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SYSTEMS AND METHODS FOR ON-SITE
LIQUID ALCOHOL PRODUCTION FROM
CARBON DIOXIDE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application No. 62/630,919, filed on Feb. 15,
2018, and U.S. Provisional Patent Application No. 62/528,
044, filed on Jul. 1, 2017. The contents of each of these
applications is hereby incorporated by reference in its
entirety.

FIELD OF THE INVENTION

[0002] The present disclosure relates to carbon dioxide
capture and utilization. It focuses on methods that use
electricity, heat, or a combination thereof to convert carbon
dioxide and water into small molecule alcohols, such as
ethanol.

BACKGROUND OF THE INVENTION

[0003] As carbon dioxide concentrations in the atmo-
sphere increase, it is becoming advantageous from social
welfare, human health, and energy security perspectives to
develop technologies that remove carbon dioxide from the
air. These technologies have the added benefit of producing
commodity chemicals on-site, anywhere on the globe, with
no cost or hazard risk of transportation. This need is coupled
with an increasing global utilization of renewable electricity
generation methods, such as solar photovoltaics and wind
turbines. Techniques like these use intermittent energy
sources, such as the sun, which sets in the evening and rises
in the morning, and wind, which blows intermittently. Thus,
the supply of electricity from these sources to electrical grids
surges at some points, and is low at others. This presents an
opportunity for technologies that can intermittently utilize
electricity to produce desired products on-site.

[0004] Of the available technologies to produce chemicals
from carbon dioxide, hydrogenation of carbon dioxide or
carbon monoxide using renewably-derived hydrogen gas
from a water electrolyzer is capable of being powered
completely by renewable (solar, wind, hydroelectric, etc.)
electricity. A method such as this converts a carbon-based
feedstock (carbon dioxide or carbon monoxide) and water
into hydrocarbon chemicals using an external energy source;
this is similar to the fundamental photosynthetic processes
enabling life on our planet. For example, plants use photo-
synthesis to convert carbon dioxide, water, and solar energy
into chemical energy by creating sugars and other complex
hydrocarbons. This effectively stores the energy from the
sun in the chemical bonds of a carbon-based compound.
This process has been supporting the Earth’s ecosystem and
balancing carbon dioxide concentration in our atmosphere
for billions of years.

[0005] In the last century, human beings have harnessed
byproducts of photosynthesis, such as fossil fuels, to provide
the energy required for modern life. This has released
millions of tons of carbon dioxide into the Earth’s atmo-
sphere that had been previously sequestered into the fossil
fuels by photosynthesis over the course of millions of years.
Scientific evidence points to this rapid increase in carbon
dioxide concentration in the atmosphere from anthropogenic
sources to be potentially catastrophic to global climate. The
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development of carbon-negative processes that mimic natu-
ral ones to sequester carbon dioxide are, therefore, critical to
the future of the planet.

[0006] One of the major hurdles toward carbon dioxide
sequestration is the effective utilization and catalytic trans-
formation of carbon dioxide and/or carbon monoxide into
useful chemicals. Plants achieve this via dehydrogenase
enzymes, which utilize transition metals to catalyze the
hydrogenation of carbon dioxide into carbon monoxide,
formic acid, or a number of other building blocks for sugars.
Man-made systems have attempted to copy this route, and
chemical methods for carbon dioxide transformation have
been known for decades. Many of these, however, have
energy requirements unrealistic for any large-scale deploy-
ment.

[0007] Accordingly, additional systems and methods are
needed for sequestering carbon dioxide into useful materi-
als.

SUMMARY OF THE INVENTION

[0008] The present disclosure provides systems and meth-
ods for the conversion of carbon dioxide to alcohols. Three
routes are available, in principle, to perform this reduction
reaction: (1) electrolytic carbon dioxide reduction for one-
step production of chemicals directly from carbon dioxide,
(2) combined electrolysis of water to form hydrogen and
oxygen gas, with subsequent hydrogenation of carbon diox-
ide using hydrogen gas from the electrolyzer in a high
pressure, high temperature reactor in a two-step process, and
(3) electrolytic carbon dioxide reduction to its most kineti-
cally accessible product, carbon monoxide, and electrolysis
of water to form hydrogen and oxygen gas, with subsequent
hydrogenation of carbon monoxide using hydrogen gas from
the electrolyzer in a high pressure, high temperature reactor
(the Fischer-Tropsch process) in a three-step process. The
first of these is not practical to carry out based on current
technology. The present disclosure provides methods and
systems suitable to carry out the second two routes.

[0009] The systems and methods of the present disclosure
preferably rely on energy derived fom renewable sources to
power the conversion of carbon dioxide into alcohol. How-
ever, any suitable energy source may be used.

[0010] In certain aspects, the systems and methods of the
present disclosure operate by separating carbon dioxide
from any dilute source (such as air, or a byproduct stream
derived from a chemical process), followed by splitting
water into hydrogen gas and oxygen gas, then reacting the
hydrogen with the carbon dioxide in a hydrogenation reac-
tion to produce alcohols. In certain embodiments, the elec-
trolyzer that produces hydrogen is co-located with the
hydrogenation reactor in the same physical area. In other
embodiments, the electrolyzer fills a tank with hydrogen,
which is then transported to the site of the hydrogenator.

[0011] In certain aspects, the systems and methods of the
present disclosure operate by separating carbon dioxide
from any dilute source (such as air, or a byproduct stream
derived from a chemical process), converting the carbon
dioxide to carbon monoxide by either thermochemical meth-
ods (using hydrogen) or electrochemical methods (using
water), then further reacting the carbon dioxide or carbon
monoxide with hydrogen, for instance in a Fischer-Tropsch
reactor.
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[0012] In certain embodiments, the alcohols produced
according to the present disclosure may be purified by
distillation, condensation, or any other suitable method.

[0013] In certain aspects, the present disclosure provides
integrated systems and methods of using those systems for
the production of alcohols from carbon dioxide. In certain
embodiments, the systems and methods provided herein
react hydrogen with carbon dioxide in a one- or two-step
process to produce alcohols. The carbon dioxide may be
generated on site or off site. For example, in some embodi-
ments, the carbon dioxide is collected from a source such as
air or an industrial waste stream. In other embodiments, the
carbon dioxide is provided in substantially pure form. The
hydrogen may be generated on site or off site, for instance
by an electrolyzer, or may be provided in substantially pure
form.

[0014] In certain embodiments, the reaction of carbon
dioxide with hydrogen to produce alcohols occurs in a
one-step process, i.e., one reactor is used to conduct the
multiple chemical reactions required to produce alcohols
from carbon dioxide. According to such embodiments, the
systems of the present disclosure comprise: (1) optionally,
an air capture system for collection of carbon dioxide from
air, (2) a system that produces hydrogen from water using an
electrolyzer, (3) a hydrogenation system that (a) combines
the hydrogen produced from the electrolyzer with carbon
dioxide from the air capture system to produce carbon
monoxide and (b) combines hydrogen produced from the
electrolyzer with the carbon monoxide to produce a mixture
of alcohols. In further embodiments, the system comprises
(5) a distillation unit to purify the alcohol.

[0015] In certain embodiments, the reaction of carbon
dioxide with hydrogen to produce alcohols occurs in a
two-step process, i.e., one reactor is used to conduct the
initial reduction of carbon dioxide to carbon monoxide; and
a separate reactor is used to conduct the further reduction
steps necessary to convert carbon monoxide to alcohols.
According to such embodiments, the systems of the present
disclosure comprise: (1) optionally, an air capture system for
collection of carbon dioxide from air, (2) a system that
produces hydrogen from water using an electrolyzer, (3) a
first hydrogenation system that combines the hydrogen
produced from the electrolyzer with carbon dioxide from the
air capture system to produce carbon monoxide, (4) a second
hydrogenation system that combines hydrogen produced
from the electrolyzer with the carbon monoxide to produce
a mixture of alcohols. In further embodiments, the system
comprises (5) a distillation unit to purify the alcohol.

[0016] In certain embodiments, the methods of the present
disclosure comprise capturing carbon dioxide from a dilute
source, such as air; electrolyzing water to produce hydrogen;
reacting the hydrogen with the carbon dioxide to produce
carbon monoxide; and reacting the carbon monoxide with
hydrogen to produce an alcohol. In further embodiments, the
method further comprises purifying the alcohol, for example
by distilling it.

[0017] In certain embodiments of the disclosed methods,
the two hydrogenation steps are conducted in the same
hydrogenation reactor, such that carbon dioxide is reacted
with hydrogen gas to directly produce the alcohol. In other
embodiments, the two hydrogenation steps are conducted in
separate hydrogenation reactors, such that the intermediate
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product, carbon monoxide, is produced in the first hydro-
genation step and used as a reactant in the second hydro-
genation step.

[0018] Any suitable system for producing hydrogen from
water may be used. In certain embodiments, the system that
produces hydrogen using electrolysis for later use (such as
in the systems and methods disclosed herein) is a polymer
electrolyte membrane (PEM) electrolyzer, an alkaline elec-
trolyzer, or a high-temperature solid oxide electrolyzer.
Electricity used to drive this process may be obtained from
any suitable source, preferably from a renewable resources
that do not generate additional carbon dioxide, allowing for
a truly carbon-negative solution to our increasing carbon
dioxide emissions.

[0019] Any suitable system for providing carbon dioxide
may be used. In some embodiments of the present disclo-
sure, carbon dioxide is supplied from an air capture system
that uses a sorbent to output carbon dioxide at concentra-
tions above 25%, 50%, 75%, 95%, or 99% in air. In other
embodiments, carbon dioxide is purchased in its pure form
and is source-agnostic. In the case of carbon dioxide that is
sourced at concentrations lower than 99%-100%, the hydro-
genation system may be modified with catalysts that are
capable of selectively hydrogenating carbon dioxide in air,
selectively hydrogenating carbon dioxide in air, or selec-
tively hydrogenating carbon dioxide or carbon monoxide in
any number of air-derived product streams that contain
carbon dioxide, carbon monoxide, or a combination thereof,
at any concentration.

[0020] In certain embodiments of the present disclosure,
carbon dioxide is hydrogenated with hydrogen gas into
alcohols. In others, carbon dioxide is hydrogenated to car-
bon monoxide and water in a first step; then, in a second step
the resulting carbon monoxide is hydrogenated into alco-
hols. In other embodiments, carbon dioxide is electrochemi-
cally converted to carbon monoxide and hydrogenated to
alcohols in a Fischer-Tropsch-type reactor, which then
becomes a component of the overall system.

[0021] In certain embodiments of the present disclosure,
the resulting product mixture from hydrogenating a carbon
dioxide or carbon monoxide feedstock is purified. This can
be done either on-site in an integrated system, or off-site in
a separate system. This system may be a fractional distiller;
it may or may not include molecular sieves and output
dehydrated ethanol. This system may be a continuous dis-
tillation process. This system may or may not include an
extraction solvent.

[0022] In certain embodiments, an extraction solvent is
used in the distillation process. In further such embodiments,
the extraction solvent is propylene glycol. Propylene glycol
is a low-cost and non-hazardous extraction solvent. This
allows for extractive distillation without the typical extrac-
tion solvents that are used for fuel ethanol (for example,
benzene). Propylene glycol is a common food additive and
is friendly to human health, and can be used in either a
fractional distillation batch process or a continuous flow
process. The alcohols that are produced from the system
may be used for a variety of applications, including for the
production of alcoholic spirits, perfume, and other alcohol-
based consumer products.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] FIG. 1 shows a process flow diagram of an exem-
plary embodiment, which can be used to produce ethanol
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using excess electricity from an electrical grid for load-
leveling purposes, using an electrolyzer to supply hydrogen
gas in a renewable manner and capturing carbon dioxide
from the air.

[0024] FIG. 2 shows a process flow diagram of an exem-
plary embodiment, where ethanol is produced from carbon
dioxide in a three-step process utilizing thermochemical
conversion of carbon dioxide and hydrogen to carbon mon-
oxide, then sequential conversion of carbon monoxide and
hydrogen to alcohols.

[0025] FIG. 3 shows a process flow diagram of another
apparatus of the present disclosure, wherein propylene gly-
col is used as an extraction solvent for extractive distillation
of non-hazardous ethanol.

DETAILED DESCRIPTION OF THE
INVENTION

[0026] In certain aspects, the present disclosure provides
systems for production of alcohols, comprising an electro-
lyzer; and a hydrogenation reactor configured to convert
carbon monoxide to an alcohol, such as ethanol.

[0027] In certain embodiments, the hydrogenation reactor
is configured to convert carbon dioxide to carbon monoxide
and to convert carbon monoxide to an alcohol, such as
ethanol. In certain embodiments, the system of any one of
the preceding claims, wherein the hydrogenation reactor is
configured to react carbon monoxide with hydrogen gas to
produce an alcohol, such as ethanol. In further embodi-
ments, the system of any one of the preceding claims,
wherein the hydrogenation reactor is configured to react
carbon dioxide with hydrogen gas to produce an alcohol,
such as ethanol. That is, the hydrogenation reactor is capable
of reacting carbon dioxide with hydrogen gas to produce
carbon monoxide as an intermediate product, and also
capable of further reacting the intermediate carbon monox-
ide with hydrogen gas to produce the product alcohol.

[0028] In certain embodiments, the hydrogenation reactor
operates with selectivity for the alcohol of greater than 10%.
In certain embodiments, the selectivity for the alcohol is
greater than 30%. The selectivity may be provided by
suitable selection of catalyst. In certain embodiments, the
hydrogenation reactor comprises a first catalyst comprising
platinum, palladium, copper, cobalt, zinc, selenium, rho-
dium, iron, molybdenum, sulfur, oxygen, or alloys or chemi-
cal compounds thereof. In certain embodiments, the first
catalyst comprises nanoparticles comprising CuZn, CuZn-
FeK, CuZnFcKC, CuZnFcAIK, CuZnFcNa, CuZnFcCoK,
CuZnFcCoNaK, CuCoAl, CoMOSK, CuZnK, CuCoMn,
RhRu, PdCuFe, Rh, or RhFeSi, optionally on an alumina
support. In certain embodiments, the first catalyst comprises
nanoparticles comprising CoMoSK, optionally on an alu-
mina support. In certain embodiments, the first catalyst
comprises nanoparticles comprising rhodium, optionally on
a high surface area support.

[0029] In certain embodiments, the system further com-
prises a reduction reactor configured to convert carbon
dioxide to carbon monoxide. The reduction reactor may
produce substantially pure carbon monoxide (e.g., carbon
monoxide gas comprising less than 30%, 20%, 10%, or 5%
carbon dioxide gas an an impurity), or may simply enrich the
carbon dioxide stream in carbon monoxide prior to further
reaction in the hydrogenation reactor. In certain embodi-
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ments, the reduction reactor is an electrochemical reactor. In
other embodiments, the reduction reactor is a carbon dioxide
hydrogenation reactor.

[0030] In certain embodiments, the reduction reactor is
configured to react carbon dioxide with hydrogen gas,
thereby producing carbon monoxide. In certain embodi-
ments, the reduction reactor operates with selectivity for
carbon monoxide greater than 10%. In certain embodiments,
the reduction reactor operates with selectivity for carbon
monoxide greater than 50%. The selectivity may be pro-
vided by suitable selection of catalyst. In certain embodi-
ments, the reduction reactor comprises a second catalyst
comprising platinum, palladium, copper, cobalt, zinc, sele-
nium, rhodium, iron, oxygen, or alloys or chemical com-
pounds thereof. In certain embodiments, the second catalyst
comprises nanoparticles comprising CuZn, CuZnFeK,
CuZnFcKC, CuZnFcAlIK, CuZnFeNa, CuZnFeCoK, CuZn-
FeCoNaK, CuCoAl, CoMoSK, CuZnK, CuCoMn, RhRu,
PdCuFe, Rh, or RhFeSi, optionally on an alumina support.
[0031] In certain embodiments, the system comprises a
direct air capture system. In certain embodiments, the direct
air capture system is configured for carbon dioxide purifi-
cation from ambient air.

[0032] In certain embodiments, the system comprises a
distillation system. In certain embodiments, the distillation
system is configured to separate the liquid alcohol, such as
ethanol, from other products made in the hydrogenation
reactor. In certain embodiments, the distillation system
comprises propylene glycol.

[0033] In certain preferred embodiments, the alcohol is
ethanol.
[0034] In certain embodiments, the system comprises one

or more solar photovoltaic panels.

[0035] In certain embodiments, the electrolyzer is config-
ured to split water into hydrogen and oxygen gas.

[0036] In certain aspects, the present disclosure provides
methods for producing an alcohol, comprising electrolyzing
water to produce hydrogen; converting carbon monoxide to
an alcohol, such as ethanol; and optionally, distilling the
alcohol.

[0037] In certain embodiments, the method further com-
prises converting carbon dioxide to carbon monoxide.
[0038] In certain embodiments, the steps of converting
carbon dioxide to carbon monoxide and converting carbon
monoxide to the alcohol occur in a single hydrogenation
reactor. That is, the single hydrogenation reactor is config-
ured to perform both steps sequentially.

[0039] In certain embodiments, converting carbon mon-
oxide to the alcohol comprises reacting carbon monoxide
with hydrogen in the presence of a first catalyst comprising
platinum, palladium, copper, cobalt, zinc, selenium, rho-
dium, iron, molybdenum, sulfur, oxygen, or alloys or chemi-
cal compounds thereof. In certain embodiments, reacting
carbon monoxide with hydrogen comprises reacting carbon
monoxide with hydrogen in the presence of a first catalyst
comprising nanoparticles comprising CuZn, CuZnFeK,
CuZnFeKC, CuZnFeAlK, CuZnFeNa, CuZnFcCoK, CuZn-
FeCoNaK, CuCoAl, CoMOSK, CuZnK, CuCoMn, RhRu,
PdCuFe, Rh, or RhFeSi, optionally on an alumina support.
In certain embodiments, reacting carbon monoxide with
hydrogen comprises reacting carbon monoxide with hydro-
gen in the presence of a first catalyst comprising nanopar-
ticles comprising CoMoSK, optionally on an alumina sup-
port. In certain embodiments, reacting carbon monoxide
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with hydrogen comprises reacting carbon monoxide with
hydrogen in the presence of a first catalyst comprising
nanoparticles comprising rhodium, optionally on a high
surface area support.

[0040] In certain embodiments, converting carbon dioxide
to carbon monoxide takes place in a different reactor from
the reactor in which converting carbon monoxide to an
alcohol takes place.

[0041] In certain such embodiments, converting carbon
dioxide to carbon monoxide comprises electrochemically
reducing carbon dioxide to produce carbon monoxide. In
other such embodiments, converting carbon dioxide to car-
bon monoxide comprises reacting carbon dioxide with
hydrogen from the electrolyzing step to produce carbon
monoxide. In certain embodimentsm, converting carbon
dioxide to carbon monoxide comprises reacting carbon
dioxide with hydrogen in the presence of a second catalyst
comprising nanoparticles comprising platinum, palladium,
copper, cobalt, zinc, selenium, rhodium, iron, oxygen, or
alloys or chemical compounds thereof. In certain embodi-
ments, converting carbon dioxide to carbon monoxide com-
prises reacting carbon dioxide with hydrogen in the presence
of a second catalyst comprising nanoparticles comprising
CuZn, CuZnFeK, CuZnFeKC, CuZnFeAlK, CuZnFeNa,
CuZnFeCoK, CuZnFeCoNaK, CuCoAl, CoMOSK, CuZnK,
CuCoMn, RhRu, PdCuFe, Rh, or RhFeSi, optionally on an
alumina support.

[0042] In certain embodiments, the method further com-
prises capturing carbon dioxide from an input stream. In
certain such embodimets, the input stream is air. In other
such embodiments, the input stream is an industrial waste or
byproduct stream.

[0043] In certain embodiments, wherein the distilling step
comprises distilling the alcohol in the presence of propylene
glycol.

DISCUSSION

[0044] In the most general form of the systems and
methods disclosed herein, the overall reaction that occurs is
the reduction of carbon dioxide and oxidation of water to
form oxygen, preferably using renewable energy to power
the process. This is shown in the reaction scheme below:

xCO,+yH,0—Products+z0,

[0045] Where x,y, Z are stoichiometric coeflicients and are
dependent on the product being made by the carbon dioxide
reduction reaction. Common products of this reaction
include, but are not limited to, CO, HCO,H, HCHO,
CH,OH, CH,, CH;CH,OH, CH;CH,. For the purposes of
the present disclosure, the desired products are alcohols,
preferably ethanol (CH,CH,OH), thus the following overall
reaction (or a similar version of it) is desired:

2C0,+6H,0—>2C0,+6H,+30,—CH,CH,0H+
3H,0+30,

[0046] In some embodiments of the disclosure, other
products are produced as impurities, but may be separated in
a final distillation or condensation step of the current system.
Common products of this reaction noted above are typical
impurities that are removed. In many cases, the overall
concentration of ethanol pre-distillation is much less than
the concentration of the other products. The ethanol con-
centration in the output aqueous alcohol mixture from the
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hydrogenation reactor can be as low as 99%, 95%, 90%,
50%, 30%, 20%, 10%, 5%, or 1% ethanol or lower.

[0047] The above reaction is accomplished using atmo-
spheric carbon dioxide, water, and an energy source, pref-
erably a renewable energy source (including, but not limited
to, solar or wind energy) using the system that is an object
of the present disclosure. This is done by arranging the
different components, (1)-(5) in unique configurations. This
disclosure includes, but is not limited to, configurations of
steps (1)-(5) wherein carbon dioxide capture happens con-
current to water capture or water is also captured from the
air, water splitting powered by a solar photovoltaic array is
then performed to produce hydrogen gas from the water,
followed by hydrogenation to form ethanol and impurities,
followed by removal of the impurities. The sequence of the
steps is outlined in FIGS. 1-3 above, and must include
conversion of water into hydrogen gas prior to hydrogena-
tion, and may include condensation/distillation (removal of
impurities) after hydrogenation.

[0048] In some embodiments of the disclosure, different
technologies can suffice for the individual components (1)-
(5) of the liquid alcohol production system. Additional
components, including valves, compressors, pumps, mixers,
and other suitable systems known to those skilled in the art
are also utilized. These components are outlined as follows:

[0049] (1) Optional system for the collection of carbon
dioxide: This process includes, but is not limited to, a carbon
dioxide scrubber. Carbon dioxide scrubbers, such as is the
object of the component of the disclosure, typically operate
by binding carbon dioxide to either a solid or a liquid
sorbent, such as an amine, such as monoethanolamine, and
reversing the binding at higher temperatures. In some cases,
these amines are embedded in a membrane as a part of
porous granulates, a binding event which can be reversed at
moderate temperatures (c.a. 100° C.). Another method of
collection of carbon dioxide from air is the use of a zeolite
or molecular sieve similar to vacuum swing or pressure
swing adsorption systems for oxygen or nitrogen putifica-
tion from air. In some cases, liquid air energy storage
systems can be utilized to capture carbon dioxide from the
air. Scrubbing processes that utilize sodium hydroxide,
lithium hydroxide, calcium oxide, limestone, or other car-
bonate-based or basic chemical cycles are also useful for this
step.

[0050] In one example, carbon dioxide is absorbed by an
alkaline sodium hydroxide solution in water to produce
sodium carbonate in an exothermic adsorption reaction.
Causticization to transfer carbonate anions from the sodium
cation to a calcium cation can then be utilized, and calci-
nation of calcium carbonate can be used to produce CO, and
calcium oxide. Calcium oxide can then be regenerated with
water. Lithium hydroxide systems can achieve this cycle
without having to use a calcium cation.

[0051] (2) Water splitting electrolyzer: This component
may comprise any suitable type of electrolyzer, such as
polymer electrolyte membrane (PEM) electrolyzers, alka-
line electrolyzers, and solid oxide electrolyzers. In a water
splitting electrolyzer, water (sometimes further deionized by
an on-board ion exchange column) is fed into an anode
chamber where it is oxidized using electricity to oxygen gas.
The remaining protons are transferred to a cathode where
they are reduced to hydrogen gas. The oxygen gas is
removed from the anode and can be either used or vented,
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and the hydrogen gas that is produced separately from the
oxygen at the cathode can be further utilized.

[0052] PEM electrolyzers have the advantage of using a
polymer electrolyte membrane, typically Nafion, between
the anode and cathode. In a PEM electrolyzer, high purity
water is fed through an anode flow plate adjacent to a
catalyst coated membrane and diffusion layer. At the cata-
lyst-coated membrane, the water is oxidized to oxygen gas,
for example using an iridium oxide nanoparticle based
anode, which is carried out through the flow plate. Electrons
liberated by the process are transferred to the cathode
through an external circuit, where a voltage is applied
(typically 1.5 V-2.2 V). Protons are transported through the
Nafion membrane to a platinum cathode on the opposite side
of the catalyst coated membrane. The protons are then
reduced to hydrogen gas. PEM electrolyzers have the added
benefit of production of high-pressure hydrogen due to
electrochemical pressure generated by conversion of a gas to
a liquid. In these systems, hydrogen at pressures >100 psi
can be generated without the need for a compressor. Alkaline
electrolyzers are also useful for this application, wherein a
polymer electrolyte membrane is not used.

[0053] (3) Carbon dioxide hydrogenation reactor: Hydro-
genation reactions such as are described herein use heat and
pressure to react hydrogen gas with a low-energy carbon-
based reactant, in this case carbon dioxide. This reaction is
performed with a heterogeneous catalyst present inside the
reactor, wherein the reactant products bind to the surface of
the catalyst and are rearranged depending on the surface
properties of the catalyst. The use of heat allows for reduc-
tion of CO, to either CO or directly to alcohols, enabling
bond formation to overcome activation barriers present on
the surface of the catalyst, while pressure improves the rate
of reaction. Selectivity of the process is controlled by the
catalyst, on which both heat and pressure have an effect. The
hydrogenation reactors described in this step have selectivity
for CO of 5%, 10%, 25%, 50%, 75%, 80%, 85%, 90%, 95%,
99%, 99.9%, or higher.

[0054] In some embodiments of the present disclosure,
carbon dioxide is fed into a hydrogenation reactor to reduce
it to an intermediate step prior to ethanol production. In
some cases, this intermediate step is production of carbon
monoxide and water from carbon dioxide and hydrogen as
is noted in this step. Temperature and pressure are critical for
tuning reaction conditions. In some embodiments of the
present disclosure, the pressure vessel is able to withstand
pressures up to 10 psi, 100 psi, 500 psi, 1000 psi, 1500 psi,
2000, psi, 3000 psi, 5000 psi, 10,000 psi, and higher. The
ratio of pressures between hydrogen gas and carbon dioxide,
for example, can also affect selectivity and yield of the
process. In some embodiments, the partial pressure of car-
bon dioxide gas is 50 psi, 100 psi, 200 psi, 400 psi, 600 psi,
800 psi, or higher. The partial pressure of hydrogen is
typically higher than that of carbon dioxide, and in some
embodiments the partial pressure of hydrogen is 100 psi, 300
psi, 500 psi, 800 psi, 1000 psi, 2000 psi, 5000 psi, or higher.
In some embodiments, the carbon dioxide is present in the
liquid phase, in which the partial pressure of the liquid is
higher than 860 psi at room temperature (25° C.). Pressures
can include 1000 psi, 2000 psi, 5000 psi, or higher.

[0055] Temperatures that this reaction can be accom-
plished at using the catalysts described herein range from
100° C., 200° C., 400° C., 500° C., 700° C., and higher.
Typical temperature ranges are between 150° C. and 350° C.
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When the reactant gases are introduced to a chemical reactor
at these temperatures and the aforementioned pressures with
the catalysts described herein, carbon monoxide and/or
alcohols can be produced.

[0056] Suitable catalysts for the process include, but are
not limited to, alloys of copper and zinc in nanoparticulate
form, copper nanoparticles, cobalt nanoparticles, iron nan-
oparticles, and other nanoparticles or high surface area
materials with particle or pore sizes ranging from 0.5 nm-10
nm, that are embedded on a high surface are support such as
carbon black, silica, or titanium dioxide. In some cases, the
support is comprised of high surface area alumina, in others
it is approximately 15-30 nm average particle size of mixed
phase titanium dioxide (anatase and rutile). In others, the
support is purely one phase of either titania or alumina. In
others, the support is comprised of nanoparticles 10 nm, 20
nm, 50 nm, 100 nm, 500 nm, and higher. The support can be
made using a variety of oxides, including but not limited to
AL, O;, 7ZrO,, SnO,, Si0,, ZnO,, TiO,, and others. It can
also be comprised of mesoporous silica or a variety of
carbon allotropes. Silicates, nitrides, fluorides, and other
compounds can also be used as support materials.

[0057] Variations in catalyst formulation include ratios of
Cu:Zn between 1:0, 10:1, and 100:1, or Mo:Fe between 1:5,
1:3,1:2,1:1,2:1,3:1, or 5:1, or Co:Cu between 1:5, 1:3, 1:2,
1:1,2:1,3:1, or 5:1. For Cu:Zn usable ratios are between 1:1,
2:1,3:1, 5:1, and higher for Zn, and 1:2, 1:3, 1:5, and higher
for Cu. In some cases, additional compounds can be intro-
duced to the particles or can be made into separate catalysts
themselves, which can include one or more of the following:
Pt, Ru, Rh, Ir, Au, Ni, Co, Li, Na, Fc, Zn, K, Sc, Ca, Mg, Mn,
Sr, Ba, Ag, Sm, La, Ti, V, Zr, Nb, Mo, Re, Sn, Ce, or other
elements. Substitution of platinum, palladium, copper,
cobalt, selenium, rhodium, or iron with other elements in its
group or with similar valence configurations are also meth-
ods of producing catalysts as described in this disclosure. In
certain embodiments, the catalyst comprises nanoparticles
comprising  CuZnFeK, CuZnFeKC, CuZnFcAIK,
CuZnFcNa, CuZnFeCoK, CuZnFeCoNaK, CuCoAl,
CoMOSK, CuZnK, CuCoMn, RhRu, PdCuFe, Rh, or
RhFeSi.

[0058] Synthetic methods for production of these catalytic
nanoparticles and mesoporous materials include synthesis
from nitrate, chloride, fluoride, halide, acetylacetonate,
acetate, amine, carboxylic acid, and other chemical precur-
sors. Synthetic methods can include, but are not limited to,
ultrasonication, thermal annealing, sol-gel methods, freez-
ing, wet/dry impregnation, and other methods. In some
cases, the catalyst will produce a side-product, including but
not limited to methanol, methane, formic acid, paraffins, or
other products.

[0059] In some cases, the catalyst present in (4) is suffi-
cient to convert hydrogen and carbon dioxide into liquid
alcohols, specifically ethanol, at high enough selectivity to
suffice for application of the presently disclosed methods. In
these cases, a second hydrogenation reactor is not necessary,
as both hydrogenation steps occur within the same reactor.
That is, the carbon dioxide does not need to be pre-processed
into carbon monoxide before generating ethanol.

[0060] (4) Ethanol hydrogenation reactor:

[0061] Hydrogenation of carbon-based feedstocks with
hydrogen gas has the advantage of being tunable by chang-
ing the catalyst present in the reactor, which requires mini-
mal changes in overall reactor design. This component of the
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present disclosure utilizes catalyst formulations, including
but not limited to copper, zinc, and iron alloys or mixed
oxides on high surface area supports, such as alumina, that
produce ethanol with high selectivity. Due to the variety of
products that can be produced by hydrogenation processes,
selectivity is a critical metric in determining efficacy of a
catalyst. The hydrogenation reactors described herein have
selectivity for liquid alcohol, and specifically ethanol, pro-
duction among liquid products of 5%, 10%, 25%, 50%,
75%, 80%, 85%, 90%, 95%, 99%, 99.9%, or higher.
[0062] Temperature and pressure are critical for tuning
reaction conditions. In some embodiments of the present
disclosure, the pressure vessel is able to withstand pressures
up to 10 psi, 100 psi, 500 psi, 1000 psi, 1500 psi, 2000, psi,
3000 psi, 5000 psi, 10,000 psi, and higher. The ratio of
pressures between hydrogen gas and carbon dioxide, for
example, can also effect selectivity and yield of the process.
In some embodiments, the partial pressure of carbon dioxide
gas is 50 psi, 100 psi, 200 psi, 400 psi, 600 psi, 800 psi, or
higher. The partial pressure of hydrogen is typically higher
than that of carbon dioxide, and in some embodiments the
partial pressure of hydrogen is 100 psi, 300 psi, 500 psi, 800
psi, 1000 psi, 2000 psi, 5000 psi, or higher. In some
embodiments, the carbon dioxide is present in the liquid
phase, in which the partial pressure of the liquid is higher
than 860 psi at room temperature (25° C.). Pressures can
include 1000 psi, 2000 psi, S000 psi, or higher.

[0063] Temperatures that this reaction can be accom-
plished at using the catalysts described herein range from
100° C., 200° C., 400° C., 500° C., 700° C., and higher.
Typical temperature ranges are between 150° C. and 350° C.
When the reactant gases are introduced to a chemical reactor
at these temperatures and the aforementioned pressures with
the catalysts described herein, ethanol can be produced.
[0064] Catalysts for the process include, but are not lim-
ited to, alloys of copper, zinc, and iron in nanoparticulate
form, combinations of cobalt metal and molybdenum sulfide
in nanoparticulate form, rhodium nanoparticles, rhodium
selenide nanoparticles, palladium nanoparticles, platinum
nanoparticles, platinum/cobalt nanoparticles, palladium/
copper nanoparticles, and other nanoparticles or high sur-
face area materials with particle or pore sizes ranging from
0.5 nm-10 nm, that are embedded on a high surface are
support such as carbon black, silica, or titanium dioxide. In
some cases, the support is comprised of high surface area
alumina, in others it is approximately 15-30 nm average
particle size of mixed phase titanium dioxide (anatase and
rutile). In others, the support is purely one phase of either
titania or alumina. In others, the support is comprised of
nanoparticles 10 nm, 20 nm, 50 nm, 100 nm, 500 nm, and
higher. The support can be made using a variety of oxides,
including but not limited to Al,O;, ZrO,, Sn0O,, Si0,, ZnO,,
TiO,, and others. It can also be comprised of mesoporous
silica or a variety of carbon allotropes. Silicates, nitrides,
fluorides, and other compounds can also be used as support
materials.

[0065] Variations in catalyst formulation include ratios of
Cu:Zn:Fe between 1:1:1, 100:1:1, 1:100:1, 1:1:100 and
between. These may be present in oxide form, or metal form
upon production. Other variants include Co:MoS, between
1:100, 1:5, 1:3, 1:2, 1:1, 2:1, 3:1, 5:1, or 100:1, Co:MoS:K
between 1:1:100, 1:1:5, 1:3:2, 1:2:2, 1:1:1, 2:1:1, 3:1:3,
1:5:1, or 1:100:1. Rh:Se between 1:0, 10:1, and 100:1, or
Pt:Cu between 5:1, 3:1, 2:1, 1:1, 2:1, 3:1, or 5:1, or Pt:Co
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between 5:1, 3:1, 2:1, 1:1, 2:1, 3:1, or 5:1. For Pd:Cu usable
ratios are between 1:1, 2:1, 3:1, 5:1, and higher for Pd, and
1:2, 1:3, 1:5, and higher for Cu. In some cases, additional
compounds can be introduced to the particles or can be made
into separate catalysts themselves, which can include one or
more of the following: Pt, Ru, Rh, Ir, Au, Ni, Co, Li, Na, Fe,
Zn, K, Se, Ca, Mg, Mn, Sr, Ba, Ag, Sm, La, Ti, V, Zr, Nb,
Mo, Re, Sn, Ce, or other elements. Substitution of platinum,
palladium, copper, cobalt, selenium, rhodium, or iron with
other elements in its group or with similar valence configu-
rations are also methods of producing catalysts as described
in this disclosure. In certain embodiments, the catalyst
comprises nanoparticles comprising CuZnFcK, CuZnFcKC,
CuZnFcAIK, CuZnFcNa, CuZnFcCoK, CuZnFeCoNaK,
CuCoAl, CoMOSK, CuZnK, CuCoMn, RhRu, PdCuFe, Rh,
or RhFeSi.

[0066] Synthetic methods for production of these catalytic
nanoparticles and mesoporous materials include synthesis
from nitrate, chloride, fluoride, halide, acetylacetonate,
acetate, amine, carboxylic acid, and other chemical precur-
sors. Synthetic methods can include, but are not limited to,
ultrasonication, thermal annealing, sol-gel methods, freez-
ing, wet/dry impregnation, and other methods.

[0067] Reactors for steps (3) and (4) may include, but are
not limited to, fixed bed flow reactors, continuous stirred
tank reactors, mixed tubular fixed-bed reactors, entrained
flow reactors, slurry reactors, trickle-bed reactors, circulat-
ing catalyst reactors, fluidized-bed reactors, or others. In
some cases, the same type of reactor is used for steps (3) and
(4); in others, they are different types of reactors.

[0068] In some embodiments of this disclosure, the feed
carbon dioxide containing stream is compressed prior to
introduction to the hydrogenation reactor. In others, it is
liquefied using a thermal process. The present disclosure
provides systems that are compatible with high pressure
gaseous carbon dioxide, high pressure liquid carbon dioxide,
or both. The variable pressure nature of this system allows
either gaseous carbon dioxide, liquid carbon dioxide, lique-
fied air, or any gaseous or liquid phase of a carbon-contain-
ing feed stream to be utilized. Furthermore, the present
disclosure provides systems in which this carbon-containing
stream may be fed at variable pressures into a hydrogenation
reactor.

[0069] (5) Purification systems: This component includes,
but is not limited to, a distillation or condensation apparatus
to remove the aforementioned impurities from ethanol pro-
duced in the hydrogenation reactor. In some embodiments of
the current disclosure, the products from the hydrogenation
reactor are vapor phase due to the high temperatures used in
the reactor. In this case, a condensation system that is kept
at a constant temperature near the boiling point of ethanol
(78.4° C.) can be used to separate the ethanol from other
impurities. Many other methods, such as fractional separa-
tion, centrifugation, and others can be used to separate
ethanol vapor from other vaporous products

[0070] In other embodiments, the products of the hydro-
genation reaction are allowed to cool. In this case, distilla-
tion will be performed to separate the ethanol from other
products of the hydrogenation reaction. Distillation can be
accomplished in batch or continuous systems, using frac-
tional distillation, steam distillation, vacuum distillation,
short path distillation, zone distillation, or other techniques.
Pressure-swing and azeotropic distillation techniques can
also be used to purify the ethanol from other impurities. The
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condensate will ideally be high purity ethanol; however,
minor impurities may sometimes be present.

[0071] In some embodiments of the present disclosure, an
extractive distillation system will be used. This enables
removal of water and aqueous impurities from ethanol at
low input energy, at higher purity, or at low process times.
While benzene and ethylene glycol have been used as
extraction solvents for the extractive distillation of pure
ethanol, they are not compatible with consumer products,
since they are hazardous and toxic even at low concentra-
tions. Propylene glycol, however, is a healthy and non-
hazardous compound present as a sweetener in foods and a
solvent for electronic cigarettes. In some embodiments of
this disclosure, propylene glycol is used as an extractive
distillation solvent. This can be accomplished in either a
batch or continuous process.

EXAMPLES

[0072] The invention now being generally described, it
will be more readily understood by reference to the follow-
ing examples which are included merely for purposes of
illustration of certain aspects and embodiments of the pres-
ent invention, and are not intended to limit the invention.

Example 1: Preparation of Methanol and Ethanol
from Carbon Dioxide

[0073] A Proton C10 polymer electrolyte membrane elec-
trolyzer was used to fill a hydrogen tank to 2000 psi.
Hydrogen was drawn from a tank at 1000 psi using a
down-pressure regulator. Concurrently, carbon dioxide was
drawn from a tank at high pressure using a Haskel com-
pressor, then vaporized into a supercritical fluid at 1000 psi.
Separately, the 1000 psi streams of H, and CO, were heated
using an electric heater to 300° C. The 300° C. gas streams
were then blended in a 2:1 H,:CO, ratio using mass flow
controllers. The blended 1000 psi gas was fed at a variable
gas hourly space velocity between 1000 and 5000 ml per
gram of catalyst per hour into a half-inch inner diameter
tubular fixed-bed reactor packed with a CuZnFeCoK cata-
lyst supported on alumina. The bottom 8 inches of the
reactor was packed with inert alumina with the same particle
size and morphology as the alumina that the catalyst is
suspended on, to prevent contamination of catalyst into the
gaseous output stream. At the surface of the catalyst, the H,
and CO, gases are reacted to form methanol, ethanol, and
methane (CH,), all being in gaseous form with approxi-
mately 20% of the CO, being reacted in the first pass. The
gases are then cooled so that the room-temperature liquids
(methanol and ethanol) condense out. These liquids are
separated from the H,, CO,, and CH,, at a gas-liquid sepa-
rator. The gases are recycled to be re-used as a feed, while
the liquids are distilled and utilized.

INCORPORATION BY REFERENCE

[0074] All publications and patents mentioned herein are
hereby incorporated by reference in their entirety as if each
individual publication or patent was specifically and indi-
vidually indicated to be incorporated by reference. In case of
conflict, the present application, including any definitions
herein, will control.
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EQUIVALENTS

[0075] While specific embodiments of the subject inven-
tion have been discussed, the above specification is illustra-
tive and not restrictive. Many variations of the invention will
become apparent to those skilled in the art upon review of
this specification and the claims below. The full scope of the
invention should be determined by reference to the claims,
along with their full scope of equivalents, and the specifi-
cation, along with such variations.

1-41. (canceled)

42. A method for production of an alcohol, comprising:

electrolyzing water to produce hydrogen;

combining carbon dioxide with the hydrogen in the pres-

ence of a first catalyst to produce a mixture of alcohols,
wherein the mixture of alcohols comprises ethanol; and
wherein the first catalyst comprises nanoparticles com-
prising copper and zinc.

43. The method of claim 42, wherein the first catalyst
comprises CuZn, CuZnFeK, CuZnFeKC, CuZnFeAlK,
CuZnFeNa, CuZnFeCoK, CuZnFeCoNaK, or CuZnK,
optionally on an alumina support.

44. The method of claim 43, wherein the first catalyst
comprises CuZn, optionally on an alumina support.

45. The method of claim 43, wherein the first catalyst
comprises CuZnFeK, optionally on an alumina support.

46. The method of claim 43, wherein the first catalyst
comprises CuZnFeKC, optionally on an alumina support.

47. The method of claim 43, wherein the first catalyst
comprises CuZnFeAlK, optionally on an alumina support.

48. The method of claim 43, wherein the first catalyst
comprises CuZnFeNa, optionally on an alumina support.

49. The method of claim 43, wherein the first catalyst
comprises CuZnFeCoK, optionally on an alumina support.

50. The method of claim 43, wherein the first catalyst
comprises CuZnFeCoNaK, optionally on an alumina sup-
port.

51. The method of claim 43, wherein the first catalyst
comprises CuZnK, optionally on an alumina support.

52. The method of claim 42, wherein the first catalyst
further comprises cobalt, selenium, sodium, potassium, iron,
molybdenum, sulfur, oxygen, or alloys or chemical com-
pounds thereof.

53. The method of claim 52, wherein the first catalyst
comprises sodium.

54. The method of claim 52, wherein the first catalyst
comprises CuZnFeK, CuZnFeKC, CuZnFeAlK, CuZnFeNa,
CuZnFeCoK, CuZnFeCoNaK, or CuZnK, optionally on an
alumina support.

55. The method of claim 42, further comprising capturing
carbon dioxide from an input stream prior to combining the
carbon dioxide with the hydrogen.

56. The method of claim 55, wherein the input stream is
air, an industrial waste stream, or a byproduct stream.

57. The method of claim 55, wherein the first catalyst
further comprises cobalt, selenium, sodium, potassium, iron,
molybdenum, sulfur, oxygen, or alloys or chemical com-
pounds thereof.

58. The method of claim 57, wherein the first catalyst
comprises CuZnFeK, CuZnFeKC, CuZnFeAlK, CuZnFeNa,
CuZnFeCoK, CuZnFeCoNaK, or CuZnK, optionally on an
alumina support.

59. The method of claim 42, further comprising distilling
the mixture of alcohols.
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60. The method of claim 59, wherein the first catalyst
further comprises cobalt, selenium, sodium, potassium, iron,
molybdenum, sulfur, oxygen, or alloys or chemical com-
pounds thereof.

61. The method of claim 42, wherein the mixture of
alcohols further comprises methanol.
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