours) to
90% (TOS=139 hours) 1s observed. Both selectivities to total
olefins and C,™ olefins remain stable during the 129 hours on
stream.

DESCRIPTION

[0013] This disclosure 1s submitted 1 furtherance of the
constitutional purposes of the U.S. Patent Laws “to promote
the progress of science and useful arts” (Article 1, Section
8).

[0014] Generally, butene 1s a valuable chemical commod-
ity. Butenes may be found in industrial applications in the
production of butadiene and solvents such as butanone.
Butenes may also be used in the production of Hydrocarbons
fuels such as for example gasoline, jet fuel or diesel.
Previous processes converted ethanol to butenes via a two-
step process that included first dehydrating ethanol into
cthylene and then converting the ethylene into butenes.

[0015] The present disclosure will be described with ret-
crence to FIGS. 1-5. Referring first to FIG. 1, a system 10
1s shown that includes a reactor 12 that houses a catalyst 14
that includes a metal component 18 and an acidic support
material 16. System 10 can also include a reactor inlet 20
and a reactor outlet 22. In accordance with example 1mple-
mentations, the reactor inlet can be coupled to both reactor
12 and at least one reactor reservoir not shown in this
depiction, but shown 1n FIG. 2, for example, a feed from a
pump (e.g., syringe or HPLC) that includes organic starting
materials.

[0016] These starting materials can include ethanol and/or
an aldehyde, wherein the aldehyde can include one or more
of acetaldehyde, butyraldehydes, and/or crotonaldehyde.
The starting materials can be aldehyde alone, for example,
or a mixture of aldehyde and ethanol. In example 1mple-
mentations, with specific catalyst systems, the starting mate-
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rial can be solely ethanol. Of course, the starting materials
may be mixed with materials that do not impact the reaction
of the starting materials, water, for example. In these,
example implementations, the starting materials can consist
essentially of aldehydes and/or ethanol.

[0017] In accordance with other example 1mplementa-
tions, other reservoirs can include hydrogen, or H,, and this
hydrogen can be provided to the reactor 1n equivalent or less
than equivalent amounts to the ethanol and/or aldehyde
starting materials. For example, H, 1s not necessary to form
the butene-rich olefin products of the present disclosure.

[0018] In accordance with example implementations and
with reference to FIG. 2 as shown, the H, can be supple-
mented with nitrogen, to provide a mixture of H, and N,. In
accordance with some example implementations, these
materials can be operationally fed utilizing a computer
processing system that 1s depicted as a computer on FIG. 2,
to a pre-heater where the materials are preheated to the vapor
phase, and then provided to a reactor 12, to be exposed to the
metal and/or acidic support materials of the catalyst.

[0019]
tions, the metals can include one or more of yttrium, copper,

In accordance with some example implementa-

chromium, zinc, silver, zirconium, titanium, gallium, alumi-
num, and/or silica, 1n oxidized or elemental form. Where the
starting material includes the aldehydes, these metals can be
used. For example, when the starting materials include the

mixture of ethanol and aldehydes, these same metals may be
used. In some implementations, the starting materials can
include ethanol. In these implementations, the metals can

include one or more of yttrium, chromium, zinc, titanium,
and/or galltum. The acidic support materials of the systems
can include zeolites, carbon, aluminum, zircomum, and/or
silica, for example, 1n elemental or oxidized form. In accor-
dance with some example implementations, the reactor can
be heated to between 200 and 450° C. In example configu-

rations, the catalyst can include copper, and in those con-

figurations, the copper amount of the catalyst can be
between 0.5% and 20% (wt/wt %); or 1 and 16 (wt/wt %),
and i other implementations, the catalyst can include a
metal oxide such as zirconium, titanium, and/or zeolites. In
some of these implementations these metals can be provided
as oxides (e.g., ZrO,, T10,, Zeolite) to provide acidity to the
support materials such as S1 (eg., S10,). In some of these
implementations the metal oxide, such as the zirconium

oxide, can be between 1 and 8 (wt/wt %) of the catalyst.

[0020] In accordance with example implementations, a
butene-rich product can be achieved. This butene-rich prod-
uct can 1include molar majorities of 1-butene and/or
2-butene, for example, 1n combination with other olefin
materials such as butadiene.

[0021] In some example configurations, the reactant is
cthanol, and the ethanol 1s exposed to a catalyst that can
include one or more of Cu, Zr, and/or S1. In an embodiment,
the systems and/or methods of the present disclosure can
utilize aqueous ethanol feedstock. The separation of ethanol
from water may not be necessary, which can eliminate an
operation umnit.
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[0022] In other implementations, the reaction can include
exposing an aldehyde to the catalyst. The catalyst 1n these
implementations can include one or more of Cu, Zr, S1, Al,
zeolite, Zn, and/or alumina. In example 1implementations,
the catalyst being exposed to the aldehyde can include from
1-16 (wt/wt %) Cu and/or 1-8 (wt/wt %) ZrO,. In other
implementations, the catalyst can comprise Cu, Zr0O,, and
S10,, and 1n other implementations, the catalyst can be
supplemented with Zn and/or Ga. These aldehydes that are
exposed to these catalysts can include as mentioned above

acetaldehyde, butyraldehydes, and/or crotonaldehyde.

[0023] In accordance with at least some embodiments of
the disclosure, a single step conversion of (aqueous) ethanol
and/or aldehyde (e.g., acetaldehyde, butyraldehyde, croton-
aldehyde) into butene-rich olefin product mixtures i1s pro-
vided. Example product mixtures resulting from the ethanol
and/or aldehyde(s) conversion can contain primarily butenes
and ethylene olefins mixed with H,.

[0024] The butene-rich olefin product mixture can be
selectively oligomerized into gasoline, jet, and/or diesel
fuels. As such, oligomerization of mixed 1- and 2-butene
produced by the processes described herein to jet fuel range
hydrocarbon may be performed in the presence and absence
of H, and/or ethylene.

10025]

converted 1nto polybutene, making its main application as a

As an example, 1-Butene 1s a chemical that can be

comonomer 1n the production of certain kinds of polyeth-
ylene, such as linear low-density polyethylene (LLDPE).
Additionally, or alternatively, 1-Butene has also been used
as a precursor to polypropvlene resins, butylene oxide, and
butanone. Mixtures of 1-butene and 2-butene, as produced
by the systems and methods described herein, can be oli-
gomerized and hydrogenated into gasoline, jet fuel, diesel

fuel, and/or into valuable fuel additives and lubricants.

[0026] The catalyst of the systems and/or methods of the
present disclosure can include polyfunctional catalysts com-
prising a metal component with relatively weak hydrogena-
tion ability (e.g., Cu) with mildly acidic support materials
(e.g., ZrO, supported on S10,). These catalysts are active
and selective for converting ethanol and/or aldehydes to 1-
and 2-butenes in one single reactor under mild reducing
conditions, for example (e.g., under H,, T=400° C., P=7
bar).

[0027] Furthermore, catalyst formulation (i.e., eflect of the
nature of the support, promoters, addition, Cu loading and
/Zr0, loading) and process parameters such as H, concen-
tration, ethanol partial pressure, and space velocity can
impact conversion, selectivity, and stability (as shown 1n
FIGS. 3-5 and the below tables), for example, the catalytic
stability better for the Cu-based catalyst as compared to the
Ag-based catalyst. The Cu-based catalyst presents higher
resistance to coking and oxidation, which appears to provide
superior durability.
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TABL.

T

1

Catalytic performance of 4%Cu/4%ZrO5/SBA-16 (S10-) for making linear
butenes-rich olefins from ethanol, aldehvdes or mixture of both.

Jun. 29, 2023

Feed
Ethanol + ethanol +
acetaldehyde crotonaldehyde
ethanol acetaldehyde (2:1 mass) (2.3:1 mass) butyraldehyde
Reaction 400 400 400 400 270
Temperature (° C.)
Conversion (%o) 92.9 76.6 90.0 (acetaldehyde) 100.0 (crotonaldehyde) 9%8.9
86 (ethanol) 80.8 (ethanol)
Carbon based selectivity (%o)
ethylene 12.0 0.7 4.7 2.3 0.0
propene 2.9 1.4 2.7 2.9 0.0
butenes 54.0 10.5 69.2 67.5 7.2
Total Olefins 80.3 14.0 86.7 77.6 7.2
(C5-Cg)
alkanes 4.3 1.5 6.2 8.6 10.4
butadiene 0.0 0.0 0.0 0.0 0.0
Di-ethyl-ether 4.1 0.0 1.4 0.6 0.0
acetaldehyde 7.1 0.0 0.0 2.1 0.0
butyraldehyde 0.0 30.7 0.4 0.7 0.0
1-butanol 0.2 8.4 1.0 2.3 82.4
Other 4.0 454 (mamly 4.3 8.1 0.0
oxygenates™ cthanol)

TOS = 30-48 hours,
WHSV = 1.8-1.9 hr ™,
P = 100 psig,

Pteed = 10-12 mol %

*mainly: acetone, methanol, propanol, crotonaldehyde, crotyl alcohol, acetic acid, butanoic acid, ethyl acetate, methyl ethyl ketone,

Cs+ ketones, CO5

[0028] In accordance with Table 1, ethanol, aldehydes (1.e.
acetaldehyde, butyraldehyde, crotonaldehyde) and mixture
of them can all be converted to linear butenes-rich olefins 1n
one single step over the Cu/ZrO,/SBA-16 catalyst. Using
acetaldehyde alone as a feedstock can provide relatively low

TABLE 2-continued

Impact of the space velocity (WHSV) on the catalytic

performance of 4%Cuw/4%ZrO,/SBA-16 (810,) for making
linear butenes-rich olefins from ethanol.

butenes selectivity as compared to when ethanol and acet- ~ WHSVethanol (hr™) 1.8 3.6 182 364 530
aldehyde are fed together. Fthanol can be a source of H for |-butanol 0.2 05 59 6.2 71
the hydrogenation of butyraldehyde. Other oxygenates™ 4.0 4.5 15.1 19.0 123
[0029] Using butyraldehyde as a feedstock can provide a T = 400° C,
high ratio of 1-butanol/linear butenes. The hydrogenation of ;thﬂli“;; fed/gram catalyst = 1.9-2.2,

= 100 psig,

1-butanol to linear butenes can occur at lower reaction
temperatures. Higher reaction temperature can increase the
conversion of 1-butanol to linear butenes.

TABLE 2

Impact of the space velocity (WHSYV) on the catalytic
performance of 4% Cu/4%ZrO,/SBA-16 (810,) for making

linear butenes-rich olefins from ethanol.

WHSVethanol (hr™) 1.8 3.6 182 364  53.0

Conversion (%o) 92.9 90.4 73.2 64.7 56.4
Carbon based selectivity (%0)

Pethanol = 11 mol %o

*mainly: acetone, methanol, propanol, crotonaldehyde, crotyl alcohol, acetic acid,
butanoic acid, ethyl acetate, methyl ethyl ketone, Cs+ ketones, CO»

[0030] As shown 1n Table 2, the conversion decreases
from 92.9 to 56.4% as the Weight Hour Space Velocity

(WHSV) increases from 1.8 to 53 hr™".

[0031] As the conversion increases, the selectivities to
acetaldehyde, butyraldehyde and 1-butanol decrease while
the selectivity to linear butenes increases indicating that
acetaldehyde, butyraldehyde and 1-butanol can be interme-
diates products mvolved in the formation of butenes.
[0032] The hughest total olefins selectivity of 80.3% (1n-
cluding 54% linear butenes) was obtained at 92.9% conver-
S1011.

ethylene 12.0 10.5 6.1 4.8 5.8

propene 2.9 2.7 1.2 1.0 0.9 TABLE 3

butenes 54.0 54.8 23.6 11.8 20.2

Total Olefins 0.3 78 1 31.5 18 3 26.9 Effect of the H,/N, ratio on the catalytic performance
(C5-Cy) of 2%Cu/4%7Z10,/SBA-16 (S10-) for making linear
3,11{23.11:3 43 39 10 95 0 R butenes-rich olefins from ethanol.
butadiene 0.0 0.0 0.0 0.0 0.0 .

Di-ethyl-cther 4.1 3.0 3.1 2.4 2.7 Ha/N; ratio molar L0 Ul
acetaldehyde 7.1 9.7 29.9 36.8 44.1 Conversion (%) 05 R RR 4
butyraldehyde 0.0 0.4 4.5 7.2 6.1 ethylene 6.0 37 6

propene 5.0 3.1
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TABLE 3-continued

Effect of the H-/N> ratio on the catalytic performance

of 220CwW/4%Zr0,/SBA-16 (S105) for making linear
butenes-rich olefins from ethanol.

H-/N, ratio molar 1/0 1/1

Carbon selectivity (%)

butenes 56.1 294
Total Olefins 88.4 70.1
(Cx-Cg)

alkanes 3.3 2.5
butadiene 0.8 10.3
Di-ethyl-ether 2.2 9.6
acetaldehyde 1.7 5.2
butyraldehyde 0.0 0.0
1-butanol 0.0 0.0
Other oxygenates™® 3.9 2.3

T =400° C.,

WHSV = 0.7 hr™,
TOS = 68-71 hours,
P = 100 psig,
Pethanol = 11 mol %

*mainly: acetone, methanol, propanol, crotonaldehyde, crotyl alcohol, acetic acid,
butanoic acid, ethyl acetate, methyl ethyl ketone, Cs+ ketones, CO»

[0033] As shown in Table 3, example product mixtures
resulting from the ethanol and/or aldehyde(s) conversion can
contain primarily butenes and ethylene olefins mixed with
H,. These butene-rich olefins can be oligomerized into
gasoline, jet, and diesel range hydrocarbons. Operating
under pure H, as opposed to a mixture of H,/N, (50/50
molar) 1s preferred. It allows for improved hydrogenation
activity leading to higher butadiene hydrogenation to linear
butenes. Ethanol dehydrogenation to acetaldehyde 1s
tavored and ethanol dehydration 1s reduced 1n the presence
of pure H, as compared to when operating with a mixture of
H,+N,. Indeed, Di-ethyl-ether and ethylene dehydration
products are higher when operating under a mixture of
H,+N,.

TABLE 4

Impact of the nature of the catalyst support for the conversion of
ethanol + acetaldehvde (2:1 mass) mixture to butenes-rich olefins.
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TABLE 4-continued

Impact of the nature of the catalyst support for the conversion of

ethanol + acetaldehyde (2:1 mass) mixture to butenes-rich olefins.

Catalyst
4% Cu/ 4% Cu/
4% Cu/ 4% 210,/ 4% 7210,/
4% 210,/ Dealuminated Aluminum
SBA-16 (S10,) zeolite silicate
1-butanol 1.0 3.4 0.9
Other oxygenates™ 4.3 6.1 8.7

TOS = 30-48 hours,
WHSV = 1.8 hr'™,

P = 100 psig,

P ethanol = 11 mol %

*mainly: acetone, methanol, propanol, crotonaldehyde, crotyl alcohol, acetic acid,
butanoic acid, ethyl acetate, methyl ethyl ketone, Cs+ ketones, CO;

[0034] Dairect conversion of ethanol+acetaldehyde mix-
ture 1nto butenes-rich olefins was demonstrated over

Cu/ZrQ, catalysts supported on SBA-16 (S10,), Dealumi-

nated zeolite, and aluminum silicate catalysts. S1/Al ratio 1s
200 for the dealuminated zeolite.

TABLE 5

Effect of Cu loading on the catalytic performance of Cu/4ZrO->/SBA-
16 catalyst for direct conversion of ethanol to butenes-rich olefins.

Catalyst
4%Cu/ 4%Cu/
4% Cuw/ 4%2Z10-/ 4% 210,/
4%021rO-/ Dealuminated Aluminum
SBA-16 (S105) zeolite silicate
Reaction 400 400 400

Temperature (° C.)

Conversion (%o) 90.0 (acetal- 20.3 (acetal-
dehyde) dehvyde)
86 (ethanol) 60.8 (ethanol)

Carbon based selectivity (%0)

76.1 (acetal-
dehvde)
70.4 (ethanol)

ethylene 4.7 7.2 0.4
propene 2.7 34 4.0
butenes 69.2 50.3 63.1
Total Olefins 86.7 61.3 67.5
(C5-Cg)

alkanes 6.2 4.8 9.6
butadiene 0.0 20.8 0.0
Di-ethyl-ether 1.4 1.7 13.3
butyraldehyde 0.4 1.9 0.0

Cu loading (wt. %) 2 4 8 16 1 2 4
WHSVethanol (hr™!) 1.9 1.9 1.9 1.9 0.7 0.7 0.9
Conversion (%) 86.1 929 96.1 90.1 95 95.8 95.1
Carbon based selectivity (%o)
ethylene 28.2 12 15.8 8.3 9.6 269 1409
propene 3.6 2.9 3.0 2.8 5.0 5.0 4.4
butenes 45.9 54 59.2 53.6 53,9 561 554
Total Olefins (C5-Cyg) 777 803 795 714 7RT 892 7R3
alkanes 1.8 4.3 8.5 17.3 1.9 3.3 8.5
butadiene 6.1 0.0 0.0 0.0 5.0 1.5 0.0
Di-ethyl-ether 6.7 4.1 2.4 2.0 2.2 2.2 2.9
acetaldehyde 5.5 7.1 5.2 5.5 3.4 1.7 5.8
butyraldehyde 0.0 0.0 0.5 0.3 0.7 0.0 0.1
1-butanol 0.1 0.2 0.5 0.0 0.0 0.0 0.1
Other oxygenates™ 2.1 4.0 3.4 3.5 7.6 2.1 4.3
T = 400° C.,
TOS = 48 hours,
P = 100 psig,

Pethanol = 11 mol %

*mainly: acetone, methanol, propanol, crotonaldehyde, crotyl alcohol, acetic acid,
butanoic acid, ethyl acetate, methyl ethyl ketone, Cs+ ketones, CO»

[0035] The eflect of the Cu loading was determined for
Cu/47ZrO2/SBA-16 (S10,) catalysts with 1 to 16 wt. % Cu.
At similar WHSYV, the conversion can increase from 86.1 to
96.1% while the Cu loading can increase from 2 to 8 wt. %.
At higher Cu loading (1.e. >8%), the conversion can decrease
due to increased Cu particle size. At similar conversion
(90-97%), higher butenes selectivity of 59.2% can be
achieved with the catalyst containing 8 wt %. Cu and highest
total olefins selectivity ol 89.2% can be obtained with the 2
wt. % Cu. The alkanes selectivity can increase with the Cu
loading from 1 to 16 wt. % Cu due to increased hydroge-
nation activity provided by Cu.
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TABLE 6

Effect of Z1rO- loading on the catalytic performance
of 8% Cu/Z1rO-/SBA-16 catalyst for direct conversion

of ethanol to butenes-rich olefins.

Jun. 29, 2023

TABLE 7-continued

Effect of the promoter (1.e. Zn, Ga) on the catalytic

performance of 1%Cu/4%ZrO-/SBA-16 catalyst for direct
conversion of ethanol to butenes-rich olefins.

710, loading (wt. %) 4 4 6 6
TOS (hours) 24 49 23 42
Conversion (%o) 92.5 88.2 94.9 91.0
ethylene 13.0 13.6 3.5 3.5
propene 4.5 4.1 2.1 1.8
butenes 62.4 61.4 28.8 27.6
Total Olefins 81.8 81.0 84.4 64.6
(C5-Cs)
alkanes 5.5 2.3 2.0 1.4
butadiene 0.0 0.0 0.0 0.0
Di-ethyl-ether 2.2 3.4 1.1 4.4
acetaldehyde 4.1 7.5 5.7 8.9
butyraldehyde 0.2 0.3 1.0 1.4
1-butanol 0.5 0.8 0.4 0.5
Other oxygenates™ 5.7 4.7 5.4 18.8

T =400° C.,

WHSV = 1.8 hr,

P = 100 psig,

Pethanol = 29 mol %o

*mainly: acetone, methanol, propanol, crotonaldehyde, crotyl alcohol, acetic acid,
butanoic acid, ethyl acetate, methyl ethyl ketone, Cs+ ketones, CO»

[0036] The eflect of the ZrO, loading was determined for
8% Cu/ZrO,/SBA-16 (510,) catalysts with 4 wt. % and 6 wt.
% Zr0,. While highest linear butenes selectivity of 81.8% 1s
obtained with the 8%/4% ZrO,/SBA-16 (810,) catalyst, the
total olefins selectivity 1s the highest (1.e. 84.4%) with the
8%/6% 7Zr0,/SBA-16 (S10.,) catalyst due to the formation
of C," olefins.

TABLE 7

Effect of the promoter (1.e. Zn, Ga) on the catalytic

performance of 1%Cu/4%ZrO-,/SBA-16 catalyst for direct
conversion of ethanol to butenes-rich olefins.

Promoter none none 1 wt. % Zn 1 w.t % Ga
TOS (hours) 4 48 4 5
Conversion (%) 97.6 95.0 98 98.8
Carbon based selectivity (%)
ethylene 1.3 9.6 5.3 5.0
propene 2.0 5.0 54 3.2
butenes 35.7 58.9 73.9 46.4
Total Olefins 43.3 78.7 90.4 63.6
(C5-Cg)
alkanes 47.6 1.9 1.7 30.1
butadiene 0.0 5.0 0.0 0.0
Di-ethyl-ether 1.4 2.7 2.9 1.0
acetaldehyde 0.1 3.4 1.5 0.5
butyraldehyde 0.1 0.7 0.2 0.0
1-butanol 0.0 0.0 0.0 0.0

Promoter none none 1 wt. % Zn 1 w.t % (Ga
Other 7.5 7.6 3.3 2.8
oxXygenates™

T =400° C., TOS = 4-5 hours, WHSV = 0.7 hr_l, P = 100 psig, Pethanol = 11 mol %.

*mainly: acetone, methanol, propanol, crotonaldehyde, crotyl alcohol, acetic acid,
butanoic acid, ethyl acetate, methyl ethyl ketone, Cs+ ketones, CO»

[0037] Zn promoter can enhance both linear butenes selec-
tivity and total olefins selectivity of the 1% Cu/4% ZrO.,/
SBA-16 (510,) catalyst. Higher total olefins selectivity of
90.4% 1ncluding 73.9% linear butenes selectivity can be
obtained for 1% Cu/4% ZrO,/SBA-16 (510,) catalyst.
[0038] In compliance with the statute, embodiments of the
invention have been described in language more or less
specific as to structural and methodical features. It 1s to be
understood, however, that the entire invention 1s not limited
to the specific features and/or embodiments shown and/or
described, since the disclosed embodiments comprise forms
of putting the invention into effect. The invention is, there-
fore, claimed 1n any of its forms or modifications within the
proper scope ol the appended claims appropriately inter-
preted 1n accordance with the doctrine of equivalents.

The mnvention claimed 1s:

1. A system for preparing butenes, the system comprising;:

a reactor 1nlet coupled to both a reactor and at least one

reactant reservoir;

the at least one reactant reservoir containing an aldehyde;

a catalyst within the reactor, the catalyst comprising a

metal component and an acidic support maternial; and

a reactor outlet operationally configured to convey

butene-rich reaction product to a product reservorr.

2. The system of claam 1 wherein the one reactant
reservolr also contains ethanol.

3. The system of claim 1 further comprising another
reactant reservoir containing H.,.

4. The system of claim 1 wherein the aldehyde 1s one or
more of acetaldehyde, butyraldehydes, and/or crotonalde-
hyde.

5. The system of claim 1 wherein the metal of the catalyst
comprises one or more of yttrium, copper, chromium, zinc,
silver, zirconium, titamum, gallium, and/or silica, 1 oxi-
dized or elemental form.

6. The system of claim 1 wherein the acidic support
material comprises zeolites, carbon, aluminum, and/or
silica.

7. The system of claim 1 wherein the reactor 1s configured
to be maintained between 200 and 450° C.

8. The system of claim 1 wherein the metal of the catalyst
comprises copper 1n an amount between 0.5 and 20 (wt/wt
%) of the catalyst.

9. The system of claim 1 wherein the metal of the catalyst
comprises zirconium 1n an amount between 1 and 8 (wt/wt
%) of the catalyst.
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