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affecting the retention of solar heat in the atmosphere, producing a “greenhouse effect.” The

greenhouse effect occurs when incoming heat from the sun is trapped in the atmosphere and
20  hydrosphere of the earth, raising the average atmospheric temperature, ocean temperature, and
other average temperatures of the planet, resulting in climatic change. The effect is generally
agreed as an operating effect in the Earth’s thermal balance, though the rates, the extent to which
man’s combustion of materials affects it and the extent, direction, and magnitude of the effect are
debated. Despite the degree of debate, all would agree there is a benefit to removing CO; (and

25  other chemicals) from point-emission sources if the cost for doing so were sufficiently small.
Greenhouse gases are predominately made up of carbon dioxide and are produced by
municipal power plants and large-scale industry in site-power-plants, though they are also
produced in any normal carbon combustion (such as automobiles, rain-forest clearing, simple
burning, etc.). Since the most concentrated point-emissions typically occur at power-plants
30  across the planet, reduction and/or removal from those fixed sites is an attractive point to effect a
removal-technology. Because energy production is a primary cause of greenhouse gas

emissions, methods such as reducing carbon intensity, improving efficiency, and sequestering
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the original carbon produced.

Sequestration can also include several industrial processes which include scrubbing,

25  membranes, lower-cost O,, and hydrates. However, each of these technologies suffer due to the

capital plant costs raised to uneconomic levels, and the effect of CO, capture on the cost of
electricity is prohibitive.

The referenced shortcomings are not intended to be exhaustive, but rather are among

many that tend to impair the effectiveness of previously known techniques for removing carbon

30 dioxide from waste streams; however, those mentioned here are sufficient to demonstrate that the

methodologies appearing in the art have not been altogether satisfactory and that a significant

need exists for the techniques described and claimed in this disclosure.
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the method further comprises:
15 (f) obtaining a second chloride salt; and

(g) reacting the second chloride salt under chloralkali conditions to form products

comprising chlorine, hydrogen and a hydroxide salt.

In some embodiments, some or all of the hydroxide salt in step (b) is obtained from
step (g). In some embodiments, the method further comprises:

20 (h) obtaining chlorine; and

(i) liquefying the chlorine under photolytic conditions to form hydrogen chloride.

In some embodiments, some or all of the chlorine in step (h) is obtained from step (g). In
some embodiments, some or all of the hydrogen chloride of step (i) is used to chlorinate the
group-2 silicate mineral in step (c).

25 In some embodiments, the reaction of step (d) occurs in an electrochemical cell. In some
variants thereof, step (d) further comprises:

(d)(1) reacting the first carbonate salt with a proton source under conditions suitable to

form a first bicarbonate salt; and

(d)(2) reacting the first bicarbonate salt with the group-2 chloride salt to form the group-

30 2 carbonate salt.
In some embodiments, the reaction of step (d)(2) further comprises the formation of a second
chloride salt. In some variants thereof, some or all of the second chloride salt in step (f) is

obtained from step (d)(2).
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In some embodiments, the photolytic condition comprises radiation having a wavelength
20  from about 200 nm to about 400 nm. For example, in some embodiments, the wavelength is
about 254 nm or about 363 nm.

In some embodiments, obtaining the hydroxide of step (a) comprises:

(a)(1) obtaining a group-1 or group-2 salt;

(a)(2) admixing the salt with acid and water, acid and steam, or acid, water, and steam to

25 produce a protonated brine solution; and

(a)(3) electrolyzing the protonated brine solution to produce a hydroxide.

Other objects, features and advantages of the present disclosure will become apparent
from the following detailed description. It should be understood, however, that the detailed
description and the specific examples, while indicating specific embodiments of the invention,

30 are given by way of illustration only, since various changes and modifications within the spirit
and scope of the invention will become apparent to those skilled in the art from this detailed

description.



25produce a protonated brine solution; and (a)(3) electrolyzing the

protonated brine solution to produce a hydroxi de. O her objects,
feat ures WRG'HAVa ages of the present disclosure will BEXAS196HA bt from

the follow ng detail ed %‘iﬁ'ﬁ S@T{IPJI‘E ﬁh@ﬁl Hﬁ%ﬂﬁmﬁgod however, that
t he detailed descrlpt|onﬁm;yiﬂafﬂﬂﬁﬂn#4171mr i ndi cating

speci fic enbodi nents of the invention, 30 are given by way of illustration
only, since Viei foﬂswmgaingeislgammmﬁ of thaprosas spedificationad sypd mictudaditb Sribpe

of the invention wl eco pare ot e skilled in the art . fromthis
et af | e lRBBRR e osPogs TE4 PSR AT o PR T P LRI
THE DRA A ERce to onther fhekd @anﬂ%sd{rﬁ%lﬂgﬁa{i&{ Wlﬂ’laﬂl% @tailddCIREBSEIM of specific
specification and are included to further denonstrate certain aspects of

the presemodmnetd prssanéed Hemani nvent i on may be better understood by reference
to one of th Si.1n co t|o W .t tedtalled escription . of
specitic s oniGuire et st A2 fQbihotfalil b Rl S0, RETRGR 00 Rg, .
syst em CRMENend DCS AROUHBRBH Frafsolildes G @&ctiidal eergyt i on. DC 1, DC2 and DC3
are three separate sources of electrical energ FIG 2 is a chart

showi ng t he tHé&rxFeis ardiag\shevingobe dhirmat behatipr fagpnoalmatﬂhbh flyid within preaction

chanber A 0, indicated. 10 WO

2011/ 07§g%ﬁ%%f@%%? %d%ﬁ%g%égéﬁ tﬁyf% gi%} MLLUSTRATI VE EMBODI MENTS
Thelpresent invention relates to carbon di oxi de sequestration, including
processes in which group-2 silicates are used to renove carbon dioxide from
waste streanms to form correspondi ng group-2 carbonates and silica.

Enbodi ments of the methods and apparatuses of 5 the invention conprise one
or nore of the follow ng general conponents: (1) an aqueous decarbonation
process whereby gaseous CO2 is absorbed into an aqueous caustic m xture and
then reacted with the hydroxide to form carbonate and/ or bicarbonate
products; (2) a separation process whereby the carbonate and/or bicarbonate
products are separated fromthe liquid mxture; (3) a brine electrolysis
process for production of the sodium hydroxide that is used as




10 the absorbent fluid in the decarbonati on process; (4) generation and use

of by-products fromthe decarbonation and el ectrol ysis Er ocesses, including

chl orine ‘685291%08a§88m carbonat e and bi carbonate, and hyd S&@ﬁzﬂﬁ@ﬁlléhd (5)
the direct and/or ingigkeg OREOF 127 [§§¥§%eﬁ9}ﬁ%@g dﬁmﬂﬁwer als into
group-2 carbonates amd srrrcom droxrue. conponents is
explained in further detail below 15Wile nmany enbodi nents of the present

i nventi on conBhgrbresenteinegnsiogyretatesaiocearpdn siioxidee segussrapionomebfdi@Opraxassentimer

chemcal s, fromflye-.gas streans, and to _acc li.sh.{he other objectiyes. of
enbodi rnawn}fuglr1 of® I?fg %ﬁg@‘;t%smarq Hﬂ?%%?? dgfiase cf@g’rcgrﬁl 8@5”#%%8% VaSffe st Wn¥°agf%%f
certai n @eROSHNARIY Sro@h-2tdaeboRaRs @Rd silidy € Mnhiydirhénté BRthet Method M SHaRAR9BF C
efficiencies that are superior to those of the prior art, while absorbing
nost Sor the |IInymtioR CommRise -qaicarit mong of dhie dollowing generah cxompgrents:otial arb eguesioins

o et AR REBRTRRLS Sl BLSE ol B RILEN Mk, Shath AL BE D

from ot her I n-some marke
product shar reaved tWithcihe Siydexide! ty o1 earbbite bhdof Biaatbanits piiydist €X) Hdephfagion
net - power or plant-depreciation costs. |n other words, certain enbodi ments

are i ndd¥ossss I Whrksto e SrrbpRate ARy WRIBPDaly areducky BEm atrargied dirm sthat lignid
rofit, ble i b i der val | AGI I

Pol | ut s o> G Rate H-AReR YIS ACTR PrBaGIRR 1P toddik 150fMdaq B RN

" carlbonahe stisodrent faidbionid deqarmdatidsproacss; @ renabtion delfuseed bysproduvey fbm the

corrpone%s ontai ni ng the ?ar. bonate gr Qu(g, _ECCB] . .Thus, t hg_ ternms enconpass

bot h car5tH PRANGR c & orlehle Y PSS and" pd ge%m%‘él?ﬁ B2 19188 rtpopps and

car bonatigearbihate] Bfd h§EFBers os; Bh& 38 PRB RS ard inBk&ALHARALG B gxg);aglféﬂi@a&@

general |y defined as” m neral conponents containing the bicarbo group,
[ HCOB] ' .miTikads, infd gravgr 2rsabooatapasd sizbh diexibendiaeh bifcthesvogaterl ndoxiponess asnd

speci es cogt ai.ni E%m%ol %Il# tlhe bi car bonat e i on. In the formation of
bi car b_or%? E‘e&ﬁ‘a 58 ) BEO_}}’si ng sone enbodi ments of the present
i nvestion, thvhﬂ@mh%leﬁmoaﬁidn@;omé FésehtOntdifioh @bhmed scr@dbrbigy Qﬂ§ccbﬂlgli§}?

product divided by the WD 2011/075680PCT/ US2010/061111 nunber” of carbons
present theabseztionr ofdtQr andiethes chemisplsdiven fiergeasirtansrend o6 apepneplish dbe btheat e

( NaHCOB), e i " ratio" of 1.0.{Na/C er eas .

b otoot CoE oMbl Brest Inl ibfias Bissiogh, §0Bisbus HRGRERS ofeappin
"ion ratibodihen?s 6f thblptdspnt iByer@ioh a8 Hadtheydiotiad edtlégc BESIGICi@fthaQRE bupeays
m xtures of carbonate and bicarbonate may be said to have ion 5Sratios

varyi ng ' ofeehthe poonsg vehily absorbing mgst & al o thegower-plaat emitied' @muest r at i on”

i's §ed tor @irﬁ)’ihegeﬁ'cﬁfi%r{a}' 6@6#‘1{3%”.[:%?1? é}{lb(%l?lgltltg C&S tﬂ@gﬁgseﬂﬁrikz{/é%lﬁogrthat
whol e effect 1s to renove rom poirnt em ssions sources and to store
t hat COdistingsichas themnfrem @thert 6Opirenend] processeatisnhattia dohes aiaries pbedidond, 3ke of

this termdoes not e}gcl ud y formof the described enbqdi ments from bei ng
consi dePEYUCSYE QL COBHICTARY JBeHR ir&i%éhe reactantrequiEl Al s REt-RORYST (08 qnt-

"ecol ogigeakcigfibh €hb&ECYN otter Uesis, SOLRARY ideills tte iritfRistrRl %'%%Jzﬁr YRR
efficiency” and is defined as the anount o &OZ sequesterede y certain
enbodi mehlos-hydrotdaegbqmatespnotiuétnae atprofit, perileemeomyplisions vomsiddratdp resevd] ed @9,

t he quat(%lon."CO%/QIE%J‘.lt cgz sequestration is denom nated in terns of

per &&nt 28¢ Teyeatal pollypntepHCongert oy 15 consunption is similarly denoninated

in ter of total | ant power consumpti on.
rri E)eﬁnitioels P P

As used herein, the terms “carbonates” or “carbonate products” are generally defined as
mineral components containing the carbonate group, [COs]*. Thus, the terms encompass both
carbonate/bicarbonate mixtures and species containing solely the carbonate ion. The terms

30  “bicarbonates” and “bicarbonate products” are generally defined as mineral components
containing the bicarbonate group, [HCO;]". Thus, the terms encompass both
carbonate/bicarbonate mixtures and species containing solely the bicarbonate ion.

In the formation of bicarbonates and carbonates using some embodiments of the present

invention, the term “ion ratio” refers to the ratio of sodium ions in the product divided by the
6
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In addition, atoms making up the compounds of the present 1nvent10n are intended to
25 include all isotopic forms of such atoms. Isotopes, as used herein, include those atoms having
the same atomic number but different mass numbers. By way of general example and without
limitation, isotopes of hydrogen include tritium and deuterium, and isotopes of carbon include
C and “C.
The use of the word “a” or “an,” when used in conjunction with the term “comprising” in
30 the claims and/or the specification may mean “one,” but it is also consistent with the meaning of
“one or more,” “at least one,” and “one or more than one.”
Throughout this application, the term “about” is used to indicate that a value includes the
inherent variation of error for the device, the method being employed to determine the value, or

the variation that exists among the study subjects.



In the enbodi ment shown in FIG 1, the chor-alkali cell 100 uses power from
three sources, external power (DCl) and recaptured power (DC2 and DC3), to
drive a r¥aeP11gH3#0 represented by equation 1. 2 NaC +PETYFPEOOA6HINGCOH +
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FIG. 1 depicts a simplified process-flow diagram illustrating general, exemplary
15 embodiments of the apparatuses and methods of the present disclosure. This diagram is offered
for illustrative purposes only, and thus it merely depicts specific embodiments of the present
invention and is not intended to limit the scope of the claims in any way.
In the embodiment shown in FIG. 1, the chor-alkali cell 100 uses power from three
sources, external power (DC1) and recaptured power (DC2 and DC3), to drive a reaction
20  represented by equation 1. _
2 NaCl + 2 H,0 — 2 NaOH + Cl, + Ho. (1)
The sodium hydroxide, chlorine and hydrogen produced from this reaction are delivered to the
spray-tower decarbonator 110, photolytic hydrolysis 120 and step 160, respectively.
Carbon dioxide from flue-gas enters the process at the spray-tower decarbonator 110,
25 potentially after initially exchanging waste-heat with a waste-heat/DC generation system.
Sodium hydroxide from the chloralkali cell 100 reacts with carbon dioxide in the spray-tower
decarbonator 110 according to the reaction represented by equation 2.
2 NaOH + CO; — Na,COs; + H,0 )
The water produced from this reaction is indirectly delivered back to chloralkali cell 100.
30 Chlorine from the chloralkali cell 100 is liquefied photolytically with water in the process

at 120. The net reaction can be represented by equation 3:

Cl+2 H,0 —» 2 HCl + % O, 3)
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25  burning this mixture in a turbine designed for natural gas power generation and connected to an

electrical generator, or, for example, in other embodiments using water-gas shift and Fischer-
Tropsch technology. DC2 is delivered in the form of DC current back to chloralkali cell 100.

Through the process shown in FIG. 1 and described herein, power can be returned

directly and/or indirectly from some or even all of the hydrochloric-acid produced, while only

30  group-2 carbonates are generated as end-sequestrant material and some or all of the sodium,

chlorine and hydrogen is cycled. In so doing, the process effectively uses a lower-energy

sodium-based chlorine-electrolysis pathway for the generation of the hydroxide used to capture

the carbon-dioxide from its gaseous state.



15 invention. However, those of skill in the art should, in light of the
present disclosure, appreciate that many changes can be made in the
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of sequegh@fi ﬂﬁc&%ﬁo&ygen. In some aspects of the present invention, group-2 silicates may be

used to accomplish the energy efficient sequestration of carbon dioxide.

25 In some embodiments, compositions comprising group-2 inosilicates may be used.
Inosilicates, or chain silicates, have interlocking chains of silicate tetrahedra with either SiOs, 1:3
ratio, for single chains or Si4O;1, 4:11 ratio, for double chains. In some preferred embodiments,
the methods disclosed herein use compositions comprising group-2 inosilicates from the
pyroxene group. For example, enstatite (MgSiO3) may be used.

30 In other preferred embodiments, compositions comprising group-2 inosilicates from the

'pyroxenoid group are used. For example, wollastonite (CaSiO3;) may be used. In further
embodiments, compositions comprising mixtures of group-2 inosilicates may be employed, for
example, mixtures of enstatite and wollastonite. In yet other embodiments compositions

comprising mixed-metal group-2 inosilicates may be used, for example, diopside (CaMgSi»O).
10



dioxide in the formof |inmestone. Linestone is a sedinmentary rock conposed
| argely of the mneral calcite (calciumcarbonate: CaCO3). This m neral has

many usesWYOSBHATdB0whi ch are identified bel ow Lineston&CIHSIIRAEH by
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relatively easy to cut into otks of more €l abofate carvi ng. It is7also

| ong-3 askni sagecacrdb@bmsh@anthe presenelnvehttonekgsahe resultlofnERitndy irsveasikg vhis natural
i ngredi ent of icklipe, nortar, cenent, and concrete. . Cal ¢ci um

car bonat BOPEs.a el asioutie 2 scabripReeds o gfﬁ@fa{l TRACHSR iR §1$a%aihn<f<zveiop§ adien
and ot heg { i I i i fq :

ur 11 o Torny bthf fSaBlone AP i En BRI B8 iR (PR T i the fngtion of
bread amoldBtontiedéathe sasdstoreas aaesulifofoatvedrd migi@E@O8f cacialsioncomonl y used

medi cinal |y an antacid. Curr ly, the. maj.ority of .cal cium

Car bonat e visdd S FRITEIontsdhe R TR BipuhrRg e GlaPpy ity iy vary. For
CO- gener b, tihii§ cBhieRbBlePthaPahd RuptRhRRNidi0Xdifosifsidesll 3hi @B diisede
enbodi ments, this invention provides a non-extractive source of this

i mpor t arprogaser$LBy, conjgin Xenyind 78680l pibs2arpaadd on mineralagneulingmnCardsoura? e
CeneratiQ nd es I spects aof .the presept invention there. are

or ovi ded Al Rausr o camalte solpRE Ry S brSuPh SRR apobN B o 0B PGS dnd
car bonatgand¥hesaesbitinea faebatem. MICO3, is a white solid that occurs in
nature as a mneral. The nost common nmagnesi um carbonate forns are the 5

anhydrous salt called nagnesite (MJCO3) and the di, tri, and pentahydrates

known aspyhan-j jsisttiel CedVGoB akd®Qds Nesquehoni te (MyCO3. 3H20), and
| ansfordite (MyCO3. 5H20), respectively. Magnesium carbonate has a variety

of uyges; somEmOfsptdeSE (R Freért Ghihtidh 644 S8 pRAHRN mMREBE ST YRR RERAD BLBoRBY
be used to produce nmagnesium netal and basic refractory 10 bricks. CB is
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rubber, igedifiedng@lorgent, a laxative, and for color retention in foods. In

addi tion, hi glg purity magnesi um carbonate is used as antacid and as an
addi tive in tldplcstosaln pewddates pulverigedstormy asvonged 1GNNS embodimentgrd shepresent

car Q%natigvén%ioh,y %jxairaua yusgtti) taasi Qeéjoilb )éoﬂ&é?&{‘e? (taggcmu'?aelr ﬁ‘xlneﬁg nr?e%itxlaﬁZe acidic soil
conditions, thereby, for example, neutralizing the effects of acid rain in ecosystems. Upstream
applications include using limestone as a reagent in desulfurizations.
Limestone is an important stone for masonry and architecture. One of its advantages is
that it is relatively easy to cut into blocks or more elaborate carving. It is also long-lasting and
25  stands up well to exposure. Limestone is a key ingredient of quicklime, mortar, cement, and
concrete.
Calcium carbonate is also used as an additive for paper, plastics, paint, tiles, and other
materials as both white pigment and an inexpensive filler.
Purified forms of calcium carbonate may be used in toothpaste, added to bread and
30  cereals as a source of calcium. CaCOs is also commonly used medicinally as an antacid.
Currently, the majority of calcium carbonate used in industry is extracted by mining or
quarrying. By co-generating this mineral as part of carbon dioxide sequestration in some

embodiments, this invention provides a non-extractive source of this important product.
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By co-generating this mneral as part of carbon di oxi de sequestration in
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cement . XsPselxelys Magnsaivghcabenats has p yangly ofiusaticemsridheseodgdricflyaliscussed; s
used prigggLlly as a 30 flow agent in powdered foods, or to absorb water in
hygroscopi c applications. It is the primary conponent of di atonaceous earth
whi ch has nanylagsesum aadiongtefmayrbé ivséd & porlut® mageestmcooehl ehd bhtic irafratey

the prinmarcy c ent .of rice husk ash which_.is used, for exanple, in .
{1t B SR el heitA SoReh i PR o6n S BB BT P ey B etics.
Thin f"&Eﬁﬁég@hﬁ&&%nghﬂwmx@ﬁ.Sb%kﬁaﬁﬂﬁﬁﬁ&ﬁﬁnyb@ﬁh&e&ﬁéHaQ%hQﬁE%&ﬂn&%hﬂqgs
can be quite beneficial in mcroelectronics, where they act as electric

i nsul at oplastigs drehrifgivingragenicianegprahe tibbyr, aldnyieg egdnt,i aclakatiygpindciar colasreténtiogan

protect th i l.icon,. store charge, block current, and even act as e
Bont r ol 1 Edopd MMagTHia, High Pl Paimesp T arbenae yiede aTrer Ao ds P Rdite e
i n toot hiaprtsalt aSkéephefiee ABKAEI ve to renmove tooth plaque. Silicais
typically manufactured in several forns includ[Q%dglass, crystal, gel,

aer oifel , ~ f unedussentiycaagnasine sibonatalis Bpicely obByneddyymirinathngindirlsmagnesital
o obr oo RRRIASEL ML AT 551 LB R IR g B "

provi des er saurce
Decar bonawémaion(pMadesd hamngxtaicti @ Ebuirdecsn tiMid sthporbint @esdaictand | ts Conver si on
into Carbonate and Bi carbonate As noted above, in certain

enbodi nents, the apparatuses and nmet hods of the present disclosure enploy

an aqueoys deSifcoHw DRSO GRhOGEDE andar®by gaseous CO2 is absorbed into an
aqueous caustic m xture where it then reacts with the hydroxide to form

car bonat e andinlixpbits JF MR BEcBeAGES - thérd B PYoVRNdIORNRAS %f@&}de@t;%riﬁg Qaloh
i nvention, sodiumhydroxide is used as the primary absorbent fluid. Sodium

hydrxi ddioxidp thed prastyse eidinere dioxide asrashypredueh obilicas dipxidea dizo kbswrise silish, ioep,
When car Foxide i.s bro t C j t Lum ide,
oot v B SHbGaid R Bhbe SO G ind s o BB HS pARRIE THEL RS, o

pure sodiomithedy Foural i@ nalke e 8 hdor ubxez, fae fwstichs iRkt a@lifWlsi oTglisiomeli Bilkass than
be produced that will 20 drive the equilibriumeither direction. |In sone
enbodi neRes abpndang ngperakin: the Kpgthis GHst. B4s conpoiKl ras many wiesy yoanc gl these are

di oxi de 4 i is manner. In sone enbodi nents, the reaction may
proceed %%ﬁﬁgﬁg%ggﬁgﬁk%%r its near vicinity) and sufficient concentration

of tI%e desi r esilicaisomed tpeinpridyl e thenmydintioa oifiveuéely (ghass,edridketig plasseesad bottled
chem stry or renpval of. wgéer,bg various neans), in order, to cayse
Bh %p1t103 ﬁ

preci pi tRAVFBReHT Tl Baiop Prah frdeleepmuguitica qps @rols grade from silica. It is

a primary raw material for many whiteware ceramics such as earthenware, stoneware and
porcelain, as well as industrial Portland cement.

Silica is a common additive in the production of foods, where it is used primarily as a

30 flow agent in powdered foods, or to absorb water in hygroscopic applications. It is the primary

component of diatomaceous earth which has many uses ranging from filtration to insect control.

It is also the primary component of rice husk ash which is used, for example, in filtration and

cement manufacturing.

12



25 In sone enbodi nents, when carbon dioxide is brought into contact with
aqueous sodi um hgdrom de, the fluid within the reacti on chanber

appr oxi neW@VHHESHhavi or shown in FIG 2 as the reacti SRTEP3UEQH 1Eor the
time indicat e’flhln-lﬁ]ﬁls oﬂllfcﬁ[g)@\{lﬁgﬂr sHichH QM{&E\Q/& @)Ql?’ﬁﬁ%x?cgalﬁoﬁ e(?ﬂ(ghs H be qiuite
sorp n

identify two distinct reaction re nni I on phase
whi ch CQRenieficinbmdinicyoddrsrontve dwhérh eh@h&m Iapbleotmlc indhlabis|vwitly high chb@idal siability.
decl i nes aﬁ the OWN concentrati on de and absorption ends gnd in some

i nst ance® FeRdra GRPHGIEANS, Hecaérprote%ﬁ%ﬁ IEQT, iSIORE Flaarge rreti, @nd §Xe 3CHAS A

exot her M gudued gh‘tvg%% RafttheBnand, f or s al nost exclusively carbonate. WO
2011/ 075680PCT/ 8201 /061111 2. A secondary conversion phase in which CQ2 is

not - r'eadi | y alndgdiatel] fofinesipessagel mftoothpastd wlmé abﬂasiwgnetﬂwem(»oth plagueloes
not cause any.net Cozasortlonb .the fluj luid is
S ant 11 cant 1ySEEbICHPINHTY UG SHOHELIS SOYerelaloth ST ERE alfs: GvBiRl eol acrogel

evapor at fefedodilivetae, chPDélcﬁ[‘)élﬂcﬁsSB9fcoC§2¥1e¥aﬂn%*’tﬁlsvﬁﬁf&alsatsaﬁﬁ't 0Bty &bBYide
endot herni ¢ react i ons taking place. During this phase, sodium carbonate

al ready feaneprgtipm is gpwe jeprbodimendsvibist isdentonsprdiidas phethehesmate of this tulportant
follow n reqw red net stoichionmetry: Na2C3B(aq) + H20(/) + CXR2(aq) --> 2
NaHCCB(aIg”(1 The two phases are distinguished by the

char acterl stics shown in TabI e 1 below. 10 TABLE 1. Therm)dynam cs and

I[Dr O :ggﬁ” Q&u% ﬁ%%z?rr ona 1on mssogpt-ﬂ)]n ' mi]d&l?ff‘mfl(‘:osm PWas'%e Streams So(i p{ Lon
Conversion into Carbonate and Bicarbonate
As noted above, in certain embodiments, the apparatuses and methods of the present
disclosure employ an aqueous decarbonation process whereby gaseous CO, is absorbed into an
aqueous caustic mixture where it then reacts with the hydroxide to form carbonate and

15  bicarbonate products. In many embodiments of the present invention, sodium hydroxide is used
as the primary absorbent fluid. Sodium hydroxide, in various concentrations, is known as a
ready absorber of CO,. When carbon dioxide is brought into contact with aqueous sodium
hydroxide, a continuum of products that range from pure sodium bicarbonate (NaHCO3) to pure
sodium carbonate (Na,COs3) can be formed, and differing conditions can be produced that will

20  drive the equilibrium either direction. In some embodiments of the present invention, most or
nearly all of the carbon dioxide is reacted in this manner. In some embodiments, the reaction
may proceed to completion (or its near vicinity) and sufficient concentration of the desired
carbonate product may be achieved (by either process chemistry or removal of water by various
means) in order to cause precipitation of bicarbonate, carbonate, or a mixture of both.

25 In some embodiments, when carbon dioxide is brought into contact with aqueous sodium
hydroxide, the fluid within the reaction chamber approximates the behavior shown in FIG. 2 as
the reaction proceeds for the time indicated. The two temperature-excursion phases correspond
and identify two distinct reaction regimes:

1. An initial absorption phase in which CO; is readily absorbed. The absorption

30 ability of the fluid declines as the OH concentration declines, and absorption

ends and in some instances reverses when the OH™ concentration is consumed.
The reaction is exothermic during this portion and forms almost exclusively

carbonate.
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Car bonati on Exotherm ¢ Na2CO3 Robust Pl entiful Bicarbonati on Endotherm c
NaHCO3 Reduces, Ni| or negative De mnims I n various enbodi nents of

the prese¥P 2PHEMBPon, all forms of the bicarbonate/ car BSRAS2010@AH&t r at i on
spectrum may he prQaduce )J(Q)HBEI%{O?I Gk 15%9& ?ﬁmisfs ottrgb%ﬂg/%ﬂg BLd i %s €4
t enper at ures, “pressures, % PEEC 2% e RN

to optimze the propmetﬂuexga@throagiﬁnhbaﬂnk te GE& mbsmsbadymet (o[03 umozptlddiey the
formati on of sodi um car bonate. For exanp it has_been denonstrat ed
that pure car bonat Suidngpice fluidis %@nﬁ?a@&ucc@aleﬂrbysleﬁwﬁ laﬁts'a@f Ypraratiosdettaat

absorb 70% of inco e

contactor with a dgeﬂp}n%v%fo m?’?ﬂégﬁdgﬁpfgﬁgas- é|)%:|E(|9 éJ cggé:tat(l%" %%Hagz
Wt haut bei ng bounehdoyheringoreyctidng takitg plaot. ddurig thes Iﬁlagﬂ%odhﬁocm‘bom a]lrMs
than two nmeters of .contact di.stance should therefore suffi t.0 absor
90% of i ncomi ng CoPrmedd seluiion lslﬁog"erffgttgrﬂ’é picarhpnale bygk 9&@#9"%‘8&1’%’1‘“
2009/ 0127127, whi Chetishi@R&gbiy-cal |y incorporated by reference herein

wi t hout di scl ai ner. These net hods and devi ces can be further

nodi fied, optimn zed al(} é@ﬁﬁqﬁﬁ)@ &%zﬁgfgf?aaﬁ(%?@a”d t echni gugs of

chem stry, chem cal ce as appli by a
person ski IIe |n t art Such Ci s _and. t.echni e for
example, in U qﬁé?sé}{?dﬁﬁﬁgql gﬁﬁ arﬁ?%?%@@" Sqag{f lség?gnber 22,
20059 U. fAB‘ﬂE)Y' Th@ﬂﬁbdﬁ%ﬁ@i arP@PMcﬁf&d EﬂnNg cﬁgABQ&p%ﬁ; filed September

20 20 Pr-ow SI \YARL®Y 1 a.l. enl. JlJI T \JU.I.I , I I I CU Ju.lluu.l y
10, 200 ; UPﬁasePl’ oVvil Si Theaino@aiadiiés AppPraiake on MO, Aﬁﬁéxﬁﬁlﬂn355 [OH] @gtesence
Sept enbe+—23—206064—+U-S—Patent—AppH-cation—No—312/235-482—F++ed—Septenber
22, 2008, ddrt®natkmovi| Si onEiotHkrrpﬂcl cat| omNajD; 60/ 973 R¥8Bt fil ed Selaniidr 20,
2007, U-S—Provistonpa—~AppH-cation
. ) . Reduces, Nil or e
Bicarbonation Endothermic NaHCO, . De minimis
negative

In various embodiments of the present invention, all forms of the bicarbonate/carbonate
concentration spectrum may be produced. In preferred embodiments, the concentrations,
temperatures, pressures, flow-rates, efc. of the fluids can be manipulated to optimize the
proportion of “available” CO, absorbed to optimize the formation of sodium carbonate. For

15 example, it has been demonstrated that pure carbonate (Na,COs3) may be produced in solution at
conditions that absorb 70% of incoming CO; in a single-stage bubble-column gas-liquid
contactor with a depth of 0.30m fluid depth/gas-liquid contact distance. Without being bound by
theory, by extrapolating to a 90% absorption, less than two meters of contact distance should
therefore sufficient to absorb 90% of incoming CO,. See, e.g., U.S. Patent Application

20  Publication 2009/0127127, which is specifically incorporated by reference herein without
disclaimer.

These methods and devices can be further modified, optimized and scaled up using the
principles and techniques of chemistry, chemical engineering, and/or materials science as applied
by a person skilled in the art. Such principles and techniques are taught, for example, in U.S.

25 Patent Application No. 11/233,509, filed September 22, 2005, U.S. Provisional Patent
Application No. 60/718,906, filed September 20, 2005; U.S. Provisional Patent Application No.
60/642,698, filed January 10, 2005; U.S. Provisional Patent Application No. 60/612,355, filed
September 23, 2004, U.S. Patent Application No. 12/235,482, filed September 22, 2008, U.S.
Provisional Application No. 60/973,948, filed September 20, 2007, U.S. Provisional Application
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WD 2011/ 075680PCT/ US2010/ 061111 No. 61/032,802, filed February 29, 2008,
U.S. Provisional Application No. 61/033,298, filed March 3, 2008, and

| nt er nat iwoab11Appdsncat i on No. PCT/ US08/ 77122, fil ed Septremtiseoid®e112008. The
entire text of each of the above-referenced disclosures (i nCIG\lifi E ?n}a
appendi s )61/032808 ¢ fitadclghiryery 290 2pO%. ' Sul Nsgvisienad r dprlcatien Hom G %3 , Tiled

di scl ai ger.. |, - | . t i ain
emboc mrEeh 3t A e AR EhORD AR EHRRAG ST S0 T 1 2% e Sk Rber I R 2
separ at iTap qtiesess &y eadhi oh thidh abeartdaranedadisclbsuresr lorlatmgpargd appendives) is
separated fromthe liquid solution. Separation of liquid solution products
r equi re§P9§|‘1ﬂanVé‘I“R?§2Pf%F6é¥§%f.ere‘F?Fehqr6‘Pﬁ’§ﬁ'1°Bhdlé‘F A8 um hydrogen car bonat e
(NaHCO3 or sodi um bi carbonate) and 10 sodi um carbonate (Na2CO3 or soda ash)
inaliquid equilibriumwth sodi um hydroxi de (NaOH or caustic soda) occurs
overSa Wllle Sgpaation of ®xpducts ures and pressures and provides different
endpoi nts of the equilibriumgiven different partial pressures of CO2. B
mani pul at i ng Asheotpd gbeves ¢ ceriein ambndimenippde Appratusesy aak geghods é%fctf“%rpr"s‘ﬁli'é,
fluid depth, and degree of .car ' - o) : t

bi car bodBr Ry BaoEa cea o5 GERR bRyl 3 Blepiahs gl pRAHRARE) ol e,
pr oduct sepmated Eoseh@afutlsdlngen. t Bejarativat eftliduyd tdietiex pludngs refuitvean ievrdvegly
with incom ng flue-gases, in _sone C;)referred ent‘)ﬁgljéggnts. ﬁIii,grt er dage) to
the sol wEacess: y The derration sfsedivm Bydrpgsmerrrbanale s QHISATH R PG AR 3
sodi, ym Qi b ragi St el ' ii VARSI RANaEREHEd;
e. gIlbl olr%{)a(ﬁo Q;%}E[go&lgtgc@?féa% gt;tl%gggémgﬁ%hg%@ieﬁﬁfgﬁﬁgﬁo\?%g@ 6@%3% es (1)f sog%ﬁm in
cert ai ncawtistsbda)Doturs ovarsa wiletrhage dfftempetdiurésomd piresseras amhprovideg different end-

20precipitation of sqljd; also,_at certfain conditions, .carbanates have been
denonst rpﬁ’fné“dOf@es%l“flﬁ’%&vﬁp_tdéﬁf@e?tr mﬁl‘l’alr@e%f‘&&é 58 vl &Y %ﬁmgltlfaﬁp% Ehe( g%f%)
PUrity. concentratid, etrefg@tefa‘t’tﬁk,y rds8ur€ €fdadioR §FHOMlAEMpEh,t A1 laBgdee f & carBénation,
separati on process y be dgrl ved fromthe hydrogen produced in the

ori gi nalpreittasolofsicarbonaté r end ubiearbofiate henaya dee-chesed donpeduied Adtcppéively,

inconin | ue- gas .stream .The crystallization o) i [ ey

t o 18ry Sepeiti Birgrisess, MERTE riive HEneR T eher T Rt B oBLdl Bk tenBy'r Hef®
by crysteabdsl zath i‘ﬁ@omiﬂ&l@x. dsed, iflbdiHe picf@BdiBemisiRipaatts. NPutienducahe soldeititygn,
may include water, NaGH, HCO3, Na2C(OB3, and ot her dissolved gases i.n

var i ous peeflvict comstant differsurtes dgtweencewdam satbgRate e crEniy bigriongls, rprigep non-

HNCB3, an may al.so be .found. one i . r r 4 Be
exiting 1%15%?3&%?‘?5%18%&01%.5 gf %n dbree%(\:/}fe%f %@%a?? rlElﬁge P%Cgﬂlagﬁ%r @# fﬁ%m&{{ﬁl\éﬁéo
car bonatcgsohites tdTi Sodapnsia edrtaiheatmicdsoliitt@sbiznatiaeshe raddition ok heatesncofirages

carbonate and bi carbonate, potentially w th hydroxjdes é)re ent as EB| | ;. .any
sepafat imipi@@ﬁmqf@hg;pphsp,e@; Qeé'taghyo tigps, carbonates have béen demonstrated to self-

precipitate from the aqueous solution at high (93%+) purity.

Alternatively, in certain embodiments the heat for the separation process may be derived
from the hydrogen produced in the original electrolysis or from uses of the waste-heat contained
in the incoming flue-gas stream. The crystallization process inherently purifies the crystallizing

25  mineral through the well-known process of purification by crystallization.

The exit liquid streams, depending upon reactor design, may include water, NaOH,
NaHCOs, Na,COs, and other dissolved gases in various equilibria. Dissolved trace emission
components such as H,SO;, HNOs, and Hg may also be found. In one embodiment, to
separate/remove the exiting liquid streams, e.g., removing/separating the water from the

30 carbonates (in this sense of the word, “carbonates” means mixtures of carbonate and bicarbonate,
potentially with hydroxides present as well; any separation technique applied to any such
mixture would likely include adding heat energy to evaporate water from the mixture), the water
may be boiled causing the water to be evaporated using a reboiler. Alternatively, retaining a

partial basic solution (e.g, NaOH at approximately 1 molal) and subsequently heating the
15



m xture would likely include addi ng heat energy to evaporate water fromthe
m xture), the water nmay be boil ed causing the water to be evaporated using

a reboi | WO 21 {MF$8t i vel y, retaining a partial basic soPGT{WGAVIPASHIT NaCOH

at appr oxi.nate i .. )
D015, oy oBRIA e e el PORP B e rIERINY BuleiRad, Wbrecipitate into ¢,
rel ati veholdipg tenkNaid GaB rén@aiping N4OH & secirtilatedbablo tadlthegedcantk Iamther lembodittents, Ng

NaOH to recircul ate back to the reactor. In other enbodi nents, pure .
car bonatR@¢ B%fﬁ%naé‘?’d’éﬁ@g@ﬁﬁi’%‘}at%t ad mxtuggsof thyytwioa eg nJlD’PHméiE?GP?Iit@th’Eﬁrﬁnd/or m

concent re?‘]&lhﬂg)%r A0 Alratcll £8m? h}éﬁrrtb{erﬁl';et gn . %ﬁl&%aﬁ&b&ﬁﬁ% %ﬁﬁg}gﬁl{k-&?. In other

periodically transported to a truc car? In'other 5 e ments, the
| i quisd semizaimpems,ythd dqdidsspleame thatybeadigpaedtto enapoaation/ thnlel ftkdds, whereetht higuid,
l'i quid, suB:h as_wat er,, rgg%gﬁe %arri ed of f by evaporation. The rel ease
of gasedlfEh B} WAlTEIEY it off bY §¥#Or1%hhet her NaOH or conponents of sane

can be rel easpgh a8t V¥ gasdus pBSlulklsl iRBludE2S icBnécdh RyhetieP Wﬁ)]&@%or@'oﬁ&its Io$
equally to be avoided as emtting "acid rain." However, sodium hydroxide is

nor mal | ysamsechnabe selsased sbfetyy 710 ermiimghibaste puwkefropl amowargdanttis squalhdtd be

approved for use by.the EPA. JThe handl| of _sodi um hydr oxi de Jjn power. .

o ants. YOl Seting BPBUEI T oBoVE e itk by RN s AEERRLY R S8 A P ne

t he 1@ t . elérRént 8% pHWEEpladkt Frbdittidn aNd id ApPrPea FoMveseINHE BPAL / TIRf Haudlinkof sodBim
prevent any significant em ssion of NaOH i n gaseous exhaust. In a carbonate

separ at | loIprideinpaveripdantnes Wold aa thedarasadgrasdo eseiddiapicaplsass igwyrllsknovit #ghg 5
o . - LA v b o
Dt AP PRI FREbS BB L e g

i nst ant amgiedion 6ON¥OHSh @asdols extapstnat e i on. The reaction chain may be
mass-transport limted such that once the carbon-di oxi de has been absarbed
by the base, Precabinaiesrpatation precipipbion mstRodacegrding ta egitain pabadiments of the

The godi e bl 1 Dr efl St t UL e
o3 SRR ERR b MBLAR R ERBIRANS S WORHAE a3 obRREH L
anenabl eort contet vwithdrsabstastilly instamtayeounicotivesioe td cabonade adn. NaBHrahc Bowm clodid
inthe slurry. | X Electrol.ysis fqr the Producti.on.of sorbent. Eluid At Low
Ener gi esnay be massrasaert SR, suph tat pucs the @?rgslawd}?éﬁfesl}a%sn a%sﬁal?eét%fgs basfe
met hods gt siREQRLERBM reflitRal 8844 Gt BT e brine el ectrolysis for production
of the sodium hydroxide that is used as the 25 absorbent fluid in the

decar bonat i onl'lsr sclags .cafhonate esudibriuol hiad 8 charagiristicewhewcdseteinpatatye os egsed,

i il d | h ti f trated i hyd i d ti
B0y arpet R elRule SRS T Rrs PROR b f BubSiy LA SUBYRRE o ERliGin:
l'iterat upiegh BmERERINIMNIOH FaWa6ffin thetditryr -> 2 NaOH + H2 (g) + Cl12 (g)(10)

IX. Electrolysis for the Production of Absorbent Fluid At Low Energies

As noted above, in certain embodiments, the apparatuses and methods of the present

disclosure employ brine electrolysis for production of the sodium hydroxide that is used as the

25  absorbent fluid in the decarbonation process. Brine electrolysis is an electrochemical process
primarily used in the production of concentrated sodium hydroxide (caustic soda) and chlorine

gas, and is typically described throughout the relevant literature by equation 10:

2NaCl+2H;O0+e — 2NaOH+ H,(g) + Cl; (g) (10)
Brine electrolysis is typically accomplished by three general types of standard
30 electrolysis cells: diaphragm, mercury, and membrane cells. Each of these types of cells
produces the same output products from the same input reactants. They differ from each other

primarily in the way the reactants and products are separated from each other.

16



Brine electrolysis is typically acconplished by three general types of
standard 30 electrolysis cells: diaphragm nercury, and nenbrane cells.
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conbust desarbrnation too¢asi-(§:2add0-88% NsOH diy swsightkst i HHthesc 8y PEAIUSE
Alternativ t ny 5} : e : i b f o Tal g

separ at P}?ﬁn%ﬁ%c%eggéé, %{;\3/%?’0 Eapgg%/&nggtgﬁf ég?{t%?ucg cg%’b%%gt#%hyélﬁec%%#gg eNE(l:Cell (I)r
t echnol ogyr sentaimtone Agaath, yhydraks ddyrenedngiressad end tanked bfras-eddctrenic-grade

production by the addition of small. i anlemant %I units. \i@ﬁl tionall
chl 89 nél2ges, e dOrc B By eACtioB A3 HiFeSUSR G8 SQRPPENqRauLx Wi oW gTage ‘E‘?%ét"f Jor

pr oducedo by, GRSkt ARYYathsC! ARV, S REGRATHay BEusflr o BoRBCS! REGe
conpression cycl e nay suf fi

clent for production of water-treatnent grade
chl or i neeparation pFoeeseswhich dsyarvdueier decarbamtie Mentbiane selldedhinelogy apayi a1§0z ed
and scal ed up using.the principles and techni.ques of m st.r chen cal
engi neePf r?@?lPYa?F&}e@rfr?Fﬁtlé‘?‘?ré‘ioy EQ:P E’@Z%Br%%ﬁ#l&bgy 6@3 8&%@% 8%1 S%‘E}IIIP%%}“ ?ﬁalt he
art. SughidriNiding LSCBR gHRced B ket Aehproaetssis flews “tgdtnehadOthat
| ow vol '(tﬁglgtg éépfedl(l:tﬁ o%’?ﬁa{g"( LVE) ?o_ i ?ﬁ)rgf/e t he ther hnlls)ﬂgynam c efficiency of
t he2pr opesimcedby othan gandard electslatip pencessas. UAS Sufhh taede-sigRs| oamr ¢ssion gycle may
11/ 233,509, . fil Sept epber .22 005, U.S. Provisional Patent Application
No. 60/ ig?%iﬁbefl?gqupécgfué %?8%3@%8? nigpoEAdG POTRE (Vi onal  Pat ent
Appl i cation NpesORehdds 8RB deditdsedinrnfuathyr hodifit@05ptirklz&l alif evdlal omakinPaient
Application No. 60/612,355, filed Septenber 23, 2004, U.S. Patent )
Appl i caprioeipNe and gchriguasss, chemistiy, gosipal enpiapering, andippmaigrials spiepss asiapRled
Application No. 60{973 948, . fi : I . . f :
2011/ 07%)@%%%91@@?_%}%@?1% bl.la’g p§§8{)ﬁ@g& t&%mq%gg 1nclglgmgvt\ghmques or using

30 low-voltage electrolysis (LVE) to improve the thermodynamic efficiency of the process, are

taught, for example, in U.S. Patent Application No. 11/233,509, filed September 22, 2005, U.S.

Provisional Patent Application No. 60/718,906, filed September 20, 2005; U.S. Provisional
Patent Application No. 60/642,698, filed January 10, 2005; U.S. Provisional Patent Application
No. 60/612,355, filed September 23, 2004, U.S. Patent Application No. 12/235,482, filed

35  September 22, 2008, U.S. Provisional Application No. 60/973,948, filed September 20, 2007,
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U.S. Provisional Application No. 61/032,802, filed February 29, 2008, U.S.
Provi si onal Application No. 61/033,298, filed March 3, 2008, and
| nt er nat iwoab11Appdsncat i on No. PCT/ US08/ 77122, fil ed Septremtiseoid®e112008. The

entire text_of .each of the a e- r.enc di scl osur, igcludi n
applendi E]eé) Pravisionat i ngR;l}ﬂaP?,n Pﬁ%oﬁ%@%gﬁgg g‘?/ﬂdr lepfSe 3’%’3 g.@ﬁ Lédg |§h I\ﬁ;:/slt hp%@ﬂxnal
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the pres Invention are enployed in the presence of a power-plant or
| ar ge eRTCTAUS0R/T12¢081edrSeptratienrli®, 3008.| The gakiredexioefheachitthy gbeve—fafeyanced
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opti m 2 BFIBATEY GorudingaBy appareL i eliEal inelfifrdie! By ARG bhRE! ol
processgrelafidr. i Nstance, a typical incomng flue-gas tenperature (after

el ectro-static precipitation treatnent, for instance) m ght well be 300C
Heat exchangers can |lower that flue-gas to a point |ess than 300C, while

var m ngxt he RREbwle ofWehseaitaqt yte fluids (which, for LVE, should generally
be retained >90C) allows sone enbodi nents of the present invention to

operate wit h%‘é&adsééger?ﬁﬂ\%fnbb@im% FIRO BB R dnintibn BROINVSIBy&NG 8RN 2

15heat ers. nerally, since the flue-gas that is avail abl e at )
power - ppawtr-ghntt s lage tamsenatf (@sinitet fvevof fl0o@ag scethptted sesesifiom yomBpyen,

(after precjpitation processi. .and 900C (.pr,eci pi t.at.i on [ r
e Bt OB S5 AL B R BB SR AR
ext j@ct gel1 Rn1ik® Hahdd CHRra ke A Prél@sskd. Uk G@fantd) haysibalie@imiax Chiarpae teshpenatare
power -recovery cycle, 20 of which an exanple is a cl e

_ 0 of . an _anmoni a-water cy
(" Kal i néftec pleko-static pescipifstion treatneang £ay mytanes) mighbiwgll g SR0Eyc Heak gxghangers

acconpl i shes t same_t her nodyngni c | ce ' 1

present “¥h é‘ﬁetriqg?‘nt ﬁléff?asu%o?ﬁ P tgggv?etp Eﬁgagoc%gbn}%ﬁ gfaﬁ?ﬁgqﬁ%ﬂ?%}%ﬁeg%?& ?ﬁe

r eagent fRREQWRRIN 6100 VEhshquld getraliynherddined >907€) pilloos semeambreidente of khe

powered, parti al fy or wholly, by waste-heat recovery that is accoypljshed
i e e

wi t hout DPrasentnisiertiont oapRETee MEithqus sBe PoysT-lpsscscassp@afed Wit cBoNEY i

pom?g t‘ﬁept‘ Jpower for other uses. Further, through the use of

waste- heé&t = to- wor k engi nes, significant efficiencies can be acconplished
Wi t hout an elGatmilgj tiicgaherfateigas thbheps heaitahlerplpoyedphnt axits at fempemgtures

Cntir ol popisar TOMSOARBAPE! GPPERD. pioLden (A bk BHERIAIOS ol AR 208 Cse

of By- Py ion’ SRLPORAL feRBeRNFeE!cBRdi1R4DIS WasROR0 pREESg can be AS
not ed aé@ggfp\&%})(;r?e&g?ﬁ%gﬁi %nts of thengpa?atcusés and mnet hodsgof theg pr esent

di scl osexagqediiicenlmgriberiepmirg flsefad thinnghheatuecharfgeorith A@oWSEERCBVHAICY S8,

and_el ectrolysis processes, includin hlQri.ne, ga odi um,car honat a
nyd2Boet sk a5 A i Setel v e 893 JBRE RS0 SROR S B e
hydr oge @n? 3chPeyR UGB SCh BYmpighes HIROG BRI AyndrhiR REMS e SindedRRdtntiddiBents of

i ncorporated I1ito a hydrogen ener %r ecapture | oop. In some enbodi nents,

t he pr eslentpresentninventiamyrelyncipede RGr pevier ftoudesarnlish g ymanufaehts: e the

technol ogi es  to redugce .chl orine-ion. m grat i f - aji iall
process .rga’gﬁlét/ %F%rj?gli{sﬁ’ﬁﬁge PREFET 6 ?’%rﬂ%olrjl h gl{;el éllr? %%st%%ﬁ&g%%gﬁéﬁ}g&e i e&ét;/a and
cost Sexprnd byirvasthss Bty Gt it hecanplshedavitiont thd@otrdatiafatueo tosed
separation [oops are relativel %
25  associated with converting that DC power to AC power for other uses. Further, through the use
of waste-heat-to-work engines, significant efficiencies can be accomplished without an
electricity generation step being employed at all. In some conditions, these waste-heat recovery

energy quantities may be found to entirely power embodiments of the present invention.

XI. Generation and Use of By-Products from the Decarbonation and Electrolysis
30 Processes

As noted above, some embodiments of the apparatuses and methods of the present
disclosure produce a number of useful by-products from the decarbonation and electrolysis

processes, including chlorine gas, sodium carbonate, and hydrogen gas. In some embodiments,
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er production of a plant by augmenting the current production with H, combustion capacity

25  as either fuel or in a fuel cell may provide for the utility of a self-consumption basis.

B. Use of Chlorine for the Chlorination of Group-2 Silicates

In some embodiments the chlorine gas may be liquefied to hydrochloric acid that is then
used to chlorinate group-2 silicate minerals. The group-2 chlorides may be subsequently reacted
in an ion exchange reactions with sodium carbonate. See equations 3 — 7 above.

30 Liquefaction of chlorine and subsequent use of the hydrochloric acid is particularly
attractive especially in situations where the chlorine market is saturated. Liquefaction of

chlorine may be accomplished according to equation 11:

Cly(g) + 2 H,0 (1) + hv (363 nm) — 2 HCL () + % O, (g) (11)
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XI'l. Renmoval of other Pollutants from Source 10l n addition to renoving CO2
fromthe source, in sonme enbodinents of the invention, the decarbonation
condi t i on¥ORP1/0784880 renmpve SOx and NOx, and, to a | ess@FCTAREAMkEr cury.
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Al'l of tdéofamixighoidsddigenland estusahg@asc| ai ned herein can be made and execut ed

wi t hout undue experinentation in |light of the present disclosure. Wile the
conpositions and nethods of this invention have been described in terns of

par ti cul ¥II. enReghiovalndfothért PolidtintbdraapSananrt to 25 those of skill in the
art that variations may be applied to the nmethods and in the steps or in

t he gequence Bfadditkpso @émbviag 0D,osh dessyurdepth duaiesmbodimbatstof depiavéritiog, fhwom
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subst i t Ldesarbapdionranditions Mok alsa perae et Ox and Nbke aad it p&esssrexiend mgreutyy dests

deened to. i EA gt i ' i 0
ot med B RO hd NGB 6 chors SERAR U KORT AR pp R QB R AR AR 00%0+
sequest efehmgakaf tese dompomtatspodiucess by DW6Ur dejs meaprthst thg:présshcobf aitlerng

a hydroxi de salt i n.aqueous m xture: (b) adm xing,the. hydroxjde salt

N cor BRI ke dd 1JRR DEEEoDYE R meGar B ot RO et ROt SrESim by
forms f%is%&ﬁétggrﬂﬁﬁ fechque) b, 2hbY hite BEBKEH Rmdved). CH QiafAtiB&difents of
group-2 Silicate mneral with hydrochloric aci"d under conditions suitable
to for m the queseat povediion teonpidentehbanbbieg sl NOxwdQss and mersintyl compelingsiada

(d) adm xi nrg t he rourg)-z chl orrti de. sallt) wi th the f%rﬁt ctgr? neatre S l. t eHlder
condi ti oft§™ ﬁigfeﬁb‘%%gc?_ S IPE HIGUDS 2 C ST BONEIE TR A TP RS & SEeREra gkt Ub e,
and coalsthaS@R@fildrfdamaintls 8F Hébe dorbFuRas shifbé sbrhbiist@nntthe pawhei Mhmtrith,
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in some embodiments, less resulting pollution than with higher-grade coals processed without

20  the benefit of the CO,/absorption process of certain embodiments of the present invention.

% % sk sk ok ok ok sk ok ok ok ook ok ok sk ok

All of the methods disclosed and claimed herein can be made and executed without
undue experimentation in light of the present disclosure. While the compositions and methods of
this invention have been described in terms of particular embodiments, it will be apparent to

25  those of skill in the art that variations may be applied to the methods and in the steps or in the
sequence of steps of the method described herein without departing from the concept, spirit and
scope of the invention. All such similar substitutes and modifications apparent to those skilled in
the art are deemed to be within the spirit, scope and concept of the invention as defined by the
appended claims.

30
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2. The nmethod of claim1, further conprising: (f) obtaining a second
chloride salt; and (g) reacting the second chloride salt under chloral kal
condi t i orOt2811055¢80 pr oduct s conpri si ng chl ori ne, hydr og@6TAIS3018/0bMdY oxi de
salt. 3.1Nh hod. of bﬁinlz, where sonme or all of the hydroxide salt in
step (b)W *step (g). 4.The nmethod of claim2, further
conprising: (h) obtaining chlorine; and (i) liquefying the chlorine under
phot ol yti.c comgdthds seQudstxifl Ry®ba dRxiddProdicde by a.sbhiee @inippiingf cl ai m 4,
where sonme or all of the chlorine in step (h) is obtained fromstep (9).

6. The method of cl@gj %éiniﬂ%@flﬂr%ﬁ@'@ s8I irPdrl agbodshBixbyelr ogen chloride of step
(i) is used to chlorinate the group-2 silicate mneral in step (c). 7.The

cecurs in an el act banEres e brotidG s R ot BRIy S £F 1ot

met hod of claim7, whede cohdifiofiuithbietid frrmcofiyst cabenate salt in a first admixture;

(c) chlorinating a group-2 silicate mineral with hydrochloric acid under
conditions suitable to form a corresponding group-2 chloride salt, water, and

silicon dioxide;

(d) admixing the group-2 chloride salt with the first carbonate salt under
conditions suitable to form a group-2 carbonate salt in a second admixture;

and
(e) separating said group-2 carbonate salt from the admixture,

whereby the carbon dioxide is sequestered into a mineral product form.

2. © The method of claim 1, further comprising:
(f) obtaining a second chloride salt; and

(g) reacting the second chloride salt under chloralkali conditions to form products

comprising chlorine, hydrogen and a hydroxide salt.

3. The method of claim 2, where some or all of the hydroxide salt in step (b) is obtained
from step (g).
4. The method of claim 2, further comprising:

(h) obtaining chlorine; and

(i) liquefying the chlorine under photolytic conditions to form hydrogen chloride.

5. The method of claim 4, where some or all of the chlorine in step (h) is obtained from
step (g).
6. The method of claim 4, where some or all of the hydrogen chloride of step (i) is used to

chlorinate the group-2 silicate mineral in step (c).

7. The method according to any of claims 1-6, where the reaction of step (d) occurs in an
electrochemical cell.
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(d)(1) reacting the first carbonate salt with a proton source under
conditions suitable to forma first bicarbonate salt; and (d)(2) reacting
t he firstwbizeardosssat e sal t vvith t he group-2 chloride saltTtus2é10nmithe
group-2 carbqnate s met ho f .claim@8, where the reaction of
step (df(2) %FW&%&%{W eFFeSt?pomq}%?ﬁc%Pp%s “%econd chloride salt. 10.
The net hod of cl ai e so of . the. seco d chl oride salt

step (0 is obtai né@@r 6%03{1%;5}“( g“);itzc)arbofi‘te e Wit h & 8’&@8}”{5’%@%{6{) C%C%} 18?8

claims 7-10, where the ﬁﬁhﬁ@é{o%ﬂﬁ'&‘fﬁ@m&a%dna&%a&rﬁkﬁs a first source of
el ectrical energy. 12. The nethod of cl almll where the first source of

el ectrical energy t b

the theoretical né@%zr?u?&géﬁ%ﬁ}%lfyftt@fﬂ; e gc‘?l?ggh%%ﬁ@%h@ ngllgl%sfs?

met hod of claim 11, whet@ipsdembaiataddlt. of the first source of energy is used
to drive a part of the reaction of step (g). 14. The net hod accordi ng to
any of clains_2-14, t her risin ] )usi 0 or all th .
hydr ogeni- of sTthéﬁnf(ﬂ@‘)‘I %lﬂgh%vr‘ﬁ]? ?Pesrég%‘?é‘% Rg)(g} H’gﬁ’@f ’tﬁ}nprlsgs thﬁ”n‘g’nﬁﬁtf%d
of claim 14, ;phere,3eARriaksat.! of the second source of energy is used to
drive a part of the reaction of step (g). 16. The nethod according to any
of clainms 1-15, where sone or all of the hf/droxi de salt is sodium i
hydr oxi dé. 17Fhe'ﬁh€hmiet0ifc§diaimcﬁowhblt‘i}gsm anylloff the siepand) chlgrideyself an stape(this
all of the flh ga}{bonat? ?% i s sodium carbonate. 18. The net hod
according to fﬂf‘ thn‘i) 5, where sonme or all of the group-2 silicate
mneral is a group-2 inosilicate. WD 2011/075680PCT/ US2010/061111 19. The

met hod agcor dihagndthod@iitoftfing t@hmiBoflcldins MG rwehaote cectiicheraical fudl gmetypes

silicate mneral is CaSi G3.
first source of electrical energy.

12.  The method of claim 11, where the first source of electrical energy is generated with
greater than 70% efficiency based on the theoretical maximum potential of the

electrochemical cell.

13. The method of claim 11, where some or all of the first source of energy is used to drive a

part of the reaction of step (g).

14.  The method according to any of claims 2-14, further comprising:

)] using some or all of the hydrogen of step (g) to generate a second source
of energy.
15.  The method of claim 14, where some or all of the second source of energy is used to

drive a part of the reaction of step (g).

16.  The method according to any of claims 1-15, where some or all of the hydroxide salt is

sodium hydroxide.

17.  The method according to any of claims 1-15, where some or all of the first carbonate salt

is sodium carbonate.

18.  The method according to any of claim 1-15, where some or all of the group-2 silicate

mineral is a group-2 inosilicate.
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20. The nethod according to any of clains 1-15, where sone or all of the

group- 2 s‘yélzg Ssdgpyneral is MySi 3. 21. The nethod accog,g}r{i%lz(;sﬁegﬁilz?fzz-

cLainB %- ere sonme or all of the group-2 chloride

The met hqd aceqrdl Hbod QcB3indlo ShpbFBlatnd P-1sABER SMPoC4ll 8F theOdrotife silicat
group-2 gﬁl ori gqgaﬁ? ?%C%KEJ?L%EO @ Tlﬁle met ﬁ’od accor diong to ar?sérgf}hclséilcr?se
1-15, where saieralis&laSi@f. the group-2 carbonate salt is CaC33. 24. The
nmet hod according to any of clains 1-15, where sone or all of the group-2

uher o sond or TR pieosBie i SRPLF B St et P b e ip 2 slfar

according to apyeraf isQ@sitB. 4- 15, where the photol ytic condition conprises
radi ati on having a wavel ength from about 200 nmto about 400 nm 27. The
met hod of claim 26, where the wavelength js_about 254 nm_ 28 The net f]od of
cl ai m 2621wherberhehehocsording ko pry abelainssbis.nwhero some s allaii{Be SR ehifidds o
any of clains 1-t28qad§/nere obt ai ni ng the hydroxi de conprises: (a)(1)
obtaining a grsglubs- f group-2 salt: (a)(2) admixing the salt with acid and
water, acid and steam or acid, water, and steamto produce a protonated
brine sol2at i ortheaneth¢dhdcd)ding actmobflhing t-hs, whot someed ablrafitbe gutupt drotide
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23.  The method according to any of claims 1-15, where some or all of the group-2 carbonate

salt is CaCOs.

24.  The method according to any of claims 1-15, where some or all of the group-2 carbonate

salt is MgCO:;.

25.  The method according to any of claims 2-15, where some or all of the second chloride

salt is NaCl.

26.  The method according to any of claims 4-15, where the photolytic condition comprises

radiation having a wavelength from about 200 nm to about 400 nm.
27. The method of claim 26, where the wavelength is about 254 nm.
| 28.  The method of claim 26, where the wavelength is about 363 nm.

29.  The method according to any of claims 1-28, where obtaining the hydroxide comprises:
(a)(1) obtaining a group-1 or group-2 salt;

(a)(2) admixing the salt with acid and water, acid and steam, or acid, water, and

steam to produce a protonated brine solution; and

(a)(3) electrolyzing the protonated brine solution to produce a hydroxide.
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