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MOLTEN HYDROXIDE MEMBRANE FOR SEPARATION OF ACID
{(GASES FROM EMISSIONS

(6661 The United States Government has rights in this invention pursuant to
Contract No. DE-ACS52-07TNA27344 between the United States Department of Energy
and Lawrence Livermore National Security, LLC for the operation of Lawrence

Livermore National Laboratory.

FIELD OF THE INVENTION
10082] The presently disclosed inventive concepts relate to carbon capture and separation
(CCS), and more particularly to dual-phase separation membranes for post-combustion

carbon capture and separation.

BACKGROUND
166G63] Greenhouse gas emissions, and particularly carbon dioxide emissions, are an
increasing concern in the context of environmental health and as a contributor to global
climate change. As such, much effort is currently spent developing ways to reduce or
eliminate carbon dioxide emissions from important modern processes, particularly
industrial processes.
[6604] A well-known and predominant source of carbon dioxide emissions in the
modern industrial economy arises from power production. Accordingly, this sector has
been the focus of efforis to reduce or eliminate carbon dioxide ernissions. One typical
approach to accomplish this objective is the use of a separation membrane or amine-

based separation solution to capture carbon dioxide after combustion but prior to
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releasing exhaust into the atmosphere. Some solutions instead attempt o capture carbon
dioxide pre-combustion, but have met with limited success, and are associated with
prohibitively high costs due to the need to integrate legacy systerns with complex fuel-
CONVETSIOn processes.

[6065] Focusing now on post-combustion capture techniques, many conventional
separation systems employ a solid phase membrane, such as a polymer or ceramic; a
solution of organic amines (¢.g. monoethanolarine, or MEA) solvated in water: or a dual
phase molten carbonate/ceramic membrane to accomplish separation of carbon dioxide.
10666] Typical polymer-based membrane separation systems generally separate gases
through size effects or chemical effects. Size exclusion membranes effectively separate
carbon dioxide from hydrocarbons but have prohibitively low sclectivity for separating
carbon dioxide from other gases, such as molecular nitrogen, as needed for the
remediation of flue gases common in the targeted application to industrial sources of
greenhouse gas emissions. Chemical exclusion membranes separate carbon dioxide from
molecular nitrogen with high selectivity, but at prohibitively slow rates. Polymer
membranes are also troubled by limited temperature ranges (i.e. <250 C) and are prone to
fouling by gases {e.g. sulfur and nitrogen oxides) and/or particulate matter in the flue gas.
(6067} Conventional oxygen separation membrancs employ solid-phase ceramic
separation systems which separate molecular oxygeun from molecular nitrogen before
combustion, instead of separating carbon dioxide from molecular nitrogen after
combustion. These membranes require operation at temperatures of 800 - 1000 C, which
is much higher than the 300 - 700 C temperature range at which targeted sources of

greenhouse gas emissions operate, the temperature at which flue gas exits the combustion
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chamber (prior to the heat exchanger). Preheating air to this high temperatare range for
removing the 20% fraction of molecular oxygen is energetically expensive, and reduces
the efficiency of the power production capability of the emission source. This system is
also reactively slow (1107 to 1310 mol 57 cno? in the 800 - 1000 C range) because
the oxygen must transition through the solid phase as oxide (O%) ions.

[6008] Traditional liguid phase treatment, such as amine gas treatment involves using
an organic amine in a water solvent to capture cold (< 80 C) carbon dioxide in an
absorber from the flue gas of the emission source, e.g. a fossil fuel power plant. The
carbon dioxide is later released in a regenerator with the application of heat energy. This
system consumes 25 - 40% of the power plant’s energy through exchanged and
consumed heat energy. The infrastructure costs for an absorber, regenerator, etc,, are also
substantial. Together, the energy and infrastructure costs for this system are expected to
double the cost of electricity produced by the emission source. Unfortunately, the use of
other materials for carbon dioxide adsorption does not significantly change the energy or
infrastructure costs,

160489] Existing dual phase separation membranes, such as carbonate-ceranmic
membranes, separate carbon dioxide from molecular nitrogen using both a molten
{(liguid) carbonate phase and a solid ceramic phase. The solid ceramic phase serves both
as a porous, solid structural support for the molten carbonate phase as well as an oxide
ion conductor via the same conduction process involved with oxygen separation
membranes. The molten carbonate phase transports carbon dioxide across the membrane
as carbonate ions (C03%), while oxide conduction in the opposite direction to carbonate

conduction is required to maintain oxygen and charge balance. The conduction of 0%
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through the solid phase is much slower than the relatively fast conduction of carbonate
through the liquid phasc and so the whole system is rate-limited by the slow rate of oxide
conduction.

18610} While mixtures or eutectics of lithium, sodium, and potassitim carbonate can
reach melting temperatures as low as 400 - 500 C and can conduct carbonate ions in this
temperature range, this system nonetheless requires much higher operational
temperatures because of the additional requirement for oxide conduction. Similar to
oxygen separation membranes, the application of the carbonate-ceramic dual phase
separation membrane is limited to very high temperatures (> 700 C) due to the substantial
thermal energy required to move oxide ions through the solid phase. The concurrent
problems with a dependence upon oxide conduction through a solid phase render the
separation process prohibitively stow and requires operation temperatures which are too
high for effective separation of carbon dioxide from hot flue gas.

10611} Accordingly, it would be beneficial to provide systems and technigues for
separating carbon dioxide gas from emissions sources such as flue gas of fossil fuel
power plants that are capable of operating at the ambient temperature of the flue gas as
emitted from the source with a sufficient reaction rate to effectively separate the carbon
dioxide without consuming substantial power from the source and without associated

infrastructure costs incurred by the existing techniques and systems described above.
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SUMMARY
10612} In one embodiment, a separation membrane includes: a porous support
structure; and at least one alkali metal hydroxide disposed within pores of the porous
support structure.
[6613] In another embodiment, a method for separating acidic gases from a gas
mixture includes exposing the gas mixture to a separation membrane at an elevated
temperature, where the separation membrane includes a porous support and at least one
molten alkali metal hydroxide disposed within pores of the porous support.
10614} Other aspects and embodiments of the present invention will become apparent
from the following detailed description, which, when taken in conjunction with the

drawings, illustrate by way of example the principles of the invention.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0015] For a fuller understanding of the nature and advantages of the present
invention, refercnce should be made to the following detailed description read in
conjunction with the accompanying drawings.
[6016] FI1G. 1A depicts a separation mechanism based for molten carbonate
scparation membranes, according to conventional approaches.
19617} FIG. 1B depicts a separation mechanism based for molten hydroxide

separation membranes, according to one embodiment of the presently disclosed inventive

concepts,

[0018] FIG. 2A is a simplified schematic of a separation membrane, according to one
embodiment,

10619] FIG. 2B depicts a simplified schematic of a separation membrane having

formed thereon conductive electrodes, according to another embodiment,

16620} FIG. 3 is an image of a porous magnesium oxide support structure, according
to one embodiment.

16621} FIG. 4 is a flowchart of a method for separating acidic gases from emissions,

according to various embodiments.
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DETAILED DESCRIPTION
(00622} The following description is made for the purpose of illustrating the general
principles of the preseut invention and is not meant to it the inventive concepts
claimed herein. Further, particular features described herein can be used in combination
with other described features in each of the various possible combinations and
permutations.
10623} Unless otherwise specifically defined herein, all terms are to be given their
broadest possible interpretation including meanings implied from the specification as
well as meanings understood by those skilled in the art and/or as defined in dictionaries,
treatises, elc.
16624} As also used herein, the term “about” when combined with a value refers to
plus and minus 10% of the reference value. For example, a length of about T pm refers to
alengthof 1 pm £ 0.1 pm.
10625] 1t must also be noted that, as used in the specification and the appended
clairns, the singular forms “a,” “an” and “the” inclade plural referents unless otherwise
specified.
10626} The following description discloses several preferred embodiments of three
dimensional porous separation membranes and/or related systems and methods of making
the same.
10627} In one general embodiment, a separation membrane includes: a porous
support structure; and at least one alkali metal hydroxide disposed within pores of the

porous support structure.
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10628 in another general embodiment, a method for separating acidic gases from a
gas mixture inchudes exposing the gas mixture to a separation mermbrane at an elevated
temperatare, where the separation membrane includes a porous support and at least one
molten alkali metal hydroxide disposed within pores of the porous support.
[6629] In a conventional power plant (and various other types of internal combustion
engines), exhaust from combustion of fucls typically includes greenhouse gases, such as
COx«, and offensive acid gases such as NOx, and SO« The exhaust gases are exist at a high
temperatare, ¢.g. in a range from 300-700 C, and may be utilized to perform thermal
work, ¢.g. by converting water to steam for harvesting energy from the combustion
reaction.
166301 There 1s a need for more efficient and less expensive carbon dioxide
separation technology for carbon capture and sequestration (CCS). The presently
disclosed inventive concepts provide a carbon dioxide separation membrane which is so
energy and cost efficient that it outcompetes other technologies and is economically
implementable. The inventive systems and technigues leverage reversible carbon dioxide
solubility in molten hydroxide, e.g. potassium, sodivm, and/or lithium hydroxide (KOH,
NaOH, LiOH} electrolytes.
(0031} Interestingly, the proposed mechanism counters conventional expectations
that molten hydroxide clectrolytes will completely and ureversibly convert to the solid
phase carbonate according to the reaction shown in equation {1}, below. Instead, at
temperatares above 250 C, the reaction is actually reversible as shown in eguation (2).
2KOH + CO» — K2COs + HoO (Equation 1)

2K 0OH + CO2 «+ KoCOs + HoO (Equation 2)
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16632} Reaction (1) becomes reversible in the molten system {e.g. > 30 M potassium
hydroxide) at clevated temperatures (c.g, > 250 °C) as long as sufficient water is present
in the system. The presence of water shifts the equilibrivin of reaction (1) to the left,
Molten potassium hydroxide retains molar concentrations of water up to 400 - 600 °C,
depending on steam pressure. Advantageously, water is a combustion byproduct which
occurs in concentrations similar to carbon dioxide in flue gases at sufficient amounts to
maintain the reversibility of the reaction as shown in equation (2).

16G33] Acid/base chemistry separates acid gases from non-acid gases. The molten
hydroxide system absorbs carbon dioxide, nitrogen dioxide, and sulfur dioxide acid gases
by forming CO3>, NO37, and SOu%, respectively, with molar solubilities. The solubility of
the acid gases and the relative insolubility of molecular nitrogen, oxygen and hydrogen
gases means the membrane can selectively remove the greenhouse gases from the flue
16634 A pressure gradient may be utilized for pulling solvated gases through a
membrane. The removal of the dissolved gases from one side of the membrane causes a
concentration gradient which moves the gases from high pressure (the flue gas side) to
low pressure (acid gas removal side) through diffusion. The rate of acid gas transport
across the membrane is a function of solubility, diffusion cocfficients, membrane
thickness, and pressure gradient.

18635] As noted above, existing techniques for carbon capture function by using
either low-efficiency separation membranes (e.g. molten carbonate} or an amine-based
solution to scparate carbon dioxide from cxhaust. These techniques arc limited by the rate

of oxide transport through solid phase (in the case of molten carbonate roembranes)
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and/or consume significant energy to accomplish separation. The presently disclosed
mventive concepis overcome these limitations, and offer a broader range of applicability,
through the use of molten hydroxide to facilitate capture and separation of acidic gases.
18636] Mechanistically, the differences between previous separation membrane
function and the presently disclosed hydroxide-based separation are shown in FIGS. 1A-
1B, respectively.

186371 The known mechanism shown in FIG. TA involves selective capture of carbon
dioxide at an inlet of the separation membrane (left side of FIG. 1A) and subsequent
conversion to a carbonate ion for transport through the molten carbonate phase of the
membrane and ultimate release from an outlet of the membrane (right side of FIG. 1A).
To balance the equilibrium of this exchange, oxide ions are transported in the opposite
direction. As noted above, the oxide ion travels through the solid phase of the membrane,
and is thus a rate-limiting factor in the separation process. In addition, this solid phase
oxide transport requires very high operating temperatures, ¢.g. above 700 C, which
undesirably limnits the applicability and efficiency of the separation process.

[6038] Accordingly, a new mechanism is proposed in FIG. 1B, based on discovery
that carbon dioxide and other similar acidic gases are reversibly soluble in a molten
hydroxide phase. In operation, the carbon dioxide (or other acidic gas as described
herein) is introduced to the separation membrane at the inlet (left side of FIG. 1B) and
converted to a carbonate for transport through the molten hydroxide phase of the
membrane and ultimately released from the outlet of the membrane (right side of

FIG.1B). In contrast to the known mechanism of FIG. 1A, this transport is balanced via

-10-
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conduction of hydroxide and/or oxide ions in the opposite direction, which
advantageously occurs within the molten hydroxide phase as opposed to the solid phase.
10639] Accordingly, the presently disclosed inventive concepts avoid the rate-
limiting and high temperatare-dependent transport of oxide tons through a solid phase of
the membrane, conferring significant advantages to separation of acidic gases such as
carbon dioxide. The particular advantages and mechanisms will be described in further
detail below, according to various exeroplary embodiments.

160G40] In one approach, a molten hydroxide carbon dioxide separation membrane
separates carbon dioxide from molecular nitrogen with a molten hydroxide electrolyte,
such as molten mixtures of alkali metal hydroxides like potassium, sodium, cesium,
rubidiom, and/or lithium. The molten hydroxide system serves to conduct both carbounate
and oxide in the lignid phase. The molten hvdroxide advantageously absorbs and solvates
large concentrations {¢.g. up to 50 wt%) of carbon dioxide as carbonate. The molten
hydroxide can also conduct oxide 1ons quickly through the liquid phase as hydroxide,
hydroniam, and/or protons (H+).

[6041] The conduction of hydroxide and protons may occur, and preferably ocours
nmuch more rapidly than conduction of carbonate across the membrane. As a result the
separation process is rate limited by carbonate mass transport rather than the transport of
oxide ions through a solid phase. Accordingly, the molien hydroxide membranes
disclosed herein separate acidic gases approximately 100 - 10,000 times faster at a given
temperature than the molten carbonate membranes because the separation rate is limited
by the transport of carbonate in the liquid phase rather than by the rate of oxide transport

through the solid phase.

-11-
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106424 For instance, as discussed further herein, in a range from approximately 350 to
about 700 C, in various approaches, the 10°-10* fold scparation rate improvement may be
accomplished. As will be appreciated by persons having ordinary skill in the art upon
reading the present disclosare, at higher temperature ranges even higher separation rates
may be achieved.

(6043} A difference in partial pressure of CO2 between the feed and permeate sides
of the membrane is advantageous to transport dissolved CO2 across the membrane, A
pressure gradient between the feed and permeate side, and/or utilizing a sweep gas on the
permeate side to lower CO2 partial pressure may be utilized to facilitate transport of
gases through the membranc in the context of the present disclosures.

10044 The hydroxide melts are relatively viscous, yet exhibit exceptionally high
ionic conductivities for ionic species such as carbonate, nitrate and sulfate, which can be
transported quickly through the melt. The partial pressure across the membrane is a
driving force for net movement of carbon dioxide and other acid gases through the
membrane. The rate at which the gases move across the membrane are a function of
solubility, diffusion coefficients, membrane thickness, concentration of water vapor, and
partial pressure gradient. The solubility and diffusion cocfficients are predominantly
controlled by gas teraperature and composition of the molten electrolyte. The membrane
thickness is preferably minimized to facilitate rapid mass transport without sacrificing
structural integrity required to support the membrane under the pressure gradient.

[6045] In various embodiments, and consistent with operational conditions of

environments such as flues of combustion power plants, the pressure gradient to which

12 -
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the membrane may be exposed, and thus must withstand, is in a range from
approximately 0 — 20 atmospheres for transporting the gases across the membrane.
10046} As will be understood by persons having ordinary skill in the art upon reading
the present disclosures, a high pressure gradient could disadvantageously pull the
hydroxide melt through and out of the support matrix. This is one reason why using a
sweep gas such as steam is advantageous, in various embodiments and as described in
further detail below. In particular, using a sweep gas may advauntageously push the
equilibrium shown in equation 2 to the left and lower the partial pressure contribution of
species to be removed from the gas mixture (on the permeate side).

(0047} Accordingly, the presently disclosed inventive separation membranes arc
designed to retain the molten hydroxide phase within a solid support based on capiliary
action. As such, the support structure is preferably a porous matrix such as an aerogel,
and even more preferably is characterized by pores having a diameter in a range from
approximately 75 nmu to about several (e.g. 10) microns. As will be understood by
persons having ordinary skill in the art upon reading the present descriptions, larger pore
size is desirable to facilitate rapid mass transport through the membrane, but pores must
be sufficiently small to retain the molten hydroxide phase within the matrix when
subiected to the pressure gradient generated within the separation environment,

[6048] In some embodiments, it 1s advantageous to include use a membrane with
varying pore size throughout the cross-section, e.g. a gradient in pore size. For example
large pores may be included in a region proximate to the inlet of the membrane, and may
gradually become smaller toward an outlet of the separation membrane. Such

embodiments allow thick membranes that have the required mechanical strength without

13-
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sacrificing transport or liguid retention. In alternative approaches, the gradient may be
configured such that pores having a smallest average diameter are located in a central
region of the separation membrane (measured according to a direction along which ions
migrate through the membrane} with larger pores located in proximity to each outer face
of the membrane.

16649} In several experiments, it has been determined that a pressure on the order of
20 atmospheres or more 1s required to overcome capillary action to reroove water from a
200 nm 8i02 pore. Accordingly, the presently disclosed inventive separation membranes
are preferably characterized by pores with an average diameter of approximately 200 nm,
in one approach. Since hydroxide exhibits strong clectrostatic attraction, it is expected
that larger average pore sizes may be feasible, advantageously facilitating increased mass
transport across the separation membrane. For instance, in one embodiment pores with an
average diameter of approximately 500 nim may be utilized without sacrificing structural
integrity of the membrane under a pressure gradient of 5-20 atmospheres. Indeed, n
some approaches, it is possible to separate CO2 with no pressure gradient at all, by
driving the separation using a concentration gradient with respect to COs™ ions across the
membrane, Alternatively, the reaction may be driven by use of a sweep gas to apply a
pressure gradient of O atmospheres across the gradient, by effectively balancing pressure
across the membrane.

10650] Pores may have an average diameter in a range from about 10 nm to about 1
mm, from about 100 nm to about 100 um, from about 100 nm to about 10 um, from about
200 nm to about 5 um, or in a range from about 200 nm to about 1 um, in various

embodiments, As will be appreciated by skilled artisans upon reading the present

-14.
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disclosures, the pore size is critical to retention of hydroxide in pores of the porous
support structure under a given pressure gradient.

10051 Accordingly, pore size should be controlled according to the stress to which
the separation membrane will be subjected in operation for the particular application in
which the membrane will be employed. As will be further appreciated by skilled artisans
upon reading these disclosures, theretore the pore size may be determined based on
operating conditions (particularly temperature and pressure) under which the membrane
will be used and mechanical and/or clectrostatic properties of the materials from which
the membrane is formed.

[6052] For example, in ong embodiment porous materials based on ZrO; have been
experimentally determined to retain 62 wi% KOH loading at 400 C over a duration of
>48 hours. The heating, in one approach, includes incubation over a period of 192 hours,
with four cycles of heating to 400 C and cooling to room temperature {e.g. 23-27 (). The
pore size for this embodiment was determined to be in a range of approximately 0.1-0.5
urn, and retention was accomplished under conditions that did not inclade application of a
pressure gradient.

10653 Without wishing to be bound to any particular theory, the inventors postulate
this unexpected and superior retention 1s attributable to better-than-expected wettability
of hydroxide in ceramic materials such as certam oxide, @irconiom oxide, silicon carbide,
and equivalents thereof that would be appreciated by a person having ordinary skill in the
art upon reading the present disclosures.

16654 In more approaches, and preferable in some applications to reduce cnergy

consumption associated with separation of offensive and/or acidic gases from gas

-15-
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mixtures such as flue gas, the presently disclosed inventive separation membranes and
processes may accomplish separation without applying a pressure gradient via use of a
sweep gas. For instance, in one embodiment water vapor may be passed across the
permeate side of the membrane (opposite the side where offensive and/or acidic gases are
present in high concentration, e.g. in the flue). Optionally, but advantageously, the sweep
gas may apply pressurc to the permcate side of the membrane.

{8655} Using a sweep gas 1s an attractive embodiment for several reasons, First, the
water pushes the equation (2) equilibrium over to favor COq release on the permeate side
of the membrane. Second, COx separates at a higher rate than without sweep gas
utilization, because the sweeping action maintains a larger COz gradient across the
membrane than a vacuum, with less energy. Third, if the stearn pressuare applied to the
permeate side of the membrane is approximately equal to the pressure applied to the
membrane by the gas mixture {¢.g. flue side), there is no difference in total pressure
across the membrane, which significantly relaxes the materials challenges for capillary
action (pore size) and mechanical strength, Fourth, steam is already present and available
in vartous suitable applications, such as power plants (where steam is used in the heat
exchanger), obviating the need to provide external sources of steam and further
improving energy cfficiency of separation. Fifth, water vapor can be easily scparated
from the COz after gas separation (e.g. via condensation), which further allows
advantageous harvesting of heat from the water vapor.

[6656] In one embodiment, an exemplary separation membrane 266 is shown
according to a simplified schematic as represented in FIG. 2A. The separation membrane

280 mchades a porous sapport structure with hydroxide disposed in the continuous pore

-16-
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system defined by the voids of the porous support. The separation membrane includes an
inlet 262 and an outlet 204 through which acidic gases are transported via the hydroxide
ander operating conditions including an elevated temperature in a range from
approximately 300 — 700 C and a pressure gradient across the membrane in a range from
approximately 5 — 20 atmospheres. In other approaches, separation of oxide gases such as
CO2, SO, and/or NOs may be accomplished without the use of a pressure gradient,
relying instead solely on a concentration gradient across the membrane to facilitate mass
transport thereacross.

166574 In preferred approaches, the porous support structure comprises a system of
continuous pores connecting the inlet 262 of the separation membrane to the outlet 284 of
the separation membrane, thus enabling efficient mass transport thereacross, The
separation membrane 200 may be formed in any suitable configuration, and preferably is
characterized by dimensions and a shape suitable to fit within an existing structure of the
emissions source (e.g. within a heat exchanger of a power plant, coment factory, etc.) and
separate a high-pressure, acidic gas-rich environment from a low-pressure, acidic gas-
poor environment {e.g. a capture facility, tank, line, etc.). While the configuration shown
in FIGS. 2A-2B is characterized by a circular configuration, other shapes may be
implemented without departing from the scope of the present disclosures. In various
experimental embodiments, the support structure may be formed and have a cross
sectional area on the order of 100 cm?, e.g. a 10 cm x 10 cm square.

[6058] Preferably, the support structure is characterized by a surface area in a range
{from approximately 50 m” to approximately 1000 m” in order to maximize mass transport

through the continuous pore system thereof. As described in further detail below, surface
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area may be reduced while achieving equivalent separation via application of electric
potential, ¢.g. an alternating current, across the scparation membrane 280. In theory,
complete carbou dioxide removal for a 400 megawatt power plant roay be achieved using
a surface area in a range from approximately 50 m? {o approximately 1000 m” even
without the application of electric current, and may be accomplished with even lower
surface arca structurcs by investing clectrical energy on the order of 1-2% of the power
plant’s total production to facilitate mass transport.

6659} in addition, the separation membrane 28@ is characterized by a thickness
sufficient to withstand the pressure gradient, but minimally thick so as to facilitate rapid
mass transport through the membrane. In one approach, a thickness of approximately 0.5
cm has been determined sufficient to accomplish rapid transport while withstanding 5 —
29 atmosphere pressure gradients.

[6660] In one embodiment, enhancing mass transport of the dissolved acid gas
species across the membrane may be accomplished by using an alternating current (AC)
wave. Accordingly, and as shown in FIG. 2B, several embodiments of the presently
disclosed inventive separation membrane 208 may have a porous, conductive membrane
206 coupled to the inlet and/or outlet of the separation membrane 208. The conductive
membrane may include a material such as graphene, activated carbon, or other
conductive material as disclosed herein and would be understood as suitable by a person
having ordinary skill in the art upon reading the present disclosures for the purpose of
serving as an clectrode.

16661} Mass transport of the dissolved acid gases across the membrane can be

enhanced by cansing migration in addition to diffusion because dissolved species such as
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carbonate, nitrate, and sulfate (CO3*, NO¥, SO4%) are charged. Ions migrate in response
to applicd current/voltage. Since potasstum hydroxide/sodum hydroxide melts have
exceptionally high ionic conductivities (¢.g. 1 S/em at 300 ), an alternating current (AC)
can quickly and efficiently migrate the dissolved acid gas species from high to low
concentration. The application of an AC signal increases both the rate and selectivity of
acid gas separation from non-acid gases because the latier will not ionize in the molten
clectrolyte. Accordingly, conductive coatings may serve as electrodes for application of
the AC signal, and may be formed by coating each side of the membrane with activated
carbon {or other graphitic material) which is preferably stable, conductive, and permeable
to gases.

10062] In various ernbodiments, the support structure may comprise an acrogel
formed of materials selected from inconel 600, grade 316 stainless steel, an alkaline earth
oxide, yttrium doped zirconium oxide, cerium oxide, magnesium oxide, aluminum oxide,
calcium carbonate and silicon carbide. Any other equivalent material that would be
appreciated by a skilled artisan upon reading the present disclosares may also be utilized
without departing from the scope of the invention described herein. The support material
should be capable of withstanding high pH environments characteristic to molten
hydroxides, high operating temperatures of a flue or other similar environment (e.g. 300 —
760 C), withstand oxidation by the residual Oo in the flue gas, and be robust to waler
vapor and at such temperatures. In addition, the support material is ideally characterized
by being highly wettable by the molten hydroxide phase.

10663] FIG. 3 depicts an exemplary embodiment of such a support structure

comprising a porous magnesiam oxide acrogel, The sapport structure may be formed
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using any suitable technique known in the art, in various approaches. For instance, in one
approach {abrication of a porous magnesium oxide acrogel may be accomplished
substantially as disclosed by Li, et al. in a publication entitled “Hard-teruplating pathway
to create porous magnesium oxide,” Chemistry of Materials 16:5676-81 {2004).

[6064] In more embodiments, the support structure may comprise other materials as
disclosed herein, and may be formulated using a modified version of the procedures
disclosed by Li, et al,, and/or may invelve the use of additive manufacturing and/or three-
dimensional (3D} printing techniques. For instance, several embodiments may form the
presently disclosed inventive structures via the use of a templating process in
combination with known 3D printing techrniques, as would be understood by a person
having ordinary skill in the art upon reading the instant descriptions.

18665} Faster movement of acid gases across the membrane desirably minimizes
infrastructure quantity and cost of the overall separation process/solution. In preferred
approaches, a mixture of molten hydroxide (¢.g. approximately cquimolar amounts of
NaOH/KOH/LiOH, or amounts in a range as described by the ratios provided below, in
various embodiments) provides an exceptionally ionic conductivity of T S/cm at 300 C
even though the viscosity thereof is in a range of approximately 2 — 3 centipoise. In
another embodiment, the cutectic mixture may include alkali metal hydroxides according
to a ratio of 4KOH:4NaOH: 1LiOH. In another embodiment, the mixture may include
alkali metal hydroxides according to a ratio of 1KOH: INaGOH:41LiOH.

{6666} Applying an AC wave advantageously enhances mass transport with
migration because the acid gases are ionic (CO3*, NO™, S04%) when dissolved in the

hydroxide melt. The melt’s exceptionally high ionic conductivity means an AC wave can
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guickly and efficiently migrate the dissolved gases from high to low concentration sides
of the membrane, thus improving the efficiency of the separation process.

10067} Accordingly, various embodiments of the presently disclosed inventive
concepts will inchude mixtures of hydroxides as disclosed herein having a ratio in a range
of 4:1:1 to 1:1:4, where cach component is selected from the exemplary hydroxides
disclosed herein, Preferred embodiments include ternary mixtures of KOH, NaOH, and
Li0OH, with mixtures including higher Hthium concentrations being particularly preferred.
In several embodiments, the mixture may be characterized as eutectic, i.e. comprising a
homogenous solid mixture of atomic and/or chemical species forming a joint super-lattice
such that cach pure component has a distinct bulk lattice arrangement, The cutectic
mixture, as described herein, melts as a whole (as opposed to individual components
melting individually under different conditions such as terperatare and pressure) at the
lowest possible melting temperature over all possible mixing ratios for the invelved
atomic/chemical specics.

18668} Molten hydroxide eutectics can melt as low as 150 - 170 C and so the
membrane is operational at even lower temperatures than 300 - 700 € and pressures of 5 -
20 ATM in embodiments featuring the eutectic mixture or similar composition. In such
embodiments, the molten hydroxide will adsorb COz upon exposure to the gas mixtare
{e.g. flue gas) and eventoally reach a steady state carbonate concentration during the
separation process. The molten separation phase can then be described as having an
average concentration of KOH, NaOH, LiOH, KoCOs3, NaxCOs, and/or Li2COs,
depending on the particular hydroxide species included in the mixture. The molten

separation phase will not completely convert from hydroxide species to carbonate species
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because the separation process will cease in the absence oxide and hydroxide conduction
in the liquid phase. The molten electrolyte theretore preferably maintains a significant
average concentration of > approximalely 5 mol% hydroxide during continuous
operation.

[6669] Of course, the eutectic mixtures are also operational at temperatures and
pressures existing in the flue gas at a region prior to the power plant's heat exchanger.
Advantageously, at this point the carbon dioxide is sufficiently energetic to drive the
separation process without addition of energy from outside sources, eliminating the need
to cannibalize energy from the power plant or other emission source.

(00670} The molten hydroxide separation phasc is highly selective for carbon dioxide
and other acid gases such as sulfates and oxides of nitrogen (SO2 and NOx), which also
would be separated in ideal circumstances, but which undesirably usually foul other
membrane systems. Since carbon decomposes in contact with molten hydroxide in the
envisioned temperature range of 300-700 C and the 2 — 5 % residual O found in flue gas,
the presently disclosed systems can advantageously self~clean, thus avoiding the fouling
experienced when using solid-phase polymer-based separation membranes.

16671 The molten hydroxide system disclosed herein is the fastest ion conductor
developed to-date, and is characterized by a separation rate in a range from
approximately 1x107 to 1x10™ mol s cm™ when operating in a 250 - 700 C temperature
range. Furthermore, the molten hydroxides and the solid support structure provide
superior clectrochemical, thermal, and hydrothermal stability than any system utilizing
organic or transition metal oxide components, The presently disclosed inventive systems

are therefore superior due to a combination of 1) high separation rates; 2) operability at
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appropriate temperatures; 3) high selectivity for acidic gases; 4) low energy costs; 5) low
infrastructure costs; and 6) high stability/durability of the separation membrane under
operational conditions.

16672} Accordingly, in one embodiment, a process for separating acidic gases such as
oxides of carbon, nitrogen and/or sulfur from emissions may proceed substantially as
shown in FIG. 4 and according to method 460, The method 460 may be performed in any
suitable environroent, such as a power plant, cement factory, or other suitable ernissions
source including a separation membrane as shown in FIGS, 2A-28B, or other
environments suitable for the particular type of gas separation, and as would be
understood by a person having ordinary skill in the art upon reading the present
descriptions,

18673} Method 406 includes operation 462, in which a gas mixture is exposed to a
separation membrane at an elevated temperature (and optionally at elevated pressure}.
The separation membrane preferably cormprises a porous support and at least one molten
alkali metal hydroxide disposed within pores of the porous support, as described
hereinabove according to various embodiments. In some approaches, the optional
elevated pressure may cause a pressure gradient across the separation membrane, which
may further optionally be balanced by applying a sweep gas to one side of the membrane.
106074} Of course, as will be understood by persons having ordinary skill in the art
upon reading the present descriptions, method 408 may additionally and/or alternatively
inchude any suitable materials, features or operations as described herein.

10675} Accordingly, method 480 may include reversibly solvating the acidic gases in

the at least one molien alkali metal hydroxide at an inlet of the separation membrane, and
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releasing solvated ions from an outlet of the separation membrane, the solvated ions
being anionic forms of the acidic gases.

10676} Optionally, applying a potential across the separation membrane may facilitate
selectivity and permeance of the membrane to the acidic gases, in one approach.
Accordingly, the method 4680 may include applying an alternating current (A/C) across
the separation membrane.

106771 The operational pressure to which the membrane is exposed is preferably ina
range from about 0.25 atmosphere to about 20 atmospheres, and more preferably in a
range from about 5 atmospheres to about 20 atmospheres.

[6078] Alternatively, the total pressurc gradient across the membrane could be as low
as 0 atmospheres if a sweep gas is used, which is a preferred approach in some
embodiments to minimize energetic cost of separating the offensive and/or acidic gases,
since applying a vacuum or pressure gradient across the membrane may be relatively
energy intensive in some applications. Accordingly, in various approaches applying a
pressure gradient across the separation membrane may actaally involve equalizing
pressure across the gradient, causing an existing pressure gradient magnitude to drop to
zero magnitude. As such, as discussed herein “applying a pressure gradient” should be
understood to include embodiments where an existing pressure gradient across the
mermbrane is reduced, potentially to zero magnitade, e.g. by applying a sweep gas to one
side of the membrane.

[6679] The elevated temperature is in a range from about 200 C to about 700 C, more

preferably in a range from about 350 C to about 500 C, in various embodiments,
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LR The acidic gases preferably include one or more gases having a formmla of:
COx, NOy and SO, where x 15 a value in a range from 1-2, y is a value in a range from 1-
3, and z i3 a value in a range from 1-4.

10681} Applications/Uses

[6682] Embodiments of the present invention may be used in a wide variety of
applications, particularly for separation of carbon dioxide from flue gases of fossil fuel
power plants, vehicular gas emissions, ot any other suitable source of greenhouse gases
that would be understood by a person having ordinary skill in the art upon reading the
present disclosure.

[0083] In addition, the presently disclosed inventive separation membranes and
techniques of use thereof may be emiployed in other systerns and applications relying on
separation, such as fuel cell technology, fuel synthesis, etc. as would be understood by
persons having ordinary skill in the art upon reading the present disclosures.

16684 The inventive concepts disclosed hercin have been presented by way of
example to illustrate the myriad features thereof in a plurality of llustrative scenarios,
embodiments, and/or implementations. it should be appreciated that the concepts
generally disclosed are to be considered as modular, and may be implemented in any
combination, permmutation, or synthesis thereofl

10085] In addition, any modification, alteration, or equivalent of the presently
disclosed features, functions, and conecepts that would be appreciated by a person having
ordinary skill in the art upon reading the instant descriptions should also be considered
within the scope of this disclosure.

18686} While various embodiments have been described above, it should be
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understood that they have been presented by way of example only, and not limitation.
Thus, the breadth and scope of a preferred embodiment should not be limited by any of
the above-described excrplary embodiments, but should be defined only in accordance

with the following claims and their equivalents.
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CLAIMS

What is ¢claimed is;

1. A separation membrane, comprising:
a porous support structure; and

at least one alkalt metal hydroxide disposed within pores of the porous support structure.

2. The separation membrane as recited in claim 1, wherein the at least one abkali
metal hydroxide is selected from a group consisting of lithium hydroxide, sodium

hydroxide, potassiom hydroxide, robidium hydroxide, and cesium hydroxide.

3. The separation membrane as recited in claim 1, comprising a mixture of at least
two alkali metal hydroxides sclected from a group consisting of: lithium hydroxide,

sodium hydroxide and potassium hydroxide.

4. The separation membrane as recited in claim 3, the mixtare comprising at least

three alkali metal hydroxides.

S, The separation membrane as recited in claim 1, wherein the porous support
structure comprises a material selected from a group consisting of: inconel 600, grade

316 stainless steel, grade 304 stainless steel, an alkaline carth oxide, vitrium doped
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zirconium oxide, cerium oxide, magnestum oxide, aluminum oxide, calcium carbonate

and silicon carbide.

6. The separation membrane as recited in claim 1, wherein the porous support
structure comprises a system of continuous pores connecting an inlet of the separation

mermbrance to an outlet of the separation membrane.

:\1

The separation membrane as recited in claim 1, wherein the porous support

structure is characterized by a thickness of at least .01 cm.

8. The separation membrane as recited in claim 1, wherein pores of the porous
support structure are characterized by a diameter in a range from about 10 nm to about 1

millimeter,

9. The separation membrane as recited in claim 1, comprising a porous conductive

coating coupled to opposite ends of the separation membrane.

10. The separation membrane as recited in claim 1, wherein the porous support
structure is characterized by a cross-sectional area of at least T ¢m” and a thickness of at

least 0.01 cm.

11, The separation membrane as recited in claim 1, wherein the porous support

structure comprises an aerogel.
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12, A method for separating acidic gases from a gas mixture, the method comprising:
exposing the gas mixture o a separation membrane at an elevated teraperature, wherein
the separation membrane comprises a porous support and at least one molten

alkali metal hydroxide disposed within pores of the porous suppost.

13, The method as recited in claim 12, comprising reversibly solvating the acidic
gases in the at least one molten alkali metal hydroxide at an inlet of the separation

membrane,

14. The method as recited in claim 12, comprising releasing solvated ions {rom an
outlet of the separation membrane, the solvated ions being anionic forms of the acidie

gases.

15. The method as recited in claim 12, comprising applying a potential across the

separation membrane,

16.  The method as recited in claim 12, comprising applying an alternating current

{A/C) across the separation membrane,

17.  The method as recited in claim 12, comprising applying a pressure gradient across
the separation membrane, wherein the pressure gradient s in a range from about 0

atmospheres to about 20 atmospheres,
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18, The method as recited in claim 12, wherein the elevated temperature 1s in a range

from about 200 C to about 700 C.

19.  The method as recited in claim 12, wherein the acidic gases are gases having a
formula sclected from a group consisting oft COx, NOy and SO:, whercinxisa value ina

range from 1-2, y is a valoe in a range from 1-3, and z is a value in a range from 1-4.

20.  The method as recited in claim 12, comprising exposing the separation membrane

to a sweep gas on a side of the separation membrane opposite a side to which the gas

mixture is exposed, wherein the sweep gas comprises steam.
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