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ISOLATION OF CARBON DIOXIDE USING A HALOGEN GAS

CROSS-REFERENCE TO RELATED APPLICATIONS
{8601]  This application claims the benefit of U.S. Provisional Application No. 63/313,044, filed
February 23, 2022, U.S. Provisional Application No. 63/319,163, filed March 11, 2022, and US.
Provisional Application No. 63/326,584, filed Aprif 1, 2022, incorporated herein by reference in its

cntirety,

TECHNICAL FIELD
{80621 The subject matter described herein relates to apparatus and methods of isolating carbon

dioxide using a halogen.

BACKGROUND
{0803]  The combined production of cement and steel accounts for ~13% of global anthropogenic
CQ: emissions. The cement industry releases more than 2 billion tons of carbon dioxide into the
air cach vear to make its ubiquitous building material.
{0084] There is a need to find solutions for either decarbomizing the cement industry to achieve

a net-zero emissions economy or 1o remove O directly from the air

BRIEF SUMMARY

{0065]  In brief the present disclosure provides methods, systems, and apparatus for isolating
carbon dioxide from metal carbonates or air,

{86806] A reactor for isolating carbon dioxide is disclosed. The reactor comprises a vessel
separated into a first chamber and a second chamber by an ton exchange membrane, wherein the
vessel (100) is filled with water and the sccond chamber receives a halogenated gas. The reactor
further comprises a first inlet fluidly connected to a body of the first chamber, wherein the first inlet
receives a metal carbonate. The reactor further comprises a first outlet fuidly connected to a lower
portion of the first chamber, wherein the first outlet is configured to collect a solid residue. The
reactor further comprises a second outlet fluidly connected to a lower portion of the sccond
chamber. The reactor further comprises a first gas outlet fhudly connected to an upper portion of
the first chamber, wherein the first gas outlet releases carbon dioxide.

{0067]  An apparatus for isolating carbon dioxide is disclosed. The apparatus comprises a first
chamber comprising a metal carbonate and may further comprise a salt. The apparatus further
comprises a second chamber comprising an acid, wherein the second chamber is separated from the

first chamber by a cation exchange membrane.
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{0008] A method of isolating carbon dioxide is disclosed. The method comprises a step of
providing a vessel comprising a first chamber and a second chamber separated by a cation exchange
membrance. The method further comprises a step of providing i the first chamber a first solution
comprising a metal carbonate. The method further comprises a step of providing in the second
chamber a sccond solution comprising an acid. The method firther comprises acidifying the first
solution by allowing protons from the second sohtion pass through the cation exchange membrane.
The method further comprises formung a salt in the second solution by allowing metal ions from
the first solution to pass through the cation exchange membrane. The method further comprises
solating the carbon dioxide.
{0009] A method of producing caleium hydroxide is disclosed. The method comprises a step of
providing a first solution comprising calcium carbonate and sodium chloride. The method further
comprises a step of providing a second solution comprising agueous chiorine. The method further
comprises a step of flowing the first solution into a first chamber of a vessel comprising a cation
cxchange membrane separating the first chamber from a second chamber. The method further
comprises a stop of flowing the second solution mito the sccond chamber. The method further
comprises a step of acidifving the first solution by allowing protons from the second solution pass
through the cation exchange membrane thereby forming a third sclution comprising calcium
chloride. The method further comprises a step of contacting the third solution with a fourth solution
comprising sodium hydroxide to form calcium hydroxide.
{86810] A method of isolating carbon dioxide is disclosed. The method comprises a step of
providing a cabin comprising a first space and a second space separated by a reactor comprising a
cation exchange membrane, wherein the fust space comprises first carbon dioxide. The method
further comprises a step of basifving the first carbon dioxide with a first solution comprising NaQH
to form NaHCO3 and H2O in the reactor. The method further comprises a step of providing in the
reactor a second solution comprising an acid. The method further comprises a step of acidifying
the first solution by allowing protons from the second solution pass through the cation exchange
membrane to release CO2 (g). The method further comprises a step of forming a salt i the second
solation by allowing metal ions from the first solution to pass through the cation exchange
membrane. The method further comprises a step of isolating and providing the carbon dioxide to
the second space.
{0011] A method of wsolating carbon dioxide is disclosed. The method comprises a step of
providing a vessel comprising a first chamber and a second chamber separated by a cation exchange
membrane. The method further comprises a step of providing i the first chamber a first solution
comprising a metal carbonate. The method further comprises a step of providing in the second
chamber a second solution comprising an acid. The method further comprises acidifying the first
2
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solution by allowing protons from the second sohution pass through the cation exchange membrane.
The method further comprises formung a salt in the second solution by allowing metal ions from
the first solution to pass through the cation exchange membrane. The method further comprises
isolating the carbon dioxide. The method further comprises reacting the salt formed in the second
solution with a metal oxide catalyst to form oxygen and agueous sodium chloride solution. The
method further comprises electrolyzing the agueous sodium chioride sohstion to form a halogen gas
and the metal base.

{0012]  Various aspects and erobodiments now will be described more fully hereinafier. Such
aspects and embodiments make take many different forms and the exemplary ones disclosed berein
should not be constraed as limiting; rather, these embodiments are provided so that this disclosure

will be thorough and complete, and will fully convey its scope to those skilled in the art.

BRIEF DESCRIPTION OF THE DRAWINGS
{0013]  FIG. A illustrates a metal acidification reactor according to certain embodiments of the
present disclosure.
{0014]  FIG. 1B dlustrates a diagram showing chemistry within the reactor according {0 certain
embodiments of the present disclosure.
{80151  FIG. 1C dlustrates a diagram showing chemistry within the reactor according to cortain
embodiments of the present disclosure.
{0016] FIG. 1D illustrates a diagram showing chemistry within the reactor according to certain
cmbodiments of the present disclosure.
{0017 FIG. 1E Hustrates a diagram showing chenustry for manufacturing of calcium hydroxide
within the reactor according to certain embodiments of the present disclosure.
{0018] FIG. 1F illustrates a diagram showing chemistry within the reactor according to certain
embodiments of the present disclosure.
{8019] FIG. 2A iliostrates a diagram showing the attachment of an enclosed space CO: cold
capture device, an embodiment of the disclosure.
{0020]  FIG. 2B dlustrates a schematic showing the flow of compounds through the components
of a closed-loop CO2 cold-capture device, an embodiment of the disclosure.
{0021  FIG. 2C illustrates a schematic showing the flow of compounds through the components
of a closed-loop T cold-capture device, an embodiment of the disclosure, for production of dry
air,
{8022] FIG. 3 1s asimplified flowchart illustrating carbon dioxide isolating method according to

certain embodiments of the present disclosure.
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{0023]  FIG. 4 15 a simplified flowchart dlustrating calcium hydroxide production method
according to certain embodiments of the present disclosure.

{0024]  FIG 35 15 a simplified flowchart ilfustrating carbon dioxide isclating method i enclosed
space according to ceriain embodiments of the present disclosure.

{86251  FIG. 618 a simphified Howchart dlustrating carbon dioxide isolating and aqueocus sodiurn
chioride electrolysis method according to certain embodiments of the present disclosure.

{0026] FIG. 7 illustrates a diagram showing chemistry within the reactor according to certain
cmbodiments of the present disclosure.

{00271 FIG. 8 illustrates a diagram showing chemustry within the reactor according to certain

embodiments of the present disclosure.

DETAILED DESCRIPTION
IR Defiutions
{0028]  For convenience, certain terms employed m the specification, examples and claims are
collected here. Unless defined otherwise, all technical and scientific terms used 1n this disclosure
have the same meanings as commonly understood by one of ordinary skill in the art to which this
disclosure belongs.
{8629]  The singular forms "a,” "an,"” and “the" nclude plural referents unless the context clearly
dictates otherwise. Thus, for example, reference to a "polymer” includes a single polvmer as well
as two or more of the same or different polymers, reference to an "excipient” includes a single
excipient as well as two or more of the same or different excipients, and the like.
{00368]  The terms “comprise(s}),” “include(s),” “having,” “has,” “can,” “contain(s),” and variants
thereof, as used herein, are mtended to be open-ended transitional phrases, terms or words that do
not preclude additional acts or structures.  The present disclosure also contemplates other
embodiments “consisting,” “consisting of” and “consisting essentially of)” the embodiments or
clements presented herein, whether explicitly set forth or not.
{0031]  The teom “about”, particularly m reference to a given quantity, is meant to encompass
deviations of plus or minus five percent.
{0032]  As used herein, the term “calcination” refors to heating solids to a high temperature to
remove volatile substances. oxidize a portion of the mass. or render them friable. In certain
embodiments of the present disclosure, the term “calcination” refers to driving off CO: from a metal
carbonate to produce the corresponding metal oxide. For instance, but not by way of hmitation,
calcination of calcium carbonate refers to the process of heating calcium carbonate to a high

temperature to produce carbon dioxide and caleium oxide.
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{90331 The term “clivker” or “lime clinker,” as used hewemn, refers to a product of calcium
hvdroxide with clay that has been processed inside a kiln.

{0634]  The torm “Portland coment,” as used herein, rofers to a mixture of Hime clinker with small
amounts of gypsum that is ground into a powder, as is an industry-standard for cement. Portland
cement goes on to get blended with water, sand, and gravel to form concrete, the rocky material use
to make butlding foundations, roads, dams, and most modern infrastructure.

{0035]  The term “alumma,” as used herein refers to aluninum oxide, AlGs.

{0036]  Theteon “fluc gas,” as used herein refers to gas exiting to the atmosphere via a flue, which
is a pipe or channel for conveving exhaust gases from a fireplace, oven, fumace, baler, or steam
generator.

{8337]  The torm “Hue scrabber.” as used herein refors to the removal of pollutants from industrial
exhaust systems.

{0638}  The term “air contactor,” as used hercin refers to a small device that controls the flow of
clectricity to one of the air conditioner’s components.

{80391 The toro “chlonne water,” as used herein refors to water muxed with a chlorine gas

generating HCI and HOCT as shown in the equation (1)

Cold Capture of Carbon Dioxide

{0040]  In certain cmbodiments, the present disclosure provides a method and an apparatus for
cold capture of carbon dioxide. The cold capture of carbon dioxide does not require a source of
heat to isolate the carbon dioxide. In certain embodiments, carbon dioxide is captured from atr.
{0041]  In certam emwbodiments, the carbon dioxude is captured from flue gas.

{0042]  In certain emboduments, the process for cold capture of carbon dioxide s a two-step
process. In certain embodiments, the first step mncludes 3 fluc serubber/air contactor with a base.
in this regard, air or exhaust s collected at the flue scrubber or air contactor containing carbon
dioxide, which is treated with a base. In certain emboduments, the base 15 a water-soluble Group
1A or Group ITA base. In certam particular embodiments, the base is NaQOH.

{8043]  In certain embodiments, carbon dioxide from ar and/or flue gas reacts with the base to
form a metal carbonate. In certain particular embodiments, the metal carbonate is NaHCOs,
NaxCOs, or a mixture thereof. The resulting solution of metal carbonate can be stored or processed

as further described in the following section. This process is exemplified in FIGs. 2B-2(.

Isolation of Carbon Dhoxide from Metal Carbonates
{8044] In certain embodiments, the present disclosure provides a method and an apparatus for

isolating carbon dioxide.
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{0045]  In certain embodiments, carbon dioxide is isolated from a metal carbonate using an acid.
In certain embodiments, the metal carbonate 15 LizCOs, NaxCGs, KoCGs, MgC0s, CaCls, SrC05,
FeC0s, and BaCQOs. In certain embodiments, the metal of the metal carbonate is such that the metal
halide is soluble and more stable in acid than the metal carbonate. In certain particular
embodiments, the metal carbonate 15 CaCOs.

{8046]  In certain embodiments, the metal carbonate is a group A ora group HA metal carbonate.
In certain embodiments, the metal carbonate is obtained from a reaction between a metal hydroxide
and carbon dioxide as described above. fn certain embodiments, the metal carbonate s NaxCOs,
and it is obtamed from a reaction between NaOH and carbon dioxide.

{0047]  In certain embodiments, carbon dioxide 1s released from the carbonate by reaction with
an acid. In certain embodiments, the acid suitable for release of carbon dioxide is a stronger acid
than carbonic acid. For exaraple, the acid which has pKa less than 6.35 m water at 25°C 1s used.
This avoids fouling the membrane. At a low pH sach as pKa of less than 635, the metal species
are unlikely to precipitate, and thus there was no risk of fouling if there was a substantial pH
gradient across the membrane. In certain crubodiments, the acid ts derved from a balogen. In
certain embodiments, the halogen is chlorine or bromine.

{0048] In certain particular embodiments, the acid s derived from Ch. In certain particalar
embodiments, the acid s derived from a reaction of Clz with water.

In certain embodiments, Cl2 used 1n the process of the present disclosure 1s obtained from
saltwater electrolvsis. When there is a low demand for acid or base or a dislocation between the
demand for hydrogen and other products of saltwater electrolysis, the chioring can be surplus,
therchy making it an economical starting material,

{0049] In certain embodiments, the process for carbon dioxide isolation begins by saturating
water with halogen. For clanty and illustration purposes, the embodiments of the present disclosure
will be described herein using Ch as a halogen; however, as would be readidy understood by a
person of ordinary skill 1o the art, other halogens, including bromine, can also be used n the systems
disclosed herein and the reactions would proceed by analogous mechanisms. For mstance, but not
by way of limitation, when the halogen 1s chlonine, the method inclades forming chlorine water. If
a halogen of choice is fluorine, bromineg, or iodine, fluorine water, bromine water, or odine water
wortld form. The halogen water may be a saturated halogen water.

{0058]  Chlorine water has a pH of ~1.6. Bromine water has a pH range of 2-3. Cl can then
oxidize water as shown by equation (1)

Cha + HaO => HCl + HOCH {1
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{0051] The Ka of HCl is 10°. Although the Ka of HOCT is small (107, the disproportionation
product HCIO: has a large pKa above 10°. Protons of the halogen water can further react with metal
carbonate. In certain embodiments, when the metal carbonate is calcium carbonate, CaCOs, calcium
bicarbonate, Ca(HCO:s): {ag) can be forned first, which is then turned mto Ca’{ag) and carbonic
acid, HeCOa. Carbonic acid then readily decomposes into water and carbon dioxide. This reaction
is summarized in the equation (2} below.
Cal(s + 2H" = Cal{ag) + HaO + COx) {2)

{8052]  In certamn embodiments, when the metal carbonate 1s sodim carbonate and/or sodiam
bicarbonate, it can be tumed into Na™{ag) and carbonic acid, HaCOs. Carbonic acid then readily

ccomposes into water and carbon dioxide. This reaction is similar to the equation (2) with calcium

carbonate.
NaxCOs + 2H" > 2Na'{ag) + Ha0 + COx(g) (3}
NaHCOs: + H = Na'(ag) + Fo + COxg) {4)

{8083]  The carbon dioxide leaves the solution as a gas and can be collected.
{0034]  In certain embodiments, the halogen water 1s kept separate from the metal carbonate
solution using a cation exchange membrane. Thus, the protons may traverse the membrane and
react with the metal carbonate, but the halogens are prevented from interacting with the carbon
species bocause the halogens do not pass through the cation exchange membrane.
{8055]  In certain embodiments, the acidification of the metal carbonate sach as CaCQOs can be
done using a reactor as displayed in FIG. 1A, While FIG. 1A ilustrates and embodiment where
CaC0s 15 the metal carbonate, and Clz is the halogen and Nall 1s the salt, a person of ordinary skill
m the art would readily recognize that the svstem would work analogously for other metal
carbonates sach as NazCQOs or NaHCOh, halides and salts discussed in this application. As shown
i FIG. 1A, 1o this embodiment the reactor includes a vertical tube 100, which is vertically divided
mnto a first compartment 101 and a second compartroent 103 by a cation exchange membrane 103
The tube 1s filled with water. As shown in FIG. 3, the apparatos includes a gas outlet 111 fhndly
connected to the first chamber 101, a first hquid infet 109 fluidly connected to the first chamber
101, a first liquid outlet 113 fluidly connected to the first chamber 101, and a second liguid outlet
H15 fluidly connected to the second chamber 103,
{0856]  In certain embodiments, instead of using vertical tube 100, the tube may be in another
orientation. In certain other embodiments, instead of using vertical tube 100, the reactor may use a
flow ficld, such as a serpentine flow field, divided by cation exchange membrane 105,
{80571 In the first step, a solution of metal carbonate such as calcium carbonate and sodiam
chloride s added to the first compartment 101, In certain embodiments, halide gas, such as chlorine,
7
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is added to the second compartroent 103 through a gas et 117 at the bottom of the second
compartment 103, forming saturated chlorine water. Tn certain other embodiments, saturated
chlorine water can be prepared separately and directly added into the sccond chamber 103, As
shown i FIG. 1A, the unreacted chlorine can be collected from the top of the second compartment
through a gas outlet 119. The gas inlet 117 and outlet 119 are fluidly connected to enable recveling
of unreacted halide gas.

{0658]  Protons from the chlorine water can cross the cation exchange membrane 103, thercby
acidifying the metal carbonate to provide carbonic acid, which, as discussed above, readily
decomposes into water and carbon dioxide. Carbon dioxide can then be removed from the reaction
as a gas through the gas cutlet 111,

{0059]  In some embodiments, salt may be added. The sodium from the added salt charge
balances the protons by crossing the membrane into the second charber, forming sodwm chloride
{NaCly and sodium hypochlorite (NaDC1y. The sodium hypochlorite may be decomposed thermally
or catalytically to vield ecither NallOs; or NaCl and 02 In certam embodiments, sodiom
hypochlorite can be used or decomposed by cerfain transition metal oxide catalysts such as
molybdenum promoted manganese oxide catalyst, used for bleaching, or isolated as NaClO; for
rocket fuel oxidizer.

[0060]  Chloride left behind in the first compartment charge balances the metal ion, ¢.g., Ca™*. In
some embodiments where the metal carbonate is calcium carbonate, and the halide is chlonine, the
overall transformation 1s shown by equation (3):

Call0s + Ch + 2NaCl + HoQ -2 CaCly + COa{g) + NaOCl + Nall + H:0 {3}

{8061]  The salt (Na(’l) and lefiover halogen gas (Cl) can be recycled. While the salt may be
used for charge balance, 1t may be omitted.

{9862]  In certain embodiments, the cation exchange membrane can be Nafion, or any oxidation-
resistant cation exchange membrane. In certain embodiments a physical barrier such as glass fiber
may also be employed.

{8063]  Cation oxchange membranes can suffer from failures n the presence of divalent hard
cations, such as Mg® and Ca®", which can react with carbon dioxide to form aceretions in the
membranes, called “membrane fouling” due to solubility properties of magnesium and calcum
carbonates. However, by maintaining a system pH of ~2 at the cation exchange membrane, (057
mincralization damage from CO» evolution in the membranes is prevented.

{8864]  In one embodument, the reactor comprises a vessel 100 separated into a first chamber 101
and a second chamber 103 by an ion exchange membrane 105, wherein the vessel 100 is filled with

water HoO and the second chamber receives a halogenated gas. In one embodiment, the reactor
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further comprises a first infet 109 fluidly connected to a body of the first chamber, wherem the first
mlet receives a metal carbonate. In one embodiment, the reactor further comprises a first outlet
113 fluidly connected to a lower portion of the first chamber, wherein the first outlet is configured
to collect a solid residue. In one embodiment, the reactor further conprises a second outlet 115
fhudly connected to a lower portion of the second chamber. In one embodiment, the reactor firther
comprises a first gas outlet 111 fhuidly connected to an upper portion of the first chamber, wherein
the first gas outlet releases carbon dioxide.

{0065] In some embodiments, the reactor further comprises a second gas mlet 117 fludly
connected to the lower of the second chamber than the second outlet, wherein the second gas inlet
receives the halogenated gas. In some embodiments, the reactor further comprises a sscond gas
outlet 119 fluidly connected to the upper portion of the second chamber and configured to collect
unreacted halogenated gas from the sccond gas inlet. In some emboduments, the ton exchange
membrane is a cation exchange membrane. In some embodiments, the reactor vertically separates
the vessel mto the first chamber and the second chamber. In some embodiments, the first outlet is
fluidly conuected to a bottom surface of the first chamber. In some embodiments, the lower portion
of the first chamber 1s the bottom surface of the first chamber. In some embodiments, the second
outlet 1s fluidly connected to a bottom surface of the second chamber. In some embodiments, the
fower portion of the second chamber is the bottom surface of the second chamber. In some
embodiments, the first gas outlet is fluidly connected to a top surface of the first chamber. In some
embodiments, the upper portion of the first chamber is the top surface of the first chamber.

{0066] In some crabodiments, the reactor further comprises a second inlet fhudly connected to
the upper portion of the second chamber. In some embodiments, the first tnlet further roceives an
alkaline metal salt. In some embodiments, the alkaline metal salt is NaCl, In some embodiments,
the metal carbonate is LnC0s, NaxUOs, NaHC s, KoCGs, MgU0s, Calls, SrCOs, FeCOs, Bal(s,
or combination thereof. In some embodiments, the metal carbonate is CaCOs, NaHC Gz, NaC0s,
or combination thereof. In some embodiments, the metal carbonate i1s CaC(0:.  In some
embodiments, the metal carbonate 18 NaHCOs.  In some embodiments, the metal carbonate 1s
NazCOs.

{0067 In some embodiments, the halogenated gas is Fr, Chs, B, I», or combination thercof. In
some embodiments, the halogenated gas i1s Clz. In some embodiments, the halogenated gas is Bra.
{0068]  In some embodiments, the halogenated gas is Iz In some embodiments, the halogenated
zas is Fa.

{0069]  In some embodiments, the halogenated gas from the second gas inlet reacts with water
to form HCY and HOCL  The reaction of Ch and HoO to form HCL and HOCI 15 shown in the

equation (1} below.
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Clo + H0 - HCUL+ HOCH H

[007¢] In some embodiments, a proton H' in the second chamber dissociated from HCI and
HOC! moves across the ion exchange membrane to the first chamber. In some embodiments, the
proton H” moved from the second chamber reacts with the metal carbonate to form the carbon
dioxide. The reaction of the metal carbonate, for example CaC(h, with the proton to form COb is
shown in the equation (2) below.

CaC0s + 2H" > Ca’{ag) + 0 + COu{g) {2}

{8671]  In some cmbodiments, the alkaline metal salt NaCl 1s added to the first chamber. Na(l
salt dissocates mto Na™ and CU m water. In some embodiments, an alkaline metal cation, for
example Na', in the first chamber pass through the ion exchange membrane to the second chamber,
In some embodiments, the alkaline metal cation moved from the first chamber reacts with a halide
anion {1 and hypochlornite OCH anion to form ametal halide and a metal hypohalide. Yo this regard,
the alkaline metal cation Na' reacts with a halide anion CI and hypochlorite OCT anion formed
from the reaction of Clz and Ho(b in the equation {1} to form Na{l and NaDCl  This reaction is
shown below in the equation {17).

2 Na” + O + OCI =» NaCl + NaOdl (17

{03721  In some embodiments, when NaCl salt dissociates Na¥ and CI" in water and the cation
MNa” s used 1o the second chamber by passing through the ion exchange membrane, the remaining
anion (1 in the first chamber further reacts with Ca®* formed from the equation (2). This results in
formation of CalCly, as shown in the equation (18) below.

20+ Ca™ = Cally (18)

{06731 In some embodiments, the Cally is collected at the first outlet. In some cmboduments,
the CaClz is coliected as a solid residue. It's noted that while an alkaline metal salt such as NaCl is
optionally added through the first inlet 109 as shown in FIG. 14, a generation of C0O» does not
require an atkaline metal salt. FIG. 1B 1s a schematic representation of chenustry that takes place
within the first chamber 101 and the second chamber 102 separated by an ton exchange membrane
105, FIG. 1C is a generic schematic representation of chemistry that takes place within the first
chamber 101 and the seccond chamber 102 scparated by an 1on exchange membrane 105, A
halogenated gas is shown as Xz, Alkaline earth metal carbonate is shown as M*"C0;. Alkali metal
halide is shown as M™Y. As discussed throughout the disclosure, in some embodiments, X is F,
Cl, Br, I, or combination thereof. In some embodiments, M*™ is Be™™, Mg™", Ca’", 87, Ba®", Ra™",
or combination thereof. In some embodiments, M'"is Li", Na™, K7, Rb*, Cs", Fr”, or combination

thereof. In some embodiments, Y is F, {1, Br, 1, or combination thercof. In some embodiments,
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an alkali mctal carbonate is used mn the first chamber 101, FIG. 1D is a generie schematic
representation of chemistry that takes place within the first chamber 101 and the second chamber

102 separated by an ion exchange membrane 105

{8674] In one cmbodiment, the apparatus comprises a first chamber comprising a metal
carbonate and a salt. The apparatus further comprises a second chamber comprising an acid,
whergin the second chamber 1s separated from the first chamber by a cation exchange menmbrane.
In somec embodiments, the metal carbonate 1s selected from the group consisting of LiC0Os,
NaHCOs, NaoCOs, KoCOs, MgCOs, CaCOs, 5:C0Gs, Bal (s, and combinations thereof. In some
embodiments, the salt is NaCl. In some embodiments, the acid has pKa of less than 6.35. In some
embodiments, the acid comprises water saturated with a halogen gas. In some cmbodiments, the
halogen gas 1s Ch. In some cmbodiments, the metal carbonate 1s NaHCO:. In some embodiments,

the metal carbonate 18 CalCGs.

Processing of Metal Halides

{0075] In certain embodiments, after removing carbon dioxide, the reaction nmuxture has an
aquecus metal salt. In cortain embodiments, a base can be added to the aqueous metal salt to produce
a different compound of interest. In certain embodiments, the resulting compound has fow solubility
in water and can be therefore easily removed from the reaction mixture by filtration.

{6076] The resulting compound can be a metal base with low water solubility 1n certain
cmbodiments. In certain embodiments, the resulting compound is Mg(OH}, Ca{OH)2 or St{OH).
In such emabodiments, the aqueous metal salt can be mixed with a water-soluble base. For example,
the water-soluble base includes a water-sotuble metal TA or metal 1A base.

{00771 In certain embodiments, the apparatus shown in FIG. 1A can be modified by adding a
third compartment fhudly connected to the first liguid outlet 113, In certain embodiments, the
aquecus metal salt produced in the first compartment 101 can be moved ito a third compartment
that includes a water-soluble base such as a water-soluble metal TA or metal ITA base.

{6078]  In certain particudar embodiments, f the staring materials are calcium carbonate, sodiom
chloride, and chlorine gas, as shown by equation (3}, the reaction produces calcium chioride, CaCla.
In certain embodiments, the calcium chlonde solution can be mixed with a sodiam hydroxide
solution. This can be done with a low-grade, straight-run, unrefined chioralkali catholyte with high
saft content. This reaction may result is the rapid precipitation of calcium hydroxide (Ca(OH):),
which is three orders of maguitude less soluble than calcium chloride, sodium chioride, and sodium

hvdroxide, as shown by equation {6}

i1
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CaCli{ag) + 2NaOH{ag) - 2Nall{ag) + Ca(OHR(s) {6)

{6879]  In certain ecmbodiments, the sodium bydroxide solution can be placed 1n a third chamber
fluidly connected to a first hiquid outlet 113 of the first chamber 101,

{0U88]  In certain embodiments, the Ca{OH)2 may be kept at low temperatures or high dilutions
to prevent s precipitation in the cell. The Ca(OH(!) may flow out of the cell into a separate
chamber before it is precipitated.

{8081] Calcium hydroxide provided from the reaction between CaClz and NaOH can
subsequently be removed by a filtration. The calcium hydroxade may be used for making Portland
Cement. In certain embodiments, the resulting calctum hydroxide can be mixed with salts, clays,
sand, and/or gravel to make coment. In certain embodiments, the resulting cement can absorb
carbon dioxide from the atmosphere, making the process carbon negative. The sodium chioride that
is produced in this reaction can then be recycled and used in carbon dioxide isolation reaction. FIG.
1E itlustrates the manufacturing of calcium hyvdroxide shown in the equation (6).

{0082]  In other embodiments, a saturated solution with a halogen can be separately prepared and

provided to the second chamber 103 through an inlet fluidly connected to the second chamber 103,

Production of Metal Halides

{0083]  In certain embodiments, the methods and apparatus of the present disclosure can also be
used to prepare metal halides. In certain embodiments, the methods and apparatus of the present
disclosure can be used to prepare aluminum halides, and in particular, AlCl;. The metal halide, and
in particular AlCh, can then be used to create the corresponding metal oxide, 1o particular alumina
{ALG3). In certain embodiments, bawxite 1s used as a starting material for alunina. Bauxite includes
a mixture of hydrous aluminem oxides and aluminum hydroxides. However, a person of ordinary
skill in the art would recognize that other nsoluble metal oxides, hvdroxides, sulfates, and
carbonates, or muxtures thereof, can be used. A reactor, as shown in FIG. 1A, which inchudes a
vertical tube, has a feeder branch and is vertically divided into two compartments by a cation
exchange menmibrane can be used in alumina production. In certain embodiments, ingtead of using
a vertical tube, the tube may be in another orientation. In certain other embodiments, instcad of
using a vertical tube, the reactor may use a flow ficld, such as a serpentine flow ficld.

{6084] A suspension of a metal oxide, hydroxide, sulfate, or carbonate and Nafll in water may
be reacted with halide water, such as chlorine water, across a cation exchange membrane. In
particular, bauxite and NaCl i water may be reacted with halide water, such as chlorine water,
across a cation exchange membrane. Protons from the halide water can cross the cation exchange

membrane, thercby acidifving the metal oxide, hydroxide, sulfate, or carbonate to yvield a metal
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halide, which is water-soluble. The flow of protons across the membrane can be balanced by flow
of Na”. In particular, bauxite may be reacted with chlorine water, thereby acidifying the hvdrous
alummum oxides and aluminam hydroxides of the suspension to vield alommum chlonde (AICL),
which is water-soluble. Subsequently, the metal chloride solution can be mixed with a water-soluble
base, ¢.g., a water-soluble metal 1A or metal TTA base, thereby making a metal hydroxide, which
can be separated by filtration. In certain particular embodiments, the water-soluble base is sodiam
hydroxide. In cortain particular emabodiments, the metal chlonide is aluminum chioride.

{0085]  In certain embodiments, sodivm hydroxide can be added to the solution of alununum
chloride to produce a mixture of sodivm chioride and soluble sodium aluminate, NaAlO::

AAICEH + 4NaOH -> 3NaCl + NaAlD, + 2H. O {7

{0086]  The solution can be filtered to remove msoluble hvdroxides of other metals. In certain
embodiments, the sodivim aluminate can be converted to alumimum hydroxide by bubbling carbon
dioxide through it

NNaAIQ: +3H0 + COr =2 ZANOH): + NaxC0s {8)

{0087  Alternatively, the sodivm alummate solotion can be concenirated, and alumimum
hvdroxide can be precipiiated from a supersaturated solution with a high-punity aluminum
hydroxide crystal.

{0088]  In certain embodiments, the isolated aluminum hydroxide can be converted to alumina
by heating i rotary kilns or fluid flash calciners to a temperature of about 1470 K¢

2ANGH): = ALOs + 3H0 (9

{0089]  Referring to FiGs. 2A-2C, one embodiment of the current disclosure solves the problem
of COz concentration fluctuation in plant habitats. One embodiment of the present disclosure uses
chlorine in a chiorine destruction reaction to isolate TGOz from a gas. The manufacturing of metal

halide, specifically aluminum halides, is illustrated i FIG. 1F.

Isclation of Carbon Dioxide from air using a closed loop

{0090]  Onec embodiment of the present disclosure brings the sodium hydroxide into contact with
cabin air 200 driven through a honeycomb contactor 202 until the exat solution 1s buffered to pH
~§ to yield sodium bicarbonate 206 and wet decarbonized air 204 and the reaction is shown in
cquation (10}, While this example suggoests the use of a honeyvcomb contactor, any appropriate wet
scrubber may be used.

NaOH(ag) + COANs + 02) — NaHCOsag) + H00N: + O2) (10)
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{00%1]  An advantage and dissinilanty with standard chlor-alkali is evident 1o this step of one
embodiment of the disclosure. Not only does the sodium hydroxide not need to be concentrated,
since the pH of an 8% solution {2M) 1s already 14, but it may remain at or below 8% because near
8% the formed NaHCO; exceeds its solubility {(~100g/L).
{8692]  The decarbonated air 204 mav be wet, having picked up humidity from the contactor 202,
This can be dealt with outside the reactor or inside the reactor, depending on the ancillary resources
available. The bicarbonate solution 206 is then taken to the neutralizer. The neutralizer 208 may
have two chambers separated by a cation selective membrane which may divide #f along the mirror
plane. Chlorine 210 is brought to the other chamber, producing sali-free chlorine saturated water.
Chlorine water has a pH ~1.6 due to reaction (1), and acidic protons cross the membrane o enter
the bicarbonate chamber, giving CO2({g) 212 by the pH dependent decomposition of carbonic acid
{11y

HaCO: — H O + OO (ih)
{0693]  The protons are charge balanced by the diffusion of Na+ into the chiornne chamber,
giving Na(ll for the overall reaction (12}

Cla + Ha0 || 2NaHCO: — NaCl -+ NaO(Cl

FHO0 +COn (12}

{80%4] The membrane 15 vital to prevent the mixing of chlorine and COn, which may produce
phosgene, chlorine dioxide, carbon tetrachloride. and other trace toxins (13):

Cla + COr» — CLCLHO, (13)

{0095]  Destruction of the chlorine is completed through a recirculation loop and chlorine

scrubber 222, The sodiurs hypochlorite may be catalytically decomposed to sodiurs chloride and

oxvgen over d-block metal oxide spinels 224, especially of copper, nickel, and cobalt (14
2NaGCH — 2Nall+ On {14}

{0096]  Thus gives the overall chlorine reaction {15}
2CT + 2Fh0 > 4HCL+ O, AH = -114 kl/mol (15}

{88971 Since both sides are four electron processes, this is couwlombically equivalent to
freshwater electrolysig, but retains the value 1n the acid. The heat of reaction 1s available for work
since it is released upon catalysis and can be used to regencrate silica desiccant within the system
for the production of drv gasses 228 (FIG. 2C) via an airdrying unit 226, or outside the system as
desired. The produced oxveen yoay pass through a final scrub (16}

G2+ Cla + 2NaOH — Oz + Nal(l + HO (16)

{8098]  After the final scrub, the sodium hypochlorite may be decomposed to sodivm chioride
and oxvgen as described in reaction (14). The sodium chloride solution 214 may then be
14
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clectrolyzed to vield chlorine 216 and hvdrogen gas 218, The chlorne gas 216 and sodium
hvdroxide 220 produced from saltwater clectrolvsis 214 may then be used as inputs fo reactions
{10y and (12}, thus providing a method of mdefinitely purnifying C(O: from cabin air.
{8099]  Anembodiment of the present disclosure may pedform cach reaction simultancously ina
thudized reactor that 1s easily automated and can operate at just 46% more power consumption than
the singolar step of water electrolysis; however, most of this energy is available to do work through
the decomposition of the hypochlorite. Considering all-in efficiency, an embodiment of the present
disclosure should be approximately twice as cofficient as the existing state of the art. A Bosch
Reactor can also be inchaded to retum water and humic carbon for soil using the excess products of
an embodiment of the present disclosare.
{01006]  The cold, pure CO: stream from an embodiment of the present disclosure is a significant
advance over plug-flow or thermal swing DAC.
{8101}  In some embodiments, the cabin is an enclosed space. For example, the enclosed space
is a room, aircraft cabin, or a spaceship cabin. In some embodiments, the reactor is attached in
between the first space and the sccond space as excruplified 1o FIG. ZA.
{0162] Now referning to FIG. 3, in one , a method of isolating carbon dioxide 1s disclosed. The
method comprises a step of providing a vessel comprising a first chamber and a sceond chamber
separated by a catton exchange membrane (301). The method further comprises a step of providing
in the first chamber a first solution comprising a metal carbovate (302). The method further
comprises a step of providing in the second chamber a second solution compnsing an acid (303}
The method further comprises acidifying the first solution by allowing protons from the second
solution pass through the cation exchange membrane (304}, The method further comprises forming
a salt i the second solution by allowing metal 1ons from the first solution to pass through the cation
exchange membrane (3053, The method further comprises isolating the carbon dioxide (306}
{0163] o some embodiments, the first solution further comprises a salt. In some embodiments,
the metal carbonate is prepared by contacting a carbon dioxide containing gas to a metal base. In
some embodiments, the metal carbonate 1s selected from the group consisting of LizCOs, NaH{CGs5,
NapCOs, KolGs, Mg, CaCls, Sr00s, BaC(hs, and combinations thereof.  In some
cmbodiments, the metal carbonate 1s NaHCO:. In some embodiments, the metal carbonate is
Cal’3s. In some embodiments, the metal base 1s NaOH. In some embodiments, the salt 1s sodium
chloride. In some embodiments, the acid has pKa of less than 635, In some embodiments, the acid
has pKa of less than 6.0, In some embodiments, the acid has pKa of less than 5.0 In some
emabodiments, the acid has pKa of less than 3.0, In some embodiments, the acid comprises water
saturated with a halogen. In some embodunents, the halogen s sclected from the group consisting
of fluoride, chlorine, bromine, iodine, and combinations thereof  In some embodiments, the
5
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halogen is chlorme or bromine. In some embodiments, the cation exchange membrane 1s Nafion.
In some embodiments, the method further comprises a step of adding a water-soluble metal A or
metal lLA base to a metal balide produced in the first chamber to produce a metal hvdroxide selected
from the group consisting of magnestun hydroxide, calem hydroxide and strontium hydroxide.
In some embodiments, the metal hydroxide 15 calcium hydroxide. In some embodiments, the
method forther comprises a step of isolating calcium hydroxide by filtration and using it to make
clinker or Portland coment.

{#104]  Now referring to FIG. 4, in one embodiment, a method of producing calctum hydroxide
18 disclosed. The method comprises a stop of providing a first solution comprising calcium
carbonate and sodium chloride (401). The method further comprises a step of providing a second
solution comprising aqueous chlorine (402). The method further comprises a step of flowing the
first solution o a first chamber of a vessel comprising a cation cxchange mombrane separating
the first chamber from a second chamber (4033, The method further comprises a step of flowing
the second solution mto the second chamber (404}, The method further comprises a step of
acidifying the first solution by allowing protons from the second solution pass through the cation
exchange membrane thereby forming a third solution comprising calcium chlonde (405). The
method further comprises a step of contacting the third solution with a fourth solution comprising
sodium bydroxide to form calcium hyvdroxide (406).

{81051  In some cmbodiments, the third selution 1s flown into a third chamber fluidly connected
to the first chamber, wherein the third chamber comprises the fourth sclution. In some
cmbodiments, the agueous chlorine is prepared by flowing a chlorine gas through a second gas miet
fluidly connected to the second chamber, whercin any unreacted chlorine gas s collected through
a second has outlet fluidly connected to the second chamber, wherein the second gas inlet and the
sccond gas outlet are connected via loop thereby enabling recycling of the unreacted chlorine gas.
in some embodiments, the method further comprises a step of producing clinker by mixing clay
with calcium bydroxide. To some cmbodiments, the ion exchange membrane s an anion exchange
membrane instead of a cation exchange membrane.

{8186] Now referring to FIG. 5, n one embodiment, a method of isolating carbon dioxide 1 the
air is disclosed. The method comprises a step of providing a cabin comprising a first space and a
second space separated by a reactor comprising a cation exchange membrane, wherein the first
space compnises first carbon dioxide (501}, The method further comprises a step of basifying the
first carbon dioxide with a first solution comprising NaQOH to form NaHCO;: and H20O m the reactor
{502). The method further comprises a step of providing in the reactor a second solution comprising
an acid (503). The method further comprises a step of acidifving the first solution by allowing
protons from the second solution pass through the cation exchange membrane 1o release €Oz (g)
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{504). The method further comprises a step of forming a salt in the second solution by allowing
metal 1ons from the first solution to pass through the cation exchange membrane (505). The method
further comprises a step of isolating and providing the carbon dioxide to the second space {506).
The method may further comprise electrolyzing the saltwater.
{81077  In some embodiments, the acid has pKa of less than 6.35. In some embodiments, the
acid has pKa of {ess than 6.0, In some embodiments, the acid has pKa of less than 5.0, In some
embodiments, the acid has pKa of less than 3.0, In some embodiments, the acid comprises water
saturated with a halogen. In some crabodiments, the halogen is selected from the group consisting
of fluonde, chlorine, bromine, 1odine, and combinations thereof  In some embodunents, the
halogen is chlorine or bromine. In some embodiments, the cation exchange membrane i3 Nafion.
{8108] Now refermng to FIG. 6, in one , a mothod of isolating carbon dioxide is disclosed. The
method comprises a step of providing a vessel comprising a first chamber and a second chamber
separated by a cation exchange membrane (6013, The method further comprises a step of providing
in the first chamber a first solution comprising a metal carbonate (602). The method further
comprises a step of providing 1o the second chamber a sccond solution comprising an acid (603).
The method further comprises acidifving the first solution by allowing protons from the second
solution pass through the cation exchange membrane (604). The method further comprises forming
a salt in the sccond solution by allowing metal ions from the first solution to pass through the cation
exchange membrane (603). The method further comprises solating the carbon dioxide (606). The
method further comprises reacting the salt formed i the second solation with a metal oxide catalyst
to form oxygen and agueous sodium chlonde solution {608). The method further comprises
clectrolyzing the agueous sodium chloride solution to form a halogen gas and the metal base (610).
{0109] Now referring to FIG. 7, in one embodiment a three-celled reactor 18 disclosed. The
reactor comprises a first chamber 701, a second chamber 702, and a third chamber 703, The first
chamber is separated from the second chamber with ion exchange membrane 704, which may be
an amion exchange membrane. The second chamber is separated from the thurd chamber with 1on
exchange membrane 705, which may be a cation exchange membrane. An aqueous metal carbonate
solution may be flowed into first chamber 701, Ao agueous salt solation, such as a metal halide salt
solution, a metal sulfate salt solution, or metal nitrate salt solution, may be flowed into second
chamber 702, Third chamber 703 may be filled with water. A halogen gas, such as chlorine gas,
may be passed through third chamber 703, which forms halogen water. In another embodiment,
halogen water is flowed into third chamber 703,
[0118] Now referring to FIG. 8, in one embodiment a three-celled reactor is disclosed. The
reactor comprises a first chamber 801, a second chamber 802, and a third chamber 803, The first
chamber is separated from the second chamber with 10n exchange membrane 804, which may be a
17
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cation exchange membrane. The second chamber 15 separated from the third chamber with ion
exchange membrane 805, which may be a cation exchange membrane. Sccond chamber 802 may
include anode 806. Third chamber 803 may include cathode 807,

[0111]  An agueous metal carbonate sohition, such as calcium carbonate, may be flowed into
first chamber 801, An agueous salt solution, such as sodium chioride solution, may also be flowed
into first chamber 801, Third chamber 803 may be filled with water.

{0112] Water mav be reduced at cathode 807 to form hydrogen gas and hydroxide. Water may
be oxidized at anode 806 to oxvgen gas and H". The hydrolysis of water may drive the formation
of a metal halide, such as calciom chlonde, from a metal carbonate, such as calcium carbonate, by
forming H" which reacts with the carbonate to form carbon dioxide and water,

{8113]  Although the presently disclosed subjoct matter and its advantages have been described
i detail, it should be understood that vanous changes, substitutions and alterations can be made
herein without departing from the spirit and scope of the disclosed subject matter. Moreover, the
scope of the present application is not intended to be limited to the particelar embodiments of the
process, machine, manufacture, and composition of matter, methods and processes described in the
specification. As one of ordmary slall in the art will readily appreciate from the disclosed subject
matter of the presently disclosed subject matter, processes, machines, manufacture, compositions
of matter, methods, or steps, presently existing or later to be developed that perform substantially
the same function or achieve substantially the same result as the corresponding crubodiments
described herein may be vtilized according to the presently disclosed subject matter. Accordingly,
the appended claims are intended to include within their scope such processes, machines,
manufacture, compositions of matier, methods, or steps.

{0114]  While a number of exemplary aspects and embodiments have been discussed above,
those of skill in the art will recognize certain modifications, permutations, additions and sub-
combinations thereof. I is therefore intended that the following appended clatms and claims
hereafter introduced are interpreted to include all such modifications, permutations, additions and

sub-combinations as are within their true spint and scope.
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ITIS CLAIMED:

i A reactor, comprising:

a vessel {100) separated into a first chamber (101) and a second chamber (103) by an ion
exchange membrane {105}, wherein the vessel (100} 1s filled with water and the second chamber
receives a halogenated gas;

a first indet (109} fluidly connected to a body of the first chamber, wherein the first inlet
receives a metal carbonate;

a first outlet (113) fluidly connected to a lower portion of the first chamber, wherein the
first outlet is configured to collect a first product;

a second outlet (113} fhudly connccted to a lower portion of the second chamber: and

a first gas outlet (111) fluidly connected to an upper portion of the first chamber, wherein

the first gas outlet releases a second product.

2 The reactor of claim 1, further comprising a second gas inlet (117) fhuidly connected to
the lower portion of the second chamber, wherein the second gas mlet receives the halogenated
£as.

3. The reactor of any one of claims 1-2, further comprising a sccond gas outlet (119) fluidly
connected to the apper portion of the second chamber and configured to collect vareacted

halogenated gas from the second gas inlet.

4. The reactor of any one of claimms 1-3, wherein the reactor vertically separates the vessel
into the first chamber and the second chamber.

5. The reactor of any one of clatms 1-4, wherein the first outlet 1s fluidly connected to a
bottom surface of the first chamber.

6. The reactor of any one of claims 1-5, wherein the lower portion of the first chamber is

the bottom surface of the first chamber.

7. The reactor of any one of claims 1-6, wherein the second outlet is fluidly connectedto a

bottom surface of the second chamber.

&. The reactor of any one of claims 1-7, wherein the lower portion of the second chamber is
i9
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the bottom surface of the second chamber,

9. The reactor of any one of claims 1-8, wherein the first gas outlet is fluidly connected to a

top surface of the first chamber.

10. The reactor of any one of claims 1-9, wherein the upper portion of the first chamber is

the top surface of the first chamber.

il The reactor of any one of claims 1-10, wherein the ion exchange membrane is a cation

exchange membrane.

12 The reactor of any one of clairas 1-11, further comprising a second miet fhudly

connected to the upper portion of the second chamber.

13 The reactor of any one of claims 1-12, wherein the first mlet further receives an alkaline

metal salt.

14, The reactor of claim 13, wherein the alkaline metal salt i1s NaCl.

15. The reactor of any one of claims 1-14, wherein the metal carbonate is LoCOs, NazCOs,

KaC0s, MeC0s, Cal0s, S5cC0Os, FelCOs, Bal'Os, or combination thereof.

i6. The reactor of claim 15, wherein the metal carbonate 1s CaCGa.

7. The reactor of any one of claims 1-16. wherein the halogenated gas is Fo, Chy, By, b, or

combination thereof,

18. The reactor of claim 17, wherein the halogenated gas s Ch.

1o, The reactor of any one of claims 1-18, wherein the halogenated gas from the second gas

inlet reacts with water to form HCI and HOCL

20, The reactor of any one of claims 1-19, wherein a proton H' in the second chamber passes

through the ion exchange membrane to the first chamber.

20
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2L The reactor of claim 20, wherein the proton H™ moved from the second chamber reacts

with the metal carbonate to form the carbon dioxide.

22. The reactor of any one of claims 1-21, wherein the product collected at the first outlet 1s
CaCla.
23. The reactor of any one of claims 1-22, wherein an alkaline metal cation in the first

chamber passes through the ion exchange membrane to the second chanmtber,

24, The reactor of claim 23, wherein the alkaline metal cation moved from the first chamber

reacts with a halide anion to form a metal halide and a metal hypohalide.

25. The reactor of any one of claims 1-24, wherein a sodium cation in the first chamber

passes through the ion exchange membrane to the second chamber.

26. The reactor of claim 25, wherein the sodwum cation moved from the first chamber reacts

with a chioride anion to form NaCl and NaQClL

27. An apparatus for isolating carbon dioxide comprising:
a first chamber comprising a metal carbonate and a sait; and
a second chamber comprising an acid, wherein the second chamber is separated from the

first chamber by a cation exchange membrane.

28. The apparatus of ¢laim 27, wherein the metal carbonate is selected from the group
consisting of LixCOs, NaHCO3, Nan(C0Os, Ko O3, MgCOs, CaCls, SrC0:, BaC{s, and

combinations thereof.

29. The apparatus of claim 28, wherein the salt is Na(L

30. The apparatus of any one of claims 27-29, where the acid has pKa of fess than 6.35.
31 The apparatus of any one of claims 27-30, where the acid has pKa of less than 6 0.
32 The apparatus of any one of claims 27-31, where the acid has pKa of less than 5.0
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33 The apparatus of any one of claims 27-32, where the acid has pKa of less than 3.0,
34, The apparatus of any one of claims 27-33, wherein the acid comprises water saturated

with a halogen gas.

35. The apparatus of any one of claims 27-34, wherein the halogen gas is Ch.

36, The apparatus of any one of claims 27-35, wherein the halogen gas reacts with water to
form HCE and HOCL

37. The apparatus of any one of claims 27-36, wherein the metal carbonate 1s NaHCO:.

38. The apparatus of any one of ¢laims 27-37, wherein the metal carbonate 1s CaCQn.
39 A method of isolating carbon dioxide comprising:

providing a vessel comprising a first chamber and a second chamber separated by a
cation exchange membrane;

providing in the first chamber a first sohwtion comprising a metal carbonate;

providing v the second chanmber a second solution conmprising an acid;

acidifving the first solution by allowing protons from the second solution pass through
the cation cxchange membrane;

forming a salt in the second solution by allowing metal tons from the first solution to
pass through the cation exchange membrane and

isolating the carbon dioxide.

40, The method of claim 39, wherein the first solution further comprises a salt.

41. The method of any one of claims 39-40, wherein the metal carbonate is prepared by

contacting a carbon dioxide containing gas to a metal base.

42. The method of any one of claims 39-41, wherein the metal carbonate is selected from the
group consisting of LixC0s, NaHCO:, NanC0s, KaCGs, MgCGs, Cal s, Sr{05, BaCO;, and

combinations thereof.

43, The method of claim 42, wherein the metal carbonate 15 NaHCQOs.
22
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44, The method of claim 42, whercin the metal carbonate 1s CaCC0s.

45, The method of any one of claims 39-44, wherein the metal base is NaOH.

46. The method of any one of claima 39-45, wherein the salt 13 sodium chloride.

47, The metbod of any one of claims 39-46, where the acid bas pKa of less than 635,

48, The method of any one of claims 39-47, where the acid has pKa of less than 6.0.

49, The method of any one of claims 39-48, where the acid has pKa of less than 5.0.

50. The method of any one of claims 39-49, where the acid has pKa of less than 3.0.

51 The method of any one of claims 39-50, wherein the acid comprises water satarated with
a halogen.

52, The method of any one of clavms 39-51, wherein the balogen is selected from the group

consisting of fluoride, chlonne, bromine, iodine, and combinations thereof.

53. The metbod of any one of claims 39-52, wherein the halogen s chlorme or bromine.

54, The method of any one of claims 39-33, wherein the halogen gas reacts with water to
form HCY and HOCL

55, The method of any one of claims 39-54, wherein the cation exchange membrane is
Nafion.

56. The method of claim any one of claims 39-35, further comprising adding a water-soluble

metal IA or metal HA base to a metal halide produced 1n the first chamber to produce a metal
hydroxide selected from the group consisting of magnesium hydroxide, calcium hyvdroxide and

strontum hydroxide.

W
~3

The method of any one of claims 39-56, wherein the metal hydroxide is caleium
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hydroxide.

58, The method of any one of clamms 39-37, further comprising isolating calcium hydroxide

by filtration and using it to make clinker or Portland cement.

39, A method of producing calciunt hydroxide comprising:

providing a first solution comprising calcium carbonate and sodium chloride;

providing a second solution comprising agueous chlorine;

flowing the first sohution into a first chamber of a vessel comprising a cation exchange
membrane separating the first chamber from a second chamber;

flowing the second solution into the second chamber;

acidifying the first solution by allowing protons from the second solution pass through
the cation cxchange membrane thereby forming a third solution comprising caleium chionde; and

contacting the third solution with a fourth solution comprising sodium hvdroxide to form

calcium hydroxide.

60, The method of claim 59, whercin the third solution is flown o a third chamber fluidly

connected to the first chamber, wherein the third chamber comprises the fourth solution.

651 The method of any one of claim 59-60, wherein the aqueous chlorine s prepared by
flowing a chlorme gas through a second gas mlet fhandly connected to the second chamber,
wherein any pareacted chlorine gas is collected through a second has outlet fluidly connected to
the second chamber, wherein the second gas inlet and the second gas outlet are connected via loop

thereby enabling recycling of the unreacted chlorine gas.

62. The method of producing clinker comprising mixing clay with calcium hydroxide

produced by the method of any one of claims 59-61.

63, The method of any one of claims 39-62, wherein the agueous chlorine comprises HCI
and HOCL
64. A method of solating carbon dioxide comprising:

providing a cabin comprising a first space and a second space separated by a reactor
comprising a cation exchange membrane, wherein the first space comprises furst carbon dioxde;
basifving the first carbon dioxide with a first solution comprising NaQOH to form
NaHCGs and HzO 1 the reactor;
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providing in the reactor a second solution comprising an acid;

acidifying the first solution by allowing protons from the second solution pass through
the cation exchange membranc to release C0a (g);

forming a salt in the second solution by allowing metal tons from the first solution to
pass through the cation exchange membrane and

isolating and providing the carbon dioxide to the second space.

65, The method of claim 64, where the acid has pKa of less than 6.35.

66. The method of any one of claims 64-65, where the acid has pKa of less than 6.0.

67, The method of any one of claims 64-66, where the acid has pKa of less than 5.0.

68. The method of any one of claims 64-67, where the acid has pKa of less than 3.0.

69, The method of any one of claims 64-68, wherein the acid comprises water satarated with
a halogen.

70. The method of any one of claims 64-69, wherein the balogen is selected from the group

consisting of fluoride, chlonne, bromine, iodine, and combinations thereof.

71 The metbod of any one of claims 64-70, wherein the halogen s chlorme or bromine.
72. The method of any one of claims 64-71, wherein the halogen gas reacts with water to
form HCY and HOCL

73, The method of any one of claims 64-72, wherein the cation exchange membrane is
Nafion.

74. A method of isolating carbon dioxide comprising:

providing a vessel comprising a first chamber and a second chamber separated by a
cation exchange membrane;

providing in the first chamber a first solution comprising a metal carbonate;

providing in the second chamber a second solution comprising an acid;

acidifying the first solution by allowing protons from the second solution pass through
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the cation cxchange membrane;

forming a salt in the second solution by allowing metal tons from the first solution to
pass through the cation exchange membrane;

isolating the carbon dioxide;

reacting the salt formed m the second solution with a metal oxade catalyst to form oxvgen
and agueous sodium chloride solution; and

clectrolyzing the agucous sodim chloride schution to form a halogen gas and the metal

base.
75. The method of claim 74, wherein the first solation further comprises a salt.
76, The method of any one of claims 74-75, wherein the metal carbonate is prepared by

contacting a carbon dioxade containing gas to a metal base.

77. The method of any one of claims 74-76, wherein the metal carbonate is selected from the
group consisting of LiC0s, NaHCG:, NaxC0s, KaCGs, MgCOs, CaCls, SvC05, BalO;, and

combinations thereof.

78. The method of claim 74, wherein the metal carbonate 1s NaHCOs.

79. The method of claim 74, wherein the metal carbonate is CaCOs.

30, The method of any one of claims 74-79, wherein the metal base 1s NaOH.

31 The method of any one of clamms 74-80, wherein the salt is sodium chioride.

2. The method of any one of claims 74-81, where the acid has pKa of less than 6.35.

43. The method of any one of claims 74-82, where the acid has pKa of less than 6.0,

34. The method of any one of claims 74-83, where the acid has pKa of less than 5.0.

85. The method of any one of claims 74-84, where the acid has pKa of less than 3.0,

6. The method of any one of claims 74-85, wherein the acid comprises water saturated with
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a halogen.

87. The method of any one of claims 74-86, wherein the halogen is selected from the group

consisting of fluoride, chlornne, brommne, iodine, and combinations thercof.

8. The method of any one of claims 74-87, wherein the halogen s chlorine or bromine.

89, The method of any one of claims 74-88, wherein the halogen reacts with water to form
HCH and HOCL

90, The method of any one of claims 74-89, wherein the cation exchange membrange is
Mafion.

a1, The method of claim any one of claims 74-90, further comprising adding a water-soluble

metal TA or metal 1A base to a metal halide produced in the first chamber to produce a metal
hvdroxide selected from the group consisting of magnesium hvdroxide, caleium hydroxide and

strontium hydroxide.

92. The method of any one of claims 94-91, wherein the metal hydroxide is calcium

hydroxide.
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