
WO 2011/075680PCT/US2010/061111 DESCRIPTION  CARBON DIOXIDE SEQUESTRATION
THROUGH FORMATION OF GROUP-2 CARBONATES AND SILICON DIOXIDE  BACKGROUND OF
THE INVENTION 5The present application claims the benefit of priority to
U.S. Provisional Application No. 61/288,242 filed December 18, 2009, the
entire content of which is incorporated herein by reference in its
entirety. I.Field of the Invention The present invention generally relates
to the field of removing carbon dioxide and, 10 collaterally with that
removal, other pollutants from waste streams. More particularly, the
present invention relates to removing carbon dioxide and other pollutants
from waste streams through the absorption of carbon dioxide and other
pollutants from flue-gas-like streams. It includes the co-generation of
group-2 carbonate materials. Description of Related Art 15Considerable
domestic and international concern in both private and commercial sectors
has been increasingly focused over the last four decades on emissions from
industries into the air. In particular, attention has been focused on the
greenhouse gases that have the property of 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 CO2 (and 25other
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 



WO 2011/075680PCT/US2010/061111 carbon from power-plant flue-gas by various
means has been researched and studied intensively over the last thirty
years.       Reducing carbon intensity involves the alternate use of
non-carbon energy sources such as nuclear, hydroelectric, photovoltaic,
geothermal, and other sources of electric power to reduce 5 the percentage
of power produced through exclusive carbon combustion. While each of these
techniques of power-generation continues to gain in terms of total energy
production, the projections of world electricity demand are expected to
increase at rates faster than energy production from these methods.
Therefore, carbon greenhouse gas emissions are expected to increase despite
growth in non-carbon energy sources. 10Improving efficiency has generally
focused on techniques of improving the combustion of carbon through
pre-combustion, decarbonization, oxygen-fired combustion, etc. by first
decreasing the amount of CO2 produced and then oxidizing all potential
pollutants as completely as possible. Also, the technique increases the
amount of energy generated per carbon dioxide emission released for
improved efficiency. While strides in this area have improved combustion
15efficiency, there is little more improvement to be extracted from this
field of endeavor.       Attempts at sequestration of carbon (in the
initial form of gaseous CO2) have produced many varied techniques, which
can be generally classified as geologic, terrestrial, or ocean systems.
These techniques are primarily concerned with transporting generated carbon
dioxide to physical sites and injecting the carbon dioxide into geologic,
soil, or ocean repositories. Each 20 of these sequestering techniques
involves large costs in preparing CO2 for transport, accomplishing the
transport, and performing the injection into a "carbon bank." As such,
these techniques are generally not economically feasible and in many cases
consume more energy than the original carbon produced.
Sequestration can also include several industrial processes which include
scrubbing, 25 membranes, lower-cost 02, and hydrates. However, each of
these technologies suffer due to the capital plant costs raised to
uneconomic levels, and the effect of CO2 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.  WO 2011/075680PCT/US2010/061111 



SUMMARY OF THE INVENTION      Disclosed herein are methods and apparatuses
for removing carbon dioxide sequestration, including removing carbon
dioxide from waste streams. In one aspect, the present disclosure provides
a method of sequestering carbon dioxide produced by a source, comprising:
5(a) obtaining a hydroxide salt in an aqueous mixture: (b) admixing the
hydroxide salt with carbon dioxide produced by the source under conditions
suitable to form a first carbonate 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; 10(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. In some embodiments, the method further comprises:
15(0 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). 25In
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-302 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 (0 is
obtained from step (d)(2).  WO 2011/075680PCT/US2010/061111       In some
embodiments, the electrochemical cell generates a first source of
electrical energy. In some variants thereof, the first source of electrical
energy is generated with greater than 70% efficiency based on the
theoretical maximum potential of the electrochemical cell. In some
embodiments, some or all of the first source of energy is used to drive a
part of the reaction 5of step (g). In some embodiments, the method further
comprises: using some or all of the hydrogen of step (g) to generate a
second source of energy.     In some variants thereof, some or all of the
second source of energy is used to drive a part of the 10reaction of step
(g).       In some embodiments, some or all of the hydroxide salt is sodium
hydroxide. In some embodiments, some or all of the first carbonate salt is
sodium carbonate. In some embodiments, some or all of the group-2 silicate
mineral is a group-2 inosilicate. In some variants thereof, some or all of
the group-2 silicate mineral is CaSiO3, MgSiO3 or mixtures thereof.  15 In
some embodiments, some or all of the group-2 chloride salt is CaC12, MgC12,
or mixtures thereof. In some embodiments, some or all of the group-2
carbonate salt is CaCO3, MgCO3 or mixtures thereof. In some embodiments,
some or all of the second chloride salt is NaCl.          In some
embodiments, the photolytic condition comprises radiation having a
wavelength 20 from about 200 urn to about 400 urn. For example, in some
embodiments, the wavelength is about 254 urn 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 



25produce 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.  WO 2011/075680PCT/US2010/061111 BRIEF DESCRIPTION OF
THE DRAWINGS      The following drawings form part of the present
specification and are included to further demonstrate certain aspects of
the present disclosure. The invention may be better understood by reference
to one of these drawings in combination with the detailed description of
specific 5 embodiments presented herein.       FIG. 1 is block diagram of a
system according to embodiments of the present invention. DC 1, DC2 and DC3
are three separate sources of electrical energy.       FIG. 2 is a chart
showing the thermal behavior approximated by fluid within a reaction
chamber as the reaction proceeds for the time indicated. 10  WO
2011/075680PCT/US2010/061111 DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS
The present invention relates to carbon dioxide sequestration, including
processes in which group-2 silicates are used to remove carbon dioxide from
waste streams to form corresponding group-2 carbonates and silica.
Embodiments of the methods and apparatuses of 5 the invention comprise one
or more of the following general components: (1) an aqueous decarbonation
process whereby gaseous CO2 is absorbed into an aqueous caustic mixture 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 from the liquid mixture; (3) a brine electrolysis
process for production of the sodium hydroxide that is used as 



10 the absorbent fluid in the decarbonation process; (4) generation and use
of by-products from the decarbonation and electrolysis processes, including
chlorine gas, sodium carbonate and bicarbonate, and hydrogen gas; and (5)
the direct and/or indirect conversion of group-2 silicate minerals into
group-2 carbonates and silicon dioxide. Each of these general components is
explained in further detail below. 15While many embodiments of the present
invention consume some energy to accomplish the absorption of CO2 and other
chemicals from flue-gas streams and to accomplish the other objectives of
embodiments of the present invention as described herein, one advantage of
certain embodiments of the present invention is that they provide ecologic
efficiencies that are superior to those of the prior art, while absorbing
most or all of the power-plant emitted CO2. 20 Another additional benefit
of certain embodiments of the present invention that distinguishes them
from other CO2-removal processes is that in some market conditions, the
products are worth considerably more than the reactants required or the
net-power or plant-depreciation costs. In other words, certain embodiments
are industrial methods of producing chlor-hydro-carbonate products at a
profit, while accomplishing considerable removal of CO2 25and incidental
pollutants of concern. I.Definitions      As used herein, the terms
"carbonates" or "carbonate products" are generally defined as mineral
components containing the carbonate group, [CO3]. 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,
[HCO3]'. 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  WO 2011/075680PCT/US2010/061111 number of carbons
present in that product. Hence, a product stream formed of pure bicarbonate
(NaHCO3) may be said to have an "ion ratio" of 1.0 (Na/C), whereas a
product stream formed of pure carbonate (Na2CO3) may be said to have an
"ion ratio" of 2.0 (Na/C). By extension, an infinite number of continuous
mixtures of carbonate and bicarbonate may be said to have ion 5ratios
varying between 1.0 and 2.0.       As used herein, the term "sequestration"
is used to refer generally to techniques or practices whose partial or
whole effect is to remove CO2 from point emissions sources and to store
that CO2 in some form so as to prevent its return to the atmosphere. Use of
this term does not exclude any form of the described embodiments from being
considered "sequestration" 10techniques.      As used herein, the term
"ecological efficiency" is used synonymously with the term "thermodynamic
efficiency" and is defined as the amount of CO2 sequestered by certain
embodiments of the present invention per energy consumed (represented by
the equation "CO2/0E"). CO2 sequestration is denominated in terms of
percent of total plant CO2; energy 15 consumption is similarly denominated
in terms of total plant power consumption. 



As used herein, the terms "low-voltage electrolysis" and "LVE" are used to
refer to electrolysis at voltages below about 5 volts.       The pyroxenes
are a group of silicate minerals found in many igneous and metamorphic
rocks. They share a common structure consisting of single chains of silica
tetrahedra and they 20 crystallize in the monoclinic and orthorhombic
systems. Pyroxenes have the general formula XY(Si,A1)206, where X
represents calcium, sodium, iron (II) and magnesium and more rarely zinc,
manganese and lithium and Y represents ions of smaller size, such as
chromium, aluminium, iron(III), magnesium, manganese, scandium, titanium,
vanadium and even iron (II). In addition, atoms making up the compounds of
the present invention 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 13C and 14C.        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.  WO 2011/075680PCT/US2010/061111       The terms
"comprise," "have" and "include" are open-ended linking verbs. Any forms or
tenses of one or more of these verbs, such as "comprises," "comprising,"
"has," "having," "includes" and "including," are also open-ended. For
example, any method that "comprises," "has" or "includes" one or more steps
is not limited to possessing only those one or more steps 5and also covers
other unlisted steps.       The term "effective," as that term is used in
the specification and/or claims, means adequate to accomplish a desired,
expected, or intended result.       The above definitions supersede any
conflicting definition in any of the reference that is incorporated by
reference herein. The fact that certain terms are defined, however, should
not be 10 considered as indicative that any term that is undefined is
indefinite. Rather, all terms used are believed to describe the invention
in terms such that one of ordinary skill can appreciate the scope and
practice the present invention. Flow Diagram: Sequestration of Carbon
Dioxide 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 H20 -> 2 NaOH +
C12 + H2.(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 + CO2 -> Na2CO3 + H20(2) The water
produced from this reaction is indirectly delivered back to chloralkali
cell 100. 30Chlorine from the chloralkali cell 100 is liquefied
photolytically with water in the process at 120. The net reaction can be
represented by equation 3: C12+ 2 H20--> 2 HC1+1/202(3)  WO
2011/075680PCT/US2010/061111 In some embodiments, this reaction or variants
thereof are catalyzed by cobalt containing catalysts. See, for example,
U.S. Patent 4,764,286, which is specifically incorporated herein by
reference in its entirety. Group-2 metal silicates (CaSiO3 and/or MgSiO3)
enter the process at 130. These 5 minerals are reacted with hydrochloric
acid from the photolytic hydrolysis 120 to form the corresponding group-2
metal chlorides (CaC12 and/or MgC12), water and sand. The reaction can be
represented by equation 4. 2 HC1 + (Ca/Mg)SiO3 -> (Ca/Mg)C12 + H20 +
Si02(4) The water produced from this reaction is indirectly delivered back
to chloralkali cell 100. 



10 (Ca/Mg)C12 from the group-2 chlorination 130 is delivered to the
limestone generator 140, where it reacts indirectly with sodium carbonate
from the spray-tower decarbonator 110. This reaction is mediated by
hydrogen bridge 150, which connects two half-cell reactions that can be
represented by equations 5 and 6. Na2CO3 + HO -> NaHCO3 + NaCl(5)
15NaHCO3+(Ca/Mg)C12 -> (Ca/Mg)CO3 + HCI + NaCl(6) Power DC3 from the
coupling of equations 5 and 6 in the form of DC current is delivered from
limestone generator 140 to chloralkali cell 100. The sodium chloride
produced by equations 5 and 6 is delivered to chloralkali cell 100. In this
manner, the reactant required to electrolyze (NaC1) has been regenerated,
and, given appropriate conditioning, is prepared to be electrolyzed 20 and
absorb another cycle of CO2, thus forming a chemical loop. The net reaction
capturing the summation of equations 1-6 is shown here as equation 7: CO2 +
(Ca/Mg)SiO3 -> (Ca/Mg)SiO3 + SiO2(7)      Hydrogen from chloralkali cell
100 is further reacted with carbon dioxide in step 160 to generate power
(DC2), for example, in some embodiments mixing hydrogen with natural gas
and 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 FischerTropsch 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.
WO 2011/075680PCT/US2010/061111       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. Patent Application Publications 2006/0185985
and 2009/0127127, U.S. Patent Application No.  5 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 No.
61/032,802, filed 10 February 29, 2008, U.S. Provisional Application No.
61/033,298, filed March 3, 2008, and International Application No.
PCT/US08/77122, filed September 19, 2008. The entire text of each of the
above-referenced disclosures (including any appendices) is specifically
incorporated by reference herein without disclaimer. The above examples
were included to demonstrate particular embodiments of the 



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
specific embodiments which are disclosed and still obtain a like or similar
result without departing from the spirit and scope of the invention.
III.Silicate Minerals for the Sequestration of Carbon Dioxide In aspects of
the present invention there are provided methods of sequestering carbon 20
dioxide using silicate minerals. The silicate minerals make up one of the
largest and most important classes of rock-forming minerals, constituting
approximately 90 percent of the crust of the Earth. They are classified
based on the structure of their silicate group. Silicate minerals all
contain silicon and oxygen. In some aspects of the present invention,
group-2 silicates may be used to accomplish the energy efficient
sequestration of carbon dioxide. 25In some embodiments, compositions
comprising group-2 inosilicates may be used. Inosilicates, or chain
silicates, have interlocking chains of silicate tetrahedra with either
SiO3, 1:3 ratio, for single chains or Si4011, 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. 30In 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 (CaMgSi206).  WO
2011/075680PCT/US2010/061111       Wollastonite usually occurs as a common
constituent of a thermally metamorphosed impure limestone. Typically
wollastonite results from the following reaction (equation 8) between
calcite and silica with the loss of carbon dioxide: CaCO3 + Si02 -> CaSiO3
+ CO2(8)  5 In some embodiments, the present invention has the result of
effectively reversing this natural process. Wollastonite may also be
produced in a diffusion reaction in skarn. It develops when limestone
within a sandstone is metamorphosed by a dyke, which results in the
formation of wollastonite in the sandstone as a result of outward migration
of calcium ions. In some embodiments, the purity of the group-2 inosilicate
compositions may vary. For  10 example, it is contemplated that the group-2
inosilicate compositions used in the disclosed processes may contain
varying amounts of other compounds or minerals, including non-group-2 metal
ions. For example, wollastonite may itself contain small amounts of iron,
magnesium, and manganese substituting for calcium. IV. Limestone Generation
and Uses 15In aspects of the present invention there are provided methods
of sequestering carbon 



dioxide in the form of limestone. Limestone is a sedimentary rock composed
largely of the mineral calcite (calcium carbonate: CaCO3). This mineral has
many uses, some of which are identified below. Limestone in powder or
pulverized form, as formed in some embodiments of the present  20
invention, may be used as a soil conditioner (agricultural lime) to
neutralize 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. CaCO3 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.  WO 2011/075680PCT/US2010/061111 V. Magnesium Carbonate
Generation and Uses       In aspects of the present invention there are
provided methods of sequestering carbon dioxide in the form of magnesium
carbonate. Magnesium carbonate, MgCO3, is a white solid that occurs in
nature as a mineral. The most common magnesium carbonate forms are the 5
anhydrous salt called magnesite (MgCO3) and the di, tri, and pentahydrates
known as ban-ingtonite (MgCO3.2H20), nesquehonite (MgCO3.3H20), and
lansfordite (MgCO3.5H20), respectively. Magnesium carbonate has a variety
of uses; some of these are briefly discussed below. Magnesium carbonate may
be used to produce magnesium metal and basic refractory 10 bricks. MgCO3 is
also used in flooring, fireproofing, fire extinguishing compositions,
cosmetics, dusting powder, and toothpaste. Other applications are as filler
material, smoke suppressant in plastics, a reinforcing agent in neoprene
rubber, a drying agent, a laxative, and for color retention in foods. In
addition, high purity magnesium carbonate is used as antacid and as an
additive in table salt to keep it free flowing. 15Currently magnesium
carbonate is typically obtained by mining the mineral magnesite. 



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. VI. Silicon Dioxide Generation and Uses In aspects of
the present invention there are provided methods of sequestering carbon 20
dioxide that produce silicon dioxide as a byproduct. Silicon dioxide, also
known as silica, is an oxide of silicon with a chemical formula of SiO2 and
is known for its hardness. Silica is most commonly found in nature as sand
or quartz, as well as in the cell walls of diatoms. Silica is the most
abundant mineral in the Earth's crust. This compound has many uses; some of
these are briefly discussed below. 25Silica is used primarily in the
production of window glass, drinking glasses and bottled beverages. The
majority of optical fibers for telecommunications are also made 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.  WO 2011/075680PCT/US2010/061111
Thin films of silica grown on silicon wafers via thermal oxidation methods
can be quite beneficial in microelectronics, where they act as electric
insulators with high chemical stability. In electrical applications, it can
protect the silicon, store charge, block current, and even act as a
controlled pathway to limit current flow. 5In hydrated form, silica is used
in toothpaste as a hard abrasive to remove tooth plaque.      Silica is
typically manufactured in several forms including glass, crystal, gel,
aerogel, fumed silica, and colloidal silica. By co-generating this mineral
as part of carbon dioxide sequestration in some embodiments, this invention
provides another source of this important product. 10 VII. Aqueous
Decarbonation (Absorption) of CO2 from Waste Streams and Its 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 CO2 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 CO2.
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 (Na2CO3) 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 CO2 is readily absorbed. The absorption  30 ability of the fluid
declines as the OW concentration declines, and absorption ends and in some
instances reverses when the Off concentration is consumed. The reaction is
exothermic during this portion and forms almost exclusively carbonate.  WO
2011/075680PCT/US2010/061111 2.A secondary conversion phase in which CO2 is
not-readily absorbed. The passage of the flue-gas through the mixture does
not cause any net CO2 absorption by the fluid, but the fluid is
significantly cooled by loss of heats of vaporization due to any
evaporation of water, by any loss of CO2 to the vapor state, and by any 5
endothermic reactions taking place. During this phase, sodium carbonate
already formed in solution is converted to sodium bicarbonate, by the
following required net stoichiometry: Na2CO3(aq) + H20(/) + CO2(aq) --> 2
NaHCO3(aq)(9)           The two phases are distinguished by the
characteristics shown in Table 1 below. 10 TABLE 1. Thermodynamics and
Products During CO2 Absorption. Phase Thermodynamics Product CO2 Absorption
[OH] Presence 



Carbonation Exothermic Na2CO3 Robust Plentiful Bicarbonation Endothermic
NaHCO3 Reduces, Nil or negative De minimis        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, etc. of the fluids can be manipulated
to optimize the proportion of "available" CO2 absorbed to optimize the
formation of sodium carbonate. For 15 example, it has been demonstrated
that pure carbonate (Na2CO3) may be produced in solution at conditions that
absorb 70% of incoming CO2 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 CO2. 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 



WO 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
International Application No. PCT/US08/77122, filed September 19, 2008. The
entire text of each of the above-referenced disclosures (including any
appendices) is specifically incorporated by reference herein without
disclaimer. 5 VIII. Separation of Products       As noted above, in certain
embodiments, the apparatuses and methods of the present disclosure employ a
separation process by which the carbonate and bicarbonate products are
separated from the liquid solution. Separation of liquid solution products
requires an involved process. The formation of sodium hydrogen carbonate
(NaHCO3 or sodium bicarbonate) and 10 sodium carbonate (Na2CO3 or soda ash)
in a liquid equilibrium with sodium hydroxide (NaOH or caustic soda) occurs
over a wide range of temperatures and pressures and provides different
endpoints of the equilibrium given different partial pressures of CO2. By
manipulating the basic concentration, temperature, pressure, reactor size,
fluid depth, and degree of carbonation, precipitates of carbonate and
bicarbonate may be caused to occur. Alternatively, 15 carbonate/bicarbonate
products may be separated from their water by the exchange of heat energy
with incoming flue-gases, in some preferred embodiments. Further, due to
the solubility product constant differences between sodium carbonate and
sodium bicarbonate, certain non-intuitive processing points can be reached;
e.g., one of the peculiarities of the equilibria of carbonates of sodium in
certain caustic solutions is that the addition of heat encourages
20precipitation of solid; also, at certain conditions, carbonates have been
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, NaHCO3, Na2CO3, and other dissolved gases in
various equilibria. Dissolved trace emission components such as H2SO4,
HNO3, 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  WO
2011/075680PCT/US2010/061111 solution in a separating chamber may cause the
relatively pure Na2CO3 to precipitate into a holding tank and the remaining
NaOH to recirculate back to the reactor. In other embodiments, pure
carbonate, pure bicarbonate, and mixtures of the two in equilibrium
concentrations and/or in a slurry or concentrated form may then be
periodically transported to a truck/tank-car. In other 5 embodiments, the
liquid streams may be displaced to evaporation tanks/fields, where the
liquid, such as water, may be carried off by evaporation.      The release
of gaseous products includes a concern whether NaOH or components of same
can be released safely, i.e., emitting "basic rain" from a power-plant is
equally to be avoided as emitting "acid rain." However, sodium hydroxide is
normally used as a scrubbing 10 element in power-plant production and is
approved for use by the EPA. The handling of sodium hydroxide in power
plants as well as the procedures to avoid basic release is well-known in
the art. For example, a simple and inexpensive condenser/reflux unit may
prevent any significant emission of NaOH in gaseous exhaust. In a carbonate
separation precipitation method according to certain embodiments of the 15
present invention, the carbonate equilibrium sterically binds
carbon-dioxide and absorbs the gas on contact, with a substantially
instantaneous conversion to carbonate ion. The reaction chain may be
mass-transport limited such that once the carbon-dioxide has been absorbed
by the base, the subsequent ionic reactions occur at rapid pace.
The sodium carbonate equilibrium has a characteristic where as temperature
is raised, 20 Na2CO3 naturally precipitates and collects, which makes it
amenable to be withdrawn as a slurry, with some fractional NaOH drawn off
in the slurry. 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: 2 NaC1+ 2 H20 + -> 2 NaOH + H2 (g) + C12 (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.  WO
2011/075680PCT/US2010/061111      In one embodiment, a membrane cell may be
used due to several factors. First, environmental concerns over mercury
have reduced the demand for the mercury cell. Second, the diaphragm cells
may produce a relatively weak caustic product which contains significant
concentrations of salt and chloride ion and requires considerable
subsequent 5  reprocessing/separation to remove the significant salt
content from the caustic. Third, improvements in fluorinated polymer
technology have increased the life-time and electrical efficiency of
membrane cell technology, where lifetimes in excess of five years are
routinely guaranteed in the industrial markets. Further, the
power-per-ton-of-caustic efficiencies exceeds those of both diaphragm and
mercury cells in preferred implementations. 10Many preferred embodiments
may employ membrane cells in this function. Membrane cells have several
advantages over other brine-electrolysis processes. First, membrane cells
neither contain nor produce any environmentally sensitive emissions (e.g.,
mercury) and are electrically efficient when compared with diaphragm and
mercury cells. They also employ a concentrated/dilute/make-up NaC1 loop
such that they may be well-suited for use as a continuous 15 "salt loop"
processing unit. Next, NaOH produced in membrane cells without further
evaporation/concentration may be a naturally appropriate level of
concentration for use in a decarbonation process (e.g., 30-33% NaOH by
weight). Further, hydrogen produced by membrane cells is "clean,"
approximately "electronic grade," and relatively clear of NaC1 or other
contamination. As such, hydrogen may be compressed and tanked off as
electronic-grade 20 112 gas, used for power-production on-site such as
combustion mix with low-grade coal or for combustion-technology gains.
Alternatively, the hydrogen may be used for a boiler fuel for the
separation processes, which may occur after decarbonation. Membrane cell
technology may also be easily scaled from laboratory to plant-size
production by the addition of small incremental units. Additionally,
chlorine gas produced by the membrane process is less "wet" than that 25
produced by other standard electrolytic processes. As such, a one-stage
compression cycle may be sufficient for production of water-treatment grade
chlorine.      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, including techniques for 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 35September 22, 2008, U.S. Provisional
Application No. 60/973,948, filed September 20, 2007, 17  WO
2011/075680PCT/US2010/061111 



U.S. Provisional Application No. 61/032,802, filed February 29, 2008, U.S.
Provisional Application No. 61/033,298, filed March 3, 2008, and
International Application No. PCT/US08/77122, filed September 19, 2008. The
entire text of each of the above-referenced disclosures (including any
appendices) is specifically incorporated by reference herein without
5disclaimer. X. Recovery of Waste-Heat      Because certain embodiments of
the present invention are employed in the presence of a power-plant or
large emission of CO2 in the form of flue-gas or other hot gases from
combustion, there is ample opportunity to utilize this 'waste' heat in the
optimization of the electro-chemical 10 cell, unlike standard chlor-alkali
processes. For instance, a typical incoming flue-gas temperature (after
electro-static precipitation treatment, for instance) might well be 300C.
Heat exchangers can lower that flue-gas to a point less than 300C, while
warming the anolyte and catholyte fluids (which, for LVE, should generally
be retained >90C) allows some embodiments of the present invention to
operate without the power-losses associated with anolyte and catholyte
15heaters.       Generally, since the flue-gas that is available at
power-plant exits at temperatures between 100C (scrubbed typical), 300C
(after precipitation processing), and 900C (precipitation entrance), or
other such temperatures, considerable waste-heat processing can be
extracted by cooling the incoming flue-gas through heat-exchange with a
power-recovery cycle, 20 of which an example is an ammonia-water cycle
("Kalina" cycle, for example), a steam cycle, or any such cycle that
accomplishes the same thermodynamic means. Since some embodiments of the
present invention rely upon DC power to accomplish the manufacture of the
reagent/absorbent for the present invention, the process can be directly
powered, partially or wholly, by waste-heat recovery that is accomplished
without the normal transformer losses 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 30Processes       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, 18  WO 2011/075680PCT/US2010/061111 the
hydrogen gas produced by the embodiments of the present invention is
incorporated into a hydrogen energy recapture loop. In some embodiments,
the present invention may include current fluorinated polymer membrane
technologies to reduce chlorine-ion migration for the decarbonation
process. The process may therefore function without extensive energy and
cost 5expenditure to separate out the chlorine ion; the decarbonation and
separation loops are relatively 



chloride-free. A. Hydrogen Energy Recapture Loop      Several techniques
may used recapture energy from the hydrogen generated by embodiments of the
present invention. For example, the hydrogen may be co-burned with coal 10
to improve coal-fired emissions. Another technique involves employing a
hydrogen/oxygen fuel cell for the generation of DC electricity. Yet another
technique involves the burning of hydrogen in a turbine connected to an
electrical generator. Still another technique involves the mixing of
hydrogen with natural gas and burning this mixture in a turbine designed
for natural gas power generation and connected to an electrical generator.
Any of these techniques may be used alone 15or in combination, in some
cases, together with other techniques not specifically mentioned.      In
one embodiment, commercial fuel-cell production of DC electricity may be
advantageous due to the easy-to-handle and safe operations at
sub-atmospheric pressures. Immediate consumption of the produced hydrogen
may also directly reduce the electrical load cost for the brine
electrolysis. Further, since the hydrogen-energy recovery cycle may be 20
produced with off-peak electrical production, H2 may be subsequently used
to provide electricity during on-peak loads, the present disclosure
provides for making reactants at low-cost while subsequently producing
auxiliary high-cost on-peak electricity and simultaneously performing a
decarbonation process. The economic utility of an H2 energy recovery cycle
to increase the peak power production of a plant by augmenting the current
production with H2 combustion capacity 25as 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. 30Liquefaction 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: C12(g) + 2 H20 (/) + hv (363 mu) ->
2 HC1 (/) + 1/2 02(g)(11)  WO 2011/075680PCT/US2010/061111 In some
embodiments, the oxygen so-produced may be returned to the air-inlet of the
power-plant itself, where it has been demonstrated throughout the course of
power-industry investigations that enriched oxygen-inlet plants have (a)
higher carnot-efficiencies, (b) more concentrated CO2 exit streams, (c)
lower heat-exchange to warm inlet air, and (d) other 5 advantages over
non-oxygen-enhanced plants. In other embodiments, the oxygen may be
utilized in a hydrogen/oxygen fuel cell. In further embodiments, the oxygen
may serve as part of the oxidant in a turbine designed for natural gas
power generation, for example, using a mixture of mixing of hydrogen and
natural gas. 



XII. Removal of other Pollutants from Source 10In addition to removing CO2
from the source, in some embodiments of the invention, the decarbonation
conditions will also remove SOx and NOx, and, to a lesser extent, mercury.
Tests using S0x/Ar and NOx/Ar in charged-load single-stage decarbonators
have demonstrated 99%+ removal of these components of flue-gas (by "99%+,"
it is meant that the presence of either pollutant in a 14 L/min flue-gas
processing case was not detectable in the product air-stream by 15
gas-chromatograph technique, i.e., they were effectively removed). In
certain embodiments of the present invention, the incidental scrubbing of
NOx, S0x, and mercury compounds can assume greater economic importance;
i.e., by employing embodiments of the present invention, coals that contain
large amounts of these compounds can be combusted in the power plant with,
in some embodiments, less resulting pollution than with higher-grade coals
processed without 20 the benefit of the CO2/absorption process of certain
embodiments of the present invention. * * * * * * * * * * * * * * * *
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  WHAT IS CLAIMED IS:  1.A method of
sequestering carbon dioxide produced by a source, comprising: (a) obtaining
a hydroxide salt in an aqueous mixture: (b) admixing the hydroxide salt
with carbon dioxide produced by the source under conditions suitable to
form a first carbonate 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.  WO 2011/075680PCT/US2010/061111 8. The
method of claim 7, where 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-2 carbonate salt. 9. The method of claim 8, where the reaction of
step (d)(2) further comprises the formation of a second chloride salt. 10.
The method of claim 9, where some or all of the second chloride salt in
step (0 is obtained from step (d)(2). 11. The method according to any of
claims 7-10, where the electrochemical cell generates a 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: (j)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.  WO 2011/075680PCT/US2010/061111 19. The
method according to any of claims 1-15, where some or all of the group-2
silicate mineral is CaSiO3. 



20. The method according to any of claims 1-15, where some or all of the
group-2 silicate mineral is MgSiO3. 21. The method according to any of
claims 1-15, where some or all of the group-2 chloride salt is CaC12. 22.
The method according to any of claims 1-15, where some or all of the
group-2 chloride salt is MgC12. 23. The method according to any of claims
1-15, where some or all of the group-2 carbonate salt is CaCO3. 24. The
method according to any of claims 1-15, where some or all of the group-2
carbonate salt is MgCO3. 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. 


