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SYSTEMS AND METHODS FOR PROCESSING CO 2
ABSTRACT
[00499] Systems and methods for lowering levels of carbon dioxide and other atmospheric pollutants are
provided. Economically viable systems and processes capable of removing vast quantities of carbon dioxide
and other atmospheric pollutants from gaseous waste streams and sequestering them in storage-stable forms
are also dis ussed.
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SYSTEMS AND METHODS FOR PROCESSING CO
2
CROSS-REFERENCE
[0001] This a plication claims the benefit of the following applications, each of which is incorporated herein
by reference in its entirety:
U.S. Provisional Patent Application No. 61/158,992, filed 10 March 2009, titled "Liquid Absorption
of Gaseous Pol utants Using a Flat Jet Reactor";
U.S. Pr visional Patent Application No. 61/168,166, filed 9 April 2009, titled "Apparatus, Systems,
and Methods fer Treating Industrial Waste Gases";
U.S. P visional Patent Application No.61/178,475, filed 14 May 2009, titled "Apparatus, Systems,
and Methods for Treating Industrial Waste Gases";
U.S. Provisional Patent Application No. 61/228,210, filed 24 July 2009, titled "Apparatus, Systems,
and Methods fo Treating Industrial Waste Gases";
U.S. Provisional Patent Application No. 61/230,042, filed 30 July 2009, titled "Apparatus, Systems,
and Methods for Treating Industrial Waste Gases";
U.S. Pr visional Patent Application No. 61/239,429, filed 2 September 2009, titled, "Apparatus,
Systems, and Methods for Treating Industrial Waste Gases";
U.S. Provisional Patent Application No. 61/178,360, filed 14 May 2009, titled, "Methods and
Apparatus for Contacting Gas and Liquid";
U.S. Provisional Patent Application No. 61/221,457, filed 29 June 2009, titled, "Gas-Liquid-Solid
Contactor and Precipitator: Apparatus and Methods";
U.S. Pr visional Patent Application No. 61/221,63 1, filed 30 June 2009, titled "Gas, Liquid, Solid
Contacting: Melhods and Apparatus";
U.S. Provisional Patent Application No. 61/223,657, filed 7 July 2009, title "Gas, Liquid, Solid
Contacting: Me hods and Apparatus";
U.S. Provisional Patent Application No. 61/289,657, filed 23 December 2009, titled "Gas,
Liquid,
Solid Contacting: Methods and Apparatus";
U.S. Pr visional Patent Application No. 61/306,412, filed 19 February 2010, titled "Apparatus,
Systems, And Vethods For Treating Industrial Waste Gases"; and
U.S. Provisional Patent Application No. 61/311,275, filed 5 March 2010, titled "Apparatus,
Systems,
And Methods Ftr Treating Industrial Waste Gases."
BACKGROUND
[0002] The mo t concentrated point sources of carbon dioxide and many other atmospheric pollutants (e.g.,
NOx, SOx, volatile organic compounds ("VOCs"), and particulates) are energy-producing power plants,
particularly pow r plants that produce their power by combusting carbon-based fuels (e.g., coal-fired power
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plants). Considering that world energy demand is expected to increase, and despite continuing growth in non
carbon-based sources of energy, atmospheric levels of carbon dioxide and other combustion products of
carbon-based fuels are expected to increase as well. As such, power plants utilizing carbon-based fuels are
particularly attractive sites for technologies aimed at lowering emissions of carbon dioxide and other
atmospheric pollutants.
[0003] Atte pts at lowering emissions of carbon dioxide and other atmospheric pollutants from power plant
waste streams have produced many varied technologies, most of which require very large energy inputs to
overcome the energy associated with isolating and concentrating diffuse gaseous species. In addition, current
technologies nd related equipment are inefficient and cost prohibitive. As such, it is important to develop an
economically viable technology capable of removing vast quantities of carbon dioxide and other atmospheric
pollutants front gaseous waste streams by sequestering carbon dioxide and other atmospheric pollutants in a
stable form o by converting it to valuable commodity products.
[0004] In consideration of the foregoing, a significant need exists for systems and methods that efficiently
and economically sequester carbon dioxide and other atmospheric pollutants.
SUMMARY
[0005] In sorne embodiments, the invention provides an apparatus for transferring a component of a gas into
a liquid which includes a gas inlet; a chamber configured to contact the liquid and gas; a first liquid
introduction unit at a first location within the chamber and a second liquid introduction unit at a second
location within the chamber, in which the liquid introduction units are configured to introduce the liquid into
the chamber fDr contact with the gas; a reservoir configured to contain the liquid after it has contacted the gas;
an outlet for t ie liquid after it has contacted the gas, wherein the inlet, the chamber, the liquid introduction
units, the reservoir, and the outlet are operably connected; and at least one of the following features: i) at least
one array of shed rows within the chamber, wherein the shed rows are configured to redistribute the flow of
the gas as it e tters the chamber such that the gas flows axially along the chamber over a greater area of the
cross section f the chamber than the gas flow upon entering the chamber, prior to interacting with the shed
rows; ii) an anti-foaming device configured to reduce foaming in the reservoir; iii) at least one pump per
liquid introduction unit for pumping the liquid through the introduction unit; iv) configuration of the liquid
introduction Units such that the direction of the flow of the liquid out of the first unit is different than the
direction of flow of the liquid out of the second unit; v) one or more restriction orifice mechanism (release
valve) configured to direct liquid flow to at least one of the liquid introduction units, into the gas inlet, or a
combination hereof, and vi) varying the area covered by the liquid introduction units, wherein the liquid
introduction units comprise atomizing units that create sprays, wherein at least one atomizing unit is
configured to create a spray of angle different from that of the other atomizing units. In some embodiments,
the apparatus comprises at least two of the features. In some embodiments, the apparatus comprises at least
three of the fi atures. In some embodiments, the apparatus comprises at least four of the features. In some
-3-
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embodiments, the apparatus comprises at least five of the features. In some embodiments, the apparatus
comprises al of the features. In some embodiments, the gas inlet is configured to accept industrial waste gas,
compressed mbient air, compressed carbon dioxide, super critical carbon dioxide or any combination
thereof. In s me embodiments, the gas comprises an industrial waste gas, carbon dioxide that has been
previously separated from an industrial waste gas, or any combination thereof. In some embodiments, the gas
comprises one or more of carbon dioxide, nitrogen oxide, and sulfur oxide. In some embodiments, the first
liquid introd action unit is located on the lowest level above the inlet of the gas and is oriented to direct the
flow of liqui into the chamber in a direction substantially co-current to the direction of gas flow. In some
embodiments, the second liquid introduction unit is oriented to direct the flow of liquid into the chamber in a
direction sut stantially countercurrent to the direction of gas flow. In some embodiments, the first liquid
introduction unit, the second liquid introduction unit, or both comprise nozzles. In some embodiments, the
nozzles com rise dual-fluid nozzles. In some embodiments, the nozzles comprise eductor-jet nozzles. In some
embodiments, at least one of the pumps is controlled with a variable frequency drive. In some embodiments,
the anti-foa ing device comprises a cone situated over the reservoir. In some embodiments, the anti-foaming
device further comprises liquid sprays oriented towards the cone. In some embodiments, the apparatus further
comprises a iquid recirculation circuit configured to direct the liquid from the reservoir to the one or more of
the liquid in roduction units. In some embodiments, the apparatus further comprises a demisting level before
the gas exits the contacting chamber. In some embodiments, the demisting level comprises a chevron
demister, fla -jet sprays, a wet electrostatic precipitator, a packed bed, or any combination thereof. In some
embodiment , the liquid provided to the demisting level comprises a different solution from the liquid
provided to the liquid introduction units. In some embodiments, the liquid provided to each of the liquid
introduction units comprises a different solution. In some embodiments, the liquid provided to the demisting
level is a cle r liquid. In some embodiments, the liquid provided to the liquid introduction units comprises a
slurry. In some embodiments, the apparatus further comprises a comminution station configured to accept
slurry from the reservoir and provide processed slurry to the liquid introduction units. In some embodiments,
the recircula ion circuit comprises the comminution station. In some embodiments, the reservoir is located
below the nc zzles at the bottom of the contacting chamber. In some embodiments, the apparatus further
comprises a recipitation tank operably connected to the contacting chamber. In some embodiments, the
precipitation tank comprises temperature controllers, inlets for addition of pH adjusting agents, agitators,
inlets for crystal growth agents, inlets for crystal seeding agents, inlets for settling agents, inlets for
flocculants, or any combination thereof. In some embodiments, the apparatus further comprises a precipitate
outlet opera ly connected to the precipitation tank. In some embodiments, the precipitate outlet collects a
solid precipi ate and a supernatant solution. In some embodiments, the precipitate outlet separates solid
precipitate ftom the supernatant solution. In some embodiments, the apparatus further comprises a conduit to
provide the solid precipitate to a building materials fabrication station. In some embodiments, the gas inlet is
configured to accept a waste gas from an industrial plant. In some embodiments, the gas inlet is configured to
-4-
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accept a flue as from a plant that combusts fossil fuel. In some embodiments, the gas inlet is configured to
accept a flue as from a plant that combusts fossil fuel, further wherein the flue gas has passed through an
emission control system prior to being provided to the gas inlet of said apparatus. In some embodiments, the
emission control system comprises one or more of i) an electrostatic precipitator to collect particulates; ii)
SOx control technology; iii) NOx control technology; iv) physical filtering technology to collect particulates;
or v) mercury control technology. In some embodiments, the sprays of the atomizing units comprise sprays of
60' near the valls of the contacting chamber and sprays of 90' in the inner cross section of the contacting
chamber. In some embodiments, the flow of the gas across the shed rows is perpendicular. In some
embodiments the apparatus further comprises packing material, trays, a packed bed, or any combination
thereof within said chamber. In some embodiments, the apparatus further comprises a at least one membrane
or one microporous membrane within said chamber.
[00061 In soine embodiments, the invention provides an apparatus that includes an absorber that includes a
bubble column; an inlet for an industrial gas, wherein the industrial gas includes C0 2, SOx, NOx, heavy metal,
non-CO 2 acid gas, and/or fly ash in an amount equal to a time-averaged original composition, operably
connected to he absorber; an inlet for an absorbing solution, wherein the absorbing solution includes an
alkaline solut on that includes a salt water, particulate material, or both in an absorbing slurry; an outlet for an
effluent gas, said gas characterized by being depleted in CO2 and at least one of SOx, NOx, heavy metal, non
CO 2 acid gas, and/or fly ash relative to said original composition of said industrial gas, in which the outlet is
operably con ected to said absorber; an outlet for absorbing solution that has contacted the industrial gas
operably con ected to the absorber; and a processing station operably connected to the output, wherein the
processing station is configured to obtain at least one of the following saleable products: a building material
comprising a '02 sequestering component, a desalinated water, a potable water, a slurry comprising a CO 2
sequestering Component, or a solution comprising a CO 2 sequestering component, in which the bubble
column is cor figured to produce bubbles of the industrial gas within the absorbing solution such that at least
10% by weight of the carbon dioxide in the industrial gas is transferred to the absorbing solution. In some
embodiments the invention provides an apparatus that includes an absorber comprising a sparging vessel; an
inlet for an in ustrial gas, wherein the industrial gas comprises CO 2,SOx, NOx, heavy metal, non-CO 2 acid
gas, and/or fly ash in an amount equal to a time-averaged original composition, operably connected to the
absorber; an i let for an absorbing solution, wherein the absorbing solution comprises an alkaline solution
comprising a alt water, particulate material, or both in an absorbing slurry; an outlet for an effluent gas, said
gas characterized by being depleted in CO 2 and at least one of SOx, NOx, heavy metal, non-CO 2 acid gas,
and/or fly ash relative to said original composition of said industrial gas, wherein the outlet is operably
connected to aid absorber; an outlet for absorbing solution that has contacted the industrial gas operably
connected to he absorber; and a processing station operably connected to the output, wherein the processing
station is con igured to obtain at least one of the following saleable products: a building material comprising a
CO2 sequeste ing component, a desalinated water, a potable water, a slurry comprising a CO 2 sequestering
-5Docket No. CLRA-026wO

component, o a solution comprising a CO2 sequestering component, wherein the sparging vessel is
configured to roduce bubbles of the industrial gas within the absorbing solution such that at least 10% by
weight of the arbon dioxide in the industrial gas is transferred to the absorbing solution. In some
embodiments the invention provides an apparatus that includes an absorber that includes a spray tower; an
inlet for an in ustrial gas, wherein the industrial gas comprises CO2 SOx, NOx, heavy metal, non-CO 2 acid
gas, and/or fl ash in an amount equal to a time-averaged original composition, operably connected to the
absorber; an iblet for an absorbing solution, wherein the absorbing solution includes an alkaline solution,
particulate material, or both in an absorbing slurry; an outlet for an effluent gas, said gas characterized by
being deplete in CO 2 and at least one of SOx, NOx, heavy metal, non-CO 2 acid gas, and/or fly ash relative to
said original composition of said industrial gas, wherein the outlet is operably connected to said absorber; an
outlet for abs rbing solution that has contacted the industrial gas operably connected to the absorber; and a
processing st ion operably connected to the output, wherein the processing station is configured to obtain at
least one of the following saleable products: a building material comprising a CO 2 sequestering component, a
desalinated water, a potable water, a slurry comprising a CO 2 sequestering component, or a solution
comprising a C02 sequestering component, wherein the spray tower is configured to produce streams,
droplets, or a combination thereof of the absorbing solution in the industrial gas such that at least 10% by
weight of the carbon dioxide in the industrial gas is transferred to the absorbing solution, further wherein the
spray tower is configured to operate at a liquid flow rate to gas flow rate ratio (L/G ratio) of between 50 and
5,000 gallons per minute/1000 actual cubic feet. In some embodiments, the invention provides an apparatus
that includes an absorber comprising a at least one of a spray tower, packing material, a packed bed, trays,
shed rows, or microporous membrane; an inlet for an industrial gas, wherein the industrial gas comprises
CO 2, SOx, NOx, heavy metal, non-CO 2 acid gas, and/or fly ash in an amount equal to a time-averaged original
composition, operably connected to the absorber; an inlet for an absorbing solution, wherein the absorbing
solution comprises an alkaline solution, particulate material, or both in an absorbing slurry; an outlet for an
effluent gas, said gas characterized by being depleted in CO 2 and at least one of SOx, NOx, heavy metal, non
CO2 acid gas, and/or fly ash relative to said original composition of said industrial gas, wherein the outlet is
operably connected to said absorber; an outlet for absorbing solution that has contacted the industrial gas
operably connected to the absorber; and a processing station operably connected to the output, wherein the
processing station is configured to obtain at least one of the following saleable products: a building material
comprising a

sequestering component, a desalinated water, a potable water, a slurry comprising a CO2
sequestering component, or a solution comprising a CO2 sequestering component, in which the absorber is
02

configured to produce streams, droplets, or a combination thereof of the absorbing solution in the industrial
gas such that t least 10% by weight of the carbon dioxide in the industrial gas is transferred to the absorbing
solution, and further wherein the absorber is configured to operate at a liquid flow rate to gas flow rate ratio
(L/G ratio) of between 50 and 5,000 gallons per minute/1000 actual cubic feet. In some embodiments, the
invention pro ides an apparatus that includes an absorber that includes a at least one of a spray tower, packing
-6-
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material, a p ked bed, trays, shed rows, or a microporous membrane; an inlet for an industrial gas, wherein
the industrial gas comprises CO2 SOx, NOx, heavy metal, non-CO 2 acid gas, and/or fly ash in an amount
equal to a time-averaged original composition, operably connected to the absorber; an inlet for an absorbing
solution, whe ein the absorbing solution includes an alkaline solution, particulate material, or both in an
absorbing slu y, wherein said alkaline solution comprises a salt water, a clear solution, or any combination
thereof; an o tlet for an effluent gas, said gas characterized by being depleted in CO 2 and at least one of SOx,
NOx, heavy retal, non-CO 2 acid gas, and/or fly ash relative to said original composition of said industrial
gas, wherein he outlet is operably connected to said absorber; an outlet for absorbing solution that has
contacted the industrial gas operably connected to the absorber; and a processing station operably connected
to the output, wherein the processing station is configured to obtain at least one of the following saleable
products: a building material comprising a CO 2 sequestering component, a desalinated water, a potable water,
a slurry comprising a CO2 sequestering component, or a solution comprising a CO2 sequestering component,
in which the absorber is configured to produce streams, droplets, or a combination thereof of the absorbing
solution in the industrial gas such that at least 10% by weight of the carbon dioxide in the industrial gas is
transferred to the absorbing solution. In some embodiments, the invention provides apparatus that includes an
absorber that ncludes a at least one of a spray tower, packing material, a packed bed, trays, shed rows, or a
microporous membrane; an inlet for an industrial gas, wherein the industrial gas comprises CO 2,SOx, NOx,
heavy metal, hon-CO 2 acid gas, and/or fly ash in an amount equal to a time-averaged original composition,
operably con ected to the absorber; an inlet for an absorbing solution, wherein the absorbing solution
comprises an alkaline solution, particulate material, or both in an absorbing slurry, wherein said alkaline
solution com rises a salt water; an outlet for an effluent gas, said gas characterized by being depleted in CO2
and at least one of SOx, NOx, heavy metal, non-CO 2 acid gas, and/or fly ash relative to said original
composition (f said industrial gas, wherein the outlet is operably connected to said absorber; an outlet for
absorbing sol tion that has contacted the industrial gas operably connected to the absorber; and a processing
station operate ly connected to the output, in which the processing station is configured to obtain a saleable
product, in w ich the absorber is configured to produce streams, droplets, or a combination thereof of the
absorbing solution in the industrial gas such that at least 10% by weight of the carbon dioxide in the industrial
gas is transferred to the absorbing solution. In some embodiments, the inlet for an industrial gas is configured
to accept ind strial waste gas, combustion flue gas, cement kiln flue gas, compressed carbon dioxide, super
critical carbon dioxide, or any combination thereof. In some embodiments, the absorbing solution is contacted
with the industrial gas such that the absorbing solution is present as droplets, rivulets, columns of liquid, jet
sprays, liquid sheets, neutrally buoyant clouds of solution, or any combination thereof. In some embodiments,
the apparatus further comprises atomizing components, comprising: pressure atomizers (nozzles), rotary
atomizers, airfassisted atomizers, airblast atomizers, ultrasonic atomizers, ink jet atomizers, MEMS atomizers,
electrostatic spray atomizers, dual fluid atomizers, eduction nozzles, or any combination thereof within the
contacting chamber. In some embodiments, the salt water in absorbing solution comprises sea water, an
-7-
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alkaline bri e, a cation rich brine, a synthetic brine, an industrial waste water, an industrial waste brine, or any
combination thereof In some embodiments, the apparatus further comprises a recirculation system. In some
embodiment s, the recirculation system comprises conduits and pumps to move absorbing solution that has
contacted t e industrial gas from the outlet for absorbing solution that has contacted the industrial gas, the
processing station or both to the inlet for absorbing solution, the atomizing components, or any combination
thereof. In some embodiments, the recirculation system comprises conduits and pumps to move gas reduced
in C02 fro

the outlet for effluent gas to the inlet for industrial gas, the bubble columns, sparging vessel, or

any combination thereof
[0007] In s me embodiments, the invention provides an emissions control system operably connected to a
power plant in which the power plant produces energy and an industrial waste gas that includes carbon
dioxide, in vhich the emissions control system is configured to absorb at least 50% of the carbon dioxide
from the waste gas and is configured to use less than 30% of the energy generated by the power plant. In
some embo iments, the invention provides an emissions control system operably connected to a power plant
in which the power plant produces energy and an industrial waste gas that includes oxides of sulfur, in which
the emissions control system is configured to absorb at least 90% of the oxides of sulfur from the waste gas
and is confi ured to use less than 30% of the energy generated by the power plant. In some embodiments, the
invention provides an emissions control system operably connected to a power plant in which the power plant
produces energy and an industrial waste gas that includes carbon dioxide and sulfur oxide, in which the
emissions c ntrol system is configured to absorb at least 50% of the carbon dioxide and at least 80% of the
sulfur oxide from the waste gas, and in which said emissions control system is further configured to use less
than 30% o the energy generated by the power plant. In some embodiments, the emissions control system is
configured o accept at least 10% of the industrial waste gas from the power plant. In some embodiments, the
emissions c ntrol system is configured to accept an alkaline solution from an electrochemical system
configured o produce a caustic solution. In some embodiments, the electrochemical system comprises an
anode, a cathode, and at least one ion-selective membrane between the anode and cathode. In some
embodiments, the electrochemical system is configured to operate at a voltage of 2.8V or less applied across
the anode and the cathode. In some embodiments, the emissions control system is configured to accept a pH
adjusting ag ent, wherein the pH adjusting agent comprises an industrial waste, a naturally occurring pH
adjusting ag ent, a produced pH adjusting agent, or any combination thereof In some embodiments, the
emissions c ntrol system is configured to operate at a liquid flow rate to gas flow rate ratio (L/G) ranging
from 5 to 5, 00 gallons per minute/1000 actual cubic feet per minute. In some embodiments, the system is
configured o operate at a liquid flow rate to gas flow rate ratio (L/G) ranging from 100 to 500 gallons per
minute/1000 actual cubic feet per minute.
[00081 Provided herein are systems comprising a precipitation reactor for producing an effluent comprising a
precipitation product comprising carbonate, bicarbonate, or a combination thereof, operably connected to a
-8-
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liquid-solid s paration apparatus for concentrating the precipitation product from the precipitation reactor
effluent.
[0009] In ond version of the liquid-solid separation apparatus, the liquid-solid separation apparatus comprises
a baffle situat d such that in operation the baffle deflects the precipitation reactor effluent such that
precipitation product descends to a lower region of the liquid-solid separation apparatus and supernatant
ascends and eXits the liquid-solid separation apparatus. In another version of the liquid-solid apparatus, the
liquid-solid s paration apparatus comprises a spiral channel configured to direct effluent from the
precipitation actor to flow in the spiral channel resulting in concentration of the precipitation product based
on size and mass and production of a supernatant. Liquid-solid separation apparatus of the systems described
herein comprise a precipitation product collector capable of collecting 50% to 100%, 75% to 100%, or 95% to
100% of the precipitation product from the precipitation station. Additionally, liquid-solid separation
apparatus are

capable of processing

100 L/min to 20,000 L/min, 5000 L/min to 20,000 L/min, or 10,000

L/min to 20,0)0 L/min of effluent from the precipitation station.
[00101 Precipitation reactors of the systems described herein may comprise a charging reactor and
precipitation station. The charging reactor is capable of removing CO2 from an industrial waste gas stream.
Furthermore, he charging reactor may be capable of removing one or more of SOx, NOx, heavy metals,
particulates, VOCs, or a combination thereof, from the industrial waste gas steam. The charging reactor
comprises a flat jet nozzle coupled to a source of water, wherein the flat jet nozzle is adapted to form a flat jet
stream for contacting a gaseous waste stream comprising CO 2 with water from the source of water. The
gaseous waste stream comprising CO2 is a waste stream from an industrial plant that bums carbon-based fuels,
calcined materials, or a combination thereof. The water provided by the source of water may contain alkaline
earth metal io s; in such cases the source of water may be selected from the group selected from fresh water
brackish wate , seawater, and brine. The precipitation station is operably connected to a source of a pH
raising agent. The pH-raising agent may comprises ash, oxides, hydroxides, or carbonates. The precipitation
station is adapted to produce precipitation product comprising carbonate, bicarbonate, or a combination
thereof.
[00111 The systems described herein may further comprise an electrochemical cell. The electrochemical cell
may be configured to remove protons from the charging station, the precipitation station, or both the charging
and the precipitation station.
[0012] Also rovided are integrated systems comprising a power plant that combusts carbon-based fuel to
produce a waste gas stream comprising carbon dioxide, operably connected to a waste gas-processing system.
The waste gas-processing system comprises a precipitation reactor for producing an effluent comprising a
precipitation roduct comprising carbonate, bicarbonate, or a combination thereof, operably connected to a
liquid-solid separation apparatus for concentrating the precipitation product from the precipitation reactor
effluent. In o e version of the liquid-solid separation apparatus, the liquid-solid separation apparatus
comprises a b ffle situated such that in operation the baffle deflects the precipitation reactor effluent such that
-9-
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precipitatio product descends to a lower region of the liquid-solid separation apparatus and supernatant
ascends and exits the liquid-solid separation apparatus. In another version of the liquid-solid separation
apparatus, t e liquid-solid separation apparatus comprises a spiral channel configured to direct effluent from
the precipit tion reactor to flow in the spiral channel resulting in concentration of the precipitation product
based on si e and mass and production of a supernatant. The waste gas stream further comprises SOx, NOx,
heavy metals, VOCs, particulates, or a combination thereof.
[00131 Als> provided are methods comprising transferring part or all of a gaseous waste stream from an
industrial plant comprising carbon dioxide to a precipitation reactor for producing an effluent comprising a
precipitation product comprising carbonate, bicarbonate, or a combination thereof; and concentrating the
precipitation product from precipitation reactor effluent in a liquid-solid separation apparatus. In one version
of the liquid -solid separation apparatus, the effluent is deflected against a baffle within the liquid-solid
separation apparatus such that precipitation product descends to a lower region of the liquid-solid separation
apparatus and supernatant ascends and exits the liquid-solid separation apparatus. In another version of the
liquid-solid separation apparatus, the effluent is made to flow in a spiral channel resulting in concentration of
the precipit tion product based on size and mass, and production of a supernatant.
[00141 Me hods for sequestering carbon dioxide may be done with any system according to any one of the
preceding c aims.
DRAWINGS
[0015] The novel features of the invention are set forth with particularity in the appended claims. A better
understanding of the features and advantages of the invention will be obtained by reference to the following
detailed description that sets forth illustrative embodiments, in which the principles of the invention are
utilized, and the accompanying drawings of which:
[0016] Fig. 1 provides a system of the invention comprising a processor, wherein the processor is configured
to process a variety of gases comprising carbon dioxide.
10017] Fig. 2 provides a system of the invention comprising a processor and a treatment system, wherein the
treatment sy stem is configured to treat compositions from the processor.
[0018] Fig. 3 provides a system of the invention comprising a processor and an optional treatment system,
wherein the processor comprises a contactor and a reactor.
[00191 Fig. 4 provides a system of the invention comprising a processor and a treatment system, wherein
supernatant from the treatment system may optionally be recirculated to the processor.
[00201 Fig. 5 provides a system of the invention comprising a processor, a treatment system, and an
electrochemical system, wherein supernatant from the treatment system may optionally be recirculated to the
processor, the electrochemical system, or a combination thereof
[0021] Fig 6A provides a schematic diagram of a CO 2 sequestration method according to one embodiment
of the inven ion.
-10-
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100221 Fig. 5B provides a schematic diagram of a CO2 sequestration system according to one embodiment of
the invention.
[00231 Fig. SC provides is a schematic of an embodiment of the system.
[00241 Fig. 7 provides a schematic diagram of a CO 2 sequestration system according to another embodiment
of the invent on.
[00251 Fig. 3 provides a diagram of one embodiment of a low-voltage apparatus for producing hydroxide
electrochemically.
[00261 Fig. 9 provides a diagram of another embodiment of a low-voltage apparatus for producing hydroxide
electrochemically.
[00271 Fig. 10 provides a diagram of another embodiment of a low-voltage apparatus for producing
hydroxide electrochemically.
(0028] Fig. 11 is a schematic of an embodiment the apparatus for contacting solid material, liquid, and gas
with a tower configuration.
100291 Fig. 12 is a schematic of the method for contacting solid material, liquid, and gas.
[00301 Fig. 13 is a schematic of an embodiment of the apparatus for contacting solid material, liquid, and gas
with a horizc ntal configuration as seen lengthwise in cross-section.
[00311 Fig. 14 is a schematic of an embodiment of the apparatus for contacting solid material, liquid, and gas
with a horizc ntal configuration as seen end-on in cross-section.
[00321 Fig. 15 is a schematic of an embodiment of the apparatus.
[00331 Fig. 16 is a schematic of an embodiment of the overall apparatus.
[00341 Fig. 17 is a schematic of a portion of an embodiment of the apparatus showing shed row lay out.
[00351 Fig. 18 is a schematic of an embodiment of the apparatus showing a possible arrangement of sprays.
[00361 Fig. 19 is a schematic of an embodiment of the apparatus showing a possible arrangement of sprays.
[0037] Fig. 20 is a schematic of shed row configurations that may be used in some embodiments of the
apparatus and system.
[00381 Fig. 21A shows a side view of an embodiment of the invention where liquid droplets and a gas follow
a long path about a compartment wherein the gas inlet is at the top of the compartment.
[0039] Fig. 21B shows a top-down cross-sectional view of an embodiment of the invention where liquid
droplets and gas follow a long path about a compartment wherein the gas inlet is at the top of the
compartment.
[0040] Fig. 22A shows a side view of an embodiment of the invention where liquid droplets and a gas follow
a long path

out a compartment wherein the gas inlet is at the bottom of the compartment.

[00411 Fig. 22B shows a top-down cross-sectional view of an embodiment of the invention where liquid
droplets and a gas follow a long path about a compartment wherein the gas inlet is at the bottom of the
compartmen'.
[00421 Fig. 3 provides a schematic diagram of a gas-liquid or gas-liquid-solid contactor.
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[00431 Fig. 24 provides a schematic diagram of another view of the gas-liquid or gas-liquid-solid contactor
of Fig. 23.

100441 Fig. 25 provides a diagram of an inline monitor.
[0045] Fig. 26 is a schematic of an embodiment of the apparatus showing both vertically and horizontally
oriented secti ns.
[0046] Fig. 27 is a schematic of an embodiment of the apparatus showing both vertically and horizontally
oriented secti ns.
[0047] Fig. 28 is a schematic of an embodiment of the apparatus showing both vertically and horizontally
oriented secti ns with countercurrent solution circulation, with respect to gas flow, in the horizontally
oriented section suing pumps.
[0048] Fig. 29 is a schematic of an embodiment of the apparatus and system, wherein the system is a series
of apparatus.
[0049] Fig. 30 is a schematic of an embodiment showing system that is an array of apparatus
[00501 Fig. 31 is a schematic of an embodiment showing system that is an array of apparatus.
[00511 Fig. 2 is a schematic of an embodiment of the system.
[0052] Fig. 13 provides a schematic diagram of power plant that is integrated with a CO2 sequestration
system according to an embodiment of the invention.
[00531 Fig. 34 provides a schematic diagram of a Portland cement plant.
100541 Fig. 35 provides a schematic diagram of a cement plant co-located with a precipitation plant
according to one embodiment of the invention.
[00551 Fig. 36 provides a schematic of a cement plant that does not require a mined limestone feedstock
according to one embodiment of the invention.
[00561 Fig. 37 provides a schematic of a system according to one embodiment of the invention.
[00571 Figs. 38, 39, and 40 provide schematics of a system according to one embodiment of the invention.
[00581 Figs. 41 and 42 provide pictures of precipitate of the invention.
[0059] Fig. 43 provides a picture of amorphous precipitate of the invention.
[00601 Fig. 44 provides graphical results of a CO 2 absorption experiment reported in the Examples section
below.
[00611 Fig. 45 shows an embodiment of the invention where creation of the liquid droplets and contacting
the liquid droplets with the gas of interest occur in different chambers.
[0062] Fig. 46 shows an embodiment where droplet creation and gas contacting occur in one chamber that is
designed to keep coalesced droplets separate from the liquid from which droplets are formed.
10063] Fig. 47 is a schematic of an embodiment showing an apparatus that utilizes a de-foaming cone and
sprays.
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DESCRIPTION
[0064] Preser ted herein are systems, apparatus and methods related to efficiently contacting solid material,
liquid and gas The embodiments presented herein represent methods and apparatus for incorporating a gas
into a liquid o a slurry or both. In some embodiments where a slurry is presented, the slurry is comprised of a
liquid and a slid material component, such that solid material is present throughout contact of the liquid with
the gas. By in orporating, what is meant is dissolution and/or absorption of the gas into the liquid or
adsorption an /or chemisorption of the gas on the surface of the liquid. Incorporation of a gas into a liquid is
achieved by optimizing contacting conditions. The conditions varied and optimized in the embodiments
herein include the solution chemistry of the liquid; the surface area to volume ratio of the liquid; the ratio of
the flow rate f the liquid or slurry and gas (L/G); and the contact time between the liquid and the gas.
Incorporation bf a gas into a liquid is desirable for a many reasons, some of which are considered in
embodiments herein, including but not limited to the removal of a component of a gas stream (e.g. scrubbing
a flue gas) and efficient precipitation of a material from a reaction between a gas and a liquid (e.g. creation of
fine solid particulates).
[00651 The methods, apparatus, and systems of the invention may utilize combinations of gas-liquid or gas
liquid-solid technology as described further herein. Contacting methods where liquid or slurry (i.e. absorbing
solution) is int-oduced into a gas may be utilized in which the liquid and/or slurry is introduced as droplets,
streams or a c mbination thereof. Contacting methods where a gas in introduced into a liquid or slurry (i.e.
absorbing sol ion) may be utilized in which the gas creates bubbles or a foam within the liquid or slurry. In
either situation , the parameters may be optimized to incorporate carbon dioxide and at least one of SOx, NOx,
a heavy metal, a non-CO 2 acid gas or fly ash into the liquid or slurry that make up the absorbing solution. To
facilitate this i corporation, structural features such as packing material, packed beds, trays, shed rows, or
membranes, i eluding microporous membranes, may be utilized in the methods, apparatus, and systems of the
invention. On e the desired components of a gas have been incorporated into an absorbing solution through
contact between the solution and gas, the contacted solution may be disposed of by an convenient means that
do not make t e components removed from the gas available for release into the Earth's atmosphere.
Alternatively, he contacted solution may be subjected to precipitation conditions such that a solid precipitate
is formed, and such precipitate and the effluent liquid may be further processed to recover saleable products
(e.g. potable water, building materials comprising a C0 2-sequestering component).
[0066] The methods, apparatus, and systems of the invention may be applicable to contacting a gas and an
absorbing solution in an emission control system that is operably connected to an power plant, such that the
flue gas (i.e. industrial waste gas) from the power plant contains carbon dioxide, SOx, NOx, heavy metals,
non-carbon dioxide acid gases, and in some cases fly ash. It is desirable to remove the carbon dioxide and at
least one of S x, NOx, heavy metals, non-carbon dioxide acid gases, and in some cases fly ash while using as
little of the energy produced by the power plant, such as 30% of the energy produced by the power plant, to
power the emi sions control system. The emissions control system encompasses activities and components
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such as, but not limited to, pumping and recirculating absorbing solution, regenerating or recharging
absorbing solution, circulating flue gas, removing particulates including fly ash and precipitates, and disposal
of any liquid, solid, or slurry that contains the carbon dioxide and at least one of SOx, NOx, heavy metals,
non-carbon dioxide acid gases, and in some cases fly ash that was removed from the flue gas. The methods,
apparatus, and systems of the invention may supplant other emissions control systems or may be used in
conjunction with existing systems that a power plant may have in place, however, in some embodiments, it
may not be necessary to have separate CO2 and SOx emissions control systems.
100671 So e embodiments utilize simultaneous comminution, particle size reduction, and mixing of the solid
component f the slurry with the liquid component of the slurry. Some embodiments include contacting with
gas while simultaneously mixing and reducing the size of the solid particulates. Comminution, or particle
size reduction, may serve to improve the reactivity of the solid component of the slurry by increasing the
surface area of the solid which can participate in reactions as well as by exposing new solid material with
each pass of the slurry through the comminution step. Comminution can be accomplished using any suitable
apparatus that reduces the size of the solid particulates, including but not limited to, ajet mill, a screw
conveyor, a igh shear mixer, wet mill, attrition mill, colloid mill, or any combination thereof. In some
embodiments, comminution takes place before the initial contact of the slurry with the gas. In some
embodiments, comminution takes place after the initial contact of the slurry with the gas during recirculation.
In some em odiments, comminution takes place in a conduit with a screw conveyor while the slurry is also
contacted w th gas, prior to reaching the contacting chamber.
[00681 So e embodiments utilize high-efficiency gas-liquid contacting methods or apparatus. High
efficiency g s-liquid contacting methods or apparatus have the added advantages of optimized contacting
parameters such as: a higher surface area across which incorporation of the gas into the liquid can take place;
the solution chemistry favors the kinetics of incorporating the gas into the liquid; or sufficient residence time
is provided either by slowing fluid flow or increasing the path length that the liquid and gas travel while the
gas incorporates into the liquid.
100691 One of the uses of efficient gas-liquid contacting methods and apparatus is to optimize precipitation
reactions. V rations in the solution chemistry of the liquid in a gas-liquid contactor affects the ability of the
liquid to inc rporate the gas. In some embodiments, the chemistry of the liquid (e.g. absorbing solution,
contacting mixture) is affected to incorporate gas more efficiently. In some embodiments, the pH of the liquid
(e.g. absorbing solution, contacting mixture) allows for simultaneous removal of CO 2 and SO2 and/or SOx
from the gas In some embodiments, the chemistry of the liquid (e.g. absorbing solution, contacting mixture)
does not req ire a separate (i.e. distinct from the method or steps to remove C0 2) SO2 and/or SOx removal
step. In so e embodiments, the pH of the liquid ranges from pH 4 to pH 13.5. In some embodiments, the
pH of the Ii uid ranges from pH 4 to pH 11. In some embodiments, the pH of the liquid ranges from pH 5 to
pH 10. In so e embodiments, the pH of the liquid ranges from pH 5.5 to pH 9.5. In some embodiments, the
pH of the lic uid is affected by agents added to the solution from which the droplets are made. Agents which
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alter the pH of the liquid include, but are not limited to: naturally occurring pH raising agents,
microorganisms and fungi, synthetic chemical pH raising agents, recovered man-made waste streams, and
alkaline sol tions produced by electrochemical means.
[00701 Before the invention is described in greater detail, it is to be understood that the invention is not
limited to particular embodiments described herein as such embodiments may vary. It is also to be
understood that the terminology used herein is for the purpose of describing particular embodiments only, and
is not inten ed to be limiting, since the scope of the invention will be limited only by the appended claims.
Unless defi ed otherwise, all technical and scientific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this invention belongs.
[0071] W-ere a range of values is provided, it is understood that each intervening value, to the tenth of the
unit of the lower limit unless the context clearly dictates otherwise, between the upper and lower limit of that
range and any other stated or intervening value in that stated range, is encompassed within the invention. The
upper and lwer limits of these smaller ranges may independently be included in the smaller ranges and are
also encom assed within the invention, subject to any specifically excluded limit in the stated range. Where
the stated range includes one or both of the limits, ranges excluding either or both of those included limits are
also included in the invention.
[00721 Ce ain ranges are presented herein with numerical values being preceded by the term "about." The
term "aboui" is used herein to provide literal support for the exact number that it precedes, as well as a
number tha is near to or approximately the number that the term precedes. In determining whether a number
is near to ot approximately a specifically recited number, the near or approximating unrecited number may be
a number, which, in the context in which it is presented, provides the substantial equivalent of the specifically
recited nu ber.
[00731 All publications, patents, and patent applications cited in this specification are incorporated herein by
reference tc the same extent as if each individual publication, patent, or patent application were specifically
and individually indicated to be incorporated by reference. Furthermore, each cited publication, patent, or
patent application is incorporated herein by reference to disclose and describe the subject matter in connection
with which the publications are cited. The citation of any publication is for its disclosure prior to the filing
date and sh uld not be construed as an admission that the invention described herein is not entitled to antedate
such publication by virtue of prior invention. Further, the dates of publication provided may be different from
the actual p blication dates, which may need to be independently confirmed.
[0074] It is noted that, as used herein and in the appended claims, the singular forms "a", "an", and "the"
include pluial references unless the context clearly dictates otherwise. It is further noted that the claims may
be drafted to exclude any optional element. As such, this statement is intended to serve as antecedent basis
for use of s ch exclusive terminology as "solely," "only" and the like in connection with the recitation of
claim elements, or use of a "negative" limitation.
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10075] As

ill be apparent to those of skill in the art upon reading this disclosure, each of the individual

embodiments described and illustrated herein has discrete components and features which may be readily
separated frcm or combined with the features of any of the other several embodiments without departing from
the scope or spirit of the invention. Any recited method can be carried out in the order of events recited or in
any other order, which is logically possible. Although any methods and materials similar or equivalent to
those descri ed herein may also be used in the practice or testing of the invention, representative illustrative
methods and materials are now described.
[00761 The methods and systems of the invention often may utilize processes summarized by the following
chemical relations:
(1) Combustion of a carbon-containing fuel source in liquid, gas, or solid phase forms gaseous carbon
dioxide:
C + 02 (g) -

CO 2 (g)

(2) Contacting the source of carbon dioxide with a water source solvates the carbon dioxide to give an
aqueous solution of carbon dioxide:
CO 2 (g) 4 CO2 (aq)
(3) arbon dioxide dissolved in water establishes equilibrium with aqueous carbonic acid:
CO2 (aq) + H20 + H2CO 3 (aq)
(4)

arbonic acid is a weak acid which dissociates in two steps, where the equilibrium balance is

determined i part by the pH of the solution, with, generally, pHs below 8-9 favoring bicarbonate formation
and pHs abo e 9-10 favoring carbonate formation. In the second step, a hydroxide source may be added to
increase alkalinity:
H2 CO3 + 2 H20

+H30

(aq) + HC0

3

(aq)

HCO3 (aq) + OH~ (aq) 4 H2 0 + C0 3' (aq)
Reaction of (lemental metal cations from Group IIA with the carbonate anion forms a metal carbonate
precipitate:
mX (aq) + nC0 32-

X,(CO3 ), (s)

wherein X is any element or combination of elements that can chemically bond with a carbonate group or its
multiple and m and n are stoichiometric positive integers.
[00771 In furher describing the subject invention, the methods of CO 2 sequestration according to
embodiments of the invention are described first in greater detail. Systems that find use in practicing various
embodiments of the methods of the invention are then described, followed by compositions that may be
produced usi g methods and systems of the invention.
METHODS OF CO2 SEQUESTRATION
[00781 In some embodiments, the invention provides a method of CO 2 sequestration. In such embodiments,
an amount of CO2 may be removed or segregated from an environment, such as the Earth's atmosphere or a
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gaseous walte stream produced by an industrial plant, so that some or all of the CO2 is no longer present in
the environs ent from which the CO2 was removed. For example, CO2 sequestration removes CO 2 or
prevents the release of CO2 into the atmosphere from the combustion of fuel. In some embodiments, the CO2
sequestered is in the form of a composition comprising carbonates, bicarbonates, or carbonates and
bicarbonate . Such compositions may comprise a solution, a slurry comprising precipitation material, or
precipitation material alone or in combination with one or more additional materials for use in or as a building
material. For example, a composition of the invention may comprise precipitation material comprising a
carbonate c mpound (e.g., amorphous calcium carbonate, calcite, aragonite, vaterite, etc.). Therefore, in
some embodiments, CO 2 sequestration according to aspects of the invention produces compositions (e.g.,
precipitation material comprising a carbonate compound), wherein at least part of the carbon in the
composition s is derived from a fuel used by humans (e.g., a fossil fuel). C0 2-sequestering methods of the
invention p oduce storage-stable products from an amount of CO2, such that the CO2 from which the product
is produced is then sequestered in that product. A storage-stable C0 2-sequestering product is a storage-stable
composition that incorporates an amount of CO2 into a storage-stable form, such as an above-ground,
underwater, or underground storage-stable form, so that the CO2 is no longer present as, or available to be, a
gas in the at osphere. As such, sequestering of CO 2 according to methods of the invention results in
prevention

of CO2 gas from entering the atmosphere

and allows for long-term storage of CO 2 in a manner

such that C02 does not become part of the atmosphere.
100791 Embodiments of methods of the invention comprise small-, neutral- or negative-carbon footprint
methods. Carbon neutral methods of the invention comprise methods having a negligible carbon footprint or
no carbon footprint. In negative-carbon footprint methods, the amount by weight of CO2 that is sequestered
(e.g., through conversion of CO2 to carbonate) by practice of the methods is greater that the amount of CO2
that is generated (e.g., through power production, base production, etc) to practice the methods. In some
instances, the amount by weight of CO 2 that is sequestered by practicing the methods exceeds the amount by
weight of C-2 that is generated in practicing the methods by I to 100%, such as 5 to 100%, including 10 to
95%, 10 to 90%, 10 to 80%, 10 to 70%, 10 to 60%, 10 to 50%, 10 to 40%, 10 to 30%, 10 to 20%, 20 to 95%,
20 to 90%, 0 to 80%, 20 to 70%, 20 to 60%, 20 to 50%, 20 to 40%, 20 to 30%, 30 to 95%, 30 to 90%, 30 to
80%, 30 to '0%, 30 to 60%, 30 to 50%, 30 to 40%, 40 to 95%, 40 to 90%, 40 to 80%, 40 to 70%, 40 to 60%,
40 to 50%, 50 to 95%, 50 to 90%, 50 to 80%, 50 to 70%, 50 to 60%, 60 to 95%, 60 to 90%, 60 to 80%, 60 to
70%, 70 to 95%, 70 to 90%, 70 to 80%, 80 to 95%, 80 to 90%, and 90 to 95%. In some instances, the amount
by weight o 'CO 2 that is sequestered by practicing the methods exceeds the amount by weight of CO 2 that is
generated in practicing the methods by 5% or more, by 10% or more, by 15% or more, by 20% or more, by
30% or mor , by 40% or more, by 50% or more, by 60% or more, by 70% or more, by 80% or more, by 90%
or more, or by 95% or more.
[0080] In reference to the system of Fig. 1, the invention provides an aqueous-based method for processing a
source of ca bon dioxide (130) and producing a composition comprising carbonates, bicarbonates, or
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carbonates and bicarbonates, wherein the source of carbon dioxide comprises one or more additional
components ir addition to carbon dioxide. In such embodiments, the industrial source of carbon dioxide may
be sourced, a source of proton-removing agents (140) may be sourced, and each may be provided to processor
110 to be proc ssed (i.e., subjected to suitable conditions for production of the composition comprising
carbonates, bicarbonates, or carbonates and bicarbonates). In some embodiments, processing the industrial
source of carb n dioxide comprises contacting the source of proton-removing agents in a contactor such as,
but not limited to, a gas-liquid contactor or a gas-liquid-solid contactor to produce a carbon dioxide-charged
composition, vhich composition may be a solution or slurry, from an initial aqueous solution or slurry. In
some embodiments, the composition comprising carbonates, bicarbonates, or carbonates and bicarbonates
may be produced from the carbon dioxide-charged solution or slurry in the contactor. In some embodiments,
the carbon dio ide-charged solution or slurry may be provided to a reactor, within which the composition
comprising ca bonates, bicarbonates, or carbonates and bicarbonates may be produced. In some embodiments,
the composition n is produced in both the contactor and the reactor. For example, in some embodiments, the
contactor may produce an initial composition comprising bicarbonates and the reactor may produce the
composition c uprising carbonates, bicarbonates, or carbonates and bicarbonates from the initial
composition. In some embodiments, methods of the invention may further comprise sourcing a source of
divalent catior s such as those of alkaline earth metals (e.g., Ca2 , Mg2+). In such embodiments, the source of
divalent catior s may be provided to the source of proton-removing agents or provided directly to the
processor. Pro ided sufficient divalent cations are provided by the source of proton-removing agents, by the
source of diva ent cations, or by a combination of the foregoing sources, the composition comprising
carbonates, bicarbonates, or carbonates and bicarbonates may comprise an isolable precipitation material
(e.g., CaCO 3,

0gCO 3,

or a composition thereof). Whether the composition from the processor comprises an

isolable precirjitation material or not, the composition may be used directly from the processor (optionally
with minimal host-processing) in the manufacture of building materials. In some embodiments, compositions
comprising ca bonates, bicarbonates, or carbonates and bicarbonates directly from the processor (optionally
with minimal >ost-processing) may be injected into a subterranean site as described in U.S. Provisional Patent
Application No. 61/232,401, filed 7 August 2009, which application is incorporated herein by reference in its
entirety.

100811 In reference to the systems of Figs. 2-5, the invention provides an aqueous-based method for
processing a source of carbon dioxide (130) and producing a composition comprising carbonates,
bicarbonates, or carbonates and bicarbonates, wherein the source of carbon dioxide comprises one or more
additional components in addition to carbon dioxide. In addition to producing compositions as described in
reference to Fig. 1, the invention further provides methods for treating compositions comprising carbonates,
bicarbonates, or carbonates and bicarbonates. As such, in some embodiments, the invention provides an
aqueous-basec method for processing a source of carbon dioxide (130) to produce a composition comprising
carbonates, bi arbonates, or carbonates and bicarbonates and treating the composition produced. Whether a
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processor-pro uced composition of the invention comprises an isolable precipitation material or not, the
composition may be directly provided to a treatment system of the invention for treatment (e.g.,
concentration,|iltration, etc.). In some embodiments, the composition may be provided directly to the
treatment syst m from a contactor, a reactor, or a settling tank of the processor. For example, a processor
produced composition that does not contain an isolable precipitation material may be provided directly to a
treatment system for concentration of the composition and production of a supernatant. In another non
limiting example, a processor-produced composition comprising an isolable precipitation material may be
provided direc ly to a treatment system for liquid-solid separation. The processor-produced composition may
be provided to any of a number of treatment system sub-systems, which sub-systems include, but are not
limited to, de watering systems, filtration systems, or dewatering systems in combination with filtration
systems, where in treatment systems, or a sub-systems thereof, separate supernatant from the composition to
produce a concentrated composition (e.g., the concentrated composition is more concentrated with to respect
to carbonates, bicarbonates, or carbonates and carbonates).
100821 With r ference to the system of Fig. 3, in some embodiments, the invention provides a method for
charging a sol tion with CO2 from an industrial waste gas stream to produce a composition comprising
carbonates, bicarbonates, or carbonates and bicarbonates. In such embodiments, the solution may have a pH
ranging from

6.5 to pH 14.0 prior to charging the solution with CO2. In some embodiments, the solution

may have a pH of at least pH 6.5, pH 7.0, pH 7.5, pH 8.0, pH 8.5, pH 9.0, pH 9.5, pH 10.0, pH 10.5, pH 11.0,
pH 11.5 , pH 12.0, pH 12.5, pH 13.0, pH 13.5, or pH 14.0 prior to charging the solution with CO2 . The pH of
the solution m y be increased using any convenient approach including, but not limited to, use of proton
removing agents and electrochemical methods for effecting proton removal. In some embodiments, proton
removing agen s may be used to increase the pH of the solution prior to charging the solution with CO2. Such
proton-removing agents include, but are not limited to, hydroxides (e.g., NaOH, KOH) and carbonates (e.g.,
Na 2CO 3, K2CC3). In some embodiments, sodium hydroxide is used to increase the pH of the solution. As
such, in some embodiments, the invention provides a method for charging an alkaline solution (e.g., pH > pH
7.0) with CO2 rom an industrial waste gas stream to produce a composition comprising carbonates,
bicarbonates,

carbonates and bicarbonates.

[0083] In somc embodiments, the composition resulting from charging the alkaline solution with CO 2 from
an industrial w ste source (i.e., the solution comprising carbonates, bicarbonates, or carbonates and
bicarbonates) ray be a slurry or a substantially clear solution (i.e., substantially free of precipitation material,
such as at least 95% or more free) depending upon the cations available in the solution at the time the solution
is charged with CO2. As described herein, the solution may, in some embodiments, comprise divalent cations
such as Ca 2+, lg 2', or a combination thereof at the time the solution is charged with CO 2. In such
embodiments, he resultant composition may comprise carbonates, bicarbonates, or carbonates and
bicarbonates of divalent cations (e.g. precipitation material) resulting in a slurry. Such slurries, for example,
may comprise CaCO 3, MgCO 3, or a combination thereof. The solution may, in some embodiments, comprise
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insufficient ivalent cations to form a slurry comprising carbonates, bicarbonates, or carbonates and
bicarbonate of divalent cations at the time the solution is charged with CO2. In such embodiments, the
resultant co position may comprise carbonates, bicarbonates, or carbonates and bicarbonates in a
substantiall clear solution (i.e., substantially free of precipitation material, such as at least 95% or more free)
at the time the solution is charged with CO 2. In some embodiments, for example, monovalent cations such as
Na*, K, or a combination thereof (optionally by addition of NaOH and/or KOH) may be present in the
substantially clear solution at the time the solution is charged with CO 2. The composition resulting from
charging such a solution with CO2 may comprise, for example, carbonates, bicarbonates, or carbonates and
bicarbonate of monovalent cations.
[0084] As uch, in some embodiments, the invention provides a method for charging an alkaline solution
(e.g., pH > pH 7.0) with CO 2 from an industrial waste gas stream to produce a composition comprising
carbonates, bicarbonates, or carbonates and bicarbonates, wherein the composition is substantially clear (i.e.,
substantiall free of precipitation material, such as at least 95% or more free). The substantially clear
composition may subsequently be contacted with a source of divalent cations (e.g., Ca"2 , Mg2 +,or a
combination thereof) to produce a composition comprising carbonates, bicarbonates, or carbonates and
bicarbonate of divalent cations resulting in a slurry. As above, such slurries may comprise CaCO 3, MgCO 3,
or a combination thereof that may be treated as described herein. In a non-limiting example, an alkaline
solution comprising NaOH (e.g., NaOH dissolved in freshwater lacking significant divalent cations) may be
contacted ir a gas-liquid contactor with CO 2 from an industrial waste gas stream to produce a composition
comprising arbonates, bicarbonates, or carbonates and bicarbonates, wherein the composition is substantially
clear due to a lack of precipitation material, which, in turn, is due to the lack of significant divalent cations.
Depending pon the amount of CO2 added (and makeup NaOH, if any), the substantially clear composition
may comprise NaOH, NaHCO 3, and/or Na 2CO 3 . The substantially clear composition may subsequently be
contacted ir a reactor outside the gas-liquid contactor with a source of divalent cations (e.g., Ca2 +, Mg2", Sr2 ,
and the like" to produce a composition comprising carbonates, bicarbonates, or carbonates and bicarbonates of
divalent cat ons (e.g., precipitation material) resulting in a slurry. As such, compositions may comprise
CaCO 3 an or MgCO 3 , and the compositions may be treated as described herein. For example, the
composition may be subjected to liquid-solid separation and the solids manufactured into cement,
supplementary cementitious material, fine aggregate, mortar, coarse aggregate, concrete, pozzolan, or a
combinatio thereof.
[00851 Wit reference to the systems of Figs. 4 and 5, the invention also provides aqueous-based methods of
processing a source of carbon dioxide (130) and producing a composition comprising carbonates,
bicarbonate , or carbonates and bicarbonates, wherein the source of carbon dioxide comprises one or more
additional cmponents in addition to carbon dioxide, and wherein at least a portion of treatment system
supernatant is recirculated. For example, in some embodiments, the invention provides a method of treating a
waste gas stream comprising CO2 and, optionally, SOx, NOx, and/or Hg in a processer to produce a processed
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waste gas str am (e.g., a clean gas stream suitable for release into the environment), a composition
comprising carbonates, bicarbonates, or carbonates and bicarbonates, and an effluent, wherein at least a
portion of the effluent is recirculated to the processor. As shown in Figs. 4 and 5, supernatant from the
treatment system, which may comprise a dewatering system and a filtration system, may be recirculated in a
variety of ways. As such, in some embodiments, at least a portion of the supernatant from the dewatering
system, the filtration system, or a combination of the dewatering system and the filtration system may be used
to process ca bon dioxide. The supernatant may be provided to a carbon dioxide-processing system processor.
In such embc diments, the supernatant may be provided to a contactor (e.g., gas-liquid contactor, gas-liquid
solid contact r), to a reactor, to a combination of the contactor and the reactor, or to any other unit or
combination f units for processing carbon dioxide. In addition, in some embodiments, at least a portion of
the supernatant from the treatment system may be provided to a washing system. In such embodiments, the
supernatant ray be used to wash compositions (e.g., precipitation material comprising CaCO 3, MgCO 3, or a
combination thereof) of the invention. For example, the supernatant may be used to wash chloride from
carbonate-based precipitation material. With reference to Fig. 5, at least a portion of the treatment system
supernatant ray be provided to an electrochemical system. As such, treatment system supernatant may be
used to prodt ce proton-removing agents or effect proton removal for processing carbon dioxide. In some
embodiments, at least a portion of the supernatant from the treatment system may be provided to a different
system or prd cess. For example, at least a portion of the treatment system supernatant may be provided to a
desalination plant or desalination process such that the treatment system supernatant, which is generally softer
(i.e., lower concentration of Ca2 and/or Mg2 ) than other available feeds (e.g., seawater, brine, etc.) after
being used to process carbon dioxide, may be desalinated for potable water.
[0086] Recirculation of treatment system supernatant is advantageous as recirculation provides efficient use
of available sources; minimal disturbance of surrounding environments; and reduced energy requirements,
which reduced energy requirements provide for lower carbon footprints for systems and methods of the
invention. W en a carbon dioxide-processing system of the invention is operably connected to an industrial
plant (e.g., fossil fuel-fired power plant such as coal-fired power plant) and utilizes power generated at the
industrial plant, reduced energy requirements provided by recirculation of treatment system supernatant
provide for a reduced energy demand. When expressed as a percentage, the energy demand of a given
process, app ratus or system is the energy consumed by that process, apparatus or system with respect to the
total output for the power plant with which that process, apparatus or system is connected or servicing. A
carbon dioxide-processing system not configured for recirculation (i.e., a carbon-dioxide processing system
configured fcr a once-through process) such as that shown in Fig. 2, may have an energy demand on the
industrial pla t of at least 10% attributable to continuously pumping a fresh source of alkalinity (e.g.,
seawater, brine) into the system. In such an example, a 100 MW power plant (e.g., a coal-fired power plant)
would need to devote 10 MW of power to the carbon dioxide-processing system for continuously pumping a
fresh source

of alkalinity into the system. In contrast, a system configured for recirculation such as that shown
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in Fig. 4 or rig. 5 may have an energy demand on the industrial plant of less than 10%, such as less than 8%,
including le s than 6%, for example, less than 4% or less than 2%, which energy demand may be attributable
to pumping make-up water and recirculating supernatant. Carbon dioxide-processing systems configured for
recirculation, may, when compared to systems designed for a once-through process, exhibit a reduction in
energy dem nd of at least 2%, such as at least 5%, including at least 10%, for example, at least 25% or at least
50%. For example, if a carbon dioxide-processing system configured for recirculation consumes 9 MW of
power for p mping make-up water and recirculating supernatant and a carbon dioxide-processing system
designed fo a once-through process consumes 10 MW attributable to pumping, then the carbon dioxide
processing system configured for recirculation exhibits a 10% reduction in energy demand. For systems such
as those sh wn in Figs. 4 and 5 (i.e., carbon dioxide-processing systems configured for recirculation), the
reduction ir the energy demand attributable to pumping and recirculating may also provide a reduction in
total energy demand, especially when compared to carbon dioxide-processing systems configured for once
through process. In some embodiments, recirculation provides a reduction in total energy demand of a carbon
dioxide-processing system, wherein the reduction is at least 2%, such as at least 4%, including at least 6%, for
example at east 8%or at least 10% when compared to total energy demand of a carbon dioxide-processing
system configured for once-through process. For example, if a carbon dioxide-processing system configured
for recircula tion has a 15% energy demand and a carbon dioxide-processing system designed for a once
through pro ess has a 20% energy demand, then the carbon dioxide-processing system configured for
recirculatio exhibits a 5%reduction in total energy demand. For example, a carbon dioxide-processing
system configured for recirculation, wherein recirculation comprises filtration through a filtration unit such as
a nanofiltration unit (e.g., to concentrate divalent cations in the retentate and reduce divalent cations in the
permeate), May have a reduction in total energy demand of at least 2%, such as at least 4%, including at least
6%, for exa ple at least 8% or at least 10% when compared to a carbon dioxide-processing system
configured or once-through process.
[00871 The energy demand of carbon dioxide-processing methods, apparatus, and systems of the invention
may be further reduced by efficient use of other resources. In some embodiments, the energy demand of
carbon diox de-processing systems of the invention may be further reduced by efficient use of heat from an
industrial s urce. In some embodiments, for example, heat from the industrial source of carbon dioxide (e.g.,
flue gas he from a coal-fired power plant) may be utilized for drying a composition comprising precipitation
material comprising carbonates, bicarbonates, or carbonates and bicarbonates. In such embodiments, a spray
dryer may be used for spray drying the composition. For example, low-grade (e.g., 150-200 'C) waste heat
may be utilized by means of a heat exchanger to evaporatively spray dry the composition comprising the
precipitation material. In addition, utilizing heat from the industrial source of carbon dioxide for drying
composition s of the invention allows for simultaneous cooling of the industrial source of carbon dioxide (e.g.,
flue gas fro

a coal-fired power plant), which enhances dissolution of carbon dioxide, a process which is

inversely re ated to temperature. In some embodiments, the energy demand of carbon dioxide-processing
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systems of tie invention may be further reduced by efficient use of pressure. For example, in some
embodiments, carbon dioxide-processing systems of the invention are configured with an energy recovery
system. Such energy recovery systems are known, for example, in the art of desalination and operate by
means of pressure exchange. In some embodiments, the overall energy demand of the carbon dioxide
processing s stem may be less than 99.9%, 90%, 80%, 70%, 60%, 50%, 40%, 30%, 20%, 15%, 10%, 5%, or
3% when capturing and processing 70-90% of the carbon dioxide emitted from an industrial plant (e.g., coal
fired power plant). For example, in some embodiments, the overall energy demand of the carbon dioxide
processing s stem may be less than 30%, such as less than 20%, including less than 15%, for example, less
than 10%, less than 5%, or less than 3%when capturing and processing 70-90% of the carbon dioxide emitted
from an industrial plant (e.g., coal-fired power plant). As such, carbon dioxide-processing systems of the
invention c figured for recirculation, heat exchange, and/or pressure exchange may reduce the parasitic load
on power-prjviding industrial plants while maintaining carbon dioxide processing capacity..
[0088] Inevitably, recirculation and other methods described herein consume water as water may become
part of a coriposition of the invention (e.g., precipitation material comprising, for example, amorphous
calcium carbonate CaCO 3-H20; nesquehonite MgCO 3-2H 20; etc.), may be vaporized by drying (e.g., spray
drying) com ositions of the invention, or lost in some other part of the process. As such, make-up water may
be provided to account for water lost to processing carbon dioxide to produce compositions of the invention
(e.g., spray- Iried precipitation material). For example, make-up water amounting to less than 700,000 gallons
per day may replace water lost to producing, for example, spray-dried precipitation material from flue gas
from a 35 MWe coal-fired power plant. Processes requiring only make-up water may be considered zero
process water discharge processes (i.e. zero liquid waste processes). In processes in which additional water
other than rake-up water is used, that water may be sourced from any of the water sources (e.g., seawater,
brine, etc.) described herein. In some embodiments, for example, water may be sourced from the power plant
cooling stre m and returned to that stream in a closed loop system. Processes requiring make-up water and
additional p ocess water are considered low process water discharge processes because systems and methods
of the invention are designed to efficiently use resources.
[00891 In s me embodiments, the invention provides for contacting a volume of an aqueous solution with a
source of ca bon dioxide to produce a composition comprising carbonates, bicarbonates, or carbonates and
bicarbonate, wherein the composition is a solution or slurry. To produce precipitation material comprising
carbonates, bicarbonates, or carbonates and bicarbonates, methods of the invention include contacting a
volume of a divalent cation-containing aqueous solution with a source of CO2 and subjecting the resultant
solution to conditions that facilitate precipitation. Divalent cations may come from any of a number of
different so races of divalent cations depending upon availability at a particular location. Such sources include
industrial wastes, seawater, brines, hard waters, rocks and minerals (e.g., lime, periclase, material comprising
metal silicat s such as serpentine and olivine), and any other suitable source.
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[0090] In so e locations, waste streams from various industrial processes (i.e., industrial waste streams)
provide for c nvenient sources of divalent cations (as well as proton-removing agents such as metal
hydroxides). Such waste streams include, but are not limited to, mining wastes; ash (e.g., coal ash such as fly
ash, bottom a h, boiler slag); slag (e.g. iron slag, phosphorous slag); cement kiln waste (e.g., cement kiln
dust); oil refi ery/petrochemical refinery waste (e.g. oil field and methane seam brines); coal seam wastes
(e.g. gas production brines and coal seam brine); paper processing waste; water softening waste brine (e.g.,
ion exchange effluent); silicon processing wastes; agricultural waste; metal finishing waste; high pH textile
waste; and ca stic sludge. Ash, cement kiln dust, and slag, collectively waste sources of metal oxides, further
described in U.S. Patent Application No. 12/486,692, filed 17 June 2009, which is incorporated herein by
reference in i s entirety, may be used in any combination with material comprising metal silicates, further
described in

.S. Patent Application No. 12/501,217, filed 10 July 2009, which is also incorporated herein by

reference in its entirety. Any of the divalent cations sources described herein may be mixed and matched for
the purpose o practicing the invention. For example, material comprising metal silicates (e.g., magnesium
silicate minerals such as olivine, serpentine, etc.) may be combined with any of the sources of divalent cations
described her in for the purpose of practicing the invention.
[00911 In some locations, a convenient source of divalent cations for preparation of compositions of the
invention (e.g., precipitation material comprising carbonates, bicarbonates, or carbonates and bicarbonates) is
water (e.g., an aqueous solution comprising divalent cations such as seawater or brine), which may vary
depending upon the particular location at which the invention is practiced. Suitable aqueous solutions of
divalent cations that may be used include solutions comprising one or more divalent cations (e.g., alkaline
earth metal c tions such as Ca2 and Mg2 ). In some embodiments, the aqueous source of divalent cations
comprises alkaline earth metal cations. In some embodiments, the alkaline earth metal cations include
calcium, magnesium, or a mixture thereof. In some embodiments, the aqueous solution of divalent cations
comprises cal ium in amounts ranging from 50 to 50,000 ppm, 50 to 40,000 ppm, 50 to 20,000 ppm, 100 to
10,000 ppm, 200 to 5000 ppm, or 400 to 1000 ppm. In some embodiments, the aqueous solution of divalent
cations comprises magnesium in amounts ranging from 50 to 40,000 ppm, 50 to 20,000 ppm, 100 to 10,000
ppm, 200 to 10,000 ppm, 500 to 5000 ppm, or 500 to 2500 ppm. In some embodiments, where Ca'+ and Mg'+
are both present, the ratio of Ca

to Mg+ (i.e., Ca:Mg2 +) in the aqueous solution of divalent cations is

between 1:1 nd 1:2.5; 1:2.5 and 1:5; 1:5 and 1:10; 1:10 and 1:25; 1:25 and 1:50; 1:50 and 1:100; 1:100 and
1:150; 1:150 and 1:200; 1:200 and 1:250; 1:250 and 1:500; 1:500 and 1:1000, ora range thereof. For
example, in some embodiments, the ratio of Ca

to Mg> in the aqueous solution of divalent cations is

between 1:1 and 1:10; 1:5 and 1:25; 1:10 and 1:50; 1:25 and 1:100; 1:50 and 1:500; or 1:100 and 1:1000. In
some embodi ents, the ratio of Mg> to Ca> (i.e.,
Mg":Ca ) in the aqueous solution of divalent cations is
between 1:1 and 1:2.5; 1:2.5 and 1:5; 1:5 and 1:10; 1:10 and 1:25; 1:25 and 1:50; 1:50 and 1:100; 1:100 and
1:150; 1:150 and 1:200; 1:200 and 1:250; 1:250 and 1:500; 1:500 and 1:1000, or a range thereof. For
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example, in some embodiments, the ratio of Mg2 to Ca2 in the aqueous solution of divalent cations is
between 1:1 and 1:10; 1:5 and 1:25; 1:10 and 1:50; 1:25 and 1:100; 1:50 and 1:500; or 1:100 and 1:1000.
[00921 One or more components that are present in the source of divalent cations from which compositions
of the inventi n (e.g., precipitation material) are prepared may be used to identify the source of divalent
cations used. hese identifying components and the amounts thereof may be referred to "source identifiers" or
"markers." Fo example, if the source of divalent cations is sea water, the source identifiers or markers that
may be preset tin compositions of the invention (e.g., precipitation material) include, but are not limited to,
chlorine, sodi m, sulfur, potassium, bromine, silicon, strontium, and the like. Such elements may be present
in the compositions in any known valency. Any such source identifiers or markers may be present in small
amounts ranging from, for example, 20,000 ppm or less, 2000 ppm or less, 200 ppm or less, or 20 ppm or
less. In some embodiments, for example, the marker is strontium. In a precipitation material of the invention,
strontium ma be incorporated into an aragonite lattice, and make up 10,000 ppm or less of the aragonite
lattice, ranging in certain embodiments from 3 to 10,000 ppm, such as from 5 to 5000 ppm, including 5 to
1000 ppm, for example, 5 to 500 ppm or 5 to 100 ppm. Source identifiers may vary depending upon the
particular sou ce of divalent cations (e.g., saltwater) employed to produce compositions of the invention. In
some embodiments, owing at least in part to the source of divalent cations, the calcium carbonate content
compositions of the invention (e.g., precipitation material) may be 25% w/w or higher, such as 40% w/w or
higher, includ ng 50% w/w or higher, for example, 60% w/w or higher. Such compositions have, in some
embodiments, a calcium:magnesium ratio that is influenced by, and therefore reflects, the source of divalent
cations from vhich the composition was produced. In some embodiments, the calcium:magnesium molar
ratio ranges from 10:1 to 1:5 Ca:Mg, such as 5:1 to 1:3 Ca:Mg. In some embodiments, the composition is
characterized y having a source identifying carbonate:hydroxide compound ratio, wherein this ratio ranges
from, for example, 100 to 1, 10 to 1, or I to 1.
[0093] The a ueous solution of divalent cations may comprise divalent cations derived from freshwater,
brackish water, seawater, or brine (e.g., naturally occurring brines or anthropogenic brines such as geothermal
plant wastewaters, desalination plant waste waters, synthetic brines including synthetic brines that include
dissolved minerals), as well as other aqueous solutions having a salinity that is greater than that of freshwater,
any of which

ay be naturally occurring or anthropogenic. For convenience in describing the invention,
freshwater ma be considered to have a salinity of less than 0.5 ppt (parts per thousand). Brackish water may
comprise morC salt than freshwater, but not as much as salt as seawater. Brackish water may be considered to
have a salinity ranging from about 0.5 to about 35 ppt. Seawater may be water from a sea, an ocean, or any
other body of ater that has a salinity ranging from about 35 to about 50 ppt. Brine may have a salinity that is
about 50 ppt or greater. As such, brine may be water saturated or nearly saturated with salt. In some
embodiments, the water source from which divalent cations are derived is a mineral rich (e.g., calcium-rich
and/or magnesium-rich) freshwater source. In some embodiments, the water source from which divalent
cations are de ived is a naturally occurring saltwater source selected from a sea, an ocean, a lake, a swamp, an
-25-

Docket No. CLRA-026wO

estuary, a lago n, a surface brine, a deep brine, an alkaline lake, an inland sea, or the like. In some
embodiments, the water source from which divalent cations are derived is a surface brine. In some
embodiments, the water source from which divalent cations are derived is a subsurface brine. In some
embodiments, the water source from which divalent cations are derived is a deep brine. In some
embodiments, the water source from which divalent cations are derived is a Ca-Mg-Na-(K)-Cl; Na-(Ca)-S0

4

Cl; Mg-Na-(C)-S0 4-Cl; Na-C0 3-Cl; or Na-C0 3-SO4-CI brine. In some embodiments, the water source from
which divaleni cation are derived is an anthropogenic brine selected from a geothermal plant wastewater or a
desalination w stewater. In some embodiments, the water source may also contain boron present as borates
including, but ot limited to B0 33-, B2054-, B30 7 -, and B 40 96~among others.
[0094] Freshwater is often a convenient source of divalent cations (e.g., cations of alkaline earth metals such
as Ca 2" and M2+). Any of a number of suitable freshwater sources may be used, including freshwater sources
ranging from sources relatively free of minerals to sources relatively rich in minerals. Mineral-rich freshwater
sources may b naturally occurring, including any of a number of hard water sources, lakes, or inland seas.
Some mineral rich freshwater sources such as alkaline lakes or inland seas (e.g., Lake Van in Turkey) also
provide a sour e of pH-modifying agents. Mineral-rich freshwater sources may also be anthropogenic. For
example, a mi eral-poor (soft) water may be contacted with a source of divalent cations such as alkaline earth
metal cations e.g., Ca", Mg", etc.) to produce a mineral-rich water that is suitable for methods and systems
described herein. Divalent cations or precursors thereof (e.g. salts, minerals) may be added to freshwater (or
any other type of water described herein) using any convenient protocol (e.g., addition of solids, suspensions,
or solutions). In some embodiments, divalent cations selected from Ca 2 +and Mg"+are added to freshwater. In
some embodi ents, monovalent cations selected from Na* and K+ are added to freshwater. In some
embodiments, freshwater comprising Ca 2+ is combined with material comprising metal silicates, ash (e.g., fly
ash, bottom as , boiler slag), or products or processed forms thereof, including combinations of the foregoing,
yielding a solution comprising calcium and magnesium cations.
100951 As su h, some methods include preparing a source of divalent cations by adding one or more divalent
cations (e.g., Ca2", Mg 2 +,combinations thereof, etc.) to a source of water. Sources of magnesium cations
include, but ar: not limited, magnesium hydroxides, magnesium oxides, etc. Sources of calcium cations
include, but ar: not limited to, calcium hydroxides, calcium oxides, etc. Both naturally occurring and
anthropogenic sources of such cations may be employed. Naturally occurring sources of such cations include,
but are not li ited to mafic minerals (e.g., olivine, serpentine, periodotite, talc, etc.) and the like. Addition of
supplementa

magnesium cations to the source water (e.g., seawater) prior to producing compositions of the

invention increases yields (e.g., yield of precipitation material) as well as affects the composition of such
compositions (e.g., precipitation material), providing a means for increasing CO 2 sequestration by utilizing
minerals such Es, but not limited to, olivine, serpentine, and Mg(OH) 2 (brucite). The particular cation (e.g.,
Ca2 , Mg 2+, combinations thereof, etc.) source may be naturally occurring or anthropogenic, and may be pure
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with respect tc the mineral or impure (e.g., a composition made up of the mineral of interest and other
minerals and components).
[00961 Methcds of the invention include adding a magnesium cation source to an initial water in a manner

sufficient to produce a magnesium to calcium ratio in the water of 3 or higher, e.g., 4 or higher, such as 5 or
higher, for example 6 or higher, including 7 or higher. In certain embodiments, the desired magnesium to
calcium cation ratio of the water ranges from 3 to 10, such as 4 to 8. Any convenient magnesium cation

source may be added to the water to provide the desired magnesium to calcium cation ratio, where specific
magnesium ca ion sources of interest include, but are not limited to, Mg(OH) 2, serpentine, olivine, mafic
minerals, and

altramafic minerals.

The amount of magnesium cation source that is added to the water may

vary, e.g., depending upon the specific magnesium cation source and the initial water from which the C0 2

charged water is produced. In certain embodiments, the amount of magnesium cation that is added to the
water ranges ftom 0.01 to 100.0 grams/liter, such as from I to 100 grams/liter of water, including from 5 to
100 grams/lite of water, for example from 5 to 80 grams/liter of water, including from 5 to 50 grams/liter of
water. In certain embodiments, the amount of magnesium cation added to the water is sufficient to produce
water with a hardness reading of 0.06 grams/liter or more, such as 0.08 grams/liter or more, including 0.1
grams/liter or more as determined a Metrohm Titrator (Metrohm AG, Switzerland) according to
manufacturer' instructions. The magnesium cation source may be combined with the water using any
convenient protocol, e.g. with agitation, mixing, etc.
[0097] In embodiments where a source of magnesium, calcium, or a combination of magnesium and calcium
is added to the water, the source may be in solid form e.g., in the form of large, hard, and often-crystalline
particles or ag lomerations of particles that are difficult to get into solution. For example, Mg(OH) 2 as

brucite can be in such a form, as are many minerals useful in embodiments of the invention, such as
serpentine, olivine, and other magnesium silicate minerals, as well as cement waste and the like. Any suitable
method may b used to introduce divalent cations such as magnesium cations from such sources into aqueous
solution in a fc rm suitable for reaction with carbonate to form carbonates of divalent cations. Increasing
surface area by reducing particle size is one such method, which can be done by means well known in the art
such as ball gr nding and jet milling. Jet milling has the further advantage of destroying much of the crystal

structure of the substance, enhancing solubility. Also of interest is sonochemistry, where intense sonication
may be employed to increase reaction rates by a desired amount, e.g., 106 times or more. The particles, with
or without size reduction, may be exposed to conditions which promote aqueous solution, such as exposure to
an acid such as HCI, H2SO 4, or the like; a weak acid or a base may also be used in some embodiments. See,
e.g., U.S. Patent Application Publication Nos. 2005/0022847; 2004/0213705; 2005/0018910; 2008/0031801;
and 2007/0217981; European Patent Application Nos. EP1379469 and EP1554031; and International Patent
Application P blication Nos. WO 07/016271 and WO 08/061305, each of which is incorporated herein by
reference in its entirety.
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[00981 In sore embodiments the methods and systems of the invention utilize serpentine as a mineral
source. Serpentine is an abundant mineral that occurs naturally and may be generally described by the
formula of X2 Si 2 0 5(OH) 4 , wherein X is selected from the following: Mg, Ca, Fe2 +,Fe"+, Ni, Al, Zn, and Mn,
the serpentine material being a heterogeneous mixture consisting primarily of magnesium hydroxide and
silica. In som- embodiments of the invention, serpentine is used not only as a source of magnesium, but also
as a source of hydroxide. Thus in some embodiments of the invention, hydroxide is provided for removal of
protons from

ater and/or adjustment of pH by dissolving serpentine; in these embodiments an acid

dissolution is lot ideal to accelerate dissolution, and other means are used, such as jet milling and/or
sonication. It will be appreciated that in a batch or continuous process, the length of time to dissolve the
serpentine or other mineral is not critical, as once the process is started at the desired scale, and sufficient time
has passed for appropriate levels of dissolution, a continuous stream of dissolved material may be maintained
indefinitely. Thus, even if dissolution to the desired level takes days, weeks, months, or even years, once the
process has reached the first time point at which desired dissolution has occurred, it may be maintained
indefinitely.

rior to the time point at which desired dissolution has occurred, other processes may be used to

provide some 3r all of the magnesium and/or hydroxide to the process. Serpentine is also a source of iron,
which is a use ul component of precipitates that are used for, e.g., cements, where iron components are often
desired.
10099] Other examples of silicate-based minerals useful in the invention include, but are not limited to
olivine, a natu -al magnesium-iron silicate ((Mg, Fe) 2Si0 4), which can also be generally described by the
formula X2(Si]4)n, wherein X is selected from Mg, Ca, Fe"+, Fe3 +,Ni, Al, Zn, and Mn, and n = 2 or 3; and a
calcium silicale, such as wollastonite. The minerals may be used individually or in combination with each
other as described in U.S. Patent Application Publication No. 2009/0301352, published 10 December 2009,
which is incorPorated herein by reference in its entirety. Additionally, the materials may be found in nature
or may be manufactured. Examples of industrial by-products include but are not limited to waste cement,
calcium-rich f y ash, and cement kiln dust (CKD) as described in U.S. Patent Application Publication No.
2010/0000444, published 7 January 2010, which is incorporated herein by reference in its entirety.
[001001 In some embodiments, an aqueous solution of divalent cations may be obtained from an industrial
plant that is also providing a waste gas stream (e.g., combustion gas stream). For example, in water-cooled
industrial plants, such as seawater-cooled industrial plants, water that has been used by an industrial plant for
cooling may then be used as water for producing precipitation material. If desired, the water may be cooled
prior to entering a precipitation system of the invention. Such approaches may be employed, for example,
with once-thrc ugh cooling systems. For example, a city or agricultural water supply may be employed as a
once-through cooling system for an industrial plant. Water from the industrial plant may then be employed for
producing precipitation material, wherein output water has a reduced hardness and greater purity.
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[001011 The queous solution of divalent cations may further provide proton-removing agents, which may be
expressed as ikalinity or the ability of the divalent cation-containing solution to neutralize acids to the
equivalence Voint of carbonate or bicarbonate. Alkalinity (A1 ) may be expressed by the following equation
AT =

[H-CO3

T+

2[CO 32 -]1

+

[B(OH) 4 ]T

+

[OH] 1 + 2[PO 4 3 1T + [HPO 4 -]
1 + [SiO(OH) 3~]-- [H*], , - [HSO 4 -],

wherein "T" indicates the total concentration of the species in the solution as measured. Other species,
depending on the source, may contribute to alkalinity as well. The total concentration of the species in
solution is in opposition to the free concentration, which takes into account the significant amount of ion pair
interactions that occur, for example, in seawater. In accordance with the equation, the aqueous source of
divalent cations may have various concentrations of bicarbonate, carbonate, borate, hydroxide, phosphate,
biphosphate, nd/or silicate, which may contribute to the alkalinity of the aqueous source of divalent cations.
Any type of lkalinity is suitable for the invention. For example, in some embodiments, a source of divalent
cations high in borate alkalinity is suitable for the invention. In such embodiments, the source of divalent
cations may

contain boron present as borates including, but not limited to, B0 33 , B205,

B 30, 5 , and B40 96 ~

among others In such embodiments, the concentration borate may exceed the concentration of any other
species in solution including, for example, carbonate and/or bicarbonate. In some embodiments, the source of
divalent cations has at least 10, 100, 500, 1000, 1500, 3000, 5000, or more than 5000 mEq of alkalinity. For
example, in s me embodiments, the source of divalent cations has between 500 to 1000 mEq of alkalinity.
100102] In so ne methods of the invention, the water (such as salt water or mineral rich water) is not contacted
with a source of CO 2 prior to subjecting the water to precipitation conditions. In these methods, the water will
have an amount of CO 2 associated with it, e.g., in the form of bicarbonate ion, which has been obtained from
the environment to which the water has been exposed prior to practice of the method. Subjecting the water to
precipitate co ditions of the invention results in conversion of this CO 2 into a storage-stable precipitate, and
therefore sequestration of the CO 2. When the water subject to processes of the invention is again exposed to
its natural environment, such as the atmosphere, more CO 2 from the atmosphere will be taken up by the water
resulting in a net removal of CO2 from the atmosphere and incorporation of a corresponding amount of CO 2
into a storage stable product, where the mineral rich freshwater source may be contacted with a source of
C0 2, e.g.,

as described in greater detail below. Embodiments of these methods may be viewed as methods of

sequestering

02

gas directly from the Earth's atmosphere. Embodiments of the methods are efficient for the

removal of C02 from the Earth's atmosphere. For example, embodiments of the methods are configured to
remove CO 2 om saltwater at a rate of 0.025 M or more, such as 0.05 M or more, including 0.1 M or more
per gallon of altwater.
1001031in so e embodiments, the invention provides for contacting a volume of an absorbing solution (e.g.
aqueous solution) with a source of carbon dioxide to produce a composition comprising carbonates,
bicarbonates, or carbonates and bicarbonates, wherein the composition is a solution or slurry. In some
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embodiments, the solution is a slurry comprising a precipitation material comprising carbonates, bicarbonates,
or carbonates and bicarbonates. In some embodiments, the precipitation material is produced by subjecting
the volume of the aqueous solution to precipitation conditions before, during, or after contact with the source
of carbon dio ide. There may be sufficient carbon dioxide in the aqueous solution to produce significant
amounts of carbonates, bicarbonates, or carbonates and bicarbonates (e.g., from brine or seawater); however,
additional carbon dioxide is generally used. The source of CO 2 may be any convenient CO 2 source. The
source of CO may be a gas, a liquid, a solid (e.g., dry ice), a supercritical fluid, or CO2 dissolved in a liquid.
In some embodiments, the CO 2 source is a gaseous CO 2 source such as a waste gas stream. The gaseous CO2
source may be substantially pure CO 2 or, as described in more detail below, comprise one or more
components i addition to C0 2, wherein the one or more components comprise one or more additional gases
such as SOx (e.g., SO, SO 2 , SO3), NOx (e.g., NO, NO 2), etc., non-gaseous components, or a combination
thereof. The vaste streams may further comprise VOC (volatile organic compounds), metals (e.g., mercury,
arsenic, cadm um, selenium), and particulate matter comprising particles of solid (e.g., fly ash) or liquid
suspended in he gas. In some embodiments, the gaseous CO 2 source may be a waste gas stream (e.g.,
exhaust) prod ced by an active process of an industrial plant. The nature of the industrial plant may vary, the
industrial plar ts including, but not limited to, power plants, chemical processing plants, mechanical
processing pl nts, refineries, cement plants, steel plants, and other industrial plants that produce CO 2 as a by
product of fuel combustion or another processing step (e.g., calcination by a cement plant). In some
embodiments, for example, the gaseous CO2 source may be flue gas from coal-fired power plant.
[00104] Waste gas streams comprising CO2 include both reducing condition streams (e.g., syngas, shifted
syngas, natural gas, hydrogen, and the like) and oxidizing condition streams (e.g., flue gas resulting from
combustion). Particular waste gas streams that may be convenient for the invention include oxygen
containing flu, gas resulting from combustion (e.g., from coal or another carbon-based fuel with little or no
pretreatment of the flue gas), turbo charged boiler product gas, coal gasification product gas, pre-combustion
synthesis gas e.g., such as that formed during coal gasification in power generating plants), shifted coal
gasification product gas, anaerobic digester product gas, wellhead natural gas stream, reformed natural gas or
methane hydrates, and the like. Combustion gas from any convenient source may be used in methods and
systems of the invention. In some embodiments, a combustion gas from a post-combustion effluent stack of
an industrial plant such as a power plant, cement plant, and coal processing plant is used.
[00105] Thus, waste gas streams may be produced from a variety of different types of industrial plants.
Suitable waste gas streams for the invention include waste gas streams produced by industrial plants that
combust fossi fuels (e.g., coal, oil, natural gas, propane, diesel), biomass, and/or anthropogenic fuel products
of naturally occurring organic fuel deposits (e.g., tar sands, heavy oil, oil shale, etc.). In some embodiments, a
waste gas stream suitable for systems and methods of the invention is sourced from a coal-fired power plant,
such as a pulv rized coal power plant, a supercritical coal power plant, a mass bum coal power plant, a
fluidized bed coal power plant. In some embodiments, the waste gas stream is sourced from gas or oil-fired
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boiler and ste

turbine power plants, gas or oil-fired boiler simple cycle gas turbine power plants, or gas or

oil-fired boiler combined cycle gas turbine power plants. In some embodiments, waste gas streams produced
by power plan s that combust syngas (i.e., gas that is produced by the gasification of organic matter, for
example, coal, biomass, etc.) are used. In some embodiments, waste gas streams from integrated gasification
combined cycle (IGCC) plants are used. In some embodiments, waste gas streams produced by heat recovery
steam generate r (HRSG) plants are used in accordance with systems and methods of the invention.
[00106] Waste gas streams comprising CO 2 may also result from other industrial processing. Waste gas
streams produ ed by cement plants are also suitable for systems and methods of the invention. Cement plant
waste gas streams include waste gas streams from both wet process and dry process plants, which plants may
employ shaft kilns or rotary kilns, and may include pre-calciners. These industrial plants may each bum a
single fuel, or nay burn two or more fuels sequentially or simultaneously. Other industrial plants such as
smelters and refineries are also useful sources of waste gas streams that include carbon dioxide.
[001071 The gaseous waste stream may be provided by the industrial plant to the CO 2-processing system of
the invention in any convenient manner that conveys the gaseous waste stream. In some embodiments, the
waste gas stre m is provided with a gas conveyor (e.g., a duct, pipe, etc.) that runs from a flue or analogous
structure of the industrial plant (e.g., a flue or smokestack of the industrial plant) to one or more locations of
the C0 2-processing system. In such embodiments, a line (e.g., a duct, pipe, etc.) may be connected to the flue
of the industrial plant such that gas leaving through the flue is conveyed to the appropriate location(s) of the
C0 2-processin system (e.g., processor or a component thereof, such as a gas-liquid contactor or gas-liquid
solid contactor ). Depending upon the particular configuration of the CO2-processing system, the location of
the gas convey r on the industrial plant may vary, for example, to provide a waste gas stream of a desired
temperature. As such, in some embodiments, where a gaseous waste stream having a temperature ranging for
0 'C to 2000 'C, such as 0 'C to 1800 'C, including 60 'C to 700 'C, for example, 100 'C to 400 'C is
desired, the flue gas may be obtained at the exit point of the boiler, gas turbine, kiln, or at any point of the
power plant that provides the desired temperature. The gas conveyor may be configured to maintain flue gas
at a temperature above the dew point (e.g., 125 'C) in order to avoid condensation and related complications.
Other steps may be taken to reduce the adverse impact of condensation and other deleterious effects, such as
employing duc ing that is stainless steel or fluorocarbon (such as poly(tetrafluoroethylene)) lined such the
duct does not rapidly deteriorate.
[00108] Carbon dioxide may be the primary non-air derived component in waste gas streams. In some
embodiments, vaste gas streams may comprise carbon dioxide in amounts ranging from 200 ppm to
1,000,000 ppm, such as 1000 ppm to 200,000 ppm, including 2000 ppm to 200,000 ppm, for example, 2000
ppm to 180,00 ppm or 2000 ppm to 130,000 ppm. In some embodiments, waste gas streams may comprise
carbon dioxide in amounts ranging from 350 ppm to 400,000 ppm. Such amounts of carbon dioxide may be
considered time-averaged amounts. For example, in some embodiments, waste gas streams may comprise
carbon dioxide in an amount ranging from 40,000 ppm (4%) to 100,000 ppm (10%) depending on the waste
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gas stream (e.g., CO 2 from natural gas-fired power plants, furnaces, small boilers, etc.). For example, in some
embodimen s, waste gas streams may comprise carbon dioxide in an amount ranging from 100,000 ppm
(10%) to 150,000 ppm (15%) depending on the waste gas stream (e.g., CO 2 from coal-fired power plants, oil
generators, diesel generators, etc.). For example, in some embodiments, waste gas streams may comprise
carbon dio xde in an amount ranging from 200,000 ppm (20%) to 400,000 ppm (40%) depending on the waste
gas stream (e.g., CO2 from cement plant calcination, chemical plants, etc.). For example, in some
embodimen s, waste gas streams may comprise carbon dioxide in an amount ranging from 900,000 ppm
(90%) to 1, 00,000 ppm (100%) depending on the waste gas stream (e.g., CO2 from ethanol fermenters, CO2
from steam reforming at refineries, ammonia plants, substitute natural gas (SNG) plants, CO2 separated from
sour gases, tc.). The concentration of CO 2 in a waste gas stream may be decreased by 10% or more, 20% or
more, 30% r more, 40% or more, 50% or more, 60% or more, 70% or more, 80% or more, 90% or more,
95% or more, 99% or more, 99.9% or more, or 99.99%. In other words, at least 10%, 20%, 30%, 40%, 50%,
60%, 70%, 30%, 90%, 95%, 99%, 99.9%, or 99.99% of the carbon dioxide may be removed from the waste
gas stream.
[00109] A portion of the waste gas stream (i.e., not the entire gaseous waste stream) from an industrial plant
may be used to produce compositions comprising carbonates, bicarbonates, or carbonates and bicarbonates. In
these embodiments, the portion of the waste gas stream that is employed in producing compositions may be
75% or less such as 60% or less, and including 50% and less of the waste gas stream. In yet other
embodiments, most (e.g., 80% or more) of the entire waste gas stream produced by the industrial plant is
employed in producing compositions. In these embodiments, 80% or more, such as 90% or more, including
95% or more, up to 100% of the waste gas stream (e.g., flue gas) generated by the source may be employed
for producing compositions of the invention.
[00110] In some embodiments of the invention substantially 100% of the CO 2 contained in a flue gas, or a
portion of t e flue gas, from a power plant may be sequestered as a composition of the invention (e.g.,
precipitation material comprising one or more stable or metastable minerals). Such sequestration may be done
in a single step or in multiple steps, and may further involve other processes for sequestering CO2 (e.g., as the
concentrati n of CO 2 is decreased in the flue gas, more energy-intensive processes that be prohibitive in
energy consumption for removing all of the original CO2 in the gas may become practical in removing the
final CO2 it the gas). Thus, in some embodiments, the gas entering the power plant (ordinary atmospheric
air) may co tain a concentration of CO 2 that is greater than the concentration of CO2 in the flue gas exiting
the plant, which flue gas has been treated by the processes and systems of the invention. Hence, in some
embodiments, the methods and systems of the invention encompass a method comprising supplying a gas
(e.g., atmos heric air) to a power plant, wherein the gas comprises C0 2; treating the gas in the power plant
(e.g., by combustion of fossil fuel to consume

02)

to produce C0 2, then treating exhaust gas to remove CO2;

and releasir g the gas from the power plant, wherein the gas released from the power plant has a lower CO2
content tha the gas supplied to the power plant. In some embodiments, the gas released from the power plant
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contains at lea t 10% less CO 2, or at least 20% less CO 2, or at least 30% less CO 2, or at least 40% less CO 2, or
at least 50% less CO 2, or at least 60% less CO 2, or at least 70% less C0 2, or at least 80% less C0 2, or at least
90% less C0 2, or at least 95% less CO 2, or at least 99% less C0 2, or at least 99.5% less C0 2, or at least 99.9%
less C0 2, than the gas entering the power plant. In some embodiments, the gas entering the power plant is
atmospheric ai and the gas exiting the power plant is treated flue gas.
[00111] Although a waste gas stream from an industrial plant offers a relatively concentrated source of CO2
and/or additional components resulting from combustion of fossil fuels, methods and systems of the invention
are also applic ble to removing combustion gas components from less concentrated sources (e.g., atmospheric
air), which cor tains a much lower concentration of pollutants than, for example, flue gas. Thus, in some
embodiments, Methods and systems encompass decreasing the concentration of CO 2 and/or additional
components ir atmospheric air by producing compositions of the invention. As with waste gas streams, the
concentration f CO 2 in a portion of atmospheric air may be decreased by 10% or more, 20% or more, 30% or
more, 40% or more, 50% or more, 60% or more, 70% or more, 80% or more, 90% or more, 95% or more,
99% or more, 9.9% or more, or 99.99%. Such decreases in CO 2 may be accomplished with yields as
described herein, or with higher or lower yields, and may be accomplished in one processing step or in a
series of processing steps.
[001121 In certain embodiments, oxidizing conditions include subjecting the gaseous stream to hydrogen
peroxide (H20) or a H20 2/CH 30H mixture. An exemplary description of systems and methods for oxidizing
a CO 2-containing gaseous stream using hydrogen peroxide can be found in U.S. Patent 5,670,122,
incorporated by reference herein in its entirety. As described in the '122 patent, a gaseous stream can be
treated with hydrogen peroxide for a sufficient time to oxidize components therein, e.g., to convert one or
more of nitric >xide (NO), sulfur trioxide (SO3), light hydrocarbons (CI-C 4 ), carbon monoxide (CO) and
mercury to NC 2, S02, CO 2 and HgO. The gaseous stream may be treated with a hydrogen peroxide or a
H20 2/CH 30H mixture prior to contacting the gaseous stream with water (e.g., alkaline earth metal ion
containing water in the form of a flat jet stream, spray or droplets, mist, or a combination thereof). In some
embodiments, a recovered gaseous stream, recovered after contacting a gaseous stream with water (e.g.,
alkaline earth metal-containing water), is treated with the H20 2/CH 30H mixture and reprocessed (i.e.,
contacted a se ond time to the water).
[001131 The reaction time of the hydrogen peroxide or H20 2/CH30H mixture may be in the range from 0.01
to 5 seconds, e.g., from 0.1 to 2 seconds. The NO 2 , SO2, CO 2 , and HgO (and other components of the gaseous
stream) can then be removed by absorption into the water, e.g., alkaline earth metal ion-containing water. In
certain embod ments, the gas-charged water is then subjected to the precipitation conditions to form a
precipitate comprising one or more of the chemical components from the gaseous stream (e.g., NO2, SO2,
CO 2, HgO, etc ). As such, the invention provides a quick and efficient method of removing a wide variety of

chemical components of a gaseous source (e.g., CO 2, criteria pollutants, and/or other toxic or environmentally
harmful constituents) such that these components are not emitted into the atmosphere in dangerously high
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concentratio s. For example, the invention can be used to remove these compounds in flue gases emanating
from boilers furnaces, incinerators, stationary engines, and other systems connected with combustion of
various type of fuels.
[001141 The otal amount of hydrogen peroxide and methanol used in combination with the gas streams will
generally be in the mole ratio from 0.5 to 2.0, but in most applications from 0.9 to 1.5 of the total number of
constituents. Hydrogen peroxide can be injected (e.g., in the form of an aqueous solution) at a concentration
of 1%to 50%o, e.g., from 10 to 30%. Hydrogen peroxide can be also injected as a mixture of H20 2 solution
and methanol. The use of H20 2 and methanol mixtures are desirable because methanol is very low in cost.
The methanol to H20 2 ratio should be as high as possible to reduce the cost of the additive, but to satisfy
emission requirements.
1001151 The use of hydrogen peroxide in the invention has many advantages. If properly stored, hydrogen
peroxide solutions in water are very stable. The use of hydrogen peroxide does not pose any environmental
problems si

e hydrogen peroxide is not itself a source of pollution, and the only reaction by-products are

water and oxygen. Therefore, hydrogen peroxide can be used safely in the invention.
[00116] The H of the water that is contacted with the CO 2 source may vary. In some instances, the pH of the
water that is contacted with the CO 2 source is acidic, such that the pH is lower than 7, such as 6.5 or lower, 6
or lower, 5.5 or lower, 5 or lower, 4.5 or lower, or 4 or lower. In yet other embodiments, the pH of the water
may be neut al to slightly basic, by which is meant that the pH of the water may range from pH 7 to pH 9,
such as pH 7 to pH 8.5, including pH 7.5 to pH 8.5.
[001171 In sc me instances, the water, such as alkaline earth metal ion-containing water (including alkaline
solutions or natural saline alkaline waters), is basic when contacted with the CO 2 source, such as a carbon
dioxide containing gaseous stream. In these instances, while being basic the pH of the water is generally
insufficient t cause precipitation of the storage-stable carbon dioxide sequestering product. As such, the pH
may be 9.5 cr lower, such as 9.3 or lower, including 9 or lower.
[001181 In sc me instances, the pH as described above may be maintained at a substantially constant value
during conta t with the carbon dioxide containing gaseous stream, or the pH may be manipulated to maximize
CO2 absorption while minimizing base consumption or other means of removing protons, such as by starting
at a certain pH and gradually causing the pH to rise as CO 2 continues to be introduced. In embodiments
where the pf is maintained substantially constant, where by "substantially constant" is meant that the
magnitude o change in pH during some phase of contact with the carbon dioxide source is 0.75 or less, such
as 0.50 or le s, including 0.25 or less, such as 0.10 or less. The pH may be maintained at substantially
constant valt e, or manipulated to maximize CO 2 absorption but prevent hydroxide precipitation without
precipitation using any convenient approach. In some instances, the pH is maintained at substantially
constant valt e, or manipulated to maximize CO 2 absorption without precipitation, during CO2 charging of the
water by adding a sufficient amount of base to the water in a manner that provides the substantially constant
pH. In some cases it is desirable to control the pH to maximize the absorption of carbon dioxide and other
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components from the gaseous stream (e.g. SOx, NOx, heavy metals, other acid gases) without precipitation of
solids and without the release of CO 2 from the water (i.e. absorbing solution). Any convenient base or
combination of bases may be adding, including but not limited to oxides and hydroxides, such as magnesium
hydroxide, here further examples of suitable bases are reviewed below. In yet other instances, the pH may
be maintained at substantially constant value, or manipulated to maximize CO2 absorption, through use of
electrochemical protocols, such as the protocols described below, so that the pH of the water is
electroche ically maintained at the substantially constant value. Surprisingly, as shown in Example IV, it
has been fo nd that it is possible to absorb, e.g., more than 50% of the CO2 contained in a gas comprising
20% CO 2 tt rough simple sparging of seawater with addition of base (removal of protons).
[001191In ome embodiments, the methods and systems of the invention are capable of absorbing 5% or
more, 10% r more, 15% or more, 20% or more, 25% or more, 30% or more, 35% or more, 40% or more,
45% or moie, 50% or more, 55% or more, 60% or more, 65% or more, 70% or more, 75% or more, 80% or
more, 85% r more, 90% or more, 95% or more, or 99% or more of the CO, in a gaseous source of CO 2, such
as an industrial source of C0 2, e.g., flue gas from a power plant or waste gas from a cement plant. In some
embodiments, the methods and systems of the invention are capable of absorbing 50% or more of the CO 2 in
a gaseous s urce of C0 2, such as an industrial source of C0 2, e.g., flue gas from a power plant or waste gas
from a cement plant.
[001201 In some embodiments, the methods and systems of the invention are capable of absorbing more than
20 tons/ho

of carbon dioxide into an absorbing solution as averaged over 72 hours of continuous operation.

In some embodiments, the methods and systems of the invention are capable of absorbing more than 40
tons/hour o carbon dioxide into an absorbing solution. In some embodiments, the methods and systems of the
invention a e capable of absorbing more than 60 tons/hour of carbon dioxide into an absorbing solution. In
some embo iments, the methods and systems of the invention are capable of absorbing more than 70
tons/hour o carbon dioxide into an absorbing solution. In some embodiments, the methods and systems of the
invention aie capable of absorbing more than 80 tons/hour of carbon dioxide into an absorbing solution. In
some embo iments, the methods and systems of the invention are capable of absorbing more than 90
tons/hour o carbon dioxide into an absorbing solution. In some embodiments, the methods and systems of the
invention a e capable of absorbing more than 100 tons/hour of carbon dioxide into an absorbing solution. In
some embo Jiments, the methods and systems of the invention are capable of absorbing more than 1 10
tons/hour o carbon dioxide into an absorbing solution. In some embodiments, the methods and systems of the
invention a e capable of absorbing more than 120 tons/hour of carbon dioxide into an absorbing solution. In
some embo iments, the methods and systems of the invention are capable of absorbing more than 130
tons/hour o carbon dioxide into an absorbing solution. In some embodiments, the methods and systems of the
invention a e capable of absorbing more than 140 tons/hour of carbon dioxide into an absorbing solution. In
some embo iments, the methods and systems of the invention are capable of absorbing more than 150
tons/hour o carbon dioxide into an absorbing solution. In some embodiments, the methods and systems of the
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invention are apable of absorbing more than 160 tons/hour of carbon dioxide into an absorbing solution. In
some embodiments, the methods and systems of the invention are capable of absorbing more than 170
tons/hour of carbon dioxide into an absorbing solution. In some embodiments, the methods and systems of the
invention are apable of absorbing more than 180 tons/hour of carbon dioxide into an absorbing solution. In
some embodiments, the methods and systems of the invention are capable of absorbing more than 190
tons/hour of c rbon dioxide into an absorbing solution. In some embodiments, the methods and systems of the
invention are apable of absorbing more than 200 tons/hour of carbon dioxide into an absorbing solution.
[00121] In some embodiments, the invention provides for contacting a volume of an aqueous solution with a
source of carb n dioxide to produce a composition comprising carbonates, bicarbonates, or carbonates and
bicarbonates, herein the composition is a solution or slurry. Contacting the aqueous solution with the source
of carbon dio ide facilitates dissolution of CO 2 into the aqueous solution producing carbonic acid, a species in
equilibrium w th both bicarbonate and carbonate. In order to produce compositions of the invention (e.g.,
precipitation material comprising carbonates, bicarbonates, or carbonates and bicarbonates), protons are
removed from various species (e.g. carbonic acid, bicarbonate, hydronium, etc.) in the aqueous solution to
shift the equilibrium toward bicarbonate, carbonate, or somewhere in between. As protons are removed, more
CO2 goes into solution. In some embodiments, proton-removing agents and/or methods are used while
contacting an

aqueous solution with CO 2 to increase CO2 absorption in one phase of the reaction, wherein the

pH may remain constant, increase, or even decrease, followed by a rapid removal of protons (e.g., by addition
of a base), wh ch, In some embodiments, may cause rapid precipitation of precipitation material. Protons
may be removed from the various species (e.g. carbonic acid, bicarbonate, hydronium, etc.) by any convenient
approach, including, but not limited to use of naturally occurring proton-removing agents, use of
microorganisms and fungi, use of synthetic chemical proton-removing agents, recovery of waste streams from
industrial processes, and using electrochemical means.
[001221 Naturally occurring proton-removing agents encompass any proton-removing agents found in the
wider environ ent that may create or have a basic local environment. Some embodiments provide for
naturally occuring proton-removing agents including minerals that create basic environments upon addition
to solution. Such minerals include, but are not limited to, lime (CaO); periclase (MgO); iron hydroxide
minerals (e.g., goethite and limonite); and volcanic ash. Methods for digestion of such minerals and rocks
comprising su h minerals are described in U.S. Patent Application No. 12/501,217, filed 10 July 2009, which
is incorporated herein by reference in its entirety. Some embodiments provide for using naturally occurring
bodies of water as a source proton-removing agents, which bodies of water comprise carbonate, borate,
sulfate, or nitrate alkalinity, or some combination thereof. Any alkaline brine (e.g., surface brine, subsurface
brine, a deep brine, etc.) is suitable for use in the invention. In some embodiments, a surface brine comprising
carbonate alkalinity provides a source of proton-removing agents. In some embodiments, a surface brine
comprising borate alkalinity provides a source of proton-removing agents. In some embodiments, a
subsurface bri e comprising carbonate alkalinity provides a source of proton-removing agents. In some
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embodimen s, a subsurface brine comprising borate alkalinity provides a source of proton-removing agents. In
some embo iments, a deep brine comprising carbonate alkalinity provides a source of proton-removing
agents. In some embodiments, a deep brine comprising borate alkalinity provides a source of proton-removing
agents. Examples of naturally alkaline bodies of water include, but are not limited to surface water sources
(e.g. alkali

lakes such as Mono Lake in California) and ground water sources (e.g. basic aquifers such as the

deep geologic alkaline aquifers located at Searles Lake in California). Other embodiments provide for use of
deposits front dried alkaline bodies of water such as the crust along Lake Natron in Africa's Great Rift Valley.
For additio al sources of brines and evaporites, see U.S. Provisional Patent Application No. 61/264,564, filed
25 Novemb r 2009, which are incorporated herein by reference in its entirety. In some embodiments,
organisms t at excrete basic molecules or solutions in their normal metabolism are used as proton-removing
agents. Examples of such organisms are fungi that produce alkaline protease (e.g., the deep-sea fungus
Aspergillus ustus with an optimal pH of 9) and bacteria that create alkaline molecules (e.g., cyanobacteria
such as Lyn bya sp. from the Atlin wetland in British Columbia, which increases pH from a byproduct of
photosynthesis). In some embodiments, organisms are used to produce proton-removing agents, wherein the
organisms (-.g., Bacillus pasteurii,which hydrolyzes urea to ammonia) metabolize a contaminant (e.g. urea)
to produce proton-removing agents or solutions comprising proton-removing agents (e.g., ammonia,
ammonium hydroxide). In some embodiments, organisms are cultured separately from the precipitation
reaction mixture, wherein proton-removing agents or solution comprising proton-removing agents are used
for addition to the precipitation reaction mixture. In some embodiments, naturally occurring or manufactured
enzymes are used in combination with proton-removing agents to invoke precipitation of precipitation
material. Carbonic anhydrase, which is an enzyme produced by plants and animals, accelerates transformation
of carbonic acid to bicarbonate in aqueous solution. As such, carbonic anhydrase may be used to enhance
dissolution f CO2 and accelerate precipitation of precipitation material, as described in further detail herein.
[00123] Chemical agents for effecting proton removal generally refer to synthetic chemical agents that are
produced in large quantities and are commercially available. For example, chemical agents for removing
protons include, but are not limited to, hydroxides, organic bases, super bases, oxides, ammonia, and
carbonates. Hydroxides include chemical species that provide hydroxide anions in solution, including, for
example, sodium hydroxide (NaOH), potassium hydroxide (KOH), calcium hydroxide (Ca(OH) 2), or
magnesium hydroxide (Mg(OH) 2). Organic bases are carbon-containing molecules that are generally
nitrogenous bases including primary amines such as methyl amine, secondary amines such as
diisopropyl mine, tertiary amines such as diisopropylethylamine, aromatic amines such as aniline,
heteroaromatics such as pyridine, imidazole, and benzimidazole, and various forms thereof. In some
embodiments, an organic base selected from pyridine, methylamine, imidazole, benzimidazole, histidine, and
a phosphazene is used to remove protons from various species (e.g., carbonic acid, bicarbonate, hydronium,
etc.) for preparation of compositions of the invention. In some embodiments, ammonia is used to raise pH to
a level sufficient for preparation of compositions of the invention. Super bases suitable for use as proton
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removing agen s include sodium ethoxide, sodium amide (NaNH 2 ), sodium hydride (NaH), butyl lithium,
lithium diisopropylamide, lithium diethylamide, and lithium bis(trimethylsilyl)amide. Oxides including, for
example, calcium oxide (CaO), magnesium oxide (MgO), strontium oxide (SrO), beryllium oxide (BeO), and
barium oxide (3aO) are also suitable proton-removing agents that may be used. Carbonates for use in the
invention incl de, but are not limited to, sodium carbonate.
[001241 In add tion to comprising cations (e.g., Ca 2 +,Mg 2+, etc.) and other suitable metal forms suitable for
use in the inve tion, waste streams from various industrial processes (i.e., industrial waste streams) may
provide proton -removing agents. Such waste streams include, but are not limited to, mining wastes; ash (e.g.,
coal ash such as fly ash, bottom ash, boiler slag); slag (e.g. iron slag, phosphorous slag); cement kiln waste
(e.g., cement ln dust (CKD)); oil refinery/petrochemical refinery waste (e.g. oil field and methane seam
brines); coal seam wastes (e.g. gas production brines and coal seam brine); paper processing waste; water
softening wasti brine (e.g., ion exchange effluent); silicon processing wastes; agricultural waste; metal
finishing wastd; high pH textile waste; and caustic sludge. Mining wastes include any wastes from the
extraction of n etal or another precious or useful mineral from the earth. In some embodiments, wastes from
mining are used to modify pH, wherein the waste is selected from red mud from the Bayer aluminum
extraction pro ess; waste from magnesium extraction from seawater (e.g., Mg(OH) 2 such as that found in
Moss Landing, California); and wastes from mining processes involving leaching. For example, red mud may
be used to modify pH1 as described in U.S. Provisional Patent Application No. 61/161369, filed 18 March
2009 and PCT Application No. PCT/US10/25970, filed 2 March 2010, titled "Gas Stream Multi-Pollutants
Control Systers And Methods" and U.S. Patent Application No. 12/716,235, filed 2 March 2010, titled "Gas
Stream Multi-Pollutants Control Systems And Methods", which are incorporated herein by reference in their
entirety. Red nsud, depending on processing conditions and source material (e.g., bauxite) might comprise
Fe 2O 3, A120 3 , SiO 2, Na 2O, CaO, TiO 2, K2 0, MgO, C0 2, S2 0, MnO 2, P2 0 5 , each of which species are loosely
listed in order 'rom most abundant to least abundant, and each of which species are expressed as oxides for
convenience. Coal ash, cement kiln dust, and slag, collectively waste sources of metal oxides, further
described in U S. Patent Application No. 12/486692, filed 17 June 2009, Publication Number US 2010
0000444 A1, published 7 January 2010, titled, "Methods And Systems For Utilizing Waste Sources Of Metal
Oxides." the disclosure of which is incorporated herein in its entirety, may be used in alone or in combination
with other proton-removing agents to provide proton-removing agents for the invention. Agricultural waste,
either through animal waste or excessive fertilizer use, may contain potassium hydroxide (KOH) or ammonia
(NH 3) or both. As such, agricultural waste may be used in some embodiments of the invention as a proton
removing agen. This agricultural waste is often collected in ponds, but it may also percolate down into
aquifers, where it can be accessed and used.
[00125] In some embodiments of the invention, ash may be employed for proton-removing agents, e.g., to
increase the pH of C0 2-charged water. The ash may be used as a as the sole pH modifier or in conjunction
with one or mcre additional pH modifiers. Of interest in certain embodiments is use of a coal ash as the ash.
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The coal ash as employed in this invention refers to the residue produced in power plant boilers or coal
burning furnaces, for example, chain grate boilers, cyclone boilers and fluidized bed boilers, from burning
pulverized anthracite, lignite, bituminous or sub-bituminous coal. Such coal ash includes fly ash which is the
finely divided coal ash carried from the furnace by exhaust or flue gases; and bottom ash which collects at the
base of the fur ace as agglomerates.
[001261 Fly as es are generally highly heterogeneous, and include of a mixture of glassy particles with
various identifiable crystalline phases such as quartz, mullite, and various iron oxides. Fly ashes of interest
include Type F and Type C fly ash. The Type F and Type C fly ashes referred to above are defined by CSA
Standard A23.5 and ASTM C618. The chief difference between these classes is the amount of calcium, silica,
alumina, and i on content in the ash. The chemical properties of the fly ash are largely influenced by the
chemical cont nt of the coal burned (i.e., anthracite, bituminous, and lignite). Fly ashes of interest include
substantial aunts of silica (silicon dioxide, Si0 2) (both amorphous and crystalline) and lime (calcium
oxide, CaO, magnesium oxide, MgO).
[001271 Table 3 below provides the chemical makeup of various types of fly ash that find use in embodiments
of the invention.

Table 3. Cherr ical makeup of various types of fly ash.
Component

Bituminous

Subbituminous

Lignite

Si0 2 (%)

20-60

40-60

15-45

5-35

20-30

20-25

Fe 2 O3 (%)

10-40

4-10

4-15

CaO (%)

1-12

5-30

15-40

A120

3

(%)

[001281 The buming of harder, older anthracite and bituminous coal typically produces Class F fly ash. Class
F fly ash is pojzolanic in nature, and contains less than 10% lime (CaO). Fly ash produced from the burning
of younger lignite or subbituminous coal, in addition to having pozzolanic properties, also has some self
cementing properties. In the presence of water, Class C fly ash will harden and gain strength over time. Class
C fly ash generally contains more than 20% lime (CaO). Alkali and sulfate (SO4) contents are generally
higher in Clas C fly ashes.
1001291 Fly as 1 material solidifies while suspended in exhaust gases and is collected using various
approaches, e. ., by electrostatic precipitators or filter bags. Since the particles solidify while suspended in the
exhaust gases, fly ash particles are generally spherical in shape and range in size from 0.5 ptm to 100 pim. Fly
ashes of interest include those in which at least 80%, by weight comprises particles of less than 45 microns.
Also of interest in certain embodiments of the invention is the use of highly alkaline fluidized bed combustor
(FBC) fly ash.
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1001301 Also of interest in embodiments of the invention is the use of bottom ash. Bottom ash is formed as
agglomerate in coal combustion boilers from the combustion of coal. Such combustion boilers may be wet
bottom boile s or dry bottom boilers. When produced in a wet or dry bottom boiler, the bottom ash is
quenched in ater. The quenching results in agglomerates having a size in which 90% fall within the particle
size range o 0.1 mm to 20 mm, where the bottom ash agglomerates have a wide distribution of agglomerate
size within this range. The main chemical components of a bottom ash are silica and alumina with lesser
amounts of oxides of Fe, Ca, Mg, Mn, Na and K, as well as sulfur and carbon.
100131] Also of interest in certain embodiments is the use of volcanic ash as the ash. Volcanic ash is made up
of small tep-ra, i.e., bits of pulverized rock and glass created by volcanic eruptions, less than 2 millimeters
(0.079 in) in diameter.
[00132] In o e embodiment of the invention, cement kiln dust (CKD) is added to the reaction vessel as a
means of modifying pH. The nature of the fuel from which the ash and/or CKD were produced, and the means
of combustion of said fuel, will influence the chemical composition of the resultant ash and/or CKD. Thus
ash and/or C D may be used as a portion of the means for adjusting pH, or the sole means, and a variety of
other components may be utilized with specific ashes and/or CKDs, based on chemical composition of the ash
and/or CKD.
[001331 In er bodiments of the invention, ash is added to the reaction as one source of these additional
reactants, to Produce carbonate mineral precipitates which contain one or more components such as
amorphous s lica, crystalline silica, calcium silicates, calcium alumina silicates, or any other moiety which
may result frm the reaction of ash in the carbonate mineral precipitation process.

1001341 The sh employed in the invention may be contacted with the water to achieve the desired pH
modification using any convenient protocol, e.g., by placing an amount of ash into the reactor holding the
water, where the amount of ash added is sufficient to raise the pH to the desired level, by flowing the water
through an ainount of the ash, e.g., in the form of a column or bed, etc.
[00135] In certain embodiments where the pH is not raised to a level of 12 or higher, the fly ash employed in
the method, C.g., as described below, may not dissolve but instead will remain as a particulate composition.
This un-dissolved ash may be separated from the remainder of the reaction product, e.g., filtered out, for a
subsequent use. Alternatively, the water may be flowed through an amount of ash that is provided in an
immobilized configuration, e.g., in a column or analogous structure, which provides for flow through of a
liquid through the ash but does not allow ash solid to flow out of the structure with the liquid. This
embodiment does not require separation of un-dissolved ash from the product liquid. In yet other
embodiments where the pH exceeds 12, the ash dissolved and provides for pozzolanic products, e.g., as
described in greater detail elsewhere.
100136] In embodiments of the invention where ash is utilized in the precipitation process, the ash may first be
removed fror the flue gas by means such as electrostatic precipitation, or may be utilized directly via the flue
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gas. The use of ash in embodiments of the invention may provide reactants such as alumina or silica in
addition to r ising the pH.
[001371 In certain embodiments of the invention, slag is employed as a pH modifying agent, e.g., to increase
the pH of the CO 2 charged water. The slag may be used as a as the sole pH modifier or in conjunction with
one or more

additional pH modifiers,

e.g., ashes, etc. Slag is generated from the processing of metals, and

may contain alcium and magnesium oxides as well as iron, silicon, and aluminum compounds. In certain
embodiment , the use of slag as a pH modifying material provides additional benefits via the introduction of
reactive silicon and alumina to the precipitated product. Slags of interest include, but are not limited to, blast
furnace slag rom iron smelting, slag from electric-arc or blast furnace processing of steel, copper slag, nickel
slag and pho phorus slag.
[001381 Elec rochemical methods provide another means to remove protons from various species in a
solution, eithr by removing protons from solute (e.g., deprotonation of carbonic acid or bicarbonate) or from
solvent (e.g., deprotonation of hydronium or water). Deprotonation of solvent may result, for example, if
proton production from CO 2 dissolution matches or exceeds electrochemical proton removal from solute
molecules. It some embodiments, low-voltage electrochemical methods are used to remove protons, for
example, as C02 is dissolved in the precipitation reaction mixture or a precursor solution to the precipitation
reaction mixture (i.e., a solution that may or may not contain divalent cations). In some embodiments, CO 2
dissolved in in aqueous solution that does not contain divalent cations is treated by a low-voltage
electrochemical method to remove protons from carbonic acid, bicarbonate, hydronium, or any species or
combination thereof resulting from the dissolution of CO 2. A low-voltage electrochemical method operates at
an average voltage of 2, 1.9, 1.8, 1.7, or 1.6 V or less, such as 1.5, 1.4, 1.3, 1.2, 1.1 V or less, such as 1 V or
less, such as .9 V or less, 0.8 V or less, 0.7 V or less, 0.6 V or less, 0.5 V or less, 0.4 V or less, 0.3 V or less,
0.2 V or less, or 0.1 V or less. Low-voltage electrochemical methods that do not generate chlorine gas are
convenient for use in systems and methods of the invention. Low-voltage electrochemical methods to remove
protons that do not generate oxygen gas are also convenient for use in systems and methods of the invention.
In some emb diments, low-voltage methods do not generate any gas at the anode. In some embodiments, low
voltage elect ochemical methods generate hydrogen gas at the cathode and transport it to the anode where the
hydrogen gas is converted to protons. Electrochemical methods that do not generate hydrogen gas may also
be convenient. In some instances, electrochemical methods to remove protons do not generate any gaseous
by-byproduct. Electrochemical methods for effecting proton removal are further described in U.S. Patent
Application No. 12/344,019, filed 24 December 2008; U.S. Patent Application No. 12/375,632, filed 23
December 2C08; International Patent Application No. PCT/US08/088242, filed 23 December 2008;
International Patent Application No. PCT/US09/32301, filed 28 January 2009; and International Patent
Application No. PCT/USO9/4851 1, filed 24 June 2009, each of which are incorporated herein by reference in
their entirety
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[001391 Alt matively, electrochemical methods may be used to produce caustic molecules (e.g., hydroxide)
through, fo example, the chlor-alkali process, or modification thereof (e.g., low-voltage modification).
Electrodes i.e., cathodes and anodes) may be present in the apparatus containing the aqueous solution or
waste gas-charged (e.g., C0 2-charged) solution, and a selective barrier, such as a membrane, may separate the
electrodes. Electrochemical systems and methods for removing protons may produce by-products (e.g.,
hydrogen) hat may be harvested and used for other purposes. Additional electrochemical approaches that
may be use in systems and methods of the invention include, but are not limited to, those described in U.S.
Provisional Patent Application No. 61/081,299, filed 16 July 2008, and U.S. Provisional Patent Application
No. 61/091 729, the disclosures of which are incorporated herein by reference. Combinations of the above
mentioned sources of proton-removing agents and methods for effecting proton removal may be employed.
[00140] In mbodiments in which an electrochemical process is used to remove protons and/or to produce
base, often an acid stream, such as an HCI stream, is also generated, and this stream, alone or any other
convenient source of acid, or a combination thereof, may be used to enhance dissolution of, e.g., magnesium
bearing mi erals such as olivine or serpentine, or sources of calcium such as cement waste. Dissolution may
be further enhanced by sonication methods, which can produce localized pockets of extreme temperature and
pressure, e hancing reaction rates by one hundred to over one million-fold. Such methods are known in the
art.
[00141] In ome embodiments the methods of the invention allow large amounts of magnesium and, in some
cases, calci um, to be added to the water used in some embodiments of the invention, increasing the amount of
precipitate hat may be formed per unit of water in a single precipitation step, allowing surprisingly high
yields of c bonate-containing precipitate when combined with methods of dissolution of CO 2 from an
industrial source in water, e.g., seawater or other saltwater source. In some embodiments, the methods of the
invention i clude a method of removing CO 2 from a gaseous source, e.g., an industrial gaseous source of CO 2
such as flu gas from a power plant, or such as exhaust gas from a cement plant, by performing a precipitation
step on water into which CO2 has been dissolved from the gaseous source of C0 2, where the precipitation step
provides precipitate in an amount of 10 g/L or more in a single precipitation step, 15 g/L or more in a single
precipitatio step, 20 g/L or more in a single precipitation step, 25 g/L or more in a single precipitation step,
30 g/L or ore in a single precipitation step, 40 g/L or more in a single precipitation step, 50 g/L or more in a
single precipitation step, 60 g/L or more in a single precipitation step, 70 g/L or more in a single precipitation
step, 80 g/I or more in a single precipitation step, 90 g/L or more in a single precipitation step, 100 g/L or
more in a single precipitation step, 125 g/L or more in a single precipitation step, or 150 g/L or more in a
single precipitation step.
[00142] In some embodiments, the methods of the invention include a method of removing CO 2 from a
gaseous so rce, e.g., an industrial gaseous source of CO 2 such as flue gas from a power plant, or such as
exhaust gas from a cement plant, by subjecting a water (e.g. a sea water, a brine, an absorbing solution) into
which CO 2 has been dissolved from the gaseous source of CO 2 (e.g. an industrial source of carbon dioxide) to
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precipitation c nditions, where the precipitation conditions provide precipitate in an amount of 136 ton/hour
to 445 ton/hou- averaged over a period of 72 hours of continuous application of the precipitation conditions.
[00143] In sor e embodiments, the methods of the invention include a method of removing CO 2 from a
gaseous source, e.g., an industrial gaseous source of CO2 such as flue gas from a power plant, or such as
exhaust gas from a cement plant, by subjecting a water (e.g. a sea water, a brine, an absorbing solution) into
which CO2 ha been dissolved from the gaseous source of CO 2 (e.g. an industrial source of carbon dioxide) to
precipitation c editions, where the precipitation conditions provide precipitate in an amount of 2.6 grams of
precipitate per liter of absorbing solution to 26.11 grams of precipitate per liter of absorbing solution averaged
over a period cf 72 hours of continuous application of the precipitation conditions. In some embodiments, the
precipitation c editions provide precipitate in an amount of 5.2 grams of precipitate per liter of absorbing
solution to 26. 1 grams of precipitate per liter of absorbing solution averaged over a period of 72 hours of
continuous.application of the precipitation conditions. In some embodiments, the precipitation conditions
provide precip tate in an amount of 7.83 grams of precipitate per liter of absorbing solution to 26.11 grams of
precipitate per liter of absorbing solution averaged over a period of 72 hours of continuous application of the
precipitation conditions, such as 9.14 to 26.11, such as 10.44 to 26.11, such as 11.75 to 26.11, such as 13.05
to 26.11, such as 14.36 to 26.11, such as 15.66 to 26.11, such as 16.97 to 26.11, such as 18.27 to 26.11, such
as 19.58 to 26.11, such as 20.88 to 26.11, such as 22.19 to 26.11, such as 23.5 to 26.11, such as 24.8 to 26.11
grams of preci itate per liter of absorbing solution.
[00144] In sone embodiments, the precipitate comprises magnesium carbonate; in some embodiments the
precipitate comprises calcium carbonate; in some embodiments, the precipitate comprises magnesium and
calcium, and/o magnesium/calcium carbonates. In some embodiments the ratio of magnesium to calcium in
the precipitated material produced in a single precipitation step is at least 0.5:1, or at least 1:1, or at least 2:1,
or at least 3:L, or at least 4 :1, or at least 5:1, or at least 6:1, or at least 7:1, or at least 8:1, or at least 9:1, or at
least 10:1. In ome embodiments the ratio of magnesium to calcium in the precipitated material produced in a
single precipita tion step is at least 2:1. In some embodiments the ratio of magnesium to calcium in the
precipitated material produced in a single precipitation step is at least 4:1. In some embodiments the ratio of
magnesium to alcium in the precipitated material produced in a single precipitation step is at least 6:1. In
some embodin ents, the precipitate contains calcium and magnesium carbonates, and contains components
that allow at least a portion of the carbon in the carbonate to be traced back to a fossil fuel origin.
[001451 In some embodiments, the precipitate comprises magnesium carbonate; in some embodiments the
precipitate con prises calcium carbonate; in some embodiments, the precipitate comprises magnesium and
calcium, and/o magnesium/calcium carbonates. In some embodiments the ratio of magnesium to calcium in
the precipitated material produced averaged over 72 hours of application of precipitation conditions is at least
0.5:1, or at lea t 1:1, or at least 2:1, or at least 3:1, or at least 4:1, or at least 5:1, or at least 6:1, or at least 7:1,
or at least 8:1, )r at least 9:1, or at least 10:1. In some embodiments the ratio of magnesium to calcium in the
precipitated m terial produced in averaged over 72 hours of application of precipitation conditions is at least
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2:1. In some e bodiments the ratio of magnesium to calcium in the precipitated material produced averaged
over 72 hours of application of precipitation conditions is at least 4:1. In some embodiments the ratio of
magnesium to calcium in the precipitated material produced averaged over 72 hours of application of
precipitation co ditions is at least 6:1. In some embodiments, the precipitate contains calcium and
magnesium carbonates, and contains components that allow at least a portion of the carbon in the carbonate to
be traced back to a fossil fuel origin.
[001461 As revi wed above, methods of the invention include subjecting water (which may or may have been
charged in a charging reactor with C0 2, as described above) to precipitation conditions sufficient to produce a
storage-stable precipitated carbon dioxide sequestering product. Any convenient precipitation conditions may
be employed,

hich conditions result in the production of the desired sequestering product.

[00147] Precipitation conditions of interest include those that modulate the physical environment of the water
to produce the desired precipitate product. For example, the temperature of the water may be adjusted to a
level suitable fcr precipitation of the desired product to occur. In such embodiments, the temperature of the
water may be a ljusted to a value from 0 *C to 90 0C, such as from 20 'C to 50 'C and including from 25 'C to
45 0C. As such while a given set of precipitation conditions may have a temperature ranging from 0 *C to
100 'C, the tem erature may be adjusted in certain embodiments to produce the desired precipitate. The
temperature of he water may be adjusted using any convenient protocol. In some instances, the temperature
is adjusted using energy generated from low or zero carbon dioxide emission sources, e.g., solar energy
sources, wind energy sources, hydroelectric energy sources, geothermal energy sources, from the waste heat
of the flue gas hich can range up to 500'C when heating is needed, etc.
[001481 While the pH of the water may range from 7 to 14 during a given precipitation process, in some
instances the pH is raised to alkaline levels in order to produce the desired precipitation product. In these
embodiments, t e pH is raised to a level sufficient to cause precipitation of the desired C0 2-sequestering
product, as described above. As such, the pH may be raised to 9.5 or higher, such as 10 or higher, including
10.5 or higher. Where desired, the pH may be raised to a level that minimizes if not eliminates CO 2
production during precipitation. For example, the pH may be raised to a value of 10 or higher, such as a value
of 11 or higher. In certain embodiments, the pH is raised to between 7 and 11, such as between 8 and 11,
including between 9 and 11, for example between 10 and 11. In this step, the pH may be raised to and
maintained at tf e desired alkaline level, such that the pH is maintained at a constant alkaline level, or the pH
may be transiticned or cycled between two or more different alkaline levels, as desired.
1001491 In nor al seawater, 93% of the dissolved CO 2 is in the form of bicarbonate ions (HCOI) and 6% is in
the form of car onate ions (C03 ). When calcium carbonate precipitates from normal seawater, CO 2 is
released. In fresh water, above pH 10.33, greater than 90% of the carbonate is in the form of carbonate ion,
and no CO2 is released during the precipitation of calcium carbonate. In seawater this transition occurs at a
slightly lower pH, closer to a pH of 9.7. While the pH of the water employed in methods may range from 5 to
14 during a giv n precipitation process, in certain embodiments the pH is raised to alkaline levels in order to
-44-

Docket No. CLRA-026WO

drive the p ecipitation of carbonate compounds, as well as other compounds, e.g., hydroxide compounds, as
desired. In certain of these embodiments, the pH is raised to a level which minimizes if not eliminates CO 2
production during precipitation, causing dissolved C0 2, e.g., in the form of carbonate and bicarbonate, to be
trapped in

e carbonate compound precipitate. In these embodiments, the pH may be raised to 9 or higher,
such as 10 >r higher, including 11 or higher.
1001501 As summarized above, the pH of the water source, e.g., alkaline earth metal ion-containing water, is
raised usin any convenient approach. In certain embodiments, a pH raising agent may be employed, where
examples of such agents include oxides (calcium oxide, magnesium oxide), hydroxides (e.g., potassium
hydroxide, sodium hydroxide, brucite (Mg(OH) 2, etc.), carbonates (e.g., sodium carbonate) and the like.
[001511 As indicated above, ash (or slag in certain embodiments) is employed in certain embodiments as the
sole way td modify the pH of the water to the desired level. In yet other embodiments, one or more additional
pH modify ng protocols is employed in conjunction with the use of ash.
[001521 Al ematively or in conjunction with the use of a pH-elevating agent (such as described above), the pH
of the wate (e.g., alkaline earth metal ion-containing water) source can be raised to the desired level by
electrolysis of the water using an electrolytic or electrochemical protocol. Electrochemical protocols of
interest inc ude, but are not limited to, those described above as well as those described in U.S. Provisional
Patent App ication No. 61/081,299, filed 16 July 2008 and U.S. Provisional Patent Application No.
61/091,729, filed 25 August 2008, each of which is incorporated herein by reference in its entirety. Also of
interest are the electrolytic approaches described in U.S. Patent Application Publication No. 2006/0185985,
published 24 August 2006 and U.S. Patent Application Publication No. 2008/0248350, published 9 October
2008, as well as International Patent Application Publication No. WO 2008/018928, published 14 February
2008, each of which is incorporated herein by reference in its entirety.
1001531 W ere desired, additives other than pH elevating agents may also be introduced into the water in
order to influence the nature of the precipitate that is produced. As such, certain embodiments of the methods
include providing an additive in the water before or during the time when the water is subjected to the
precipitation conditions. Certain calcium carbonate polymorphs can be favored by trace amounts of certain
additives. For example, vaterite, a highly unstable polymorph of CaCO 3 that precipitates in a variety of
different morphologies and converts rapidly to calcite, can be obtained at very high yields by including trace
amounts of lanthanum as lanthanum chloride in a supersaturated solution of calcium carbonate. Other
additives b sides lanthanum that are of interest include, but are not limited to transition metals and the like.
For instance, the addition of ferrous or ferric iron is known to favor the formation of disordered dolomite
(protodolonite) where it would not form otherwise.
[00154] Th nature of the precipitate can also be influenced by selection of appropriate major ion ratios.
Major ion ratios also have considerable influence of polymorph formation. For example, as the
magnesium:calcium ratio in the water increases, aragonite becomes the favored polymorph of calcium
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carbonate o er low-magnesium calcite. At low magnesium:calcium ratios, low-magnesium calcite is the
preferred polymorph.
[001551 Rat of precipitation also has a large effect on compound phase formation. The most rapid
precipitatio can be achieved by seeding the solution with a desired phase. Without seeding, rapid
precipitatio can be achieved by rapidly increasing the pH of the sea water, which results in more amorphous
constituents. When silica is present, the more rapid the reaction rate, the more silica is incorporated with the
carbonate p-ecipitate. The higher the pH is, the more rapid the precipitation is, and the more amorphous the
precipitate is.
[001561 Accordingly, a set of precipitation conditions to produce a desired precipitate from a water include, in
certain embodiments, the water's temperature and pH, and in some instances the concentrations of additives
and ionic s ecies in the water. Precipitation conditions may also include factors such as mixing rate, forms of
agitation s h as ultrasonics, and the presence of seed crystals, catalysts, membranes, or substrates. In some
embodiments, precipitation conditions include supersaturated conditions, temperature, pH, and/or
concentration gradients, or cycling or changing any of these parameters. The protocols employed to prepare
carbonate c mpound precipitates according to the invention may be batch or continuous protocols. It will be
appreciated that precipitation conditions may be different to produce a given precipitate in a continuous flow
system compared to a batch system.
[00157] In certain embodiments, contact between the water (e.g., alkaline earth metal ion-containing water)
and CO 2 m y be accomplished using any convenient protocol, (e.g., spray gun, segmented flow-tube reactor)
to control t e range of sizes of precipitate particles. One or more additives may be added to the metal-ion
containing vater source, e.g., flocculants, dispersants, surfactants, antiscalants, crystal growth retarders,
sequestrati n agents etc, in the methods and systems of the claimed invention in order to control the range of
sizes of precipitate particles.
[00158] The pH of the water may be raised using any convenient approach. Approaches of interest as
described ir greater detail herein include, but are not limited to: use of a pH raising agent, electrochemical
approaches using naturally alkaline water such as from an alkaline lake, etc. In some instances, a pH-raising
agent may t e employed, where examples of such agents include oxides (such as calcium oxide, magnesium
oxide, etc.), hydroxides (such as sodium hydroxide, potassium hydroxide, and magnesium hydroxide),
carbonates (such as sodium carbonate), and the like. The amount of pH elevating agent which is added to the
water will depend on the particular nature of the agent and the volume of water being modified, and will be
sufficient tc raise the pH of the water to the desired value.
[00159] Des cribed below are electrochemical processes and systems that may be used in embodiments of the
invention. The processes and systems make use of one or more ion-selective membranes (a low-voltage
system for producing hydroxide). These processes and systems are further described in International Patent
Application No. PCT/US08/88242, filed 23 December 2008, titled "Low-Energy Electrochemical Hydroxide
System and Method," and International Patent Application No. PCT/US08/88246, filed 23 December 2008,
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titled "Low- energy Electrochemical Proton Transfer System and Method," each of which is incorporated
herein by reference in its entirety.
Low voltage ystem for production of hydroxide
1001601 A second set of methods and systems for removing protons from aqueous solution/producing
hydroxide peitains to a low energy process for electrochemically preparing an ionic solution utilizing an ion
exchange membrane in an electrochemical cell. In one embodiment, the system comprises an electrochemical
system wherein an ion exchange membrane separates a first electrolyte from a second electrolyte, the first
electrolyte contacting an anode and the second electrolyte contacting a cathode. In the system, on applying a
voltage acros; the anode and cathode, hydroxide ions form at the cathode and a gas does not form at the
anode.
[001611 In an another embodiment, the system comprises an electrochemical system comprising a first
electrolytic c 11 including an anode contacting a first electrolyte, and an anion exchange membrane separating
the first elect olyte from a third electrolyte; and a second electrolytic cell including a second electrolyte
contacting a cathode and a cation exchange membrane separating the first electrolyte from the third
electrolyte; wherein on applying a voltage across the anode and cathode, hydroxide ions form at the cathode
and a gas doe; not form at the anode.
[001621 In one embodiment the method comprises placing an ion exchange membrane between a first
electrolyte and a second electrolyte, the first electrolyte contacting an anode and the second electrolyte
contacting a cathode; and migrating ions across the ion exchange membrane by applying a voltage across the
anode and cathode to form hydroxide ions at the cathode without forming a gas at the anode.
[001631 In another embodiment the method comprises placing a third electrolyte between an anion exchange
membrane an I a cation exchange membrane; a first electrolyte between the anion exchange and an anode; and
second electr lyte between the cation exchange membrane and a cathode; and migrating ions across the cation
exchange membrane and the anion exchange membrane by applying a voltage to the anode and cathode to
form hydroxide ions at the cathode without forming a gas at the anode.
[00164] By th methods and systems, ionic species from one solution are transferred to another solution in a
low voltage e ectrochemical manner, thereby providing anionic solutions for various applications, including
preparing a sc lution of sodium hydroxide for use in sequestration carbon dioxide as described herein. In one
embodiment,a solution comprising OH- is obtained from salt water and used in sequestering CO2 by
precipitating calcium and magnesium carbonates and bicarbonates from a salt solution comprising alkaline
earth metal ions as described herein.
1001651 The methods and systems in various embodiments are directed to a low voltage electrochemical
system and m thod for generating a solution of sodium hydroxide in an aqueous solution utilizing one or
more ion exc ange membranes wherein, a gas is not formed at the anode and wherein hydroxyl ions are
formed at the :athode. Thus, in some embodiments, hydroxide ions are formed in an electrochemical process
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without the fo

ation of oxygen or chlorine gas. In some embodiments, hydroxide ions are formed in an

electrochemic 1 process where the voltage applied across the anode and cathode is less than 2.8 V, 2.7 V, 2.5
V, 2.4 V, 2.3 V, 2.2 V, 2.1 V, 2.0 V, 1.9 V, 1.8 V, 1.7 V, 1.6 V, 1.5 V, 1.4 V, 1.3 V, 1.2 V, 1.1 V, 1.0 V, 0.9
V, 0.8 V, 0.7 1, 0.6 V, 0.5 V, 0.4 V, 0.3 V, 0.2 V, or 0.1 V. In various embodiments, an ionic membrane is
utilized to separate a salt water in contact with the anode, from a solution of e.g., sodium chloride in contact
with the cathode. On applying a low voltage across the cathode and anode, a solution of e.g., sodium
hydroxide is formed in the solution around the cathode; concurrently, an acidified solution comprising
hydrochloric acid is formed in the solution around the anode. In various embodiments, a gas such as chorine
or oxygen does not form at the anode.
1001661 In var ous embodiments, the sodium hydroxide solution is useable to sequester CO2 as described
herein, and thq acidic solution is useable to dissolve calcium and magnesium bearing minerals to provide a
calcium and magnesium ions for sequestering C0 2, also as described herein.
[001671 Turning to Figs. 8-10, in various embodiments the system is adaptable for batch and continuous
processes as d scribed herein. Referring to Figs. 8-9, in one embodiment the system includes an
electrochemical cell wherein an ion exchange membrane (802, 824) is positioned to separate a first electrolyte
(804) from a s cond electrolyte (806), the first electrolyte contacting an anode (808) and the second
electrolyte cor tacting a cathode (810). As illustrated in Fig. 8, an anion exchange membrane (802) is utilized;
in Fig. 9, a cat on exchange membrane (824) is utilized.
100168] In var ous embodiments as illustrated in Figs. 8 and 9, first electrolyte (804) comprises an aqueous
salt solution comprising seawater, freshwater, brine, or brackish water or the like; and second electrolyte
comprises a solution substantially of sodium chloride. In various embodiments, second (806) electrolyte may
comprise seawater or a concentrated solution of sodium chloride. In various embodiments anion exchange
membrane (802) and cation exchange membrane (824) comprise a conventional ion exchange membranes
suitable for use in an acidic and/or basic solution at operating temperatures in an aqueous solution up to 100
'C. As illustra ed in Figs. 8 and 9, first and second electrolytes are in contact with the anode and cathode to
complete an electrical circuit that includes voltage or current regulator (812). The current/voltage regulator is
adaptable to i crease or decrease the current or voltage across the cathode and anode in the system as desired.
[001691 With reference to Figs. 8 and 9, in various embodiments, the electrochemical cell includes first
electrolyte inlet port (814) adaptable for inputting first electrolyte (804) into the system and in contact with
anode (808). Similarly, the cell includes second electrolyte inlet port (816) for inputting second electrolyte
(806) into the system and in contact with cathode (810). Additionally, the cell includes outlet port (818) for
draining first electrolyte from the cell, and outlet port (820) for draining second electrolyte from the cell. As
will be apprec ated by one ordinarily skilled, the inlet and outlet ports are adaptable for various flow protocols
including batc flow, semi-batch flow, or continuous flow. In alternative embodiments, the system includes a
duct (822) for directing gas to the anode; in various embodiments the gas comprises hydrogen formed at the
cathode (810).
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[00170] With reference to Fig. 8 where an anion membrane (802) is utilized, upon applying a low voltage
across the cathode (810) and anode (808), hydroxide ions form at the cathode (810) and a gas does not form at
the anode (808). Further, where second electrolyte (806) comprises sodium chloride, chloride ions migrate
into the first electrolyte (804) from the second electrolyte (806) through the anion exchange membrane (802);
protons form at the anode (808); and hydrogen gas forms at the cathode (810). As noted above, a gas e.g.,
oxygen or chk rine does not form at the anode (808).
[001711 With 15ference to Fig. 9 where a cation membrane (824) is utilized, upon applying a low voltage
across the cathode (810) and anode (808), hydroxide ions form at the cathode (810) and a gas does not form at
the anode (80 ). In various embodiments cation exchange membrane (824) comprises a conventional cation
exchange me brane suitable for use with an acidic and basic solution at operating temperatures in an aqueous
solution up to [00 'C. As illustrated in Fig. 9, first and second electrolytes are in contact with the anode and
cathode to con plete an electrical circuit that includes voltage and/or current regulator (812). The
voltage/curren regulator is adaptable to increase or decrease the current or voltage across the cathode and
anode in the sy stem as desired. In the system as illustrated in Fig. 9 wherein second electrolyte (806)
comprises sodium chloride, sodium ions migrate into the second electrolyte (806) from the first electrolyte
(804) through the cation exchange membrane (824); protons form at the anode (808); and hydrogen gas forms
at the cathode 810). As noted above, a gas e.g., oxygen or chlorine does not form at the anode (808).
[001721 As car be appreciated by one ordinarily skilled in the art, and with reference to Fig. 8 in second
electrolyte (806) as hydroxide ions from the anode (810) and enter in to the second electrolyte (806)
concurrent wit migration of chloride ions from the second electrolyte, an aqueous solution of sodium
hydroxide will form in second electrolyte (806). Consequently, depending on the voltage applied across the
system and the flow rate of the second electrolyte (806) through the system, the pH of the second electrolyte
is adjusted. In one embodiment, when a potential of 0.1 V or less, 0.2 V or less, 0.3 V or less, 0.4 V or less,
0.5 V or less, C.6 V or less, 0.7 V or less, 0.8 V or less, 0.9 V or less, 1.0 V or less, 1.1 V or less, 1.2 V or less,
1.3 V or less, 01.4 V or less, 1.5 V or less, 1.6 V or less, 1.7 V or less, 1.8 V or less, 1.9 V or less, or 2.0 V or
less, is applied across the anode and cathode, the pH of the second electrolyte solution increased; in another
embodiment, when a volt of 0.1 V to 2.0 V is applied across the anode and cathode the pH of the second
electrolyte inc eased; in yet another embodiment, when a voltage of 0.1 V to 1 V is applied across the anode
and cathode th pH of the second electrolyte solution increased. Similar results are achievable with voltages
ofO.1 Vto0.8V; 0.1 Vto0.7V;0.l Vto0.6V; 0.1 Vto 0.5 V; 0.1 VtoO4V; and 0.1 VtoO.3 Vacrossthe
electrodes. Exemplary results achieved in accordance with the system are summarized in Table 2.
Table 2. Low energy electrochemical method and system.
Volt across
Electrodes

Time (sec)

Initial pH at

End pH at

Initial pH at

End pH at

Anode

Anode

Cathode

Cathode
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0.6

2000

6.7

3.8

6.8

10.8

1.0

2000

6.6

3.5

6.8

11.1

1001731 In thi example, both the anode and the cathode comprise platinum, and the first and second
electrolytes comprise a solution of sodium chloride.
[00174] Similarly, with reference to Fig. 9, in second electrolyte (806) as hydroxide ions from the anode (810)
enter into the solution concurrent with migration of sodium ions from the first electrolyte to the second
electrolyte, in reasingly an aqueous solution of sodium hydroxide will form in second electrolyte (806).
Depending or the voltage applied across the system and the flow rate of the second electrolyte through the
system, the pH of the solution will be adjusted. In one embodiment, when a volt of 0.1 V or less, 0.2 V or
less, 0.3 V or less, 0.4 V or less, 0.5 V or less, 0.6 V or less, 0.7 V or less, 0.8 V or less, 0.9 V or less, 1.0 V or
less, 1.1 V or less, 1.2 V or less, 1.3 V or less, 1.4 V or less, 1.5 V or less, 1.6 V or less, 1.7 V or less, 1.8 V
or less, 1.9 V r less, or 2.0 V or less is applied across the anode and cathode, the pH of the second electrolyte
solution increased; in another embodiment, when a volt of 0.1 V to 2.0 V is applied across the anode and
cathode the pI of the second electrolyte increased; in yet another embodiment, when a voltage of 0.1 V to I
V is applied a-:ross the anode and cathode the pH of the second electrolyte solution increased. Similar results
are achievable with voltages of 0.1 V to 0.8 V; 0.1 V to 0.7 V; 0.1 V to 0.6 V; 0.1 V to 0.5 V; 0.1 V to 0.4 V;
and 0.1 V to C.3 V across the electrodes. In one embodiment, a volt of 0.6 V or less is applied across the
anode and cat ode; in another embodiment, a volt of 0.1 V to 0.6 V or less is applied across the anode and
cathode; in yet another embodiment, a voltage of 0.1 to I V or less is applied across the anode and cathode.
[001751 In va ious embodiments and with reference to Figs. 8-10, hydrogen gas formed at the cathode (810) is
directed to the anode (808) where, without being bound to any theory, it is believed that the gas is adsorbed
and/or absorbed into the anode and subsequently forms protons at the anode. Accordingly, as can be
appreciated, with the formation of protons at the anode and migration of e.g., chloride ions into the first
electrolyte (8 4) as in Fig. 8, or migration of e.g., sodium ions from the first electrolyte as in Fig. 10, an
acidic solution comprising e.g., hydrochloric acid is obtained in the first electrolyte (804).
[001761 In another embodiment as illustrated in Fig. 10, the system comprises an electrochemical cell
including ano e (808) contacting first electrolyte (804) and an anion exchange membrane (802) separating the
first electrolyte from a third electrolyte (830); and a second electrolytic cell comprising a second electrolyte
(806) contacting a cathode (880) and a cation exchange membrane (824) separating the first electrolyte from
the third elec olyte, wherein on applying a voltage across the anode and cathode, hydrogen ions form at the
cathode with ut a gas forming at the anode. As with the system of Figs. 8 and 9, the system of Fig. 10 is
adaptable for Datch and continuous processes.
[001771 In va ious embodiments as illustrated in Fig. 10, first electrolyte (804) and second electrolyte (806)
comprise an aqueous salt solution comprising seawater, freshwater, brine, or brackish water or the like; and
second electrolyte comprises a solution substantially of sodium chloride. In various embodiments, first (804)
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and second (805) electrolytes may comprise seawater. In the embodiment illustrated in Fig. 10, the third
electrolyte (830) comprises substantially sodium chloride solution.
[001781 In various embodiments anion exchange membrane (802) comprises any suitable anion exchange
membrane suitable for use with an acidic and basic solution at operating temperatures in an aqueous solution
up to 100 'C. Similarly, cation exchange membrane (824) comprises any suitable cation exchange membrane
suitable for us with an acidic and basic solution at operating temperatures in an aqueous solution up to 100
oC.
[001791 As illustrated in Fig. 10, in various embodiments first electrolyte (804) is in contact with the anode
(808) and second electrolyte (806) is in contact with the cathode (810). The third electrolyte (830), in contact
with the anion nd cation exchange membrane, completes an electrical circuit that includes voltage or current
regulator (812) The current/voltage regulator is adaptable to increase or decrease the current or voltage across
the cathode an< anode in the system as desired.
[001801 With r ference to Fig. 10, in various embodiments, the electrochemical cell includes first electrolyte
inlet port (814) adaptable for inputting first electrolyte 804 into the system; second electrolyte inlet port (816)
for inputting second electrolyte (806) into the system; and third inlet port (826) for inputting third electrolyte
into the system Additionally, the cell includes outlet port (818) for draining first electrolyte; outlet port (820)
for draining second electrolyte; and outlet port (828) for draining third electrolyte. As will be appreciated by
one ordinarily Akilled, the inlet and outlet ports are adaptable for various flow protocols including batch flow,
semi-batch flow, or continuous flow. In alternative embodiments, the system includes a duct (822) for
directing gas tc the anode; in various embodiments the gas is hydrogen formed at the cathode (810).
[001811 With reference to Fig. 10, upon applying a low voltage across the cathode (810) and anode (808),
hydroxide ions form at the cathode (810) and a gas does not form at the anode (808). Further, where third
electrolyte (83 ) comprises sodium chloride, chloride ions migrate into the first electrolyte (804) from the
third electrolyte (830) through the anion exchange membrane (802); sodium ions migrate to the second
electrolyte (806) from the third electrolyte (830); protons form at the anode; and hydrogen gas forms at the
cathode. As no ed previously, a gas e.g., oxygen or chlorine does not form at the anode (808).
100182] As can be appreciated by one ordinarily skilled in the art, and with reference to Fig. 10 in second
electrolyte (80) as hydroxide ions from the cathode (810) enter into the solution concurrent with migration of
sodium ions fr m the third electrolyte, increasingly an aqueous solution of sodium hydroxide will form in
second electrol te (806). Depending on the voltage applied across the system and the flow rate of the second
electrolyte thr

gh the system, the pH of the solution will be adjusted. In one embodiment, when a volt of 0.1

V or less, 0.2

or less, 0.3 V or less, 0.4 V or less, 0.5 V or less, 0.6 V or less, 0.7 V or less, 0.8 V or less, 0.9

V or less, 1.0

or less, 1.1 V or less, 1.2 V or less, 1.3 V or less, 01.4 V or less, 1.5 V or less, 1.6 V or less,

1.7 V or less, 1 8 V or less, 1.9 V or less, or 2.0 V or less or less is applied across the anode and cathode, the
pH of the seco d electrolyte solution increased; in another embodiment, when a volt of 0.1 to 2.0 V is applied
across the anode and cathode the pH of the second electrolyte increased; in yet another embodiment, when a
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voltage of 0.1 V to I V is applied across the anode and cathode the pH of the second electrolyte solution
increased. Similar results are achievable with voltages of 0.1 V to 0.8 V; 0.1 V to 0.7 V; 0.1 V to 0.6 V; 0.1 V
to 0.5 V; 0.1 V to 0.4 V; and 0.1 V to 0.3 V across the electrodes. In one embodiment, a volt of 0.6 volt or
less is appli d across the anode and cathode; in another embodiment, a volt of 0.1 V to 0.6 V or less is applied
across the ar ode and cathode; in yet another embodiment, a voltage of 0.1 V to 1 V or less is applied across
the anode and cathode.
[001831 Sim larly, with reference to Fig. 10, in first electrolyte (804) as proton form at the anode (808) and
enter into the solution concurrent with migration of chloride ions from the third electrolyte to the first
electrolyte, i creasingly an acidic solution will form in first electrolyte (804). Depending on the voltage
applied acro s the system and the flow rate of the second electrolyte through the system, the pH of the
solution will be adjusted. In one embodiment, when a volt of 0.1 V or less, 0.2 V or less, 0.3 V or less, 0.4 V
or less, 0.5 Y or less, 0.6 V or less, 0.7 V or less, 0.8 V or less, 0.9 V or less, 1.0 V or less, 1.1 V or less, 1.2 V
or less, 1.3

or less, 1.4 V or less, 1.5 V or less, 1.6 V or less, 1.7 V or less, 1.8 V or less, 1.9 V or less, or

2.0 V or less is applied across the anode and cathode, the pH of the second electrolyte solution increased; in
another embodiment, when a volt of 0.1 V to 2.0 V is applied across the anode and cathode the pH of the
second electrolyte increased; in yet another embodiment, when a voltage of 0.1 V to I V is applied across the
anode and c thode the pH of the second electrolyte solution increased. Similar results are achievable with
voltages of C.1 V to 0.8 V; 0.1 V to 0.7 V; 0.1 V to 0.6 V; 0.1 V to 0.5 V; 0.1 V to 0.4 V; and 0.1 V to 0.3 V
across the electrodes. In one embodiment, a volt of 0.6 V or less is applied across the anode and cathode; in
another emb diment, a volt of 0.1 V to 0.6 V or less is applied across the anode and cathode; in yet another
embodiment a voltage of 0.1 V to 1 V or less is applied across the anode and cathode as indicated in Table 2.
1001841 As i lustrated in Fig. 10, hydrogen gas formed at the cathode (810) is directed to the anode (808)
where, without being bound to any theory, it is believed that hydrogen gas is adsorbed and/or absorbed into
the anode and subsequently forms protons at the anode and enters the first electrolyte (804). Also, in various
embodiments as illustrated in Figs. 8-10, a gas such as oxygen or chlorine does not form at the anode (808).
Accordingly as can be appreciated, with the formation of protons at the anode and migration of chlorine into
the first elec rolyte, hydrochloric acid is obtained in the first electrolyte (804).
[001851 As ascribed with reference to Figs. 8-9, as hydroxide ions from the anode (810) and enter in to the
second elect olyte (806) concurrent with migration of chloride ions from the second electrolyte, an aqueous
solution of sodium hydroxide will form in second electrolyte (806). Consequently, depending on the voltage
applied acroi s the system and the flow rate of the second electrolyte (806) through the system, the pH of the
second elect olyte is adjusted. In one embodiment, when a volt of 0.1 V or less, 0.2 V or less, 0.3 V or less,
0.4 V or less 0.5 V or less, 0.6 V or less, 0.7 V or less, 0.8 V or less, 0.9 V or less, 1.0 V or less, 1.1 V or less,
1.2 V or less 1.3 V or less, 1.4 V or less, 1.5 V or less, 1.6 V or less, 1.7 V or less, 1.8 V or less, 1.9 V or
less, or 2.0 % or less is applied across the anode and cathode, the pH of the second electrolyte solution
increased; in another embodiment, when a volt of 0.1 V to 2.0 V is applied across the anode and cathode the
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pH of the secor d electrolyte increased; in yet another embodiment, when a voltage of 0.1 V to 1 V is applied
across the anode and cathode the pH of the second electrolyte solution increased. Similar results are
achievable witli voltages of 0.1 V to 0.8 V; 0.1 V to 0.7 V; 0.1 V to 0.6 V; 0.1 V to 0.5 V; 0.1 V to 0.4 V; and
0.1 V to 0.3 V cross the electrodes. In one embodiment, when a volt of 0.6 V or less is applied across the
anode and cathode, the pH of the second electrolyte solution increased; in another embodiment, when a volt
of 0.1 V to 0.6 volt or less is applied across the anode and cathode the pH of the second electrolyte increased;
in yet another mbodiment, when a voltage of 0.1 V to 1 V or less is applied across the anode and cathode the
pH of the second electrolyte solution increased.
[001861 Option lly, a gas including CO 2 is dissolved into the second electrolyte solution by bubbling the gas
into the second electrolyte solution 806 as describe above. In an optional step the resulting second electrolyte
solution is usec to precipitate a carbonate and/or bicarbonate compounds such as calcium carbonate or
magnesium ca onate and or their bicarbonates, as described herein. The precipitated carbonate compound
can be used as cements and build material as described herein.
[00187] In another optional step, acidified first electrolyte solution 804 is utilized to dissolve a calcium and/or
magnesium ric mineral, such as mafic mineral including serpentine or olivine for use as the solution for
precipitating carbonates and bicarbonates as described herein. In various embodiments, the resulting solution
can be used as -he second electrolyte solution. Similarly, in embodiments where hydrochloric acid is
produced in first electrolyte 804, the hydrochloric acid can be used in place of, or in addition to, the acidified
second electrolyte solution.
[001881 Embodiments described above produce electrolyte solutions enriched in bicarbonate ions and
carbonate ions, or combinations thereof as well as an acidified stream. The acidified stream can also find
application in Various chemical processes. For example, the acidified stream can be employed to dissolve
calcium and/or magnesium rich minerals such as serpentine and olivine to create the electrolyte solution used
in the reservoir 816 (or 832). Such an electrolyte solution can be charged with bicarbonate ions and then
made sufficien ly basic so as to precipitate carbonate compounds as described herein.
[001891 In some embodiments, a first electrochemical process may be used to remove protons from solution
to facilitate CO2 absorption, without concomitant production of hydroxide, while a second electrochemical
process may be used to produce hydroxide in order to further remove protons to shift equilibrium toward
carbonate and cause precipitation of carbonates. The two processes may have different voltage requirements,
e.g., the first process may require lower voltage than the second, thus minimizing total overall voltage used in
the process. Fcr example, the first process may be a bielectrode process as described in U.S. Patent
Application No. 12/344,019, filed 24 December 2008, which is incorporated herein by reference in its
entirety, operat ng at 1.0 V or less, or 0.9 V or less, or 0.8 V or less, or 0.7 V or less, or 0.6 V or less, or 0.5 V
or less, or 0.4 Yor less, or 0.3 V or less, or 0.2 V or less, or 0.1 V or less, while the second process may be a
low-voltage hydroxide producing process as described above, operating at 1.5 V or less, or 1.4 V or less, or
1.3 V or less, o 1.2 V or less, or 1.1 V or less, 1.0 V or less, or 0.9 V or less, or 0.8 V or less, or 0.7 V or less,
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or 0.6 V or les , or 0.5 V or less, or 0.4 V or less, or 0.3 V or less, or 0.2V or less, or 0.1 V or less. For
example, in so ne embodiments the first process is a bielectrode process operating at 0.6 V or less and the
second process is a low-voltage hydroxide producing process operating at 1.2 V or less.
1001901 Also o interest are the electrochemical approaches described in published U.S. Patent Application
Publication No 2006/0185985, published 24 August 2006; U.S. Patent Application Publication No.
2008/0248350, published 9 October 2008; International Patent Application Publication No. WO
2008/018928, published 14 February 2008; and International Patent Application Publication No. WO
2009/086460, ublished 7 July 2009, each of which is incorporated herein by reference in its entirety.
[00191] Stoichiometry dictates that the production of a carbonate to be precipitated in order to sequester CO 2
from a source

(f

CO2 requires the removal of two protons from the initial carbonic acid that is formed when

CO2 is dissolv d in water (see equations 1-5, above). Removal of the first proton produces bicarbonate and
removal of the second produces carbonate, which may be precipitated as, e.g., a carbonate of a divalent
cation, such as magnesium carbonate or calcium carbonate. The removal of the two protons requires some
process or combination of processes that typically require energy. For example, if the protons are removed
through the addition of sodium hydroxide, the source of renewable sodium hydroxide is typically the
chloralkali pro ess, which uses an electrochemical process requiring at least 2.8 V and a fixed amount of
electrons per nole of sodium hydroxide. That energy requirement may be expressed in terms of a carbon
footprint, i.e., mount of carbon produced to provide the energy to drive the process.
[00192] A conN enient way of expressing the carbon footprint for a given process of proton removal is as a
percentage oft e CO 2 removed from the source of CO 2. That is, the energy required for the removal of the
protons may bc expressed in terms of CO 2 emission of a conventional method of power generation to produce
that energy, wi ich may in turn be expressed as a percent of the CO 2 removed from the source of CO 2. For
convenience, a d as a definition in this aspect of the invention, the "CO2 produced" in such a process will be
considered the C02 that would be produced in a conventional coal/steam power plant to provide sufficient
energy to remove two protons. Data are publicly available for such power plants for the last several years that
show tons of CD2 produced per total MWh of energy produced. See, e.g., the website having the address
produced by cmbining "http://carma." with "org/api/". For purposes of definition here, a value of 1 ton CO 2
per MWh will e used, which corresponds closely to typical coal-fired power plants; for example, the WA
Parish plant produced 18,200,000 MWh of energy in 2000 while producing approximately 19,500,000 tons of
CO2 and at pre ent produces 21,300,00 MWh of energy while producing 20,900,000 tons of CO2 , which
average out ve y close to the definitional 1 ton CO 2 per MWh that will be used herein. These numbers can
then be used to calculate the CO2 production necessary to remove sufficient protons to remove CO2 from a
gas stream, an( compare it to the CO2 removed. For example, in a process utilizing the chloralkali process
operating at 2.8 V to provide base, and used to sequester CO 2 from a coal/stem power plant, the amount of
CO 2 produced )y the power plant to supply the energy to create base by the chloralkali process to remove two
protons, using he 1 ton C0 2/1MWh ratio, would be well above 200% of the amount of CO 2 sequestered by
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the removal of the two protons and precipitation of the CO2 in stable form. As a further condition of the
definition of "

02

produced" in this aspect of the invention, no theoretical or actual calculations of reduction

of the energy I ad due to, e.g., reuse of byproducts of the process for removing the protons (e.g., in the case of
the chloralkali process, use of hydrogen produced in the process in a fuel cell or by direct combustion to
produce energ ) are included in the total of "CO2 produced." In addition, no theoretical or actual
supplementati n of the power supplied by the power plant with renewable sources of energy is considered,
e.g., sources of energy that produce little or no carbon dioxide, such as wind, solar, tide, hydroelectric, and the
like. If the pro ess of removing protons includes the use of a hydroxide or other base, including a naturally
occurring or stockpiled base, the amount of CO 2 produced would be the amount that may be
stoichiometrically calculated based on the process by which the base is produced, e.g., for industrially
produced base, the standard chloralkali process or other process by which the base is produced, and for
natural base, tl e best theoretical model for the natural production of the base.

1001931 Using this definition of "C02 produced," in some embodiments the invention includes forming a
stable C0 2 -co training precipitate from a human-produced gaseous source of C0 2, wherein the formation of
the precipitate utilizes a process for removing protons from an aqueous solution in which a portion or all of
the CO 2 of the gaseous source of CO2 is dissolved, and wherein the CO2 produced by the process of removing
protons is less han 100, 90, 80, 70, 65, 60, 55, 50, 45, 40, 35, 30, 25, 20, 15, 10, or 5% of the CO 2 removed
from the gaseous source of CO2 by said formation of precipitate. In some embodiments, the invention
includes forming a stable C0 2-containing precipitate from a human-produced gaseous source of CO 2, wherein
the formation Of the precipitate utilizes a process for removing protons from an aqueous solution in which a
portion or all of the CO2 of the gaseous source of CO 2 is dissolved, and wherein the CO 2 produced by the
process of rem ving protons is less than 70% of the CO2 removed from the gaseous source of CO2 by the
formation of precipitate. In some embodiments the invention includes forming a stable C0 2-containing
precipitate fror a human-produced gaseous source of C0 2, wherein the formation of the precipitate utilizes a
process for ren oving protons from an aqueous solution in which a portion or all of the CO 2 of the gaseous
source of CO2 s dissolved, and wherein the CO2 produced by the process of removing protons is less than
50% of the CO2 removed from the gaseous source of CO2 by the formation of precipitate. In some
embodiments t e invention includes forming a stable C0 2-containing precipitate from a human-produced
gaseous source of C0 2, wherein the formation of the precipitate utilizes a process for removing protons from
an aqueous solution in which a portion or all of the CO 2 of the gaseous source of CO2 is dissolved, and
wherein the C02 produced by the process of removing protons is less than 30% of the CO2 removed from the
gaseous source of CO 2 by the formation of precipitate. In some embodiments, the process of removing
protons is a prd cess, such as an electrochemical process as described herein, that removes protons without
producing a base, e.g., hydroxide. In some embodiments, the process of removing protons is a process, such
as an electroch mical process as described herein, that removes protons by producing a base, e.g., hydroxide.
In some emboc iments, the process is a combination of a process, such as an electrochemical process as
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described h rein, that removes protons without producing a base, e.g., hydroxide, and a process, such as an
electroche ical process as described herein, that removes protons by producing a base, e.g., hydroxide. In
some embodiments, the process of proton removal comprises an electrochemical process, either removes
protons directly (e.g., direct removal of protons) or indirectly (e.g., production of hydroxide). In some
embodimerts a combination of processes, e.g., electrochemical processes is used, where a first process, e.g.,
electroche ical process, removes protons directly and a second process, e.g., electrochemical process,
removes pr tons indirectly (e.g., by production of hydroxide).
1001941 In ome instances, precipitation of the desired product following CO 2 charging (e.g., as described
above) occ rs without addition of a source divalent metal ions. As such, after the water is charged in a
charging reactor with C0 2, the water is not then contacted with a source of divalent metal ions, such as one or
more dival nt metal ion salts, e.g., calcium chloride, magnesium chloride, sea salts, etc.
1001951 In

ene embodiment of the invention, a carbonate precipitation process may be employed to selectively

precipitate ;alcium carbonate materials from the solution in order to provide the desired ratio of magnesium
to calcium, followed by additional CO 2 charging, and in some embodiments additional Mg ion charging, and
a final carb nate precipitation step. This embodiment is useful in utilizing concentrated waters such as
desalination brine, wherein the cation content is sufficiently high that addition of more Mg ions is difficult.
This embodiment is also useful in solutions of any concentration where two different products are desired to
be produce - a primarily calcium carbonate material, and then a magnesium carbonate dominated material.
[001961 The yield of product from a given precipitation reaction may vary depending on a number of factors,
including t e specific type of water employed, whether or not the water is supplemented with divalent metal
ions, the pa -ticular precipitation protocol employed, etc. In some instances, the precipitate protocols employed
to precipita e the product are high yield precipitation protocols. In these instances, the amount of product
produced f m a single precipitation reaction (by which is meant a single time that that the water is subjected
to precipita ion conditions, such as increasing the pH to a value of 9.5 or higher, such as 10 or higher as
reviewed above in greater detail) may be 5 g or more, such as 10 g or more, 15 g or more, 20 g or more, 25 g
or more, 30 g or more, 35 g or more, 40 g or more, 45 g or more, 50 g or more, 60 g or more, 70 g or more, 80
g or more, 90 g or more, 100 g or more, 120 g or more, 140 g or more, 160 g or more, 180 g or more, 200 g or
more of the storage-stable carbon dioxide sequestering product for every liter of water. In some instances, the
amount of product produced for every liter of water ranges from 5 to 200 g, such as 10 to 100 g, including 20
to 100 g. In instances where the divalent metal ion content of the water is not supplemented prior to
subjecting t e water to precipitate conditions (for example where the water is seawater and the seawater is not
supplementd with a source of divalent metal ion or ions), the yield of product may range from 5 to 20 g
product per liter of water, such as 5 to 10, e.g., 6 to 8, g product per liter of water. In other instances where the
water is sup plemental with a source of divalent metal ions, such as magnesium and/or calcium ions, the yield
of product may be higher, 2-fold higher, 3-fold higher, 5-fold higher, 10-fold higher, 20-fold higher or more,
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such that the yield of such processes may range in some embodiments from 10 to 200, such as 50 to 200
including 100 to 200 g product for every liter of water subjected to precipitation conditions.
[001971 The: yield of product from a given precipitation reaction may vary depending on a number of factors,
including th specific type of water employed, whether or not the water is supplemented with divalent metal
ions, the particular precipitation protocol employed, etc. In some instances, the precipitate protocols employed
to precipitat the product are high yield precipitation protocols. In these instances, the amount of product
produced fr m per liter of water (i.e. absorbing solution) averaged over 72 hours of continuous operation (i.e.
application of the precipitation conditions to the water or absorbing solution) may be 5 g or more, such as 10
g or more, 15 g or more, 20 g or more, 25 g or more, 30 g or more, 35 g or more, 40 g or more, 45 g or more,
50 g or mor , 60 g or more, 70 g or more, 80 g or more, 90 g or more, 100 g or more, 120 g or more, 140 g or
more, 160 g or more, 180 g or more, 200 g or more of the storage-stable carbon dioxide sequestering product
for every litfr of water. In some instances, the amount of product produced for every liter of water ranges
from 5 to 2C0 g, such as 10 to 100 g, including 20 to 100 g averaged 72 hours of continuous operation. In
instances w ere the divalent metal ion content of the water is not supplemented prior to subjecting the water
to precipitate conditions (for example where the water is seawater and the seawater is not supplemented with
a source of livalent metal ion or ions), the yield of product may range from 5 to 20 g product per liter of
water, such s 5 to 10, e.g., 6 to 8, g product per liter of water as averaged over 72 hours of continuous
operation. In other instances where the water is supplemental with a source of divalent metal ions, such as
magnesium nd/or calcium ions, the yield of product may be higher, 2-fold higher, 3-fold higher, 5-fold
higher, 10-fold higher, 20-fold higher or more, such that the yield of such processes may range in some
embodiments from 10 to 200, such as 50 to 200 including 100 to 200 g product for every liter of water
subjected to precipitation conditions averaged over 72 hours of continuous operation.
[00198] In certain embodiments, a multi-step process is employed. In these embodiments, a carbonate
precipitation process may be employed to selectively precipitate calcium carbonate materials from the
solution, fol owed by additional steps of CO2 charging and subsequent carbonate precipitation. The steps of
additional C0 2 charging and carbonate precipitation can in some cases be repeated one, two, three, four, five,
six, seven, e ght, nine, ten, or more times, precipitating additional amounts of carbonate material with each
cycle. In some cases, the final pH ranges from pH 8 to pH 10, such as from pH 9 to pH 10, including from
pH 9.5 to pE 10, for example, from pH 9.6 to pH 9.8.
[00199] In certain embodiments, two or more reactors may be used to carry out the methods described herein.
In these em odiments, the method may include a first reactor and a second reactor. In these cases, the first
reactor is us d for contacting the initial water with a magnesium ion source and for charging the initial water
with C0 2, as described above. The water may be agitated to facilitate the dissolution of the magnesium ion
source and to facilitate contact of the initial water with the CO 2. In some cases, before the CO2 charged water
is transferred to the second reactor, agitation of the CO 2 charged water is stopped, such that undissolved solids
may settle by gravity. The CO 2 charged water is then transferred from the first reactor to the second reactor.
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After transfer ing the CO 2 charged water to the second reactor, the step of carbonate precipitation may be
performed, as described herein.
100200] In certain embodiments, a multi-step process, as described above, employing two or more reactors, as
described above, can be used to carry out the methods described herein. In these embodiments, a first reactor
is used for contacting the initial water with a magnesium ion source and for charging the initial water with
C0 2,

as descr bed above. Subsequently, the CO 2 charged water is transferred from the first reactor to a

second reacto for the carbonate precipitation reaction. In certain embodiments, one or more additional steps
of CO 2 chargi g and subsequent carbonate precipitation may be performed in the second reactor, as described
above.
[00201] In ce rain embodiments, precipitation conditions can be used that favor the formation of particular
morphologies of carbonate compound precipitates. For instance, precipitation conditions can be used that
favor the forn ation of amorphous carbonate compound precipitates over the formation of crystalline
carbonate compound precipitates. In these cases, in addition to contacting the initial water with a magnesium
ion source and charging the initial water with CO 2 , as described above, a precipitation facilitator may be
added. In these cases, the precipitation facilitator facilitates the formation of carbonate compound precipitates
at lower pH's sufficient for nucleation, but insufficient for crystal formation and growth. Examples of
precipitation facilitators include, but are not limited to, aluminum sulfate (Al 2SO4)3. In certain embodiments,
the amount of precipitation facilitator added ranges from 1 ppm to 1000 ppm, such as from 1 ppm to 500,
including fro

10 ppm to 200 ppm, for example from 25 ppm to 75 ppm. Additionally, the pH of the water

can be mainta ned between 6 and 8, such as between 7 and 8, during carbonate compound precipitation
formation by alternating CO 2 charging and subsequent carbonate precipitation, as described above.
[002021 Alte ratively, in yet other embodiments, precipitation conditions can be used that favor the formation
of crystalline carbonate compound precipitates over the formation of amorphous carbonate compound
precipitates.
[00203] Furth r details regarding specific precipitation protocols employed in certain embodiments of the
invention are provided below with respect to the description of the figures of the application.
[00204] Following production of the precipitate product from the water, a composition is produced which
includes precipitated product and a mother liquor (i.e., the remaining liquid from which the precipitated
product was produced). This composition may be a slurry of the precipitate and mother liquor.
[002051 As su marized above, in sequestering carbon dioxide, the precipitated product is disposed of in some
manner following its production. The phrase "disposed of" means that the product is either placed at a storage
site or employed for a further use in another product, i.e., a manufactured or man-made item, where it is
stored in that other product at least for the expected lifetime of that other product. In some instances, this
disposal step includes forwarding the slurry composition described above to a long-term storage site. The
storage site could be an above ground site, a below ground site or an underwater site. In these embodiments,
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following placement of the slurry at the storage site, the supernatant component of the slurry may naturally
separate from the precipitate, e.g., via evaporation, dispersal, etc.
[002061 Where desired, the resulting precipitated product may be separated from the supernatant component
of the slurr. Separation of the precipitated product may be achieved using any of a number of convenient
approaches As detailed further herein, liquid-solid separators such as Epuramat's Extrem-Separator
("ExSep") 1quid-solid separator, Xerox PARC's spiral concentrator, or a modification of either of Epuramat's
ExSep or Xerox PARC's spiral concentrator, are useful in some embodiments. Separation may also be
achieved b) drying the precipitated product to produce a dried precipitated product. Drying protocols of
interest include filtering the precipitate from the mother liquor to produce a filtrate and then air-drying the
filtrate. Where the filtrate is air dried, air-drying may be at a temperature ranging from -70 to 120 'C, as
desired. In some instances, drying may include placing the slurry at a drying site, such as a tailings pond, and
allowing thy liquid component of the precipitate to evaporate and leave behind the desired dried product. Also
of interest are freeze-drying (i.e., lyophilization) protocols, where the precipitate is frozen, the surrounding
pressure is educed and enough heat is added to allow the frozen water in the material to sublime directly
from the frc zen precipitate phase to gas. Yet another drying protocol of interest is spray drying, where the
liquid containing the precipitate is dried by feeding it through a hot gas, e.g., where the liquid feed is pumped
through an atomizer into a main drying chamber and a hot gas is passed as a co-current or counter-current to
the atomize direction.
[00207] Where the precipitated product is separated from the mother liquor, the resultant precipitate may be
disposed of in a variety of different ways, as further elaborated below. For example, the precipitate may be
employed

a component of a building material, as reviewed in greater detail below. Alternatively, the

precipitate may be placed at a long-term storage site (sometimes referred to in the art as a carbon bank),
where the s te may be above ground site, a below ground site or an underwater site. Further details regarding
disposal pr tocols of interest are provided below.
[00208] The resultant mother liquor may also be processed as desired. For example, the mother liquor may be
returned to he source of the water, e.g., ocean, or to another location. In certain embodiments, the mother
liquor may e contacted with a source of CO2, e.g., as described above, to sequester further CO2. For
example, w ere the mother liquor is to be returned to the ocean, the mother liquor may be contacted with a
gaseous sot rce of CO2 in a manner sufficient to increase the concentration of carbonate ion present in the
mother liqu r. Contact may be conducted using any convenient protocol, such as those described above. In
certain embadiments, the mother liquor has an alkaline pH, and contact with the CO2 source is carried out in a
manner sufficient to reduce the pH to a range between 5 and 9, e.g., 6 and 8.5, including 7.5 to 8.2.
[002091 The methods of the invention may be carried out at land or sea, e.g., at a land location where a
suitable waler is present at or is transported to the location, or in the ocean or other body of alkali-earth-metal
containing vater, be that body naturally occurring or manmade. In certain embodiments, a system is
employed to perform the above methods, where such systems include those described below in greater detail.
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[00210] The a ove portion of this application provides an overview of various aspects of the methods of the
invention. Certain embodiments of the invention are now reviewed further in greater detail in terms of the
certain figures of the invention.
[00211]Fig. 6

provides a schematic flow diagram of a carbon dioxide sequestration process that may be

implemented n a system, where the system may be manifested as a stand-alone plant or as an integrated part
of another type of plant, such as a power generation plant, a cement production plant, etc. In Fig. 6A, water 10
is delivered to a precipitation reactor 20, e.g., via a pipeline or other convenient manner, and subjected to
carbonate mineral precipitation conditions. The water employed in the process illustrated in Fig. 6A is one
that includes, or example, one or more alkaline earth metal ions such as Ca2+ and Mg 2+. In certain
embodiments of the invention, the water of interest is one that includes calcium in amounts ranging from 50
ppm to 20,000 ppm, such as 200 ppm to 5000 ppm and including 400 ppm to 1000 ppm. Also of interest are
waters that in lude magnesium in amounts ranging from 50 ppm to 40,000 ppm, such as 100 ppm to 10,000
ppm and incld ding 500 ppm to 2500 ppm. In embodiments of the invention, the water (e.g., alkaline earth
metal ion-con aining water) is a saltwater. As reviewed above, saltwaters of interest include a number of
different types of aqueous fluids other than fresh water, such as brackish water, sea water and brine (including
man-made brines, for example geothermal plant wastewaters, desalination waste waters, etc., as well as
naturally occ rring brines as described herein), as well as other salines having a salinity that is greater than
that of freshw ter. Brine is water saturated or nearly saturated with salt and has a salinity that is 50 ppt (parts
per thousand) or greater. Brackish water is water that is saltier than fresh water, but not as salty as seawater,
having a salin ty ranging from 0.5 to 35 ppt. Seawater is water from a sea or ocean and has a salinity ranging
from 35 to 50 ppt. Freshwater is water that has a salinity of less than 5 ppt dissolved salts. Saltwaters of
interest may be obtained from a naturally occurring source, such as a sea, ocean, lake, swamp, estuary,
lagoon, etc., or a man-made source, as desired.
[00212]As re viewed above, waters of interest also include freshwaters. In certain embodiments, the water
employed int 1e invention may be a mineral rich, e.g., calcium and/or magnesium rich, freshwater source. In
some embodiments, freshwaters, such as calcium rich waters may be combined with magnesium silicate
minerals, sucf as olivine or serpentine, in a solution that has become acidic due to the addition of carbon
dioxide from arbonic acid, which dissolves the magnesium silicate, leading to the formation of calcium
magnesium si icate carbonate compounds. In certain embodiments, the water source can be freshwater
wherein metal-ions, e.g., sodium, potassium, calcium, magnesium, etc. are added. Metal-ions can be added to
the freshwater source using any convenient protocol, e.g., as a solid, aqueous solution, suspension etc.
[002131 In cer ain embodiments, the water may be obtained from the industrial plant that is also providing the
gaseous waste stream. For example, in water cooled industrial plants, such as seawater cooled industrial
plants, water taat has been employed by the industrial plant may then be sent to the precipitation system and
employed as t e water in the precipitation reaction. Where desired, the water may be cooled prior to entering
the precipitation reactor. Such approaches may be employed, e.g., with once-through cooling systems. For
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example, a city or agricultural water supply may be employed as a once-through cooling system for an
industrial plant The water from the industrial plant may then be employed in the precipitation protocol,
where output water has a reduced hardness and greater purity. Where desired, such systems may be modified
to include security measures, e.g., to detect tampering (such as addition of poisons) and coordinated with
governmental

encies, e.g., Homeland Security or other agencies. Additional tampering or attack safeguards

may be employed in such embodiments.
[00214] As shovn in Fig. 6A, an industrial plant gaseous waste stream 30 is contacted with the water at
precipitation st p 20 to produce a CO 2 charged water (which may occur in a charging reactor in certain
embodiments). The water may be an absorbing solution, where the absorbing solution allows for
incorporation ofcarbon dioxide and/or other components from a gas into the absorbing solution. The
absorbing solut on may be a salt water, (e.g. sea water and/or brine), or an alkaline solution. The absorbing
solution may i lude solid particulates and may be described as a slurry. By CO 2 charged water is meant
water that has had CO 2 gas contacted with it, where CO2 molecules have combined with water molecules to
produce, e.g., carbonic acid, bicarbonate and carbonate ion. Charging water in this step results in an increase
in the "CO2 co tent" of the water, e.g., in the form of carbonic acid, bicarbonate and carbonate ion, and a
concomitant decrease in the amount of CO 2 of the waste stream that is contacted with the water. The CO 2
charged water is acidic in some embodiments, having a pH of 6.0 or less, such as 4.0 or less, and including
3.0 and less. In ertain embodiments, the amount of CO2 of the gas that is used to charge the water decreases
by 85% or more, such as 99% or more as a result of this contact step, such that the methods remove 50% or
more, such as 75% or more, e.g., 85% or more, including 99% or more of the CO 2 originally present in the
gaseous waste tream that is contacted with the water. Contact protocols of interest include, but are not
limited to: direct contacting protocols, e.g., bubbling the gas through the volume of water, concurrent
contacting means, i.e., contact between unidirectionally flowing gaseous and liquid phase streams,
countercurrent

eans, i.e., contact between oppositely flowing gaseous and liquid phase streams, and the like.

The gaseous stream may contact the water source vertically, horizontally, or at some other angle.
[002151 The CC 2may be contacted with the water source from one or more of the following positions: below,
above, or at the surface level of the water (e.g., alkaline earth metal ion-containing water). Contact may be
accomplished t rough the use of infusers, bubblers, fluidic Venturi reactor, sparger, gas filter, spray, tray,
catalytic bubble column reactors, draft-tube type reactors or packed column reactors, and the like, as may be
convenient. Where desired, two or more different CO 2 charging reactors (such as columns or other types of
reactor configu ations) may be employed, e.g., in series or in parallel, such as three or more, four or more, etc.
In certain embodiments, various means, e.g., mechanical stirring, electromagnetic stirring, spinners, shakers,
vibrators, blowers, ultrasonication, to agitate or stir the reaction solution are used to increase the contact
between CO2 ar d the water source.
[002161In the e bodiment depicted in Fig. 6A, the water (e.g., water comprising alkaline earth metal ions)
from the water ource 10 is first charged with CO2 to produce CO2 charged water, which CO2 is then
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subjected to carbonate mineral precipitation conditions. As depicted in Fig. 6A, a CO 2 gaseous stream 30 is
contacted wit the water at precipitation step 20. The provided gaseous stream 30 is contacted with a suitable
water at precipitation step 20 to produce a CO 2 charged water. By CO2 charged water is meant water that has
had CO 2 gas ontacted with it, where CO2 molecules have combined with water molecules to produce, e.g.,
carbonic acid bicarbonate and carbonate ion. Charging water in this step results in an increase in the "CO2
content" of thv water, e.g., in the form of carbonic acid, bicarbonate and carbonate ion, and a concomitant
decrease in the pCO 2 of the waste stream that is contacted with the water. The CO2 charged water can be
acidic, having a pH of 6 or less, such as 5 or less and including 4 or less. In some embodiments, the CO2
charged wate is not acidic, e.g., having a pH of 7 or more, such as a pH of 7-10, or 7-9, or 7.5-9.5, or 8-10, or
8-9.5, or 8-9. In certain embodiments, the concentration of CO2 of the gas that is used to charge the water is
10% or high ,25% or higher, including 50% or higher, such as 75% or higher.
100217] CO 2 charging and carbonate mineral precipitation may occur in the same or different reactors of the
system. As such, charging and precipitation may occur in the same reactor of a system, e.g., as illustrated in
Fig. 6A at st

20, according to certain embodiments of the invention. In yet other embodiments of the

invention, these two steps may occur in separate reactors, such that the water is first charged with CO 2 in a
charging reactor and the resultant CO 2 charged water is then subjected to precipitation conditions in a separate
reactor. Furt er reactors may be used to, e.g., charge the water with desired minerals.
[00218] Contact of the water with the source CO 2 may occur before and/or during the time when the water is
subjected to C02 precipitation conditions. Accordingly, embodiments of the invention include methods in
which the volume of water is contacted with a source of CO2 prior to subjecting the volume of water (e.g.,
alkaline earth metal ion-containing water) to mineral precipitation conditions. Embodiments of the invention
also include methods in which the volume of water is contacted with a source of CO 2 while the volume of
water is being subjected to carbonate compound precipitation conditions. Embodiments of the invention
include methods in which the volume of water is contacted with a source of a CO 2 both prior to subjecting the
volume of water (e.g., alkaline earth metal ion-containing water) to carbonate compound precipitation
conditions an while the volume of water is being subjected to carbonate compound precipitation conditions.
In some emb diments, the same water may be cycled more than once, wherein a first cycle of precipitation
removes pri arily calcium carbonate and magnesium carbonate minerals and leaves water to which metal
ions, for example, alkaline earth metal ions, may be added, and that may have more CO 2 cycled through it,
precipitating nore carbonate compounds.
[002191 Rega dless of when the CO 2 is contacted with the water, in some instances when the CO 2 is contacted
with the water, the water is not exceedingly alkaline, such that the water contacted with the CO2 may have a
pH of 10 or lower, such as 9.5 or lower, including 9 or lower and even 8 or lower. In some embodiments, the
water that is contacted with the CO 2 is not a water that has first been made basic from an electrochemical
protocol. In s me embodiments, the water that is contacted with the CO 2 is not a water that has been made
basic by addi ion of hydroxides, such as sodium hydroxide. In some embodiments, the water is one that has
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been made on y slightly alkaline, such as by addition of an amount of an oxide, such as calcium oxide or
magnesium o ide.
[00220] As m ntioned above, one of the parameters affecting the efficiency of incorporation of gas into a
liquid is the solution chemistry of the liquid. Gases will have different solubility specific to a solution based
upon the ionic content and the pH of the solution. For example, carbon dioxide gas incorporates more readily
into solutions with basic pH, such as an aqueous solution of NaOH, than into solutions with neutral or acid
pH. In some mbodiments, the gas is the flue gas of an industrial process. In some embodiments, that
industrial process comprises the burning of fossil fuels. In some embodiments, the gas comprises CO2. In
these embodiments, the method and apparatus may be tailored to optimize the incorporation of CO2 gas into
the liquid fror the gas. In such embodiments, conditions are provided (e.g. solution chemistry, surface area to
volume ratio, Iiquid flow rate to gas flow rate ratio (L/G), residence time) which allow at least 10 grams of
CO2 to be abs rbed per 100 ml of the liquid. In some embodiments, conditions are provided that allow at least
20 grams of C02 to be absorbed per 100 ml of the liquid, such as at least 30 grams, at least 40 grams, at least
50 grams, at l ast 60 grams, at least 70 grams, at least 80 grams, at least 90 grams, at least 100 grams, or more
than 100 grand s of CO 2 to be absorbed per 100 ml of the liquid. In some embodiments, the methods and
apparatus provide conditions (e.g. solution chemistry, surface are to volume ratio, residence time) where at
least 50% of tne CO 2 in a gas is removed from the gas into the liquid or the slurry. In some embodiments,
conditions are provided which allow at least 60% of the CO2 in a gas to be removed, such as at least 70%, at
least 80%, or at least 90% of the CO 2 in a gas is removed from the gas into the liquid or the slurry. In some
embodiments, conditions are provided which allow at least 95% of the CO 2 in a gas to be removed from the
gas into the liquid or the slurry. In some embodiments, the methods and apparatus provide conditions (e.g.
solution chemistry, surface are to volume ratio, liquid flow rate to gas flow rate ratio (L/G), residence time)
where at least 50% of a component of a gas (e.g. NOx, SOx, mercury) is removed from the gas into the liquid
or the slurry. In some embodiments, conditions are provided which allow at least 60% of a component of a
gas to be remOved, such as at least 70%, at least 80%, or at least 90% of a component of a gas to be removed
from the gas iito the liquid or the slurry. In some embodiments, conditions are provided which allow at least
95% of a component of a gas is removed from the gas into the liquid or the slurry.
[002211 Optimization of precipitation reactions is one goal of high-efficiency gas-liquid contacting methods
and apparatus In some embodiments, precipitates are formed which include carbonate and/or bicarbonate
materials. Precipitates of divalent cation carbonate and/or bicarbonate materials are formed in some
embodiments. In some embodiments calcium carbonate and/or bicarbonate materials are formed. In some
embodiments magnesium carbonate and/or bicarbonate materials are formed. In some embodiments, both
calcium and magnesium carbonate and/or bicarbonate materials are formed. In some embodiments,
carbonates an f/or bicarbonates of both calcium and magnesium, e.g. dolomite, are formed.
[002221 In so re embodiments presented herein, streams and/or droplets are formed from a slurry and then are
contacted with a gas in the methods and apparatus. The slurry used to make liquid droplets and/or streams
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can depend n what is available at the site where the gas-liquid contactor is located as well as the gas which
will contact the droplets and the desired outcome from the interaction between the gas and liquid droplets.
Liquids that can make up the liquid component of the slurry include, but are not limited to: aqueous solutions
containing ivalent cations with a pH 10 or greater; sea water; brackish water; man-made liquid waste from
desalination processes; naturally occurring brines; industrial waste brines; a synthetic brine; a solution
augmented Nith cations; a solution augmented with silica; or any combination thereof. Compositions of the
slurries usec can include, but are not limited to, a liquid and industrial waste particulate, a liquid and mineral
particulates, a liquid and a precipitate or combinations thereof As mentioned above herein, the solution
chemistry may be tailored to increase the incorporation of gas into the liquid or slurry. In some embodiments,
liquid droplets and/or streams comprising an aqueous solution are provided. In some embodiments, liquid
droplets and or streams comprising an aqueous solution of pH between 4 and 11 are provided. Some
embodiments provide for liquid droplets and/or streams comprising an aqueous solution comprising ions.
Some embodiments provide for liquid droplets and/or streams comprising an aqueous solution comprising
divalent catiyns. Some embodiments provide for liquid droplets and/or streams comprising an aqueous
solution comprising sea water, dissolved mineral solutions, brines or any combination thereof. In some
embodiments, liquid droplets comprising a basic solution are provided. In some embodiments, liquid droplets
and/or streams comprising an alkali metal hydroxide are provided. In some embodiments, liquid droplets
and/or streams comprising NaOH or KOH or combinations thereof are provided. Some embodiments provide
liquid droplets and/or streams that comprise solid material. In some embodiments, the liquid droplets and/or
streams comprise a precipitated material resulting from contacting the liquid droplets with the gas. In some
embodiments, the liquid droplets and/or streams comprise particulates of an industrial waste such as, but not
limited to, fl ash, slag, cement kiln dust, mining waste, or any combination thereof. In some embodiments,
the liquid droplets and/or streams comprise a precipitated material and particulates of an industrial waste. In
some embodiments, liquid droplets and/or streams comprising particulates of a mineral are provided. In some
embodiments, liquid droplets and/or streams comprising particulates of a mineral and particulates of an
industrial w ste are provided. In some embodiments, liquid droplets and/or streams comprising particulates
of a mineral particulates of an industrial waste, and a precipitated material are provided.
[00223] The e are many ways to make liquid droplets. Very fine mists of droplets can be made using
evaporation, such as evaporating water to humidify an area. Non-evaporative technologies for creating
droplets inc de, but are not limited to: pressure atomizers (nozzles), rotary atomizers, air-assisted atomizers,
airblast atone izers, ultrasonic atomizers, ink jet atomizers, MEMS atomizers, eductor-jet nozzles, and
electrostatic spray atomizers. In embodiments describing liquid and/or slurry droplets, any method of droplet
formation may be used. In some embodiments, liquid droplets are made utilizing systems comprising
ultrasonic trmnsducers. In some embodiments, liquid droplets are made utilizing systems comprising pressure
atomizers nozzless), rotary atomizers, air-assisted atomizers, airblast atomizers or any combination thereof In
some embodiments, liquid droplet-producing systems or devices (i.e. liquid introduction units) are provided
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that compr se ultrasonic transducers. In some embodiments, liquid droplet-producing systems or devices are
provided t at comprise nozzles. In some embodiments, liquid droplet-producing systems or devices are
provided t at comprise dual-fluid nozzles, eductor-jet nozzles, or both. In some embodiments, liquid droplet
producing systems and/or devices are provided with nozzles that have openings 5 micrometers or less. In
some embodiments, liquid droplet-producing systems and/or devices are provided with nozzles that have
openings 1) micrometers or less. In some embodiments, liquid droplet-producing systems and/or devices are
provided with nozzles that have openings 10 micrometers or more. In some embodiments, liquid droplet
producing systems and/or devices are provided with nozzles that have openings 25 micrometers or more, such
as 50 micr meters or more, 100 micrometers or more, 250 micrometers or more, 500 micrometers or more. In
some embodiments, liquid droplet-producing systems and/or devices are provided with nozzles that have
openings 1 millimeter or more. In some embodiments, liquid droplet-producing systems and/or devices are
provided t at comprise pressure atomizers (nozzles), rotary atomizers, air-assisted atomizers, airblast
atomizers dr any combination thereof Some embodiments provide for systems and/or apparatus that are
capable of ccepting slurry to create droplets. In some embodiments, systems and/or apparatus that produce
liquid drop ets are provided, wherein the liquid droplets range from 50 to 1000 micrometers (pm) in diameter.
In some er bodiments, systems and/or apparatus that produce liquid droplets are provided, wherein the liquid
droplets are of average diameter greater than 1000 micrometers (pim). In some embodiments, systems and/or
apparatus t at produce liquid droplets are provided, wherein the liquid droplets are of average diameter
greater tha 500 micrometers. In some embodiments, systems and/or apparatus that produce liquid droplets
are provided, wherein the liquid droplets are of average diameter less than 1 micrometer. In some
embodiments, systems and/or apparatus that produce liquid droplets are provided where the average diameter
of the drop ets is greater than 5 micrometers, such as greater than 10 micrometers, greater than 20
micrometets, greater than 50 micrometers, greater than 100 micrometers, greater than 200 micrometers,
greater than 300 micrometers, or greater than 400 micrometers. In some embodiments, systems and/or
apparatus t at produce liquid droplets are provided where the average diameter of the droplets ranges from I
to 400 micrometers. In some embodiments, systems and/or apparatus that produce liquid droplets are
provided where the average diameter of the droplets is greater ranges from I to 500 micrometers. In some
embodime ts, systems and/or apparatus that produce neutrally buoyant liquid droplets are provided.
Neutrally buoyant liquid droplets are liquid droplets which neither rise nor sink in the environment in which
they are ne trally buoyant, e.g. the gas which surrounds the droplets.
[002241 It ray be possible to optimize the area of a cross-section of the contacting chamber or column of an
apparatus that is covered by droplets by varying the type of droplet producing technology used. In particular,
it may be possible to optimize the area of a cross-section of the apparatus covered by droplets by utilizing
sprays of d ffering angles. In some embodiments, sprays of 60' are used near the walls of the contacting
chamber ar d sprays of 90" are used in the inner cross section of the contacting chamber.
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[002251 The su face area to volume ratio of a liquid in contact with a gas is one factor that dictates the
efficiency of incorporation of the gas into the liquid. In some embodiments, droplets and/or liquid streams are
provided that have surface area to volume ratios (SA:V) of 12 m 2/liter or more. In some embodiments,
droplets and/or liquid streams are provided that have surface area to volume ratios (SA:V) of 24 m2/liter or
more, such as 60 m2/liter or more, 80 m2/liter or more, 120 m2/liter or more, 600 m2/liter or more, or 6000
m2/liter or mork. In some embodiments, liquid droplets are provided of average diameter greater than 500
micrometers. I some embodiments, liquid droplets are provided of average diameter less than 1 micrometer.
In some embodiments, liquid droplets are provided of average diameter greater than 5 micrometers, such as
greater than 10 micrometers, greater than 20 micrometers, greater than 50 micrometers, greater than 100
micrometers, g eater than 200 micrometers, greater than 300 micrometers, or greater than 400 micrometers.
In some embodiments, liquid droplets are provided of average diameter ranging from 1 to 400 micrometers.
In some embodiments, liquid droplets are provided of average diameter ranging from I to 500 micrometers.
In some embodiments, liquid droplets are provided of diameter ranging from 50 to 1000 micrometers (tm). In
some embodiments, liquid droplets are provided of an average diameter of 100 micrometers (pIm). In some
embodiments, methods that produce and/or utilize neutrally buoyant liquid droplets are provided. Neutrally
buoyant liquid droplets are liquid droplets which neither rise nor sink in the environment in which they are
neutrally buoyant, e.g. the gas which surrounds the droplets.
[00226] In some embodiments of the invention specific L/G ratios are indicated. The L/G ratio is a number
that is the ratio of the flow rate of the liquid to the flow rate of the gas in an apparatus. Without being bound
by theory, the bsorption of the gas or components of the gas into the liquid are directly proportional to the
L/G ratio. In some uses of the ratio, the L/G ratio is a dimensionless number, and as such will indicate a
volume flow p r unit time relative to another volume flow per unit time or a mass flow per unit time relative
to another mas flow per unit time. In some embodiments, the L/G ratio employed ranges from 3 to 50. In
some embodim nts, the L/G ratio employed ranges from 3 to 20. In some embodiments, the L/G ratio
employed is 15 In some embodiments, the L/G ratio employed ranges from 50 to 4000. In some
embodiments,

e L/G ratio employed ranges from 100 to 1000. In some embodiments, the L/G ratio

employed ranges from 200 to 400. In some embodiments, the L/G ratio employed is 300. In some
embodiments, the apparatus and/or system is configured to employ a L/G ratio ranging from 3 to 50. In some
embodiments, the apparatus and/or system is configured to employ a L/G ratio ranging from 3 to 20. In some
embodiments, the apparatus and/or system is configured to employ a L/G ratio of 15. In some embodiments,
the apparatus a d/or system is configured to employ a L/G ratio ranging from 50 to 4000. In some
embodiments, the apparatus and/or system is configured to employ a L/G ratio ranging from 100 to 1000. In
some embodiments, the apparatus and/or system is configured to employ a L/G ratio ranging from 200 to 400.
In some embodiments, the apparatus and/or system is configured to employ a L/G ratio of 300. In some uses
of the L/G ratio, units are cited to identify that either volumes or mass are compared in the ratio. In some
embodiments, the L/G ratio employed ranges from 0 to 10,000 gallons per minute/1000 actual cubic feet. In
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some embodim nts, the L/G ratio employed ranges from 50 to 5,000 gallons per minute/1000 actual cubic
feet. In some embodiments, the L/G ratio employed ranges from 100 to 500 gallons per minute/I 000 actual
cubic feet. In some embodiments, the apparatus and/or system is configured to operate at a liquid flow rate to
gas flow rate r io (L/G ratio) of between 0 and 10,000 gallons per minute/1000 actual cubic feet. In some
embodiments, tie apparatus and/or system is configured to operate at a liquid flow rate to gas flow rate ratio
(L/G ratio) of b tween 50 and 5,000 gallons per minute/1000 actual cubic feet. In some embodiments, the
apparatus and/c r system is configured to operate at a liquid flow rate to gas flow rate ratio (L/G ratio) of
between 100 ar d 500 gallons per minute/1000 actual cubic feet.
[002271 There re structural features that may be added to a chamber in which liquids or slurries and gases are
contacted that enhance the incorporation of a gas into a liquid or slurry. Such structural features are meant to
increase the interaction between a gas as it flows past a liquid or slurry either by: 1) providing an area or areas
for the liquid/g s system to come to equilibrium or 2) allowing the liquid or slurry the opportunity to become
entrained by the gas and to follow a more convoluted path as the liquid or slurry passes through the space of
the chamber (e.g. as liquid or slurry droplets fall). In some embodiments either type of structural feature is
used to contact an absorbing solution, contacting mixture, or slurry with a gas. In some embodiments an
apparatus or a

stem comprises either type of structural feature to contact absorbing solution, contacting

mixture, or slurry with a gas. In some embodiments, or a combination of both types of structural features are
used to contact an absorbing solution, contacting mixture, or slurry with a gas. In some embodiments an
apparatus or a system comprises both types of structural feature to contact absorbing solution, contacting
mixture, or slur y with a gas.
1002281 Structu al features that increase the probability of a liquid and gas coming to equilibrium within a
confined space nclude packing materials and trays. Packing materials may be structured or not structured,
may be ceramic, plastic, or metal spherical, honeycomb shaped, ribbon shaped, saddle shaped, ring shaped or
randomly shaped forms. Trays are typically metal sheets with perforations or openings which allow the flow
of gas and liquid through the trays. The materials from which packing materials and trays are made are
selected based upon the chemistry of the gas, liquid, and products anticipated in the column or reactor as well
as concerns suc as physical wear. Columns or reactors which utilize packing material or trays can be
thought of as a collection of stages (i.e. lengths of the column or reactor) in which the gas leaving the stage is
in equilibrium with the liquid leaving the stage. A theoretical stage describes a physical section of a column
where the bulk apor and bulk liquid phases can be approximated as being in equilibrium with respect to the
concentration tI e species that are exchanged as the gas and liquid traverse the column. The efficiency of a
volume can be djusted by tailoring the packing materials or configuration of trays. Columns or reactors
utilizing packing materials or trays are characterized by a high pressure drop across the overall length of the
column or react r due to the liquid head associated with trays or the bed drop associated with packing
materials. Columns utilizing packing materials are generally not well suited to contacting slurries with gas,
but packing ma erials have been made commercially available to accommodate slurries. In some
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embodimer ts, trays, packing material, or both are used to contact an absorbing solution, contacting mixture,
or slurry with a gas. In some embodiments, an apparatus or system comprises packing materials, trays or a
combinatio thereof to contact absorbing solution, contacting mixture, or slurry with a gas.
[002291 Mmbranes are another type of structural feature that may be included in a column or reactor to
facilitate the interaction between a gas and a liquid. Membranes that are utilized in columns or reactors are
used to increase the interfacial area between a liquid and gas so as to maximize the mass transfer rate.
Membranes may be composed of many hollow fibers. In such membranes, the gas-liquid interface occurs at
the entrance to each hollow fiber pore. Thus, membranes of this type may be termed microporous
membranes. In some embodiments, one or more membranes are used to contact an absorbing solution,
contacting mixture, or slurry with a gas. In some embodiments, an apparatus or system comprises one or more
membrane to contact absorbing solution, contacting mixture, or slurry with a gas. In some embodiments,
one or more membranes in combination with packing material and/or trays are used to contact an absorbing
solution, c ntacting mixture, or slurry with a gas. In some embodiments, an apparatus or system comprises
one or mor membranes in combination with packing material and/or trays to contact absorbing solution,
contacting mixture, or slurry with a gas. In some embodiments, one or more microporous membranes are used
to contact an absorbing solution, contacting mixture, or slurry with a gas. In some embodiments, an apparatus
or system

mprises one or more microporous membranes to contact absorbing solution, contacting mixture,

or slurry with a gas. In some embodiments, one or more microporous membranes in combination with
packing material and/or trays are used to contact an absorbing solution, contacting mixture, or slurry with a
gas. In so

embodiments, an apparatus or system comprises one or more microporous membranes in

combination with packing material and/or trays to contact absorbing solution, contacting mixture, or slurry
with a gas.
[002301 Str ctural features that allow liquid or slurry to become entrained within a gas as it is passing through
a column o chamber while simultaneously encouraging both the gas and liquid to follow a more convoluted
path include shed rows. Shed rows are arrays of sheets of material with a greater length than width, typically
metal, bent in the middle to form an inverted "v" shape that are supported by rings. Typically, shed rows are
placed suct that the location of the sheds alternates with each level within the column or reactor. In this way,
the mixture (e.g. a slurry) or liquid falling from a shed will land near the apex of a shed below it, leading the
mixture or iquid to follow a longer, more convoluted path down the length of the column or reactor than it
would have in the absence of shed rows. The shed rows also influence the flow of the gas through the column
or reactor. In the space between the apex of a shed and the bottom of the shed above it is a one where
entrainmen. of the falling mixture or liquid into the gas may occur. This entrainment increases the amount of
time the mi ture or liquid and gas have to interact within the column or reactor. Shed rows are compatible
with liquids and slurries. The angle of repose, which dictates how wide or narrow the sheds are, allows for the
use of shed rows with a variety of solutions and to accommodate solid particulates. The steepness of the
sheds can te adjusted to allow the liquids or slurries to roll down the tops of the shed at a rate that permits the
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desired interaction with gas in the column or reactor. Shed rows also allow for a lower drop in gas pressure
across the height of the column or reactor as compared to those filled with trays or packing material. In some
embodiments, shed rows are present in the apparatus or systems of the invention. In some embodiments, the
chamber w ere absorbing solution and gas are contacted includes shed rows. In some embodiments, the
chamber w ere contacting mixture and gas are contacted includes shed rows. In some embodiments, the
apparatus i icludes a contacting chamber that includes shed rows. In some embodiments, the system includes
an apparat s that includes shed rows. In some embodiments shed rows are comprised of concentric circles of
sheds. In some embodiments, the chamber includes protrusions along the walls of the chamber into the center
of the cha ber. In such embodiments the protrusions resemble halves of sheds that are sloping downwards.
[002311 Th re are embodiments where it is desirable to condense or coalesce the liquid droplets or fine
particulate material after contact with a gas. In such embodiments, various methods can be employed to cause
coalescence of the liquid droplets, including but not limited to: variations in temperature, use of an element
with additional surface area, the use of an electrostatic precipitator, or use of streams, sheets, or larger
droplets of liquid to entrain the liquid droplets after contacting a gas. In some embodiments, a precipitate
forms with n the liquid droplets while the droplets are still in contact with the gas. In some embodiments
where a precipitate is formed within the liquid droplet while still in contact with the gas, an electrostatic
precipitator is used to collect and coalesce the liquid droplets based upon the charge on the precipitate within
the droplet . In some embodiments, fine particulates are formed, and an electrostatic precipitator is used to
collect these particulates.
[002321 In some embodiments, it is necessary to redirect falling liquid or slurry that descends the height of an
apparatus

droplets, streams, or sheets so that the liquid or slurry does not impart excessive energy into a

reservoir of liquid or slurry and create a foam. In particular, it is desirable to avoid the creation of a stable
foam layer in some embodiments where the stable foam layer may impair the ability of pumps to function
optimally. Structural elements may be used to redirect falling liquid or slurry. In some embodiments, an
inverted co e is present within the apparatus to mitigate foaming. The classical method of removing a foam
layer is to mechanically break the bubbles that make up the foam layer. In some embodiments, sprays are
used in to mechanically break bubbles and mitigate foaming. In some embodiments, an inverted cone and
sprays are ised to mitigate foaming.
[002331 In ome embodiments, an apparatus of the invention for transferring (i.e. incorporating) a component
of a gas into a liquid includes a gas inlet, a chamber configured to contact the liquid and gas; a first liquid
introductio unit at a first location within the chamber and a second liquid introduction unit at a second
location wi hin the chamber for contacting the gas; a reservoir configured to contain the liquid after it has
contacted the gas; an outlet for the liquid after it has contacted the gas, and at least one of the flowing
features: i) a least one array of shed rows within the chamber; ii) an anti-foaming device; iii) at least one
pump per liquid introduction unit for pumping the liquid through the introduction unit; iv) configuration of
the liquid introduction units such that the direction of the flow of the liquid out of the first unit is different
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than the direct Ion of the liquid out of the second unit; v) one or more restriction orifice mechanism release
valve) configured to direct liquid flow to at least one of the liquid introduction units, into the gas inlet, or a
combination t ereof; and vi) varying the area covered by the liquid introduction units. In such embodiments,
the liquid intr duction units may be sprays, columns of liquid, flat jets of liquid, or a combination thereof. In
such embodi mnts, the shed rows may be configured to redistribute the flow of the gas as it enters the
chamber such hat the gas flows axially along the chamber to cover a greater area of the cross section of the
chamber than he gas flow upon entering the chamber, prior to interacting with the shed rows. In some
embodiments, the anti-foaming device may include a cone (e.g. inverted cone) situated over the reservoir. In
such embodim nts, sprays oriented towards the cone may also be used. In some embodiments, in which the
area covered by liquid introduction units is varied, sprays of varying angles may be used. In some
embodiments, the pumps used to pump liquid through the liquid introduction units are variable frequency
drive pumps.
[002341 An exemplary method and system for contacting a gaseous stream and water employs contacting the
gaseous streak to a flat jet stream of the water. Thus in some embodiments the invention provides an
apparatus for separating carbon dioxide from an industrial waste stream that comprises a gas-liquid contactor
that is configu ed to contact a flat jet stream of a liquid, e.g., water, with all or a portion of the industrial waste
stream to disse lve CO2 and, in some embodiments, other constituents of the industrial waste stream, and
further comprises a unit operably connected to the gas-liquid contactor for producing a solid composition that
comprises all or a portion of the CO2 dissolved in the water in the contactor, e.g., through evaporation,
precipitation, cr the like. In some embodiments, the solid composition is a composition that comprises
bicarbonates. n some embodiments, the solid composition is a composition that comprises carbonates. In
some embodi ents, the solid composition comprises carbonates and bicarbonates. In some embodiments, the
solid composition comprises carbonates and/or bicarbonates and also one or more further components of the
industrial wast2 gas, e.g. SOx or a SOx derivative, NOx or a NOx derivative, a heavy metal or derivative
thereof, partic lates, VOCs or a VOC derivative, or a combination thereof.
[002351 U.S. Patent No. 7,379,487 describes an exemplary flat jet stream/gas contacting system, the
disclosure of Which is herein incorporated by reference. In some embodiments, contacting a gaseous stream
comprising CO2 comprises use of the two-phase reactor as described in U.S. Patent No. 7,379,487. A brief
description of he flat jet stream methods and system is provided below.
1002361 In mar y gas-liquid contacting systems the rate of gas transport to the liquid phase is controlled by the
liquid phase miss transfer coefficient, k, the interfacial surface area, A, and the concentration gradient, AC,
between the bL 1k fluid and the gas-liquid interface. A practical form for the rate of gas absorption into the
liquid is then:
<D = <a = kGa(p - pi) = kLa(CL* - CL)

[00237] where :D is the rate of gas absorption per unit volume of reactor (mole/cm _s), a is the average rate of
absorption per unit interfacial area (mole/cm'-s), a is the gas liquid interfacial area per unit volume (cm2/cm3,
-70-

Docket No. CLRA-026WO

or cm'), p and pi are the partial pressures (bar) of reagent gas in the bulk gas and at the interface, respectively,
CL* is the ic uid side concentration (mole/cm 3) that would be in equilibrium with the existing gas phase
concentrati n, pi, and CL (mole/cm3 )is the average concentration of dissolved gas in the bulk liquid. kG and kL
are gas side and liquid side mass transfer coefficients (cm/s), respectively.
[00238] In n any gas-liquid reaction systems the solubility of the CL* iS very low and control of the
concentration gradient is therefore limited. Thus, the primary parameters to consider in designing an efficient
gas-liquid flow reactor are mass transfer and the interfacial surface area to reactor volume ratio, which is also
known as th specific surface area.
[002391 In c rtain embodiments, the flat jet gas-liquid contacting system of the invention is a gas-liquid
contacting s stem that uses the enhanced specific surface area of a flat jet to improve the interaction between
the C0 2 -cortaining gaseous stream with the water, e.g., alkaline earth metal ion-containing water. In certain
embodiments, a rigid nozzle plate containing a plurality of orifices that generate very thin flat jets is
employed. The flat jet orifice has in one configuration a V-shaped chamber attached to the source of the
water, e.g., alkaline earth metal ion-containing water. The flat jet orifice may have a pair of opposing planar
walls attach d to a vertex of the V-shaped chamber. The flat jet nozzle may have a conical nozzle attached to
an opposite -nd of the opposing planar walls as the V-shaped chamber. In another configuration, the jet
orifice may ave a circular orifice attached to the liquid source chamber. The flat jet nozzle may have a V
shaped groo ve intersecting the circular orifice to create an oval shaped orifice. The flat jet orifice may be
oriented perpendicularly, opposed, or parallel to the inlet source of the C0 2 -containing gaseous stream. A
smallest passage of the flat jet nozzles may be larger than 600 microns. The nozzle may produce a liquid flat
jet that has a width that is at least ten times its thickness, or at least 8 times its thickness, or at least 6 times its
thickness, oi at least 4 times its thickness. The flat jets may be made as thin as 10 microns, e.g., 10-15
microns, 10 20 microns, or 10-40 microns, and be separated by less than 1.1, 1.0, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4,
0.3, or 0.2 n m, e.g., less than 1 millimeter to generate high packing jet densities (P = 0.01) and large specific
surface areas, a = 10-20 cm'. The thin jet allows more of the water, e.g., alkaline earth metal ion-containing
water, to be xposed to the C0 2-containing gaseous stream, generating a higher yield of reaction product per
unit liquid n:ass flow than conventional contactors, e.g., greater transfer of CO 2 and/or other components of
the gas stream, such as SOx, NOx, heavy metals, particulates, VOCs, and derivatives and combinations
thereof, to tf e liquid, e.g., water.

100240] One embodiment of the invention is to provide a gas liquid solid contactor that includes a CO 2
charging reator having a plurality of thin flat jet streams, that are closely and uniformly spaced, that have
high specific surface area, that have uniform jet velocity, that are aerodynamically shaped to minimize gas
flow disrupt on of the liquid jets, orifices that are free from salt obstruction and clogging and that are operated
within co-fl w, counter-flow and parallel flow gaseous process streams. In one embodiment the jets are
operated in a cross-flow configuration with the gas, e.g., the jets drop vertically from a nozzle and the gas
flow horizon tally or near-horizontally across the jets.
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[00241] The fla jet gas-liquid contacting system of the invention is employed to contact the C0 2-containing
gaseous stream with the liquid, e.g. water, such as alkaline earth metal ion-containing water. The charging
reactor includes a chamber with an inlet source for the C0 2-containing gaseous stream and a flat jet nozzle for
a source of liqu d, e.g., water such as alkaline earth metal ion-containing water. The nozzle may have a
multitude of orifices that have a minimum dimension that is greater than 200, 300, 400, 500, or 600 microns
in length, e.g., greater than 600 microns In length and generate thin flat jets of high specific surface area. The
nozzle may have a pair of parallel opposing plates having a second end attached to a conical nozzle. The
nozzle may have a pair of V-shaped plates coupled to a first end of the pair of parallel opposing plates. The
liquid, e.g., wa r such as alkaline earth metal-containing water, orifice may produce a flat jet of water that
has a width tha1 is at least 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, or 15 times its thickness, e.g., at least 10 times its
thickness. The source of liquid, e.g. water such as alkaline earth metal-containing water, may be any
convenient sou ce (as described above). In certain embodiments, the water source includes a reservoir having
an input for wa er, e.g., alkaline earth metal ion-containing water, such as a pipe or conduit from an ocean.
Where the liquid d, e.g., water such as alkaline earth metal ion-containing water, source is seawater, the input is
in fluid commu ication with a source of seawater, e.g., such as where the input is a pipe line or feed from
ocean water to land based system.
[002421 The gal-liquid contacting system may include a small segment of orifice arrays. The orifices may be
staggered such hat the jet orifices are separated by 1.5-2.5 cm, e.g., 1.7-2.3 cm, e.g. 1.9-2.1 cm, or 2 cm in
one direction, 1 5-2.5 mm, e.g., 1.7-2.3 mm, e.g. 1.9-2.1 mm, or 2 mm in another direction and 0.5-1.5 mm,
e.g., 0.7-1.3 mm, e.g. 0.9-1.1 mm, or 1 mm diagonally. The orifice has a V-shaped entrance and conical exit
channels for jet development. The intersection of the entrance and exit channels creates the orifice. The jet
length tojet width ratio may be 5:1 to 20:1, or 7:1 to 15: 1, or 8:1 to 12:1, or 9:1 to 11:1, or 10:1 with a
thickness of 10- 100 microns, e.g., 10-20 microns.
[00243] The ch Irging reactor of the invention may include a flat jet gas-liquid contacting system to create a
large specific a ea of water (e.g., alkaline earth metal ion-containing water). The charging reactor has a C02
containing gases us stream source (gas reactant) attached to the manifold of the reactor. In certain
embodiments, t e manifold has a number of holes (openings) that allow the C0 2 -gaseous stream jets to enter
the charging reactor. The charging reactor also may have an inlet for the water (e.g., water such as alkaline
earth metal ion-containing water) ("liquid reactant") that is coupled by a piping to a plurality of flat jet
nozzles, which :reate a flat stream of the water. The flat streams of the water (e.g., alkaline earth metal ion
containing wat r) interact with the C0 2-containing gaseous stream to produce the C0 2 -charged water
composition, w ich will be subjected to precipitation conditions.
[00244] In som embodiments, the nozzle of the flat jet gas-liquid contacting system of the charging reactor
may have a V-saaped chamber that attaches at the vertex to a first end of a pair of opposing plates. A second
end of the opposing plates is attached to a conical nozzle. The water (e.g., alkaline earth metal ion-containing
water) flows into the V-shaped chambers and is forced through the passage between the opposing plates and
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out the nozzle and creates a flatjet. Depending on the nozzle area, jet flow rate and velocity, the jet thickness
is on the orde of 5 to 100 microns and the width is on the order of 1 to 5 centimeters. As a result, the width
to thickness ray be significantly greater than a factor of ten. Forjet velocities of approximately 10 m/s, the
length of the fat jet stream may be fifteen or more centimeters. The narrowest passage where the conical
nozzle meets he opposing planar plates is greater than 600 microns. This nozzle allows for larger surface
area of water e.g., alkaline earth metal ion-containing water), which significantly increases the efficiency of
the transfer o CO2 and other components (e.g., SOx, NOx, particulates, heavy metals, and/or VOCs) between
the C0 2-cont ining gaseous stream and the liquid sheet. Further, due to large jet surface area and small jet
thickness this nozzle produces a very large specific surface area, 10-20 cm-1, which enables a higher volume
of contacting between the water and the gaseous stream. In addition to increasing the surface area of the
water (e.g., alkaline earth metal ion-containing water), the flat jets have a throat size of 600 microns or larger.
The large thr at size of the flat jets makes it unlikely that they will clog. In some embodiments where
clogging is n t as much of an issue, the throat size may be smaller, e.g., 50 microns or larger, 100 microns or
larger, 200 m crons or larger, 300 microns or larger, 400 microns or larger, or 500 microns or larger. The
system may also include a component for collecting the water (e.g., alkaline earth metal ion-containing water)
and C0 2-depl-ted gaseous stream for reuse.
[002451 The C0 2-containing gaseous stream is contacted with the water (e.g., alkaline earth metal ion
containing w ter) by directing the gas to contact the flat jet stream of water. The C0 2-containing gaseous
stream may be flowed in virtually any direction with respect to the flat jet stream, including orthogonal to the
flat jet stream parallel to the flat jet stream, anti-parallel to the flat jet stream, or at an angle to the flat jet
stream.
[002461 As reviewed above, the gas from the industrial plant 30 may be processed before being used to charge
the water. Foi example, the gas may be subjected to oxidation conditions to improve solubility of the
components f the gaseous stream (e.g., to convert CO to C0 2, NO to NO 2, and SO2 to SO3, etc.).
[002471 Fig. 11 shows an embodiment of the apparatus of the invention. A slurry comprising a liquid and a
solid compon nt enters the contacting chamber through an inlet conduit [100] to a reservoir [105] which also
contains the s urry that has contacted the gas. In some embodiments, a screw conveyor provides
comminution and mixing of the slurry with a gas as it enters the chamber [110]. In some embodiments, a gas
enters the chamber through an inlet [110]. In some embodiments there are at least two levels, or sections, of
droplet or stream production [150 and 155] with conduits for the gas to travel upwards in the chamber [160]
within the arrays of droplet or stream producing systems. A slurry conveyance system [115, 120, 135, 125,
140, 130] mo es the slurry from the reservoirs to the droplet or stream producing systems as well as
recirculates t e slurry within the distinct levels of droplet or stream production. Comminution systems [120,
125, 130] provide particle size reduction for the solid component of the slurry, thereby improving the
participation f the solid in the incorporation of the gas into the liquid. In some embodiments, the
comminution systems are screw conveyors in the conduits of the slurry conveyance system [115, 145]. In
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some embodir ents, a high-efficiency gas-liquid contactor is employed to remove more of the desired
component fro n the gas stream. Clear liquid, without solids, is provided to the high-efficiency gas-liquid
contactor [165 and either very fine droplets or thin sheets of liquid or other high surface area to volume
means are usec to contact the liquid and the gas. In some embodiments, condensers [170] are needed to have
the droplets an /or particulates produced by the high-efficiency gas-liquid contactor fall to the reservoir. The
gas after contacting the liquid leaves the chamber [175] and is either passed through another system or
released to the air. The liquid after contacting, including precipitate material from the contact between the gas
and liquid as vNell as a minimal amount of the solid component of the slurry leaves the reservoir [180] and is
passed to other systems [185] such as a precipitating tank, dewatering systems, and building fabrication
system.
[002481 Fig. 12 shows a flow diagram of an embodiment of a method of the invention. In most
embodiments, a slurry comprising a liquid and a solid component is provided [200]. The slurry undergoes
comminution to reduce the particle size of the solid component as well mix the slurry [205]. Droplets or
streams are fo

ed from the slurry [210], and the liquid as droplets or streams are introduced [215] to the

chamber for contacting [220]. Gas is introduced to the contacting chamber [225]. The source of the gas can
be an industria flue gas, such as that from burning fossil fuels, such as coal. After the contact, a contacted
slurry is forme and is collected in a reservoir in the contacting chamber [230] and part of this contacted
slurry is recirc lated after comminution [235] and part is pumped off for separation of the solids and liquids
[240]. The sol ds are removed and can be used in many applications, including, but not limited to, building
materials, as sc il stabilization, paint fabrication, and lubricant fabrication. The effluent liquid [245] can have
a solution chemistry favorable for use in a high-efficiency gas-liquid contactor [255] which is located in the
apparatus to maximize contact with the gas [250] as it moves through the larger droplets and streams to the
final stage of contacting. The effluent liquid can also be processed using nanofiltration and reverse osmosis
[260] to provide mineral and chemical recovery as well as water that might be suitable as a feed water for
desalination or suitable for release into the environment [265].
[002491 Fig. 13 shows a horizontally configured embodiment of the apparatus of the invention. A gas enters
the chamber th ough an inlet [300]. A slurry comprising a liquid and a solid component is conveyed from a
reservoir wher the slurry is subjected to comminution [330] and enters the contacting chamber [310] through
an array of droplet producing devices [350] to produce sprays of droplets [320] which fill the chamber. In
some embodi ents there are at least two sections of droplet production that are operably connected such that
the gas travels the length of the sections and becomes depleted in a component of the gas over the length of
the contacting hamber. A slurry conveyance system [340, 350, 360, 370] moves the slurry from the
contacting chamber to the droplet producing systems as well as recirculates the slurry within the distinct
sections of droplet or stream production. A comminution system within the slurry reservoir [330] provides
particle size reduction for the solid component of the slurry, thereby improving the participation of the solid
in the incorporation of the gas into the liquid. The gas after contacting the liquid leaves the chamber and is
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either pass d through another system or released to the air. The liquid after contacting, including precipitate
material from the contact between the gas and liquid as well as a minimal amount of the solid component of
the slurry laves the contacting chamber [370] and is passed to other systems [380] such as a precipitating
tank, dewa ering systems, and building fabrication system.
[00250]Fig. 14 shows a horizontally configured embodiment of the apparatus of the invention from an end-on
view. A slurry comprising a liquid and a solid component is conveyed from a reservoir where the slurry is
subjected to comminution [400] and enters the contacting chamber [410] through an array of droplet
producing evices [430] to produce sprays of droplets [440] which fill the chamber. A gas enters the chamber
through aniinlet and moves through the chamber [450]. In some embodiments there are at least two sections
of droplet production that are operably connected such that the gas travels the length of the sections and
becomes d pleted in a component of the gas over the length of the contacting chamber. A slurry conveyance
system [421, 460, 470] moves the slurry from the contacting chamber to the droplet producing systems as
well as recirculates the slurry within the distinct sections of droplet or stream production. A comminution
system wit in the slurry conveyance system [460] provides particle size reduction for the solid component of
the slurry, hereby improving the participation of the solid in the incorporation of the gas into the liquid. The
gas after contacting the liquid leaves the chamber and is either passed through another system or released to
the air. Th liquid after contacting, including precipitate material from the contact between the gas and liquid
as well as a minimal amount of the solid component of the slurry leaves the contacting chamber and is passed
to other systems [480] such as a precipitating tank, dewatering systems, and building fabrication system.
[002511 Fig. 15 shows an embodiment of the invention which includes a gas distribution section, a variable
number of ontacting sections, and a de-misting or final gas absorption section that is always located at the
top of the

paratus. Gas enters the apparatus at the lower-most section, the gas distribution section, above

the collected solution. The gas flows up through the apparatus and exits the top of the apparatus. The
contacting sections may number from 1 to more than one, such as two or three or more. The number of
contacting ections will be determined based upon the type of final product desired, the absorbing solution or
contacting

ixture used, the sprays (or other form of liquid stream), and optionally, shed rows used. The

section just before the gas exits the apparatus is the demisting section. That section may include a high
efficiency gas absorbing system that uses, for example, flat sheets of clear liquid or very fine droplets, on the
order of less than 100ptm, such as less than 50pum diameter droplets. In the final section, solution free of
particulate will be used to maximize absorption and/or droplet collection. The chemistry of the solution used
in the demi ting and final gas absorption section may be different from the solution used in any of the
contacting sections. Recirculation of the solution collected at the bottom of the apparatus may include
comminution of any solids that may be in the solution. Recirculation may also include separating any solids
that may elist from the solution and passing the effluent back to the apparatus, with or without treatment to
make up ary chemical deficiencies in the solution. The apparatus may be portable in nature, such that the
entire appa atus is contained within a shipping container that may be shipped via rail (train), waterways
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(barge), and/ r road (truck). The apparatus may also be modular, such that the different sections may each be
contained within a shipping container and stacked or otherwise operably connected to one another.
[002521 Figs. 16 and 17 are schematics of an embodiment of the apparatus of the invention in which shed
rows are used. Fig. 16 shows the overall apparatus, with the gas inlet above the lower portion of the apparatus
where collec d solution will be stored then removed to further processing. The center section is comprised
of shed rows, the configuration for which is indicated in Fig. 17. The upper section of the apparatus shown in
Fig. 16 includes a spray to introduce the absorbing solution or contacting mixture to the apparatus and the gas
outlet.
[002531 Fig. 8 are schematics of an embodiment of the invention in which the apparatus comprises an array
of sprays. S own are 4 sprays; the sprays are all directed downwards in the vertically oriented apparatus.
The sprays nay be made in any convenient manner including using eductor or eductor -jet nozzles, dual fluid
nozzles, a pressure atomizer, a rotary atomizer, an air-assist atomizer, an airblast atomizer, or an ultrasonic
atomizer or a y combination thereof. The flow of the gas in the apparatus is upwards, so that all of the sprays
encounter the gas flow in a counter-current fashion. The gas enters the apparatus at the bottom and flows up
the length of he apparatus. The apparatus may include a demisting section positioned before the gas outlet
(not shown). The absorbing solution or contacting mixture may be clear liquid or it may be a slurry that
contains a so id component such as a mineral, industrial waste (e.g. fly ash, cement kiln dust), and/or a
precipitated material if recirculation is employed. In the case that recirculation is employed, comminution of
any solids in he absorbing solution may occur. The absorbing solution or contacting mixture may include
industrial wa te brine, naturally occurring alkaline brine, seawater, an artificially composed or synthetic brine,
or any combi ation thereof
[002541 Fig. 9 is a schematic of an embodiment of the invention in which the apparatus comprises an array
of sprays. St own are 4 sprays, the two center sprays are optional. The topmost spray is oriented such that the
liquid (i.e. a borbing solution or contacting mixture) flows counter-current to the flow of the gas. The bottom
most spray is oriented such that the liquid flows cocurrent with the flow of the gas (up the center of the
apparatus tha is vertically oriented). The gas enters the apparatus at the bottom and flows up the length of the
apparatus. T-e apparatus may include shed rows in place of the two optional sprays in the center of the
apparatus. T-e apparatus may include a demisting section positioned before the gas outlet (not shown). The
absorbing solution may be clear liquid or it may be a slurry that contains a solid component such as a mineral,
industrial wa te (e.g. fly ash, cement kiln dust), and/or a precipitated material if recirculation is employed. In
the case that circulation is employed, comminution of any solids in the absorbing solution may occur.
[00255] Fig. 0 shows representations of shed row configurations. On the left hand side are shown top-down,
or plan, view of configurations. On the right hand side are show side sections of shed row configurations.
The top-most configuration is the standard configuration of shed rows within a cylindrical chamber or column
supported by a ring. The sheds are staggered such that liquid falling from the upper sheds will arrive near the
apex of the s eds below. On the sides where a complete shed would not occur, a downward sloping insert is
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indicated. T e middle configuration is that of sheds that are made into rings that are concentric. These rings
of sheds are supported by wires beneath the sheds going from one side of the chamber or column to the other.
The sheds a e staggered, again such that liquid falling from the upper sheds will arrive near the apex of the
sheds belov. The bottom-most configuration of shed rows are configured such that instead of all of the sheds
being aligned parallel to each other through the entire height of the chamber or column, every other level of
sheds are o ented 90' to the row above and below.
[002561 Anc ther aspect of highly-efficient gas-liquid contacting is the time that the liquid and gas are in
contact so t at the gas can incorporate into the liquid. In the case of gas bubbles in a liquid column or liquid
droplets sur ounded by gas, this contact time can also be called residence time. The residence time of liquid
droplets in gas can be increased by creating neutrally buoyant liquid droplets, as described above. The
residence ti, e of liquid droplets in gas can also be increased by increasing the path length that the droplets
follow while in contact with the gas. In some embodiments, the path length is provided by the configuration
of the apparatus. Some embodiments utilize convection or movement of the liquid droplets within the
contacting compartment to increase the path length, and thus the residence time, of the droplets in contact
with the gas In some embodiments, the path length is provided by a conduit joining a compartment where
liquid droplets are generated with a compartment where liquid droplets are coalesced. Some embodiments
provide for iquid droplets to contact a gas along a long path. In some embodiments, the long path is a
helical path, as in Figs. 21A-22B]]. In some embodiments, the gas is introduced into an apparatus with an
involuted feed [Fig. 21A: 400, Fig. 21B: 500, Fig. 22A: 600, Fig. 22B: 700], such that the gas and the liquid
droplets in contact with the gas follow a helical path within the contacting compartment of the apparatus [Fig.
21A: 410, F g. 21B: 510, Fig. 22A: 610, Fig. 22B: 710]. Some embodiments utilize arrays of gas-inlets [Fig.
21A: 470, F g. 21B: 540, Fig. 22A: 670, Fig. 22B: 740] to increase the residence time of liquid droplets in the
gas, e.g. in t e main contacting compartment.
[00257] A d valent cation-containing solution source and a C0 2 -containing gas source may be operably
connected to an absorber (e.g., gas-liquid contactor) of a CO 2 absorber as described herein. The absorber may
include anyof a number of different designs, including, for example, gas-liquid contactor 321 of Figs. 23A
and 23B. As shown in Fig. 23B, the gas-liquid contactor may be configured with an inlet (310) in the bottom,
through whi h an aqueous solution of divalent cations may be introduced to the gas-liquid contactor. The gas
liquid conta tor may also comprise a header or manifold 320 (Fig. 23A, Fig. 23B), into which C0 2 -containing
gas (330i)

ay be introduced. Fig. 23B provides an illustration of a vortex (i.e., turbulent mixing) that may be

created in th divalent cation-containing solution when the C0 2 -containing gas is passed through nozzles 322
(e.g., adjust ble nozzles). Although it is not illustrated, the gas-liquid contactor may comprise a number of
additional adjustable nozzles along the length of the gas liquid contactor. Additional adjustable nozzles may
serve to maintain the vortex, especially in systems such as that illustrated Fig. 23A. The gas-liquid contactor
may also be configured to have a conical shape, which shape helps to maintain and/or enhance the vortex

-77-

Docket No. CLRA-026WO

created in the header or manifold 320. In such embodiments, additional adjustable nozzles may be still be
desired, especially when enhanced mixing is desired.
[002581A gal liquid-contactor may comprise a chamber comprising a plurality of adjustable nozzles, wherein
the nozzles a e configured to inject an aqueous solution comprising divalent cations into a chamber
comprising a 1 atmosphere of C0 2-containing gas (e.g., flue gas from a coal-fired power plant). As shown in
Fig. 24, the nozzle 410 (e.g., plain orifice pressure atomizer, or the like) is configured to direct the divalent
cation-contai ing aqueous solution against jagged surface 420 (i.e., a surface comprising numerous
projections) uch that the divalent cation-containing solution is dispersed into fine droplets of aqueous
solution, effectively increasing the surface area of the incoming divalent cation-containing solution and
optimizing the interaction of the divalent cation-containing solution with the C0 2-containing gas. In such
embodiments, the nozzles are configured to operate at low pressure, which low-pressure operation minimizes
energy demands of the process. In some embodiments, the nozzle operate at a pressure of less than 15 psi, 50
psi, 100 psi, 200 psi, 400 psi, 800 psi, or 1000 psi. In some embodiments, the nozzles are configured to have
an orifice size of at least 100 microns, 200 microns, 300 microns, 400 microns, 500 microns, 750 microns, or
1000 microns. At such pressures, the nozzles, together with the jagged surface, are able to produce droplets of
divalent cation-containing solution, wherein the droplets have an average diameter of less than 0.5 microns, I
micron, 10 microns, 15 microns, 30 microns, 60 microns, 125 microns, 250 microns, 500 microns, 1000
microns, 2001 microns, or 4000 microns.
[002591 Anot 1er way in which the contact time between a gas and liquid can be effectively increased is to
recirculate or e within the other. In some embodiments, liquid droplets that have contacted a gas are coalesced
into a liquid solution from which droplets are created and contacted with the gas again. In some
embodiments, gas that has been contacted with liquid droplets is passed through an array of gas-inlets back
into the contacting compartment or apparatus [Fig. 21A: 470, Fig. 21B: 540, Fig. 22A: 670, Fig. 22B: 740].
In some embodiments, both the gas and the liquid are recirculated. In embodiments where methods and
apparatus are provided to increase the contact time between the gas and liquid by increasing the path length of
the liquid droplets in the gas, the size of the liquid droplets can vary from an average diameter of 100
micrometers o 1 millimeter or more, such as from an average diameter of 200 micrometers to 1 millimeter,
from an average diameter of 300 micrometers to 900 micrometers, from an average diameter of 400
micrometers o 900 micrometers, from an average diameter of 400 micrometers to 800 micrometers, from an
average diam ter of 500 micrometers to 900 micrometers, from an average diameter of 500 micrometers to
800 microme ers, from an average diameter of 500 micrometers to 700 micrometers, or from an average
diameter of 430 micrometers to 700 micrometers. In some embodiments, liquid droplets of average diameter
ranging from 500 micrometers to greater than 1 millimeter are provided.
[002601 Some embodiments utilize extended path length, recirculation, and high-surface area techniques in
one contacting compartment. In some embodiments, the liquid used to make the liquid droplets is a slurry and
contains solic material. In such embodiments, comminution, mixing of phases with size reduction of the solid
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component, is sed with recirculation. In some embodiments, the apparatus comprises multiple droplet
formation stages, some of which utilize comminution with recirculation and some of which utilize high
surface area techniques with a liquid that is does not contain solid material before exposure to gas. In some
embodiments, he method comprises mixing a solid with a liquid in a manner utilizing comminution;
contacting the olid and liquid mixture, or slurry, with a gas; and separating out the solids from the liquid after
contact with the gas. In some embodiments, the slurry is recirculated and contacted with the gas multiple
times. In some embodiments, the liquid that has been separated from the solids after the slurry has contacted
the gas is recirculated.
[00261] In sone embodiments, the apparatus and systems of the invention are configured to incorporate more
than 20 tons/hour of carbon dioxide into an absorbing solution as averaged over 72 hours of continuous
operation. In some embodiments, the apparatus and systems of the invention are configured to incorporate
more than 40 t ns/hour of carbon dioxide into an absorbing solution. In some embodiments, the apparatus and
systems of the invention are configured to incorporate more than 60 tons/hour of carbon dioxide into an
absorbing solu ion. In some embodiments, the apparatus and systems of the invention are configured to
incorporate m re than 70 tons/hour of carbon dioxide into an absorbing solution. In some embodiments, the
apparatus and systems of the invention are configured to incorporate more than 80 tons/hour of carbon
dioxide into an absorbing solution. In some embodiments, the apparatus and systems of the invention are
configured to i corporate more than 90 tons/hour of carbon dioxide into an absorbing solution. In some
embodiments, he apparatus and systems of the invention are configured to incorporate more than 100
tons/hour of c hon dioxide into an absorbing solution. In some embodiments, the apparatus and systems of
the invention are configured to incorporate more than 110 tons/hour of carbon dioxide into an absorbing
solution. In some embodiments, the apparatus and systems of the invention are configured to incorporate
more than 120 tons/hour of carbon dioxide into an absorbing solution. In some embodiments, the apparatus
and systems of the invention are configured to incorporate more than 130 tons/hour of carbon dioxide into an
absorbing solu ion. In some embodiments the apparatus and systems of the invention are configured to
incorporate more than 140 tons/hour of carbon dioxide into an absorbing solution. In some embodiments, the
apparatus and ystems of the invention are configured to incorporate more than 150 tons/hour of carbon
dioxide into an absorbing solution. In some embodiments the apparatus and systems of the invention are
configured to incorporate more than 160 tons/hour of carbon dioxide into an absorbing solution. In some
embodiments, he apparatus and systems of the invention are configured to incorporate more than 170
tons/hour of cabon dioxide into an absorbing solution. In some embodiments, the apparatus and systems of
the invention a e configured to incorporate more than 180 tons/hour of carbon dioxide into an absorbing
solution. In some embodiments, the apparatus and systems of the invention are configured to incorporate
more than 190 ons/hour of carbon dioxide into an absorbing solution. In some embodiments, the apparatus
and systems of the invention are configured to incorporate more than 200 tons/hour of carbon dioxide into an
absorbing solution.
-79-

Docket No. CLRA-026WO

[00262] In s

e embodiments, the apparatus and systems of the invention include a apparatus and systems for

removing C02 from a gaseous source, e.g., an industrial gaseous source of CO 2 such as flue gas from a power
plant, or suc as exhaust gas from a cement plant, in which the apparatus and systems are configured to
subject a wa r (e.g. a sea water, a brine, an absorbing solution) into which CO 2 has been dissolved from the
gaseous source of CO 2 (e.g. an industrial source of carbon dioxide) to precipitation conditions, where the
precipitation conditions provide precipitate in an amount of 2.6 grams of precipitate per liter of absorbing
solution to 26.11 grams of precipitate per liter of absorbing solution averaged over a period of 72 hours of
continuous application of the precipitation conditions. In some embodiments, the apparatus and systems are
configured tc provide precipitation conditions that provide precipitate in an amount of 5.2 grams of
precipitate per liter of absorbing solution to 26.11 grams of precipitate per liter of absorbing solution averaged
over a period of 72 hours of continuous application of the precipitation conditions. In some embodiments, the
apparatus and systems are configured to provide precipitation conditions that provide precipitate in an amount
of 7.83 gram of precipitate per liter of absorbing solution to 26.11 grams of precipitate per liter of absorbing
solution averged over a period of 72 hours of continuous application of the precipitation conditions, such as
9.14 to 26.11, such as 10.44 to 26.11, such as 11.75 to 26.11, such as 13.05 to 26.11, such as 14.36 to 26.11,
such as 15.66 to 26.11, such as 16.97 to 26.11, such as 18.27 to 26.11, such as 19.58 to 26.11, such as 20.88
to 26.11, suc as 22.19 to 26.11, such as 23.5 to 26.11, such as 24.8 to 26.11 grams of precipitate per liter of
absorbing so ution.
[002631 The arbonate mineral precipitation station 20 (i.e., reactor) may include any of a number of different
components, such as temperature control components (e.g., configured to heat the water to a desired
temperature) chemical additive components, e.g., for introducing chemical pH elevating agents (such as
KOH, NaOH) into the water, electrolysis components, e.g., cathodes/anodes, etc, gas charging components,
pressurizatio components (for example where operating the protocol under pressurized conditions, such as
from 50-800 psi, or 100-800 psi, or 400 to 800 psi, or any other suitable pressure range, is desired) etc,
mechanical citation and physical stirring components and components to re-circulate industrial plant flue gas
through the precipitation plant.
[002641 The carbonate mineral precipitation station 20 may include any of a number of different components
that allow fol the monitoring (e.g., inline monitoring) of one or more parameters such as internal reactor
pressure, pH, precipitate particle size, metal-ion concentration, conductivity of the aqueous solution, alkalinity
of the aqueot s solution, and pCO 2. Monitoring conditions during the carbonate precipitation process may
allow for cor ective adjustments to be made during the precipitation process. For example, corrective
adjustments
embodiment

ay be made to increase or decrease carbonate compound precipitation production. In some
, the

carbonate precipitation process is monitored with an inline monitoring apparatus operably

connected to the carbonate mineral precipitation station, the inline monitoring apparatus comprising a dilution
manifold, an ion selective electrode, a voltmeter, a controller, and a source of diluent. Fig. 25 illustrates one
possible inline monitor 1600. Operationally, a controller (1660) controls a variable flow control valve (1621),
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the controller operated variable flow control valve allowing precipitation station effluent to enter a dilution
manifold (16 0), typically after passing through a filter (not shown in Fig. 25) to remove carbonate mineral
precipitate. Undiluted precipitation station effluent is then measured for ion concentration. To effect an ion
concentration measurement, a voltmeter (1650) coupled to one or more electrodes (1640) selective for a
particular ion (e.g., Ca2 or Mg 2"), for example, is employed. Should a measured voltage be outside an
accepted voltage range (e.g., outside the linear portion of a plot of voltage vs. ion concentration), the
precipitation tation effluent in the dilution manifold is diluted with diluent (1610). The controller, operably
connected to >oth the voltmeter and the diluent, monitors and logs diluent delivery through a controller
operated vari ble control valve (1610). Controlled diluent delivery is slowed or stopped when voltage
readings fall within the accepted range. Depending upon controller-determined ion concentration for the ion
of interest in he original precipitation station effluent, diluent may be added to the precipitation station via
variable flow control valve 1612 (e.g., if ion concentration is high) or precipitation station effluent may be
drained from he precipitation station via valve 1622 (e.g., if ion concentration is low) occur with concomitant
delivery of a nore concentrated ion solution through an inlet to the precipitation station.
1002651 It ma be desirable to incorporate one or more components from a gaseous stream into an absorbing
solution, suc as removing carbon dioxide and optionally SOx, NOx, and other non-CO 2 acid gases from an
industrial flue gas, without the formation of solid precipitates. In such cases, the controllers, monitoring
apparatus, and precipitation conditions described in more detail elsewhere herein may be used to optimize
incorporation of at least one component from a gas into an absorbing solution and continue the prevention of
the release of the one or more components to the Earth's atmosphere. In cases where incorporation of
components cf a gaseous stream into an absorbing solution does not lead to precipitation, the resulting
solution may e further processed by a system to recover a useable absorbing solution or to recover water that
is potable or suitable for irrigation purposes. Alternatively, in cases where incorporation of components of a
gaseous streak into an absorbing solution does not lead to precipitation, the resulting solution may be sent to
a retention facility, such as, but not limited to, a subterranean location, including a geological formation such
as an aquifer. Such solutions resulting from the incorporation of components of a gaseous stream into an
absorbing sol tion may be transported to a retention facility using any convenient method, including, but not
limited to, co duits such as pipes or trenches, tanker trucks, pumps, tanks transported via rail or barge, or a
combination thereof.
[00266] As illustrated in Fig. 6A, the precipitation product resulting from precipitation at step 20 may be
separated fro the precipitation station effluent at step 40 to produce separated precipitation product. As a
freshly separated precipitation product may be dried in a later step, the separated precipitation product may
also be a "wel dewatered precipitate." Separation of the precipitation product from the precipitation station
effluent is act ieved using any of a number of convenient approaches, including draining (e.g., gravitational
sedimentation of the precipitation product followed by draining), decanting, filtering (e.g., gravity filtration,
vacuum filtra ion, filtration using forced air), centrifuging, pressing, or any combination thereof. In some
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embodiments, precipitation product is separated from precipitation station effluent by flowing precipitation
station effluent against a baffle, against which supernatant deflects and separates from particles of
precipitation product, which is collected in a collector. In some embodiments, precipitation product is
separated from precipitation station effluent by flowing precipitation station effluent in a spiral channel
separating particles of precipitation product and collecting the precipitation product in from an array of spiral
channel outlets. Mechanically, at least one liquid-solid separation apparatus is operably connected to the
precipitation station such that precipitation station effluent may flow from the precipitation station to the
liquid-solid separation apparatus (e.g., liquid-solid separation apparatus comprising either a baffle or a spiral
channel). The precipitation station effluent may flow directly to the liquid-solid separation apparatus, or the
effluent may tie pre-treated as described in more detail below.
[002671 Energy requirements for any of the foregoing separation approaches may be fulfilled by adapting the
approach to utilize any of a number of energy-containing waste streams (e.g., waste heat or waste gas
streams) prov ded by industrial plants; however, it will be appreciated by a person having ordinary skill in the
art that separa ion approaches requiring less energy are desirable in terms of lessening the carbon footprint of
the invention.
[002681 Concentration and separation of the precipitation product from the precipitation station effluent may
be achieved c ntinuously or batch wise with methods and liquid-solid separation apparatus described in WO
2007/051640 nd CA 02628270, the disclosures of which are incorporated herein by reference. In some
embodiments, the liquid-solid separation apparatus comprises a container having a funnel shaped section, a
precipitation station effluent pipe arranged in the container to extend in a longitudinal direction and opening
into the container through an inlet opening for introducing the precipitation station effluent flow falling
through the precipitation station effluent pipe, and a removal opening formed at the lower end of the funnel
shaped section for removing separated precipitation product from the container characterized by a baffle
arranged in th region of the inlet opening by which the precipitation station effluent flow is deflected.
Liquid-solid separators such as Epuramat's Extrem-Separator ("ExSep") liquid-solid separator, or a
modification thereof, are useful in some embodiments for separation of the precipitation product from
precipitation s ation effluent.
[002691 To separate precipitation product from the water, the precipitation station effluent is introduced in the
direction of gravity into a bath, in which precipitation product particles descend under the action of gravity
and are remo ed from the lower region thereof. This removal of the precipitation product particles may be
performed co tinuously or batch-wise. Precipitation station effluent, upon its introduction into the bath, is
flowed agains a baffle, by which the flow in the bath is deflected. By this process control a hydraulic
physical react on zone is generated in the region of the inlet opening, in which at least the predominant flow
energy of the precipitation station effluent flowing in the direction of gravity is destroyed. Deflecting the
precipitation station effluent flow flowing into the precipitation station effluent pipe in a vertical direction
favors the sep ration of the precipitation product particles due to the density differences over the water. On
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deflecting t e precipitation station effluent, the heavier precipitation product particles have a greater tendency
to continue their path of motion in the direction of the precipitation station effluent pipe (i.e., in the downward
direction, while the water is deflected and, separated from the heavy precipitation product particles, ascends.
The destruction of the flow energy is substantially caused by the deflection losses when flowing against the
baffle (i.e., in the flow direction of precipitation station effluent flowing through the precipitation station
effluent pipe on and predominantly after exiting the precipitation station effluent pipe downstream of the
baffle. Prec pitation station effluent is particularly deflected in such a way that precipitation product particles
(i.e., particles having a higher density than the water, which, generally, are to descend with the container
continue the r descending motion initiated by the precipitation station effluent pipe during the introduction in
to the bath ii a substantially undisturbed manner. The deflection should not have the result that the
precipitation product particles having higher density, that is, the precipitation product particles have an
upwardly di ected speed compound imposed on them during the deflection. Such speed component should
solely be imposed on the light water during the deflection so that as a result of the deflection at the baffle, the
water receives the desired speed component for ascending in the bath.
[002701 Alternatively, concentration and separation of the precipitation product from the precipitation station
effluent may be achieved continuously or batch wise with methods and liquid-solid separation apparatus
described in US 2008/018331, the disclosure of which is incorporated herein by reference. In some
embodiments, the liquid-solid separation apparatus comprises an inlet operative to receive precipitation
station efflu nt; a channel operative to allow flow of the precipitation station effluent, the channel being in a
spiral configuration; a separating means for separating precipitation product from precipitation station
effluent; anc at least one outlet for precipitation product-depleted supernatant. Liquid-solid separators such as
Xerox PARC 's spiral concentrator, or a modification thereof, are useful in some embodiments for separation
of the precipitation product from precipitation station effluent.
[002711 Precipitation product is separated from the precipitation station effluent based on size and mass
separation o precipitation product particles, which are made to flow in a spiral channel. On the spiral
sections, the inward directed transverse pressure field from fluid shear competes with the outward directed
centrifugal f rce to allow for separation of precipitation product particles. At high velocity, centrifugal force
dominates and precipitation product particles move outward. At low velocities, transverse pressure dominates
and the prec pitation product particles move inward. The magnitudes of the two opposing forces depend on
flow velocity, particle size, radius of curvature of the spiral section, channel dimensions, and viscosity of the
precipitation station effluent. At the end of the spiral channel, a parallel array of outlets collects separated
particles of precipitation product. For any particle size, the required channel dimension is determined by
estimating t e transit time to reach the side-wall. This time is a function of flow velocity, channel width,
viscosity, and radius of curvature. Larger particles of precipitation product may reach the channel wall earlier
than the smaller particles which need more time to reach the side wall. Thus, a spiral channel may have
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multiple o tlets along the channel. This technique is inherently scalable over a large size range from sub
millimeter down to 1 micron.
[00272] It ray be desirable to pre-treat (e.g., coarse filtration) the precipitation station effluent to remove
large-sized particles of precipitation product from the effluent prior to providing the effluent to the liquid
solid separation apparatus as large-sized particles may interfere with the liquid-solid separation apparatus or
process. Separation of the precipitation product from the precipitation station effluent may be achieved with a
single liquid-solid separation apparatus. In some embodiments, a combination of two, three, four, five, or
more than live liquid-solid separation apparatus may be used to separate the precipitation product from the
precipitation station effluent. Combinations of liquid-solid separators may be used in series, parallel, or in
combination of series and parallel depending on desired throughput. In some embodiments, liquid-solid
separation

apparatus or combinations thereof are capable of processing precipitation station effluent at 100

L/min to 2,100,000 L/min, 100 L/min to 1,000,000 L/min, 100 L/min to 500,000 L/min, 100 L/min to
250,000 L/ in, 100 L/min to 100,000 L/min, 100 L/min to 50,000 L/min, 100 L/min to 25,000 L/min, and
100 L/min o 20,000 L/min. In some embodiments, liquid-solid separation apparatus or combinations thereof
are capable of processing precipitation station effluent at 1000 L/min to 2,000,000 L/min, 5000 L/min to
2,000,000 Umin, 10,0000 L/min to 2,000,000 L/min, 20,000 L/min to 2,000,000 L/min, 25,000 L/min to
2,000,000 L/min, 50,000 L/min to 2,000,000 L/min, 100,000 L/min to 2,000,000 L/min, 250,000 L/min to
2,000,000 /min, 500,000 L/min to 2,000,000 L/min, and 1,000,000 L/min to 2,000,000 L/min. In some
embodimerts, liquid-solid separation apparatus or combinations thereof are capable of processing
precipitation station effluent at 1000 L/min to 20,000 L/min, 5000 L/min to 20,000 L/min, 10,000 L/min to
20,000 L/ in, 1000 L/min to 10,000 L/min, 2000 L/min to 10,000 L/min, 3000 L/min to 10,000 L/min, 4000
L/min to 10,000 L/min, 5000 L/min to 10,000 L/min, 6000 L/min to 10,000 L/min, 7000 L/min to 10,000
L/min, 800) L/min to 10,000 L/min, 9000 L/min to 10,000 L/min, or 9500 L/min to 10,000 L/min.
[002731 Co nbinations of liquid-solid separators in series, parallel, or in combination of series and parallel
may also b used to increase separation efficiencies. In addition, the supernatant resulting from one or more
liquid-solid separation apparatus may be recirculated through the liquid-solid separation apparatus to increase
separation efficiency. In some embodiments, 30% to 100%, 40% to 100%, 50% to 100%, 60% to 100%, 70%
to 100%, 7 %to 100%, 80% to 100%, 85% to 100%, 90% to 100%, 95% to 100%, 96% to 100%, 97% to
100%, 98% to 100%, 99% to 100% of precipitation product is collected from the precipitation station effluent.
Depending on the amount of precipitation product removed from the precipitation station effluent, the
supernatan may be delivered back to the precipitation station or provided to an electrolytic cell of the
invention. In some embodiments, supernatant with a relatively high concentration of precipitation product is
delivered back to the precipitation station for agglomeration of precipitation product particles. In some
embodimer ts, supernatant with a relatively high concentration of dissolved divalent cations (e.g., Ca+ or
Mg"+) is de ivered back to the precipitation station as a source of divalent cations. In some embodiments,
supernatant with a relatively low concentration of precipitation product and dissolved divalent cations is
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filtered to remove a substantial amount of the remaining divalent cations and provided to an electrolytic cell
of the invention.
1002741 This removal of the precipitation product particles may be performed continuously or batch-wise.
100275] In s me embodiments the precipitation product is not separated, or is only partially separated, from
the precipit tion station effluent. In such embodiments, the effluent, including some (e.g., after passing
through a liquid-solid separation apparatus) or all of the precipitation product, may be disposed of in any of a
number of different ways. In some embodiments, the effluent from the precipitation station, including some
or all of the precipitation product, is transported to a land or water location and deposited at the location,
Transportation to the ocean is especially useful in embodiments wherein the source of water is seawater. It
will be appr ciated that the carbon footprint, amount of energy used, and/or amount of CO 2 produced for
sequesterin a given amount of CO 2 from an industrial exhaust gas is minimized in a process where no further
processing beyond disposal occurs with the precipitate.
[00276] In the embodiment illustrated in Fig. 6A, the resultant dewatered precipitate is then dried to produce a
product, as llustrated at step 60 of Fig. 6A. Drying can be achieved by air drying the filtrate. Where the
filtrate is ai dried, air drying may be at room or elevated temperature. In certain embodiments, the elevated
temperature is provided by the industrial plant gaseous waste stream, as illustrated at step 70 of Fig. 7. In
these embo iments, the gaseous waste stream (e.g., flue gas) from the power plant may be first used in the
drying step, where the gaseous waste stream may have a temperature ranging from 30 to 700'C, such as 75 to
300'C. The gaseous waste stream may be contacted directly with the wet precipitate in the drying stage, or
used to indi ectly heat gases (such as air) in the drying stage. The desired temperature may be provided in the
gaseous wa te stream by having the gas conveyer, e.g., duct, from the industrial plant originate at a suitable
location, e. ., at a location a certain distance in the HRSG or up the flue, as determined based on the specifics
of the exhaust gas and configuration of the industrial plant. In yet another embodiment, the precipitate is spray
dried to dry the precipitate, where the liquid containing the precipitate is dried by feeding it through a hot gas
(such as the gaseous waste stream from the industrial plant), e.g., where the liquid feed is pumped through an
atomizer in

a main drying chamber and hot gas is passed as a co-current or counter-current to the atomizer

direction. In certain embodiments, drying is achieved by freeze-drying (i.e., lyophilization), where the
precipitate is frozen, the surrounding pressure is reduced and enough heat is added to allow the frozen water
in the mater al to sublime directly from the frozen precipitate phase to gas. Depending on the particular
drying prott col of the system, the drying station may include a filtration element, freeze drying structure,
spray drying structure, etc.
[002771 Where desired, the dewatered precipitate product from the separation reactor 40 may be washed
before dryi g, as illustrated at optional step 50 of Fig. 6A. The precipitate may be washed with freshwater,
e.g., to rem ve salts (such as NaCl) from the dewatered precipitate. Used wash water may be disposed of as
convenient, e.g., disposing of it in a tailings pond, etc.
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[00278] In certain embodiments of the invention, the precipitate can be separated, washed, and dried in the
same station for all processes, or in different stations for all processes or any other possible combination. For
example, in one embodiment, the precipitation and separation may occur in precipitation reactor 20, but
drying and

ashing occur in different reactors. In yet another embodiment, precipitation, separation, and

drying may occur all in the precipitation reactor 20 and washing occurring in a different reactor.
[00279] Fol owing separation of the precipitate from the mother liquor, e.g., as described above, the separated
precipitate may be further processed as desired. In certain embodiments, the precipitate may then be
transported to a location for long term storage, effectively sequestering CO2. For example, the precipitate may
be transpo ed and placed at long term storage sites, e.g., above ground, below ground, in the deep ocean, etc.
as desired.
[002801 The dried product may be disposed of in a number of different ways. In certain embodiments, the
precipitate product is transported to a location for long term storage, effectively sequestering CO 2 in a stable
precipitated product, e.g., as a storage-stable above ground C0 2-sequestering material. For example, the
precipitate nay be stored at a long term storage site adjacent to the industrial plant and precipitation system.
In yet other embodiments, the precipitate may be transported and placed at long term storage sites, e.g., above
ground, bel w ground, etc. as desired, where the long term storage site is distal to the power plant (which may
be desirable in embodiments where real estate is scarce in the vicinity of the power plant). In these
embodiments where the precipitate is transported to a long term storage site, it may be transported in empty
conveyance vehicles (e.g., barges, train cars, trucks, etc.) that were employed to transport the fuel or other
materials to the industrial plant and/or precipitation plant. In this manner, conveyance vehicles used to bring
fuel to the industrial plant, materials to the precipitation plant (e.g., alkali sources) may be employed to
transport precipitated product, and therefore sequester CO 2 from the industrial plant.
[002811 In certain embodiments, the composition is disposed of in an underwater location. Underwater
locations may vary depending on a particular application. While the underwater location may be an inland
underwater location, e.g., in a lake, including a freshwater lake, or interest in certain embodiments are ocean
or sea unde water locations. The composition may be still in the mother liquor, without separation or without
complete separation, or the composition may have been separated from the mother liquor. The underwater
location may be shallow or deep. Shallow locations are locations which are 200 feet or less, such as 150 feet
or less, incl ding 1000 feet or less. Deep locations are those that are 200 feet or more, e.g., 500 feet or more,
1000 feet o more, 2000 feet or more, including 5000 feet or more.
[00282] Wh re desired, the compositions made up of the precipitate and the mother liquor may be stored for a
period of tine following precipitation and prior to disposal. For example, the composition may be stored for
a period of ime ranging from I to 1000 days or longer, such as 1 to 10 days or longer, at a temperature
ranging fro. I 'C to 40 'C, such as 20 'C to 25'C.
[002831 Any convenient protocol for transporting the composition to the site of disposal may be employed,
and will necessarily vary depending on the locations of the precipitation reactor and site of disposal relative to
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each other, where the site of disposal is an above ground or below ground site disposal, etc. In certain
embodiments, a pipeline or analogous slurry conveyance structure is employed, where these approaches may
include active e pumping, gravitational mediated flow, etc., as desired.
[002841 While in certain embodiments the precipitate is directly disposed at the disposal site without further
processing following precipitation, in yet other embodiments the composition may be further processed prior
to disposal. For example, in certain embodiments solid physical shapes may be produced from the
composition where the resultant shapes are then disposed of at the disposal site of interest. One example of
this embodir ent is where artificial reef structures are produced from the carbonate compound compositions,
e.g., by plac ng the flowable composition in a suitable mold structure and allowing the composition to solidify
over time in o the desired shape. The resultant solid reef structures may then be deposited in a suitable ocean
location, e.g, a shallow underwater locations, to produce an artificial reef, as desired.
[00285] In c rtain embodiments, the precipitate produced by the methods of the invention is disposed of by
employing it in an article of manufacture. In other words, the product is employed to make a man-made item,
i.e., a manuf pictured item. The product may be employed by itself or combined with one or more additional
materials, suh that it is a component of the manufactured items. Manufactured items of interest may vary,
where examples of manufactured items of interest include building materials and non-building materials, such
as non-cementitious manufactured items. Building materials of interest include components of concrete, such
as cement, aggregate (both fine and coarse), supplementary cementitious materials, etc. Building materials of
interest also include pre-formed building materials.
1002861 Where the product is disposed of by incorporating the product in a building material, the CO 2 from
the gaseous vaste stream of the industrial plant is effectively sequestered in the built environment. Examples
of using the product in a building material include instances where the product is employed as a construction
material for ome type of manmade structure, e.g., buildings (both commercial and residential), roads,
bridges, levees, dams, and other manmade structures etc. The building material may be employed as a
structure or nonstructural component of such structures. In such embodiments, the precipitation plant may be
co-located with a building products factory.
[002871 In c rtain embodiments, the precipitate product is refined (i.e., processed) in some manner prior to
subsequent use. Refinement as illustrated in step 80 of Fig. 6A may include a variety of different protocols. In
certain embc diments, the product is subjected to mechanical refinement, e.g., grinding, in order to obtain a
product with desired physical properties, e.g., particle size, etc. In certain embodiments, the precipitate is
combined w th a hydraulic cement, e.g., as a supplemental cementitious material, as a sand, a gravel, as an
aggregate, etc. In certain embodiments, one or more components may be added to the precipitate, e.g., where
the precipita e is to be employed as a cement, e.g., one or more additives, sands, aggregates, supplemental
cementitious materials, etc. to produce final product, e.g., concrete or mortar, 90.
[00288] In certain embodiments, the carbonate compound precipitate is utilized to produce aggregates. Such
aggregates, methods for their manufacture, and use thereof are described in co-pending U.S. Patent
-87-

Docket No. CLRA-026WO

Application

blication No. US 2010-0024686 Al, published 4 February 2010, which is incorporated herein

by reference i1 its entirety.
[002891 In certain embodiments, the carbonate compound precipitate is employed as a component of
hydraulic ce ent. The term "hydraulic cement" is employed in its conventional sense to refer to a
composition t iat sets and hardens after combining with water. Setting and hardening of the product produced
by combinati n of the cements of the invention with an aqueous fluid result from the production of hydrates
that are formed from the cement upon reaction with water, where the hydrates are essentially insoluble in
water. Such carbonate compound component hydraulic cements, methods for their manufacture and use are
described in c-pending U.S. Patent Application Publication No. US 2009-0020044 Al, published 22 January
2009, which i incorporated herein by reference in its entirety.
[00290] Also

of interest are formed building materials.

The formed building materials of the invention may
vary greatly. By "formed" is meant shaped, e.g., molded, cast, cut or otherwise produced, into a man-made
structure defined physical shape, i.e., configuration. Formed building materials are distinct from amorphous
building mate ials, e.g., particulate (such as powder) compositions that do not have a defined and stable
shape, but ins ead conform to the container in which they are held, e.g., a bag or other container. Illustrative
formed buildi g materials include, but are not limited to: bricks; boards; conduits; beams; basins; columns;
drywalls; etc. Further examples and details regarding formed building materials include those described in
U.S. Patent A plication No. 12/571,398, filed 30 September 2009, which is incorporated herein by reference
in its entirety.
[00291] Also of interest are non-cementitious manufactured items that include the product of the invention as
a component. Non-cementitious manufactured items of the invention may vary greatly. By non-cementitious
is meant that he compositions are not hydraulic cements. As such, the compositions are not dried
compositions that, when combined with a setting fluid, such as water, set to produce a stable product.
Illustrative co positions include, but are not limited to: paper products; polymeric products; lubricants;
asphalt products; paints; personal care products, such as cosmetics, toothpastes, deodorants, soaps and
shampoos; hu an ingestible products, including both liquids and solids; agricultural products, such as soil
amendment p oducts and animal feeds; etc. Further examples and details non-cementitious manufactured
items include those described in U.S. Patent Application No. 12/609,491, filed 30 October 2009, which is
incorporated erein by reference in its entirety.
[00292] The resultant mother liquor may also be processed as desired. For example, the mother liquor may be
returned to the source of the water, e.g., ocean, or to another location. In certain embodiments, the mother
liquor may be contacted with a source of C0 2, e.g., as described above, to sequester further CO2. For
example, whe e the mother liquor is to be returned to the ocean, the mother liquor may be contacted with a
gaseous sourc. of CO 2 in a manner sufficient to increase the concentration of carbonate ion present in the
mother liquor Contact may be conducted using any convenient protocol, such as those described above. In
certain emboc iments, the mother liquor has an alkaline pH, and contact with the CO 2 source is carried out in a
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manner sufficient to reduce the pH to a range between 5 and 9, e.g., 6 and 8.5, including 7.5 to 8.2.
Accordingly, t e resultant mother liquor of the reaction, e.g., mineral carbonate depleted water, may be
disposed of usi g any convenient protocol. In certain embodiments, it may be sent to a tailings pond for
disposal. In ce tain embodiments, it may be disposed of in a naturally occurring body of water, e.g., ocean,
sea, lake, or river. In certain embodiments, it may be employed as a coolant for the industrial plant, e.g., by a
line running be ween the precipitation system and the industrial plant. In certain embodiments, it may be
employed as grey water, as water input for desalination and subsequent use as fresh water, e.g., in irrigation,
for human and animal consumption, etc. Accordingly, of interest are configurations where the precipitation
plant is co-loc ed with a desalination plant, such that output water from the precipitation plant is employed as
input water for the desalination plant.
[002931 As mentioned above, in certain embodiments the mother liquor produced by the precipitation process
may be emplo ed to cool the power plant that supplies the source of C0 2, e.g., in a once through cooling
system. In suc embodiments, heat picked up in the process may then be recycled back to precipitation plant
for further use, as desired. In such embodiments, the initial water source may come from the industrial plant.
Such embodim nts may be modified to employ pumping capacity provided by the industrial plant, e.g., to
increase overal efficiencies.
[00294] Where desired and subsequent to the production of a C0 2-sequestering product, e.g., as described
above, the amount of CO 2 sequestered in the product is quantified. By "quantified" is meant determining an
amount, e.g., ir the form of a numeric value, of CO 2 that has been sequestered (i.e., fixed) in the CO 2
sequestering pr duct. The determination may be an absolute quantification of the product where desired, or it
may be an app oximate quantification, i.e., not exact. In some embodiments, the quantification is adequate to
give a market- Icceptable measure of the amount of CO2 sequestered.
[002951 The amount of CO2 in the CO 2-sequestering product may be quantified using any convenient method.
In certain embt diments the quantification may be done by actual measurement of the composition. A variety
of different me hods may be employed in these embodiments. For example, the mass or volume of the
composition is measured. In certain embodiments, such measurement can be taken while the precipitate is in
the mother liqu r. In these cases, additional methods such as x-ray diffraction may be used to quantify the
product. In other embodiments, the measurement is taken after the precipitate has been washed and/or dried.
The measurement is then used to quantify the amount of CO2 sequestered in the product, for example, by
mathematical c ilculation. For example, a Coulometer may be used to obtain a reading of the amount of
carbon in the p ecipitated sequestration product. This Coulometer reading may be used to determine the
amount of carbonate in the precipitate, which may then be converted into CO 2 sequestered by stoichiometry
based on several factors, such as the initial metal ion content of the water, the limiting reagent of the chemical
reaction, the th oretical yield of the starting materials of the reaction, waters of hydration of the precipitated
products, etc.

some embodiments, contaminants may be present in the product, and other determinations of
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the purity of t e product, e.g., elemental analysis, may be necessary to determine the amount of CO 2
sequestered.
[00296] In yet other embodiments, an isotopic method is employed to determine the carbon content of the
product. The r tio of carbon isotopes in fossil fuels is substantially different than the ratio of such isotopes in
geologic sources such as limestone. Accordingly, the source or ratio of sources of carbon in a sample is
readily elucidated via mass spectrometry that quantitatively measures isotopic mass. So even if limestone
aggregate is used in concrete (which will increase total carbon determined via coulometry), the utilization of
mass spectror etry for isotopic analysis will allow elucidation of the amount of the carbon attributable to
captured CO2 rom fossil fuel combustion. In this manner, the amount of carbon sequestered in the precipitate
or even a dow stream product that incorporates the precipitate, e.g., concrete, may be determined, particularly
where the COl gas employed to make the precipitate is obtained from combustion of fossil fuels, e.g., coal.
Benefits of thi|3 isotopic approach include the ability to determine carbon content of pure precipitate as well as
precipitate tha- has been incorporated into another product, e.g., as an aggregate or sand in a concrete, etc.
[00297] In oth r embodiments, the quantification may be done by making a theoretical determination of the
amount of CO sequestered, such as by calculating the amount of CO2 sequestered. The amount of CO2
sequestered my be calculated by using a known yield of the above-described method, such as where the yield
is known from previous experimentation. The known yield may vary according to a number of factors,
including one >r more of the input of gas (e.g. CO 2) and water, the concentration of metal ions (e.g., alkaline
earth metal io s), pH, salinity, temperature, the rate of the gaseous stream, the embodiment of the method
selected, etc., as reviewed above. Standard information, e.g., a predetermined amount of CO 2 sequestered per
amount of pro uct produced by a given reference process, may be used to readily determine the quantity of
CO 2 sequester d in a given process that is the same or approximately similar to the reference process, e.g., by
determining t e amount produced and then calculating the amount of CO2 that must be sequestered therein.
SYSTEMS O CO 2 SEQUESTRATION
[00298]Aspec s of the invention further include systems, e.g., processing plants or factories, for sequestering
C0 2, e.g.,

by practicing methods as described above. Systems of the invention may have any configuration

that enables practice of the particular production method of interest.
[002991 In so e embodiments, the invention provides a system for processing carbon dioxide as shown in
Fig. 1, wherei the system comprises a processor (110) configured for an aqueous-based process for
processing carbon dioxide from a source of carbon dioxide (130) using a source of proton-removing agents
(140), and wherein the source of carbon dioxide comprises one or more additional components in addition to
carbon dioxide. As shown in Fig. 1, the system may further comprise a source of divalent cations (150)
operably connected to the processor. The processor may comprise a contactor such as a gas-liquid or a gas
liquid-solid contactor, wherein the contactor is configured for charging an aqueous solution or slurry with
carbon dioxide to produce a carbon dioxide-charged composition, which composition may be a solution or
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slurry. In some embodiments, the contactor is configured to produce compositions from the carbon dioxide,
such as from solvated or hydrated forms of carbon dioxide (e.g., carbonic acid, bicarbonates, carbonates),
wherein the compositions comprise carbonates, bicarbonates, or carbonates and bicarbonates. In some
embodiments, he processor may further comprise a reactor configured to produce compositions comprising
carbonates, bicarbonates, or carbonates and bicarbonates from the carbon dioxide. In some embodiments, the
processor may further comprise a settling tank configured for settling compositions comprising precipitation
material comprising carbonates, bicarbonates, or carbonates and bicarbonates. As shown in Fig. 2, the system
may further comprise a treatment system (e.g., treatment system 120 of Fig. 2) configured to concentrate
compositions comprising carbonates, bicarbonates, or carbonates and bicarbonates and produce a supernatant;
however, in so e embodiments the compositions are used without further treatment. For example, systems of
the invention ntay be configured to directly use compositions from the processor (optionally with minimal
post-processing) in the manufacture of building materials. In another non-limiting example, systems of the
invention may 'e configured to directly inject compositions from the processor (optionally with minimal post
processing) int a subterranean site as described in U.S. Provisional Patent Application No. 61/232,401, filed
7 August 2009, which is incorporated herein by reference in its entirety. The source of carbon dioxide may be
any of a variety of industrial sources of carbon dioxide, including, but not limited to coal-fired power plants
and cement plants. The source of proton-removing agents may be any of a variety of sources of proton
removing agen s, including, but not limited to, natural sources of proton-removing agents and industrial
sources of prot n-removing agents (including industrial waste sources). The source of divalent cations may be
from any of a variety of sources of divalent cations, including, but not limited to, seawater, brines, and
freshwater with added minerals. In such embodiments, the source of divalent cations may be operably
connected to the source of proton-removing agents or directly to the processor. In some embodiments, the
source of divalent cations comprises divalent cations of alkaline earth metals (e.g., Ca 2", Mg2).
[003001 Systen s of the invention such as that shown in Fig. 1 may further comprise a treatment system. As
such, in some embodiments, the invention provides a system for processing carbon dioxide as shown in Fig.
2, wherein the system comprises a processor (110) and a treatment system (120) configured for an aqueous
based process for processing carbon dioxide from a source of carbon dioxide (130) using a source of proton
removing agen s (140), and wherein the source of carbon dioxide comprises one or more additional
components in addition to carbon dioxide. As with Fig. 1, the system of Fig. 2 may further comprise a source
of divalent cati ns (150) operably connected to the processor. The processor may comprise a contactor such
as a gas-liquid >r a gas-liquid-solid contactor, wherein the contactor is configured for charging an aqueous
solution or slu

with carbon dioxide to produce a carbon dioxide-charged composition, which composition

may be a solution or slurry. In some embodiments, the contactor is configured to produce compositions from
the carbon dio ide, such as from solvated or hydrated forms of carbon dioxide (e.g., carbonic acid,
bicarbonates, c rbonates), wherein the compositions comprise carbonates, bicarbonates, or carbonates and
bicarbonates. I some embodiments, the processor may further comprise a reactor configured to produce
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composition; comprising carbonates, bicarbonates, or carbonates and bicarbonates from the carbon dioxide.
In some em odiments, the processor may further comprise a settling tank configured for settling compositions
comprising precipitation material comprising carbonates, bicarbonates, or carbonates and bicarbonates. The
treatment system may comprise a dewatering system configured to concentrate compositions comprising
carbonates, bicarbonates, or carbonates and bicarbonates. The treatment system may further comprise a
filtration sys em, wherein the filtration system comprises at least one filtration unit configured for filtration of
supernatant rom the dewatering system, filtration of the composition from the processor, or a combination
thereof. For xample, in some embodiments, the filtration system comprises one or more filtration units
selected frori a microfiltration unit, an ultrafiltration unit, a nanofiltration unit, and a reverse osmosis unit. In
some embodiments, the carbon dioxide processing system comprises a nanofiltration unit configured to
increase the oncentration of divalent cations in the retentate and reduce the concentration of divalent cations
in the retent te. In such embodiments, nanofiltration unit retentate may be recirculated to a processor of the
system for p oducing compositions of the invention. As shown in Fig. 4, systems of the invention may be
further configured to recirculate at least a portion of the supernatant from the treatment system.
[00301] Syst ms such as that shown in Fig. 3 may further comprise a processor (110) comprising a contactor
(112) (e.g., gas-liquid contactor, gas-liquid-solid contactor, etc.) and a reactor (114), wherein the processor is
operably connected to each of a source of CO2 -containing gas (130), a source of proton-removing agents
(140), and a source of divalent cations (150). Such systems of the invention are configured for aqueous-based
processing o carbon dioxide from the source of carbon dioxide using both the source of proton-removing
agents and t e source of divalent cations, wherein the source of carbon dioxide comprises one or more
additional cc mponents in addition to carbon dioxide. The contactor (112) may be operably connected to each
of the source of carbon dioxide (130) and the source of proton-removing agents (140), and the contactor may
be configured for charging an aqueous solution or slurry with carbon dioxide to produce a carbon dioxide
charged solution or slurry. In some embodiments, the contactor is configured to charge an aqueous solution
with carbon dioxide to produce a substantially clear solution (i.e., substantially free of precipitation material,
such as at le st 95% or more free). As shown in Fig. 3, the reactor (114) may be operably connected to the
contactor (1 2) and the source of divalent cations (150), and the reactor may be configured to produce a
composition of the invention, wherein the composition is a solution or slurry comprising carbonates,
bicarbonates or carbonates and bicarbonates. In some embodiments, the reactor is configured to receive a
substantially clear solution of carbonates, bicarbonates, or carbonates and bicarbonates from the processor and
produce a composition comprising precipitation material (e.g., a slurry of carbonates, bicarbonates, or
carbonates and bicarbonates of divalent cations). Systems such as the one shown in Fig. 3 may optionally be
operably connected to a treatment system, which treatment system may comprise a liquid-solid separator
(122) or some other dewatering system configured to treat processor-produced compositions to produce
supernatant and concentrated compositions (e.g., concentrated with respect to carbonates and/or bicarbonates,
and any other co-products resulting from processing an industrial waste gas stream). The treatment system
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may further comprise a filtration system, wherein the filtration system comprises at least one filtration unit
configured f r filtration of supernatant from the dewatering system, filtration of the composition from the
processor, or a combination thereof.
100302] In sdme embodiments, the invention provides a system for processing carbon dioxide as shown in
Fig. 4, wherein the system comprises a processor (110) and a treatment system (120) configured for an
aqueous-basdd process for processing carbon dioxide from a source of carbon dioxide (130) using a source of
proton-remoying agents (140), wherein the source of carbon dioxide comprises one or more additional
components n addition to carbon dioxide, and further wherein the processor and the treatment system are
operably co

ected for recirculating at least a portion of treatment system supernatant. The treatment system

of such carbon dioxide-processing systems may comprise a dewatering system and a filtration system. As
such, the de atering system, the filtration system, or a combination of the dewatering system and the
filtration sys em may be configured to provide at least a portion of supernatant to the processor for processing
carbon dioxi e. Although not shown in Fig. 4, the treatment system may also be configured to provide at least
a portion of supernatant to a washing system configured to wash compositions of the invention, wherein the
composition comprise precipitation material (e.g., CaCO 3, MgCO 3, or combinations thereof). The processor
of carbon dic xide-processing systems of the invention may be configured to receive treatment system
supernatant in a contactor (e.g., gas-liquid contactor, gas-liquid-solid contactor), a reactor, a combination of
the contactor and the reactor, or in any other unit or combination of units in the processor. In some
embodiments, the carbon dioxide-processing system is configured to provide at least a portion of the
supernatant to a system or process external to the carbon-dioxide processing system. For example, a system of
the invention may be operably connected to a desalination plant such that the system provides at least a
portion of tr atment system supernatant to the desalination plant for desalination.
[003031 In some embodiments, the invention provides a system for processing carbon dioxide as shown in
Fig. 5, wherein the system comprises a processor (110) and a treatment system (120) configured for an
aqueous-bascd process for processing carbon dioxide from a source of carbon dioxide (130) using a source of
proton-remoying agents (140), wherein the source of carbon dioxide comprises one or more additional
components in addition to carbon dioxide, wherein the system further comprises an electrochemical system
(160), and fu her wherein the processor, the treatment system, and the electrochemical system are operably
connected fo recirculating at least a portion of treatment system supernatant. As described above in reference
to the treatment system of Fig. 4, the dewatering system, the filtration system, or a combination of the
dewatering s stem and the filtration system may be configured to provide at least a portion of treatment
system super atant to the processor for processing carbon dioxide. The treatment system may also be
configured tc provide at least a portion of the treatment system supernatant to the electrochemical system,
wherein the electrochemicall system may be configured to produce proton-removing agents or effect proton
removal. As described in reference to Fig. 4, the treatment system may also be configured to provide at least a
portion of supernatant to a washing system configured to wash compositions of the invention, wherein the
-93-

Docket No. CLRA-026WO

compositio s comprise precipitation material (e.g., CaCO 3, MgCO 3, or combinations thereof). The processor
of carbon doxide-processing systems of the invention may be configured to receive treatment system
supernatant or an electrochemical system stream in a contactor (e.g., gas-liquid contactor, gas-liquid-solid
contactor), a reactor, a combination of the contactor and the reactor, or in any other unit or combination of
units in the processor. In some embodiments, the carbon dioxide-processing system may be configured to
provide at least a portion of the supernatant to a system (e.g., desalination plant) or process (e.g., desalination)
external to he carbon-dioxide processing system.
[00304] Re circulationn of treatment system supernatant is advantageous as recirculation provides efficient use
of available resources; minimal disturbance of surrounding environments; and reduced energy requirements,
which reduced energy requirements provide for lower (e.g., small, neutral, or negative) carbon footprints for
systems an# methods of the invention. When a carbon dioxide-processing system of the invention is operably
connected 1|o an industrial plant (e.g., fossil fuel-fired power plant such as coal-fired power plant) and utilizes
power generated at the industrial plant, reduced energy requirements provided by recirculation of treatment
system supernatant provide for a reduced parasitic load on the industrial plant. A carbon dioxide-processing
system not onfigured for recirculation (i.e., a carbon-dioxide processing system configured for a once
through prc cess) such as that shown in Fig. 2, may have a parasitic load on the industrial plant of at least 10%
attributable to continuously pumping a fresh source of alkalinity (e.g., seawater, brine) into the system. In
such an ex mple, a 100 MW power plant (e.g., a coal-fired power plant) would need to devote 10 MW of
power to th carbon dioxide-processing system for continuously pumping a fresh source of alkalinity into the
system. In contrast, a system configured for recirculation such as that shown in Fig. 4 or Fig. 5 may have a
parasitic load on the industrial plant of less than 10%, such as less than 8%, including less than 6%, for
example, 1 ss than 4% or less than 2%, which parasitic load may be attributable to pumping make-up water
and recircu ating supernatant. Carbon dioxide-processing systems configured for recirculation, may, when
compared to systems designed for a once-through process, exhibit a reduction in parasitic load of at least 2%,
such as at I ast 5%, including at least 10%, for example, at least 25% or at least 50%. For example, if a carbon
dioxide-processing system configured for recirculation consumes 9 MW of power for pumping make-up
water and recirculating supernatant and a carbon dioxide-processing system designed for a once-through
process co rsumes 10 MW attributable to pumping, then the carbon dioxide-processing system configured for
recirculation exhibits a 10% reduction in parasitic load. For systems such as those shown in Figs. 4 and 5 (i.e.,
carbon dio ide-processing systems configured for recirculation), the reduction in the parasitic load
attributable to pumping and recirculating may also provide a reduction in total parasitic load, especially when
compared to carbon dioxide-processing systems configured for once-through process. In some embodiments,
recirculation provides a reduction in total parasitic load of a carbon dioxide-processing system, wherein the
reduction is at least 2%, such as at least 4%, including at least 6%, for example at least 8% or at least 10%
when compared to total parasitic load of a carbon dioxide-processing system configured for once-through
process. Fo example, if a carbon dioxide-processing system configured for recirculation has a 15% parasitic
-94-

Docket No. CLRA-026WO

load and a car on dioxide-processing system designed for a once-through process has a 20% parasitic load,
then the carbon dioxide-processing system configured for recirculation exhibits a 5% reduction in total
parasitic load. For example, a carbon dioxide-processing system configured for recirculation, wherein
recirculation comprises filtration through a filtration unit such as a nanofiltration unit (e.g., to concentrate
divalent catio s in the retentate and reduce divalent cations in the permeate), may have a reduction in total
parasitic loadof at least 2%, such as at least 4%, including at least 6%, for example at least 8% or at least
10% when compared to a carbon dioxide-processing system configured for once-through process.
[003051 Fig. 613 provides a schematic diagram of a C0 2-processing system according to an embodiment of the
invention. As described herein, and provided in Figure 6B, systems of the invention may comprise a source of
C0 2-containir g gas (e.g., an industrial waste gas stream such as flue gas from a coal-fired power plant), a
source of alka inity (e.g., a source proton-removing agents), and a source of divalent cations. The source of
C0 2-containi g gas, the source of alkalinity, and the source of divalent cations may each be operably
connected to I CO2 processor such as an absorber described herein, or, as shown in Fig. 6B, the source of
CO 2-containirg gas may be operably connected to a heat exchange (HX) dryer configured to dry precipitation
material, which dryer, in turn, is operably connected to the CO 2 processor. The CO 2 processor may be
configured for gas-liquid or gas-liquid-solid contacting and comprise a gas-liquid contactor, a gas-liquid-solid
contactor, a reactor, a settling tank, or any combination thereof effecting absorption as described herein. The
CO 2 processor (e.g., absorber) may be configured to provide a composition (e.g., solution, slurry, etc.)
comprising ca-bonates, bicarbonates, or carbonates and bicarbonates to a treatment system of the invention,
which, as shown in the embodiment provided in Fig. 6B, comprises systems for dewatering, water treatment,
chloride remo al, drying, and lithification. The dewatering system may be configured to remove bulk water
producing dewatered precipitation material, which, depending upon the source of divalent cations and/or the
source of alka inity, may comprise chloride. Configured to use water provided by the water treatment system
(e.g., one or rr ore filtration units selected from the group of filtration units consisting of microfiltration,
ultrafiltration, nanofiltration, reverse osmosis, forward osmosis filtration units), the chloride removal system
may remove cloride, and depending upon the end product, other salts from the precipitation material. The
system as described in Fig. 6B may be further configured to provide precipitation material depleted in
chloride to subsequent drying in a SCM drying system to provide supplementary cementitious material
(SCM). Alterr atively, or in addition, the system may be configured to provide precipitation material depleted
in chloride to i lithification system for production of fine aggregate coarse aggregate. Fig. 6B also shows that
the system is onfigured to provide clean exhaust (e.g., CO 2-depleted waste gas stream comprising mostly
N2), fresh watr (e.g., potable water), brine (e.g., NaCI(aq)), and a concentrated source of divalent cations,
which comprises divalent cations left over from CO2 processing.
[00306] Fig. 6C provides a more detailed representation of a CO 2 processor of the invention. For example, in
some embodiments, Fig. 6C provides a more detailed representation of the CO 2 processor of Fig. 6B. CO 2
processors of he invention such as that shown in Fig. 6B may comprise an induced draft fan (ID fan)
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configured to provide an industrial source of CO 2 (e.g., flue gas) to an absorber. The absorber may further
comprise surge tanks for the source of divalent cations and/or the source of alkalinity (e.g., source of proton
removing age ts). Regarding the source of divalent cations, for example, the source of divalent cations may
be operably c nnected to a surge tank configured to regulate potentially discontinuous flow (e.g., a surge in
flow), which urge tank may be operably connected to a feed pump configured to pump the source of divalent
cations to an absorber. As shown in Fig. 6C, the CO 2 processor may further comprise a recirculation pump
configured to ecirculate solution or slurry from the bottom of the absorber to one or more upper stages of the
absorber. Sol tion or slurry that is not recirculated may be provided to a product surge tank, which, in
conjunction with the operably connected product pump, is configured to provide a regulated flow of product
to a dewatering system of the invention. The system may be further configured to cease recirculation, divert
all absorber s lution of slurry to the product surge tank, and wash the absorber with wash water. As with the
source of div lent cations and the source of alkalinity (e.g., source of proton-removing agents), the wash
water may be Provided to the absorber from a tank containing the wash water through the intermediacy of a
pump.
[003071 Fig. 7 provides a schematic of a system according to one embodiment of the invention. In Fig. 7,
system 100 in ludes water source 110. In certain embodiments, water source 110 includes a structure having
an input for water (e.g., alkaline earth metal ion-containing water), such as a pipe or conduit from an ocean,
etc. Where the water source that is processed by the system to produce the precipitate is seawater, the input is
in fluid communication with a source of sea water, e.g., such as where the input is a pipe line or feed from
ocean water to a land based system or a inlet port in the hull of ship, e.g., where the system is part of a ship,
e.g., in an oce n based system.
[003081 Also shown in Fig. 7, is CO 2 source 130. This system also includes a pipe, duct, or conduit, which
directs CO 2 to system 100. The gaseous waste stream employed in methods of the invention may be provided
from the indu trial plant to the site of precipitation in any convenient manner that conveys the gaseous waste
stream from t e industrial plant to the precipitation plant. In certain embodiments, the waste stream is
provided with a gas conveyer, e.g., a duct, which runs from a site of the industrial plant, e.g., a flue of the
industrial plart, to one or more locations of the precipitation site. The source of the gaseous waste stream
may be a distal location relative to the site of precipitation, such that the source of the gaseous waste stream is
a location that is 1 mile or more, such as 10 miles or more, including 100 miles or more, from the
precipitation h cation. For example, the gaseous waste stream may have been transported to the site of
precipitation f om a remote industrial plant via a CO 2 gas conveyance system, e.g., a pipeline. The industrial
plant generated CO2 containing gas may or may not be processed, e.g., remove other components, etc., before
it reaches the precipitation site (i.e., a carbonate compound precipitation plant). In yet other instances, source
of the gaseous waste stream is proximal to the precipitation site, where such instances may include instances
where the pre ipitation site is integrated with the source of the gaseous waste stream, such as a power plant
that integrates a carbonate compound precipitation reactor.
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[003091 Whee desired, a portion of but less than the entire gaseous waste stream from the industrial plant
may be employed in precipitation reaction. In these embodiments, the portion of the gaseous waste stream
that is employed in precipitation may be 75% or less, such as 60% or less and including 50% and less. In yet
other embod ments, substantially the entire gaseous waste stream produced by the industrial plant, e.g.,
substantially all of the flue gas produced by the industrial plant, is employed in precipitation. In these
embodiment , 80% or more, such as 90% or more, including 95% or more, up to 100% of the gaseous waste
stream (e.g., flue gas) generated by the source may be employed during precipitation.
[00310] As i dicated above, the gaseous waste stream may be one that is obtained from a flue or analogous
structure of an industrial plant. In these embodiments, a line, e.g., duct, is connected to the flue so that gas
leaves the fi e through the line and is conveyed to the appropriate location(s) of a precipitation system
(described in greater detail below). Depending on the particular configuration of the portion of the
precipitation system at which the gaseous waste stream is employed, the location of the source from which the
gaseous wasie stream is obtained may vary, e.g., to provide a waste stream that has the appropriate or desired
temperature. As such, in certain embodiments where a gaseous waste stream having a temperature ranging
for 0 'C to 1 00 'C, such as 60 'C to 700 'C is desired, the flue gas may be obtained at the exit point of the
boiler or gas turbine, the kiln, or at any point through the power plant or stack, that provides the desired
temperature. Where desired, the flue gas is maintained at a temperature above the dew point, e.g., 125*C, in
order to avoi condensation and related complications. Where such is not possible, steps may be taken to
reduce the ac verse impact of condensation, e.g., employing ducting that is stainless steel, fluorocarbon (such
as poly(tetra luoroethylene)) lined, diluted with water and pH controlled, etc., so the duct does not rapidly
deteriorate.
[003111 To p ovide for efficiencies, the industrial plant that generates the gaseous waste stream may be co
located with he precipitation system. By "co-located" is meant that the distances between the industrial plant
and precipita ion system range from 10 to 500 yards, such as 25 to 400 yards, including 30 to 350 yards.
Where desired, the precipitation and industrial plants may be configured relative to each other to minimize
temperature loss and avoid condensation, as well as minimize ducting costs, e.g., where the precipitation plant
is located within 40 yards of the industrial plant.
[00312] Also of interest in certain embodiments is a fully integrated plant that includes an industrial function
(such as pow r generation, cement production, etc.) and a precipitation system of the invention. In such
integrated plants, conventional industrial plants and precipitation system, such as described below, are
modified to provide for the desired integrated plant. Modifications include, but are not limited to:
coordination of stacks, pumping, controls, instrumentation, monitoring, use of plant energy, e.g., steam
turbine energy to run portions of the precipitation component, e.g., mechanical press, pumps, compressors,
use of heat from cement and/or power plant obtained from steam or heat from air to air heat exchanger, etc.
[003131 In ce tain embodiments, the C0 2-containing gaseous stream may be pretreated or preprocessed (e.g.,
treated with 1202) prior to contacting it with water, e.g., alkaline earth metal-containing water (e.g., in a
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charging reac or). Illustrative pretreatment or preprocessing steps may include: temperature modulation (e.g.,
heating or coc ling), decompression, compression, incorporation of additional components (e.g., hydrate
promoter gases), oxidation of various components to convert them to forms more amenable to sequestration in
a stable form,: and the like. In certain embodiments, pretreatment of the gaseous waste stream improves the
absorption of omponents of the C0 2-containing gaseous stream into water, e.g., alkaline earth metal
containing water. An exemplary pretreatment for improving absorption includes subjecting the C0 2
containing gaseous stream to oxidizing conditions.
[003141 The

ater source 110 of Fig. 7 and the CO 2 gaseous stream source 130 are connected to a CO 2
charger in precipitation reactor 120. The precipitation reactor 120 may include any of a number of different
design features, such as temperature regulators (e.g., configured to heat the water to a desired temperature),
chemical addi ive components, e.g., for introducing chemical pH elevating agents (such as hydroxides, metal
oxides, or fly sh) into the water, electrochemical components, e.g., cathodes/anodes, mechanical agitation
and physical stirring mechanisms and components to re-circulate industrial plant flue gas through the
precipitation plant. Precipitation reactor 120 may also contain design features that allow for the monitoring of
one or more parameters such as internal reactor pressure, pH, precipitate particle size, metal-ion
concentration, conductivity and alkalinity of the aqueous solution, and pCO2. This reactor 120 may operate as
a batch process s or a continuous process.
[00315] In sone embodiments, the contacting apparatus (e.g. gas-liquid or gas-liquid-solid contactor) is apart
of a system. I such a system, the absorbing solution after contacting the gas is sent to a processing station. In
some embodi ents, the absorbing solution after contacting the gas and any products of the contact of the
absorbing solution with the gas, is passed to other systems (i.e. a processing station), including but not limited
to, a precipita ing tank, dewatering systems, and building fabrication system. In some embodiments, the
contacting mi ture after contacting the gas, comprising a liquid component, any products of the contact of the
contacting mixture with the gas, and a optionally a solid component that is not a precipitate, is passed to other
systems including, but not limited to, a precipitating tank, dewatering systems, and building fabrication
system. In sone embodiments, the slurry after contacting the gas, comprising a liquid component, a solid
component, and any products of the contact of the slurry with the gas, is passed to other systems including,
but not limited to, a precipitating tank, dewatering systems, and building fabrication system. In some
embodiments, the solid component (if any) of the absorbing solution and the products of contacting the
absorbing sol tion with the gas are separated from the absorbing solution that has been contacted with the
gas. In some embodiments, the solid component (if any) of the contacting mixture and the products of
contacting the contacting mixture with the gas are separated from the contacting mixture that has been
contacted wit the gas. In some embodiments, the solid component (if any) of the slurry and the products of
contacting the slurry with the gas are separated from the slurry that has been contacted with the gas. In some
embodiments, the separation of solids from the absorbing solution, contacting mixture, or slurry that has
contacted the as is accomplished by a sieve, a press, a centrifuge, a spray dryer, an air assisted method, a
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heated method of dewatering or any combination thereof. In some embodiments, the effluent liquid
remaining afte separation of the solids from the absorbing solution, contacting mixture, or slurry that has
contacted the gas is treated by a system that includes, but is not limited to, nanofiltration, reverse-osmosis,
chemical reco ery, desalination, adjustment in solution chemistry for recirculation, pH adjustment for release
or any combination thereof. In some embodiments, the solids separated from the absorbing solution,
contacting mix ure, or slurry that has contacted the gas is passed to a building materials producing system. In
some embodi ents, the apparatus is a portable apparatus that is contained within a shipping container such
that it is capab e of being transported via rail (train), waterways (barge), road (truck), or any combination
thereof to any desired location. In some embodiments, the portable apparatus is apart of a system. In some
embodiments, he entire system is a portable system that is contained within one or more shipping containers
that are capable of being transported via rail (train), waterways (barge), road (truck), or any combination
thereof to any desiredd location.
[00316] At tim s, to affect the amount of incorporation of a component of a gas into a liquid or slurry, the gas
needs to be co tacted with a liquid or slurry for more time than is possible with one pass through an apparatus
of the invention. In some embodiments, the gas is recirculated to affect the amount of incorporation of a
component of a component of a gas into a liquid or slurry. Multiple apparatus may be used to effect the
incorporation cf a component of a gas into a liquid or slurry, such that the gas is passed from one apparatus to
one or more subsequent apparatus. The subsequent apparatus may utilize different: liquid or slurries;
structural feat es inside the column, chamber, or reactor of the apparatus; droplet producing systems or
apparatus; or h ve a different overall orientation from the first apparatus. In some embodiments, the system
of the invention includes an array of the apparatus of the invention. In such embodiments, the array may
include appara us through which the gas passes serially, one apparatus after the other, or the array may
include apparatus through which the gas passes simultaneously, such that the apparatus are used in parallel. In
some embodiments, the array includes rows of multiple apparatus. In some embodiments, the gas enters the
first apparatus f the rows of multiple apparatus simultaneously, then flows into the subsequent apparatus,
such that effectively the series of apparatus are working in parallel.
[00317] In som embodiments, systems of the invention seek to optimize the horsepower needed to
accomplish the absorption and the physical footprint of the apparatus. In such embodiments, the system
comprises at le st two apparatus of the invention for contacting a mixture (e.g. a slurry or contacting liquid)
with a gas to r

ove one or more component gas (e.g. C0 2, SOx). The first apparatus is oriented such that its

long axis is horizontal and such that it is placed low to the ground. The purpose of this orientation is that this
portion of the absorber will have a low liquid head requirement, thus making it easier to pump the contacting
mixture (i.e. absorbing solution) to the top of the contacting chamber of the apparatus, i.e. require less energy.
The contacting mixture in the horizontal portion of the apparatus may be different along the length of that
portion, or it n y be the same mixture. The contacting mixture in the horizontal portion of the apparatus may
be clear solution or a slurry, and it may or may not be recirculated. The flow of the inlet gas and the flow of
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the contacting mixture may be co-current or counter current, or the flow of the gas and solution may vary in
stages within the horizontal length of the apparatus. The contacting mixture in the horizontally oriented
apparatus ma be recirculated within the apparatus to in effect cause countercurrent flow of the contacting
mixture with

spect to the flow of the inlet gas. The second apparatus in system is oriented vertically, such

that the length of it is perpendicular to the ground. The vertically oriented apparatus could be staged (is more
often than not staged) and the contacting mixture flow could be cocurrent or countercurrent to the flow of the
inlet gas. The vertical section of the absorber would have a demister prior to the gas outlet. This section
could also rec rculate the contacting mixture either to various stages within the vertically oriented apparatus
or to the horiz tally oriented apparatus. The contacting mixture could also be in some of the lower stages
either clear so ution or slurry. The slurry includes a solid component that may be a mineral, an industrial
waste (e.g. fly ash, cement kiln dust), and/or solid precipitate from the process in the case where recirculation
is employed. "omminution may be apart of the recirculation system if the contacting mixture includes slurry.
The clear solu ion or liquid component of the slurry may be seawater, a naturally occurring alkaline brine, an
industrial wasie brine, a desalination effluent brine, a synthetic brine, freshwater, a solution augmented with
additional div lent cations, a solution augmented with additional alkalinity, or a combination thereof
[00318] Fig. 26 is a schematic of an embodiment of the invention in which the system comprises two
apparatus, one horizontally oriented, low to the ground, and the second apparatus, vertically oriented. The
configuration shown in Fig. 26 (and similarly, Figs. 27 and 28) minimizes both the horsepower requirement
and the physic 1 footprint requirements of the system. The lower, horizontally oriented apparatus requires
less liquid pressure head, and thus less horsepower to operate. The taller, vertically oriented apparatus
requires less a ea for its physical footprint. The solution in the vertically oriented apparatus may be
recirculated to the horizontally oriented apparatus, recirculated solely within the vertically oriented apparatus,
recirculated partially within the vertically oriented apparatus and partially within the horizontally oriented
apparatus, or rot recirculated. The vertically oriented apparatus may have a demisting section just prior to the
gas outlet wit- accepts clear liquid (i.e. without solid particulates) as its intake. The vertically oriented
apparatus may accept clear liquid or a slurry as its intake for the main portion of the apparatus, shown as three
sprays in the figure. The system that includes the two apparatus may be a portable system, such that the
system is contained in a shipping container that may be shipped via rail, waterways and/or road.
[003191 Fig. 27 is a schematic of an embodiment of the invention, similar to that shown in Fig. 26 in that the
system comprises two apparatus, one horizontally oriented, low to the ground, and the second apparatus,
vertically oriented. In the embodiment shown in Fig. 27, the flow of the gas in the first apparatus (that which
is horizontally oriented, low to the ground) is forced to follow a convoluted path. The nature of the path that
the gas followS creates areas of countercurrent and cocurrent contact between the gas and the solution in the
first (i.e., lower) apparatus. As in Fig. 26, the solution in the vertically oriented apparatus may be recirculated
to the horizontally oriented apparatus, recirculated solely within the vertically oriented apparatus, recirculated
partially within the vertically oriented apparatus and partially within the horizontally oriented apparatus, or
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not recircu ated. The vertically oriented apparatus may have a demisting sectionjust prior to the gas outlet
with accepts clear liquid (i.e. without solid particulates) as its intake. The vertically oriented apparatus may
accept clea liquid or a slurry as its intake for the main portion of the apparatus, shown as three sprays in the
figure. The system that includes the two apparatus may be a portable system, such that the system is contained
in a shippir g container that may be shipped via rail, waterways and/or road.
[003201 Fig. 28 is a schematic of an embodiment of the invention, similar to those shown in Figs. 26 and 27 in
that the sys em comprises two apparatus, one horizontally oriented, low to the ground, and the second
apparatus, vertically oriented. In the embodiment shown in Fig. 28, the solution (e.g. absorbing solution,
contacting mixture) in the horizontally oriented apparatus is recirculated within that apparatus such that
solution en ers the apparatus initially at the point in the apparatus furthest away from the gas inlet. The
solution is hen recirculated using pumps closer to the gas inlet area. This recirculation in effect creates a
countercu ent flow between the overall fluid flow and gas flow in the apparatus, though the construction of
the apparat s may convolute the flow of the gas so that relative to the solution falling from the sprays, the gas
is locally flowing alternately cocurrently and countercurrently. As in Figs. 26 and 27, the solution in the
vertically oriented apparatus may be recirculated to the horizontally oriented apparatus, recirculated solely
within the vertically oriented apparatus, recirculated partially within the vertically oriented apparatus and
partially within the horizontally oriented apparatus, or not recirculated. The vertically oriented apparatus may
have a de listing section just prior to the gas outlet with accepts clear liquid (i.e. without solid particulates) as
its intake.

he vertically oriented apparatus may accept clear liquid or a slurry as its intake for the main

portion of the apparatus, shown as three sprays in the figure. The system that includes the two apparatus may
be a portab e system, such that the system is contained in a shipping container that may be shipped via rail,
waterways and/or road.
[00321]Fig. 29 is a schematic of an embodiment of the invention in which different types of apparatus are
used in seri s. The apparatus are ones that employ arrays of sprays or sprays and shed rows combined. The
apparatus also have fluid (i.e. absorbing solution or contacting mixture) flowing cocurrent and countercurrent
with respect to the gas flow. The fluid (i.e. absorbing solution or contacting mixture) in each apparatus may
be the sami or different, and it maybe recirculated within each apparatus or from one apparatus to another to
cause the desired gas incorporation (i.e. absorption), and in some cases, precipitation.
[00322] Figs. 30 and 31 are schematics of embodiments of the invention showing systems of the invention in
which apparatus are arranged in rows and the gas flows into the apparatus both in parallel and in series. Fig.
30 shows a configuration where the gas flows into more than one apparatus, and in these first apparatus, the
gas and liqid (e.g. absorbing solution, contacting mixture) flows are cocurrent, then the gas flows into more
than one subsequent apparatus where the flows are countercurrent. Fig. 31 shows a configuration where gas
flows into more than one apparatus, where in the first of the multiple apparatus, the gas and liquid flows are
countercurrent, then in the subsequent multiple apparatus, the flows are cocurrent. In each apparatus, the
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solution or contacting mixture may be recirculated within the apparatus or from one apparatus to another to
obtain the des red removal of a component of the gas (e.g. C0 2, SOx) or precipitate.
[003231 Preci itation reactor 120, further includes an output conveyance for mother liquor. In some
embodiments, the output conveyance may be configured to transport the mother liquor to a tailings pond for
disposal or in naturally occurring body of water, e.g., ocean, sea, lake, or river. In other embodiments, the
systems may be configured to allow for the mother liquor to be employed as a coolant for an industrial plant
by a line running between the precipitation system and the industrial plant. In certain embodiments, the
precipitation plant may be co-located with a desalination plant, such that output water from the precipitation
plant is emplo ed as input water for the desalination plant. The systems may include a conveyance (i.e., duct)
where the output water (e.g., mother liquor) may be directly pumped into the desalination plant.
1003241 Fig. 31 shows a piping and instrument diagram for an embodiment of the invention. The diagram
shows two pol sible flue gas sources coming from a power plant. The flue gas is shown entering the bottom of
a contacting chamber (i.e. the item labeled absorber). The contacting chamber has at the bottom an exit
conduit as well as a connection to a recirculation system, including pumps and switching valves. In the center
of the contacti g chamber are sprays, and at the top of the chamber is a demisting section (i.e. mist
eliminator) be ore the gas outlet. Shown is a source of spray water for the demister section that is separate
from the source of water for the center section of the chamber. The source of solution for the center of the
chamber also has connections to at least one source of sodium hydroxide (e.g. an electrochemical process,
alkaline brine). A slurry mill is also shown in Fig. 32. This mill may be a location for comminution of the
solid compon nt of a slurry, in which the solid component may be precipitate material, mineral or industrial
waste (e.g. fly ash, cement kiln dust). In some embodiments, the contacting chamber, or absorber, shown in
Fig. 32 may be portable, such that it fits within a standard shipping container and may be shipped via train,
barge and/or tuck to any facility where desired.
[00325] The s stem illustrated in Fig. 7 further includes a liquid-solid separation apparatus 140 for separating
a precipitated carbonate mineral composition from the precipitation system effluent. The liquid-solid
separation app atus may achieve separation of a precipitation product from precipitation system effluent by
draining (e.g., gravitational sedimentation of the precipitation product followed by draining), decanting,
filtering (e.g., gravity filtration, vacuum filtration, filtration using forced air), centrifuging, pressing, or any
combination t ereof. In some embodiments, the liquid-solid separation apparatus comprises a baffle, against
which precipitation station effluent is flowed to effect precipitation product and supernatant separation. In
such embodiments, the liquid-solid separation apparatus may further comprise a collector for collecting
precipitation p oduct. A source of liquid-solid separators useful in some embodiments is Epuramat's Extrem
Separator ("EN Sep") liquid-solid separator, or a modification thereof. In some embodiments, the liquid-solid
separation apparatus comprises a spiral channel, into which precipitation station effluent is flowed to effect
precipitation poduct and supernatant separation. In such embodiments, the liquid-solid separation apparatus
may further comprise an array of spiral channel outlets for collecting precipitation product. A source of
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liquid-solid separators useful in some embodiments is Xerox PARC's spiral concentrator, or a modification
thereof. At le st one liquid-solid separation apparatus is operably connected to the precipitation station such
that precipitati n station effluent may flow from the precipitation station to the liquid-solid separation
apparatus (e.g., liquid-solid separation apparatus comprising either a baffle or a spiral channel). As detailed
above, any of a number of different liquid-solid apparatus may be used in combination, in any arrangement
(e.g., parallel, series, or combinations thereof), and the precipitation station effluent may flow directly to the
liquid-solid se aration apparatus, or the effluent may be pre-treated.

100326] The system also includes a washing station, 150, where bulk dewatered precipitate from separation
station, 140 is washed, e.g., to remove salts and other solutes from the precipitate, prior to drying at the drying
station.
1003271 The system further includes a drying station 160 for drying the precipitated carbonate mineral
composition p oduced by the carbonate mineral precipitation station. Depending on the particular drying
protocol of the system, the drying station may include a filtration element, freeze drying structure, spray
drying structure , etc as described more fully above. The system may include a conveyer, e.g., duct, from the
industrial plan that is connected to the dryer so that a gaseous waste stream (i.e., industrial plant flue gas)
may be contac ed directly with the wet precipitate in the drying stage.
[003281 The d ied precipitate may undergo further processing, e.g., grinding, milling, in refining station, 180,
in order to obtain desired physical properties. One or more components may be added to the precipitate where
the precipitate is used as a building material.
100329] The s stem further includes outlet conveyers, e.g., conveyer belt, slurry pump, that allow for the
removal of precipitate from one or more of the following: the reactor, drying station, washing station or from
the refining station. The product of the precipitation reaction may be disposed of in a number of different
ways. The precipitate may be transported to a long term storage site in empty conveyance vehicles, e.g.,
barges, train c rs, trucks, etc., that may include both above ground and underground storage facilities. In other
embodiments, he precipitate may be disposed of in an underwater location. Any convenient protocol for
transporting tho composition to the site of disposal may be employed. In certain embodiments, a pipeline or
analogous slur y conveyance structure may be employed, where these approaches may include active
pumping, grave tational mediated flow, etc.
[003301 In certain embodiments, the system will further include a station for preparing a building material,
such as cement, from the precipitate. This station can be configured to produce a variety of cements,
aggregates, or :ementitious materials from the precipitate, e.g., as described in co-pending U.S. Patent
Application Publication No. 2009/0020044, published 25 November 2008, which is incorporated herein by
reference in its entirety.
[003311 As ind cated above, the system may be present on land or sea. For example, the system may be a land
based system t at is in a coastal region, e.g., close to a source of seawater, or even an interior location, where
water is piped nto the system from a salt water source, e.g., ocean. Alternatively, the system may be a water
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based syste , i.e., a system that is present on or in water. Such a system may be present on a boat, ocean
based platform etc., as desired. In certain embodiments, the system may be co-located with an industrial plant
at any convenient location. The precipitation plant may be a land-based plant that is co-located with the land
based indust ial plant, e.g., in a coastal region, such as close to a source of water (e.g., seawater). Also of
interest are i terior locations, where water is piped into the system directly from a water source (e.g., an
industrial plant, a distal lake, a distal ocean). Alternatively, the precipitation plant may be present on water,
e.g., on a bar ge, boat, ocean based platform etc., as desired, for example where real-estate next to a industrial
plant is scarce. In certain embodiments, the precipitation plant may be a mobile plant, such that it is readily
co-located with an industrial plant.
[003321 Syst ms of the invention that are co-located with an industrial plant, such as a power plant, may be
configured tq allow for synchronizing the activities of the industrial plant and precipitation plant. In certain
instances, th activity of one plant may not be matched to the activity of the other. For example, the
precipitation plant may need to reduce or stop its acceptance of the gaseous waste stream but the industrial
plant may n ed to keep operating. Conversely, situations may arise where the industrial plant reduces or
ceases opera ion and the precipitation plant does not. To address situations where either the precipitation
plant or industrial plant may need to reduce or stop its activities, design features that provide for continued
operation of ane of the co-located plants while the other reduces or ceases operation may be employed, as
described in detail above. For example, the systems of the invention may include in certain embodiments,
blowers, fan, and/or compressors at various points along the connecting line between the industrial plant and
the precipita ion plant in order to control the occurrence of backpressure in the ducts that connect the
industrial plant to the precipitation plant. In certain embodiments, a gas storage facility may be present
between the ndustrial plant and the precipitation plant. Where desired, the precipitation plant may include
emissions monitors to evaluate any gaseous emissions produced by the precipitation plant as required by Air
Quality Age cies.
[003331 Aspc cts of the invention include the use of a CO 2 containing industrial plant gaseous waste stream,
e.g., an industrial plant flue gas, at one or more stages of a process in which a storage-stable CO2 containing
product is precipitated. As such, the CO2 containing industrial plant gaseous waste stream is employed in a
precipitation process. In embodiments of the invention, the gaseous waste stream is employed at one or more
steps of the recipitation process, such as in a precipitation step, e.g., where it is employed to charge water
with C0 2, or during a precipitate drying step, e.g., where precipitated carbonate compound is dried, etc.
1003341 Where desired, the flue gas from the industrial plant can be re-circulated through the precipitation
plant until to al adsorption of the remnant CO 2 approaches 100%, or a point of diminishing returns is achieved
such that the remaining flue gas can be processed using alternative protocols and/or released into the
atmosphere.
[003351 In some embodiments, the apparatus and systems of the invention may be operably connected to a
power plant 1hat produces power and an industrial waste gas (i.e. flue gas). In such embodiments, the
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apparatus and systems of the invention may be considered an emissions control system that removes certain
constituents f om the industrial waste gas. In some embodiments, the industrial waste gas comprises carbon
dioxide, SOx, NOx, heavy metals, non-CO 2 acid gas, and fly ash. In some embodiments, the apparatus and
systems of th invention may act as an emissions control system that is configured to remove carbon dioxide
from an industrial waste gas. In some embodiments, the apparatus and systems of the invention may act as an
emission control system that is configured to remove at least carbon dioxide from an industrial waste gas and
additionally remove SOx from the industrial waste gas. In some embodiments, carbon dioxide and optionally
SOx are removed by an emissions control system comprising apparatus and/or systems of the invention, while
utilizing an minimized amount of the power produced by the power plant, such as less than 30% of the power
produced by the power plant. In some embodiments, the emissions control system of the invention may
achieve utiliz ng less than 30% of the power produced by the power plant by employing or accepting an
alkaline solut on from an electrochemical system configured to produce a caustic solution, particularly of the
type of the lo v-voltage electrochemical system described further herein. In some embodiments, the
emissions cor trol system of the invention is connected to a power plant and configured to absorb at least 50%
of the carbon dioxide from the waste gas and use less than 30% of the energy generated by the power plant. In
some embodi ents, the emissions control system of the invention is connected to a power plant and
configured to absorb at least 90% of the oxides of sulfur (SOx) from the waste gas and use less than 30% of
the energy generated by the power plant. In some embodiments, the emissions control system of the invention
is connected to a power plant and configured to absorb at least 50% of the carbon dioxide and at least 80% of
the sulfur oxi e (SOx) from the waste gas and use less than 30% of the energy generated by the power plant.
In some embc diments, the apparatus and systems of the invention may be used in conjunction with existing
emissions cor trol system in place at a plant that combusts fossil fuel. In some embodiments, the existing
emissions co trol system may include or utilize: an electrostatic precipitator to collect particulates, SOx
control techn logy, NOx control technology, physical filtering technology to collect particulates, mercury
control technology, among other control measures.
[003361 As reviewed above, precipitation systems of the invention may be co-located with an industrial plant.
An example cf such a system is illustrated in Fig. 7. In Fig. 7, flue gas outlet 170 from power plant 200 is
used in both t e precipitation reactor 120 as the source of CO 2 130 and the dryer 160 and the source of heat.
Where desired, backpressure controls are employed to at least reduce, if not eliminate, the occurrence of
backpressure which could arise from directing a portion of, if not all of, the industrial plant gaseous waste
stream to the recipitation plant 100. Any convenient manner of controlling backpressure occurrence may be
employed. In certain embodiments, blowers, fans, and/or compressors are provided at some point along the
connecting line between the industrial plant and precipitation plant. In certain embodiments, the blowers are
installed to p 11the flue gas into ducts that port the flue gas to the precipitation plant. The blowers employed
in these embodiments may be electrically or mechanically driven blowers. In these embodiments, if present at
all, backpress re is reduced to a level of 5 inches or less, such as one inch or less. In certain embodiments, a
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gas storage fa ility may be present between the industrial plant and the precipitation plant. When present, the
gas storage facility may be employed as a surge, shutdown and smoothing system so that there is an even flow
of flue gases to the precipitation plant.
[00337]Aspects of the invention include synchronizing the activities of the industrial plant and precipitation
plant. In certain instances, the activity of one plant may not be matched to the activity of the other. For
example, the Frecipitation plant may need to reduce or stop its acceptance of the gaseous waste stream but the
industrial plart may need to keep operating. Conversely, situations may arise where the industrial plant
reduces or ce aes operation and yet the precipitation plant does not. To address such situations, the plants may
be configured to provide for continued operation of one of the co-located plants while the other reduces or
ceases operation may be employed. For example, to address the situation where the precipitation plant has to
reduce or eli minate the amount of gaseous waste stream it accepts from the industrial plant, the system may
be configured so that the blowers and ducts conveying waste stream to the precipitation plant shut off in a
controlled sequence to minimize pressure swings and the industrial plant flue acts as a bypass stack for
discharge of the gaseous waste stream. Similarly, if the industrial plant reduces or eliminates its production of
gaseous waste stream, e.g., the industrial plant is dispatched wholly or partially down, or there is curtailment
of industrial p ant output under some pre-agreed level, the system may be configured to allow the
precipitation

plant to continue

operation, e.g., by providing an alternate source of C0 2, by providing for

alternate heati g protocols in the dryer, etc.
[003381 Wher desired, the precipitation plant may include emissions monitors to evaluate any gaseous
emissions pro luced by the precipitation plant and to make required reports to regulatory agencies, both
electronic (typically every 15 minutes), daily, weekly, monthly, quarterly, and annually. In certain
embodiments, gaseous handling at the precipitation plant is sufficiently closed that exhaust air from the
precipitation plant which contains essentially all of the unused flue gas from the industrial plant is directed to
a stack so that required Continuous Emissions Monitoring Systems can be installed in accordance with the
statutory and regulatory requirements of the Country, province, state city or other political jurisdiction.
[003391 In cer ain embodiments, the gaseous waste stream generated by the industrial plant and conveyed to
the precipitati n plant has been treated as required by Air Quality Agencies, so the flue gas delivered to the
precipitation plan already meets Air Quality requirements. In these embodiments, the precipitation plant may
or may not have alternative treatment systems in place in the event of a shutdown of the precipitation plant.
However, if tle flue gas delivered to has been only partially treated or not treated at all, the precipitation plant
may include a' r pollution control devices to meet regulatory requirements, or seek regulatory authority to emit
partially-treated flue gas for short periods of time. In yet other embodiments, the flue gas is delivered to
precipitation plant for all processing. In such embodiments, the system may include a safeguard for the
situation where the precipitation plant cannot accept the waste stream, e.g., by ensuring that the pollution
controls instal ed in the industrial plant turn on and control emissions as required by the Air Quality Agencies.
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1003401 The precipitation plant that is co-located with the industrial plant may be present at any convenient
location, be tl at on land or water. For example, the precipitation plant may be a land-based plant that is co
located with t e land-based industrial plant, e.g., in a coastal region, such as close to a source of sea water.
Also of intere t are interior locations, where water is piped into the system directly from a water source (e.g.,
an industrial plant, a distal lake, a distal ocean). Alternatively, the precipitation plant may be present on water,
e.g., on a barge, boat, ocean based platform etc., as desired, for example where real-estate next to a industrial
plant is scarce. In certain embodiments, the precipitation plant may be a mobile plant, such that it is readily
co-located wilh a industrial plant.
[003411 As indicated above, of interest in certain embodiments are waste streams produced by integrated
gasification combined cycle (IGCC) plants. In these types of plants, the initial fuel, e.g., coal, biomass, etc., is
first subjected to a gasification process to produce syngas, which may be shifted, generating amounts of CO 2,
CO and H2. T e product of the gasification protocol may be conveyed to the precipitation plant to first
remove C0 2, vith the resultant CO 2 scrubbed product being returned to a power plant for use as fuel. In such
embodiments a line from the gasification unit of a power plant may be present between a power plant and
precipitation plant, and a second return line may be present between the precipitation plant and a power plant
to convey scrubbed syngas back to a power plant.
[003421 In ce ain embodiments, the co-located industrial plant and precipitation plant (or integrated plant) is
operated with additional CO2 emission reduction approaches. For example, material handling, vehicles and
earthmoving (quipment, locomotives, may be configured to use biofuels in lieu of fossil fuels. In such
embodiments, the site may include fuel tanks to store the biofuels.
[00343] In addition to sequestering C0 2, embodiments of the invention also sequester other components of
industrial pla t generated gaseous waste streams. For example, embodiments of the invention results in
sequestration >f at least a portion of one or more of NOx, SOx, VOC, Mercury and particulates that may be
present in the waste stream, such that one or more of these products are fixed in the solid precipitate product.
[003441 In Fig. 7, precipitation system 100 is co-located with industrial plant 200. However, precipitation
system 100 is not integrated with the industrial plant 200. Of further interest in certain embodiments therefore
is an integrated facility, which, in addition to an industrial plant, includes power generation, water treatment
(seawater desalinization or mineral rich freshwater treatment) and precipitation components' as described in
U.S. Patent A application Publication No. 2009/0001020, published 1 January 2009, which is incorporated
herein by reference in its entirety. The water source for the precipitation plant may be derived from the waste
streams of the water treatment plant. The resultant mother liquor from the carbonate precipitation plant may
be used as the feedstock for the water treatment plant. The resultant integrated facility essentially uses fuel,
minerals and untreated water as inputs, and outputs energy, a processed industrial product, e.g., cement, clean
water, clean a r and carbon-sequestering building materials.
[00345] Fig. 33 provides an example of where a precipitation system 100 is integrated with an industrial plant,
in this case a oal fired power plant 300. In power plant 300, coal 310 fuels steam boiler 315 to produce
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steam, which, in turn, runs a turbine (not shown) to produce power. Steam boiler 315 also produces bottom
ash or boiler slIg 325 and flue gas 320. Flue gas 320 contains fly ash, C0 2 , and sulfates. Flue gas 320 and
bottom ash 325 are combined with water from water source 330 in reactor 340 and subjected to precipitation
reactions, as d cribed above. Pump 350 facilitates transport of precipitated product from reactor 340 to
spray dryer 36C, which employs flue gas 320 to spray dry the precipitated product for subsequent disposal,
e.g., by placem nt in a landfill or use in a building product. Treated flue gas 370 exits spray dryer 360 and is
then discharged to the atmosphere in stack 380. Treated flue gas 370 is gas in which the fly ash, sulfur, and
CO 2 content ha been substantially reduced, if not completely removed, as compared to flue gas 320. As an
example of the system shown in Fig. 33, the CO 2 source may be flue gas from coal or other fuel combustion,
which is contacted with the volume of saltwater with little or no pretreatment of the flue gas. In these
embodiments, the use of fuels such as high-sulfur coal, sub-bituminous coal, lignite and the like, which are
often inexpensive and considered low quality, is practical due to the ability of the process to remove the SOx
and other pollu ants as well as removing CO2. These fuels may also provide higher levels of co-reactants
such as alumina and silica in fly ash carried by the flue gas, producing modified carbonate mineral
precipitates wit i beneficial properties.
[003461 When Co-located with a power plant, methods of the invention provide sequestration of substantial
amounts of CO from the gaseous waste stream produced by the power plant with a limited energy demand. In
some instances, the methods provide for removal of 5%or more, 10% or more, 25% or more, 50% or more,
75% or more of the CO 2 from the gaseous waste stream with an energy demand of 50% or less, such as 30%
or less, includir g 25% or less. The energy demand is the amount of energy generated by the power plant that
is required to operate the carbon dioxide sequestration process. In some instances the above levels of CO
2
removal are acl-ieve with an energy demand of 20% or less, 15% or less, 10% or less.
[003471 Another type of industrial plant that may be co-located with a precipitation plant of the invention is a
cement plant, such as a Portland cement production plant. Fig. 34 provides a schematic of an exemplary
Portland cement production facility. In Fig. 34, limestone 400 along with shales and other additives 410 are
milled to appro rate size and moved through precalciner 500, which uses waste heat from flue gas 430 to
preheat the mix ure, utilizing waste heat from kiln 510 to improve operational efficiency. The preheated
mixture enters liln 510 where it is further heated by burning coal 420. The resultant clinker 480 is collected
and stored in silos 570, where it is blended with additives 571 such as gypsum, limestone, etc. and ground to
desired size in ball mill 580. The product that exits the ball mill is Portland cement 490, which is stored in
cement silo 590 prior to shipment to customers.
[00348]The flub gas 430 that comes from kiln 510 contains both gaseous and particulate contaminants. The
particulate contaminants are known as kiln dust 440, and are removed from the flue gas via electrostatic
precipitators or baghouses 520. The kiln dust so removed is commonly sent to landfill 600, though
occasionally kil dust is recycled into the kiln, or sold as a supplementary cementitious material. The flue gas
is then pulled by fan 540 into wet scrubber 550, where the sulfur oxides in the flue gas are removed by
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reaction with a calcined lime slurry, producing a calcium sulfite (e.g., gypsum) slurry 480 which is normally
dewatered in eclaim tank 572 and disposed of in landfill 600. The flue gas 430 exits wet scrubber 430 and is
released to the atmosphere via stack 560. The flue gas so released has a high concentration of CO 2, which is
released both y the burning of coal and via the calcination required to oxidize limestone to Portland cement.
[00349]Fig. 3 shows a schematic of an exemplary co-located cement plant and precipitation plant according
to one embodiment of the invention. The process in this example is the same as that in Fig. 34, except that a
carbonate precipitation plant replaces the flue gas treatment system of Fig. 34. Once the flue gas exits the
precalciner 5C0, it is pulled by fan 540 to reactor 630, wherein a precipitation reaction is initiated utilizing
seawater 620 nd alkali 625. The resultant slurry 631 is pumped via pump 640 to drying station 650, where
water 651 is discharged and dried cementitious material 660 is stored for shipment to customers. Flue gas
430 is emitted from stack 670 with a portion if not all of the contaminants removed, including mercury, SOx,
particulates, aid CO 2
[00350] Fig. 35 shows a schematic of an exemplary cement plant that does not require a limestone quarry,
according to ne embodiment of the invention. In this embodiment, the product of reactor 630 may take the
form of a relatively pure calcium carbonate during portions of time during its operation, and other forms of
building mate ials during other portions of time. In this example, rather than mined limestone, the precalciner
500 and kiln 510 is charged with a mixture of shale and other ingredients 410 blended with a relatively pure
precipitated calcium carbonate 670. Previously mentioned and incorporated by reference U.S. Patent
Application Publication No. 2009/0020044, published 25 November 2008 details protocols of precipitating an
aragonite calc um carbonate from seawater using flue gas. By using the product of the flue gas treatment
reactor as a fe dstock, the cement plant draws its calcium ion from the sea via the precipitated product, and
only requires mined limestone in the first short period of operation until sufficient precipitated calcium
carbonate is generated to charge the kiln.
[00351] In so e embodiments of the invention, an absorbing solution is contacted with a gaseous source of
carbon dioxide to incorporate carbon dioxide and possibly one or more other component from the gaseous
source of carbon dioxide within one apparatus or system, such that a separate emissions control system or
apparatus is n t needed. In some embodiments, an absorbing solution is contacted with a gaseous source of
carbon dioxid to incorporate carbon dioxide and possibly one or more other component from the gaseous
source of carb n dioxide and the resulting contacted absorbing solution is disposed of without exposing the
solution to precipitation conditions.
[00352] In embodiments of the invention, the carbonate precipitation is performed in two stages. The first
stage selectiv ly precipitates calcium carbonate, which can then be used as a feedstock for the cement plant as
illustrated in Fig. 36. The second precipitation stage can produce a number of different materials, including
cements, aggregates, above ground carbon sequestering materials, and the like.
[003531 Portlaid cement is 60-70% by mass CaO, which is produced by heating CaCO 3, requiring heat, and
releasing one olecule of CO2 for every molecule of CaO released. Because of the additional CO 2 released
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from the burning of fuel, the output of precipitated CaCO 3 from the precipitation plant will exceed the amount
required to provide feedstock for the cement plant. In this instance a portion of the time of operation of the
precipitati n plant may be devoted to production of other cementitious materials 660 such as those described
in U.S. Paent Application Publication No. 2009/0020044, published 25 November 2008, which is
incorporated herein by reference in its entirety.

1003541 The Portland cement 490 produced as shown in Fig. 36 is carbon neutral as the CO2 from its
manufacture is sequestered into precipitated carbonate mineral 670 and cementitious materials 660. The
Portland cement 490 may be sold as is, or blended or interground with cementitious material 660 to produce a
blended ce nent.
[003551A example of a continuous feed system of interest is depicted in Fig. 37. In Fig. 37, system 1100
includes w ter source (e.g., pipe from ocean to provide seawater) 1101, which is in fluid communication with
reactor 11 10. Also present in reactor 1110 is Ca/Mg/OH ion sources and catalysts 1111, which have been
added in a ounts sufficient to raise the Mg/Ca ion ratio in water present in reactor 1110 to 3 or more. Reactor
1110 may configured as a packed bed column, and configured from bicarbonate charging, if desired. CO2
containing gas, e.g., flue gas 1112 is combined with water in reactor 1110 by sparger/bubbler 1113. The Mg
ion source nd CO 2 are combined with the water in reactor 1110 to produce CO2 charged acidic water, which
flows out cf reactor 1110 at a pH of between 4.8 and 7.5. Next, the CO 2 charged acidic water flows through
conduit 11 0 where it is cycled with mixing through different levels of alkalinity, e.g., 8.5 and 9.8, with the
use of vari us CO2 gas injectors 1121, OH- modulators 1123 (such as introduces of pH elevating agents,
electrodes, etc.) and static mixers 1122 positioned at various locations along conduit 1120. The flow rate
through conduit 1120 may be controlled as desired, e.g., to be between 1 GPM and 1,000,000 GPM, such as
30 GPM a d 100,000 GPM and including 4,000 GPM and 60,000 GPM. The length of conduit 1120 may
vary, ranging from 100 ft to 20,000 ft, such as 1000 ft to 7000 ft. At the end of conduit 1120, as slurry product
1130 is obtained, which slurry product includes the precipitated C0 2-sequestering product and mother liquor.
The resulting slurry is then forwarded to a liquid-solid separation apparatus or settling tank, as illustrated at
1140.
[00356] In certain embodiments, two or more reactors may be used to carry out the methods described herein.
A schemat c of an embodiment using two reactors is shown in Figs. 38, 39, and 40. In this embodiment, the
method may include a first reactor 1210 and a second reactor 1220. In these cases, the first reactor 1210 is
used for cotacting the initial water, e.g. fresh seawater 1230, with a magnesium ion source 1240 and for
charging t'e initial water with CO 2 containing gas, e.g. flue gas 1250 (where this step is also referred to as
bicarbonate charging). The flue gas 1250 may be contacted with the water in the first reactor 1210 through a
sparger/bubbler 1280. The water is agitated with agitator 1260 to facilitate the dissolution of the magnesium
ion source ind to facilitate contact of the initial water with the CO 2 containing gas. In some cases, before the
CO2 charg d acidic water is transferred to the second reactor 1220, agitation of the CO 2 charged acidic water
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is stopped, such that undissolved solids may settle by gravity. The CO2 charged acidic water is then
transferred through conduit 1270 from the first reactor 1210 to the second reactor 1220.
[003571 After Iransferring the CO2 charged acidic water to the second reactor 1220, the step of carbonate
precipitation may be performed. In some cases, a pH raising agent 1290 is contacted with the water in the
second reactor 1220 to facilitate formation of the carbonate containing precipitate. The contents of the second
reactor 1220 may be agitated with agitator 1295. In certain embodiments, one or more additional steps of CO2
charging and subsequent carbonate precipitation may be performed in the second reactor, as described above.
In these cases, additional CO 2 containing gas, e.g. flue gas 1255, is contacted with the water in the second
reactor 520 th ough sparger/bubbler 1285. The resulting slurry product includes the precipitated C02
sequestering product and mother liquor, which is then forwarded to a water/solids separator or settling tank,
as described above.
COMPOSITIONS
[003581 Compositions of the invention may be solutions, solids, or multiphasic materials (e.g., slurries)
comprising catbonates, bicarbonates, or carbonates and bicarbonates, optionally of divalent cations such as
Ca

,

Mg , or combination thereof The amount of carbon in such compositions (e.g., storage-stable carbon

dioxide seque tering products such as precipitation material) produced by methods of the invention may vary.
In some embodiments, compositions comprise an amount of carbon (as determined by using protocols
described in g eater detail below, such as isotopic analysis, e.g., 3C isotopic analysis) ranging from 1%to
15% (w/w), s ch as 5 to 15% (w/w), including 5 to 14% (w/w), 5 to 13% (w/w), 6 to 14% (w/w), 6 to 12%
(w/w), and 7 to 12% (w/w), wherein a substantial amount of the carbon may be carbon that originated (as
determined by protocols described in greater detail below) in the source of CO 2. In such embodiments, 10 to
100%, such as 50 to 100%, including 90 to 100% of the carbon present in composition (e.g., storage-stable
carbon dioxide sequestering products such as precipitation material) is from the source of CO2 (e.g.,
industrial was e gas stream comprising carbon dioxide). In some instances, the amount of carbon present in
the composition that is traceable to the carbon dioxide source is 50% or more, 60% or more, 70% or more,
80% or more, 90% or more, 95% or more, 99% or more, including 100%.
[003591 Compositions of the invention (e.g., precipitation material comprising carbonates, bicarbonates, or
carbonates and bicarbonates) may store 50 tons or more of CO2, such as 100 tons or more of CO 2, including
150 tons or m re of CO 2, for instance 200 tons or more of CO2, such as 250 tons or more of CO2, including
300 tons or m re of C0 2, such as 350 tons or more of C0 2, including 400 tons or more of CO 2, for instance
450 tons or m re of CO2, such as 500 tons or more of CO2, including 550 tons or more of CO 2, such as 600
tons or more of CO2, including 650 tons or more of CO 2, for instance 700 tons or more of CO2, for every 1000
tons of the composition. Thus, in some embodiments, the compositions of the invention (e.g., precipitation
material comp-ising carbonates, bicarbonates, or carbonates and bicarbonates) comprise 5% or more of C0 2,
such as 10% o more of C0 2, including 25% or more of CO2, for instance 50% or more of CO2, such as 75%
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or more of

:02,

including 90% or more of CO2. Such compositions, particularly precipitation material of the

invention may be used in the built environment. In some embodiments, the composition may be employed as
a compone t of a manufactured item, such as a building material (e.g., component of a cement, aggregate,
concrete, o a combination thereof). The composition remains a storage-stable C0 2-sequestering product, as
use of the composition in a manufactured item (such as building material) does not result in re-release of
sequestered CO 2. In some embodiments, compositions of the invention (e.g., precipitation material
comprising carbonates, bicarbonates, or carbonates and bicarbonates), when combined with Portland cement,
may dissolve and combine with compounds of the Portland cement without releasing CO 2.
[003601 Conditions employed to convert CO2 into carbonates, bicarbonates, or carbonates and bicarbonates
may result n one or more additional components and/or co-products (i.e., products produced from the one or
more additional components) thereof, wherein such additional components include sulfur oxides (SOx);
nitrogen oNides (NOx); carbon monoxide (CO); metals such as antimony (Sb), arsenic (As), barium (Ba),
beryllium e), boron (B), cadmium (Cd), chromium (Cr), cobalt (Co), copper (Cu), lead (Pb), manganese
(Mn), mercury (Hg), molybdenum (Mo), nickel (Ni), radium (Ra), selenium (Se), silver (Ag), strontium (Sr),
thallium (TI), vanadium (V), and zinc (Zn); particulate matter; halides; organics; toxic substances; radioactive
isotopes, and the like. In some embodiments, such one or more additional components and/or co-products
may be par of a solution comprising carbonates, bicarbonates, or carbonates and bicarbonates. In some
embodime ts, such one or more additional components and/or co-products may be part of precipitation
material of the invention by precipitating the one or more additional components and/or co-products along
with carbo ates, bicarbonates, or carbonates and bicarbonates, by trapping the one or more additional
components and/or co-products in precipitation material comprising carbonates, bicarbonates, or carbonates
and bicarb nates, or by some combination thereof In some embodiments, such one or more additional
component; and/or co-products may be part of a slurry comprising any combination of the foregoing solutions
with precipitation material.
[003611 Co positions of the invention may comprise sulfates, sulfites, or the like in addition to carbonate
and/or bic donates. In some embodiments, compositions comprise 70-99.9% carbonates and/or bicarbonates
along with 3.05-30% sulfates and/or sulfites. For example, compositions may comprise at least 50%, 55%,
60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, or 99.9% carbonates and/or bicarbonates. Such compositions
may furthe comprise at least 0.05%, 0.1%, 0.5%, 1.0%, 5.0%, 10%, 15%, 20%, 25%, or 30% sulfates and/or
sulfites. In some embodiments, compositions of the invention comprise sulfur-based compounds of calcium,
magnesiurr, or combinations thereof, optionally precipitated or trapped in precipitation material produced
from waste gas streams comprising SOx (e.g., SO2, SO3 , etc.). For example, magnesium and calcium may
react to forn MgSO 4 and CaSO 4, respectively, as well as other magnesium- and calcium-containing
compounds (e.g., sulfites), effectively removing sulfur from the waste gas stream (e.g., flue gas stream)
without a d sulfurization step such as flue gas desulfurization ("FGD"). In addition, compositions comprising
CaSO 4, MgSO 4, and related compounds may be formed without additional release of CO 2. In instances where
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high levels of sulfur-based compounds (e.g., sulfate) are present, the aqueous solution may be enriched with
calcium an /or magnesium so that calcium and/or magnesium are available to form carbonate compounds
before, dur ng, or after formation of CaSO 4, MgSO 4, and/or related compounds. In some embodiments,
multiple reaction products (e.g., MgCO 3, CaCO 3, CaSO 4, mixtures of the foregoing, and the like) are collected
at different stages, while in other embodiments a single reaction product (e.g., precipitation material
comprising carbonates, sulfates, etc.) is collected.
[00362] Co positions of the invention may comprise nitrates, nitrites, and/or the like. In some embodiments,
compositio s of the invention comprise such nitrogen-based compounds of calcium, magnesium, or
combinatio s thereof, optionally precipitated or trapped in precipitation material produced from waste gas
streams co prising NOx (e.g., NO 2, NO 3, etc.). For example, magnesium and calcium may react to form
Mg(N0 3)2 nd Ca(N0 3)2, respectively, as well as other magnesium- and calcium-containing compounds (e.g.,
nitrates), ef fectively removing nitrogen from the waste gas stream (e.g., flue gas stream) without a selective
catalytic reduction ("SCR") step or non-selective catalytic reduction ("NSCR") step. In addition, compositions
comprising Ca(N0 3) 2, Mg(N0 3) 2, and related compounds may be formed without additional release of CO 2.
Compositi ns of the invention may further comprise other components, such as trace metals (e.g., mercury).
Using mercury as a non-limiting example of a trace metal, compositions of the invention may comprise
elemental mercury (Hg0 ), mercury salts comprising Hg (e.g., HgCl 2, HgCO 3, etc.), mercury salts comprising
Hg* (e.g., Hg2 Cl2, Hg 2CO 3, etc.), mercury compounds comprising Hg (e.g., HgO, organomercury
compounds etc.), mercury compounds comprising Hg' (e.g., Hg 20, organomercury compounds, etc.),
particulate :ercury (Hg(p)), and the like. In some embodiments, compositions of the invention comprise such
mercury-based compounds, optionally precipitated or trapped in precipitation material produced from waste
gas streams comprising trace metals such as mercury. In some embodiments, compositions comprise mercury
(or another metal) in a concentration of at least 0.1, 0.5, 1, 5, 10, 50, 100, 500, 1,000, 5,000, 10,000 ppb.
Mercury may react to form HgCO 3 or Hg 2CO3 as well as other mercury-containing compounds (e.g.,
chlorides, ides), effectively removing mercury from the waste gas stream (e.g., flue gas stream) without a
specific or non-specific mercury removal technology. In addition, compositions comprising mercury and
and/or othe trace metals may be formed without additional release of CO 2.
[00363]Pre ipitation material of the invention may comprise several carbonates and/or several carbonate
mineral phases resulting from co-precipitation, wherein the precipitation material may comprise, for example,
calcium car onate (e.g., calcite) together with magnesium carbonate (e.g., nesquehonite). Precipitation
material m y also comprise a single carbonate in a single mineral phase including, but not limited to, calcium
carbonate (e.g., calcite), magnesium carbonate (e.g., nesquehonite), calcium magnesium carbonate (e.g.,
dolomite), or a ferro-carbo-aluminosilicate. As different carbonates may be precipitated in sequence, the
precipitatio material may be, depending upon the conditions under which it was obtained, relatively rich
(e.g., 90% t 95%) or substantially rich (e.g., 95%-99.9%) in one carbonate and/or one mineral phase, or the
precipitation material may comprise an amount of other carbonates and/or other mineral phase (or phases),
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wherein the desired mineral phase is 50-90% of the precipitation material. It will be appreciated that, in some
embodime ts, the precipitation material may comprise one or more hydroxides (e.g., Ca(OH) 2, Mg(OH) 2) in
addition to the carbonates. It will also be appreciated that any of the carbonates or hydroxides present in the
precipitation material may be wholly or partially amorphous. In some embodiments, the carbonates and/or
hydroxides are wholly amorphous. It will also be appreciated that any of the carbonates or hydroxides present
in the precipitation material may be wholly or partially crystalline. In some embodiments, the carbonates
and/or hyd oxides are wholly crystalline.
[00364] W ile many different carbonate-containing salts and compounds are possible due to variability of
starting ma erials, precipitation material comprising magnesium carbonate, calcium carbonate, or
combinatio s thereof is particularly useful. Precipitation material may comprise two or more different
carbonate

mpounds, three or more different carbonate compounds, four or more different carbonate

compound , five or more different carbonate compounds, etc., including non-distinct, amorphous carbonate
compounds. Precipitation material of the invention may comprise compounds having a molecular
formulation X,(C0 3)n,wherein X is any element or combination of elements that can chemically bond with a
carbonate group or its multiple and m and n are stoichiometric positive integers. In some embodiments, X
may be an alkaline earth metal (elements found in column IIA of the periodic table of elements) or an alkali
metal (elen ents found in column IA of the periodic table of elements), or some combination thereof In some
embodimer ts, the precipitation material comprises dolomite (CaMg(C0 3)2), protodolomite, huntite
(CaMg 3(CO3)4), and/or sergeevite (Ca 2Mg I(C0 3 ) 13-H20), which are carbonate minerals comprising both
calcium and magnesium. In some embodiments, the precipitation material comprises calcium carbonate in one
or more ph ses selected from calcite, aragonite, vaterite, or a combination thereof. In some embodiments, the
precipitation material comprises hydrated forms of calcium carbonate (e.g., Ca(C0 3)-nH 20) where there are
one or more structural waters in the molecular formula.) selected from ikaite (CaCO 3-6H 20), amorphous
calcium ca donate (CaCO 3-nH 2O), monohydrocalcite (CaCO 3-H 20), or combinations thereof In some
embodime ts, the precipitation material comprises magnesium carbonate, wherein the magnesium carbonate
does not have any waters of hydration. In some embodiments, the precipitation material comprises
magnesium carbonate, wherein the magnesium carbonate may have any of a number of different waters of
hydration (e.g., Mg(C0 3)-nH 20) selected from 1, 2, 3, 4, or more than 4 waters of hydration. In some
embodiments, the precipitation material comprises 1, 2, 3, 4, or more than 4 different magnesium carbonate
phases, wh rein the magnesium carbonate phases differ in the number of waters of hydration. For example,
precipitatio material may comprise magnesite (MgCO3 ), barringtonite (MgCO 3-2H 20), nesquehonite
(MgCO 3-3H20), lansfordite (MgCO 3-5H 20), and amorphous magnesium carbonate. In some embodiments,
precipitation material comprises magnesium carbonates that include hydroxide and waters of hydration such
as artinite ( vgCO 3-Mg(OH) 2-3H20), hydromagnesite (Mg 5(CO 3) 4(OH) 2 -3H 20), or combinations thereof. As
such, precipitation material may comprise carbonates of calcium, magnesium, or combinations thereof in all
or some of he various states of hydration listed herein. Precipitation rate may also influence the nature of the
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precipitation material with the most rapid precipitation rate achieved by seeding the solution with a desired
phase. Without seeding, rapid precipitation may be achieved by, for example, rapidly increasing the pH of the
precipitation reaction mixture, which results in more amorphous constituents. Furthermore, the higher the pH,
the more rapid the precipitation, which precipitation results in a more amorphous precipitation material.
[003651 In some instances, the amount by weight of calcium carbonate compounds in the precipitation
material may exceed the amount by weight of magnesium carbonate compounds in the precipitation material.
For example, the amount by weight of calcium carbonate compounds in the precipitation material may exceed
the amount 'y weight magnesium carbonate compounds in the precipitation material by 5% or more, such as
10% or mo , 15% or more, 20% or more, 25% or more, 30% or more. In some instances, the weight ratio of
calcium carbonate compounds to magnesium carbonate compounds in the precipitation material ranges from
1.5-5 to 1, such as 2-4 to 1, including 2-3 to 1. In some instances, the amount by weight of magnesium
carbonate c mpounds in the precipitation material may exceed the amount by weight of calcium carbonate
compounds in the precipitation material. For example, the amount by weight of magnesium carbonate
compounds in the precipitation material may exceed the amount by weight calcium carbonate compounds in
the precipit tion material by 5% or more, such as 10% or more, 15% or more, 20% or more, 25% or more,
30% or mor. In some instances, the weight ratio of magnesium carbonate compounds to calcium carbonate
compounds in the precipitation material ranges from 1.5-5 to 1, such as 2-4 to 1, including 2-3 to 1.
[00366] Pre ipitation material produced by methods of the invention may comprise carbonate compounds
that, upon combination with fresh water, dissolve the initial precipitation material to produce a fresh water
precipitation material comprising carbonate compounds that are more stable in the fresh water than the
carbonate c mpounds of the initial precipitation material. (Although the carbonate compounds of the initial
precipitatio material may dissolve upon combination with fresh water, a new composition is produced. Thus,
CO 2 gas is rot liberated in significant amounts, or in some cases, at all, in any such reaction.) The carbonate
compounds of the initial precipitation material may be compounds that are more stable in salt water than they
are in fresh

ater, such that the carbonate compounds may be viewed as metastable in salt water. The amount

of carbonate in precipitation material, as determined by coulometric titration, may be 40% or higher, such as
70% or higher, including 80% or higher.
1003671 Adjusting major ion ratios during precipitation may influence the nature of the precipitation material.
Major ion r tios have considerable influence on polymorph formation. For example, as the
magnesium: alcium ratio in the water increases, aragonite becomes the major polymorph of calcium
carbonate in the precipitation material over low-magnesium calcite. At low magnesium:calcium ratios, low
magnesium alcite becomes the major polymorph. In some embodiments, where Ca2+ and Mg 2+ are both
present in the water , the ratio of Ca2+ to Mg2 + (i.e., Ca2+:Mg 2+)in the water is between 500:1 and 1:500, such
as between 00:1 and 1:100, such as between 50:1 and 1:50, such as between 20:1 and 1:20, such as between
10:1 and 1:10. In some embodiments, where Ca2+ and Mg 2+ are both present in the water, the ratio of Ca2+ to
Mg 2+ (i.e., Ca2+:Mg2+) in the water is between 5:1 and 1:1. In some embodiments, where Ca2 + and Mg 2+are
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both present in the water, the ratio of Ca 2 +to Mg 2" (i.e., Ca 2 :Mg+) in the water is 4:1. In some embodiments,

where Ca2 and Mg2 are both present in the water, the ratio Of Ca" to Mg2 (i.e., Ca2 :Mg") in the water is
between 1:1 and 1:10. In some embodiments, where Ca2 + and Mg2 + are both present in the water, the ratio of
Mg" to Ca2 (i.e., Mg2 +:Ca2+, which is the reverse of Ca2 :Mg2") in the water is between 10:1 and 1:1, such as
between 5:1 land 2:1. In some embodiments, where Ca 2 +and Mg2 +are both present in the water, the ratio of

Mg2 to Ca 2 (i.e., Mg 2 +:Ca", which is the reverse of Ca2 :Mg2") in the water is 4:1. In some embodiments,
where Ca2 nd Mg2 +are both present, the ratio of Ca 2+to Mg 2+ (i.e., Ca 2+:Mg2 +)in the precipitation material
is between 10:1 and 1:1; 1:1 and 1:2.5; 1:2.5 and 1:5; 1:5 and 1:10; 1:10 and 1:25; 1:25 and 1:50; 1:50 and
1:100; 1:10C and 1:150; 1:150 and 1:200; 1:200 and 1:250; 1:250 and 1:500; 1:500 and 1:1000, or arange
thereof. For xample, in some embodiments, the ratio of Ca

to Mg2 + in the precipitation material is between

1:1 and 1:10; 1:5 and 1:25; 1:10 and 1:50; 1:25 and 1:100; 1:50 and 1:500; or 1:100 and 1:1000. In some
embodiment, the ratio of Mg+ to Ca2 (i.e., Mg :CaW) in the precipitation material is between 1:1 and 1:2.5;
1:2.5 and 1:5; 1:5 and 1:10; 1:10 and 1:25; 1:25 and 1:50; 1:50 and 1:100; 1:100 and 1:150; 1:150 and 1:200;
1:200 and 1: 50; 1:250 and 1:500; 1:500 and 1:1000, or a range thereof For example, in some embodiments,
the ratio of Mg 2 to Ca 2+ in the precipitation material is between 1:1 and 1:10; 1:5 and 1:25; 1:10 and 1:50;
1:25 and 1:1 0; 1:50 and 1:500; or 1:100 and 1:1000.
[003681 Due to variability of starting materials, carbonate-containing salts and compounds comprising
counterions other than calcium or magnesium are possible. For example, in some embodiments, compositions
of the invention (e.g., precipitation material) comprise calcium carbonate in the form of aragonite. In such
embodiments, calcium may be replaced by a number of different metals including, but not limited to
strontium, lead, and zinc, each of which, in one form or another, may be found in one or more starting
materials (e. g., waste gas stream, source of proton-removing agents, source of divalent cations, etc.) of the
invention. C mpositions may comprise, for example, mossottite, which is aragonite rich in strontium, or
composition, may comprise a mixture of aragonite and strontianite (e.g., (Ca,Sr)C0 3). Compositions may
comprise, foe example, tarnowitzite, which is aragonite rich in lead, or compositions may comprise a mixture
of aragonite and cerussite (e.g., (Ca,Pb)C0 3). Compositions may comprise, for example, nicholsonite, which
is aragonite ich in Zn, or compositions may comprise a mixture of aragonite and smithsonite (e.g.,
(Ca,Zn)C0

3

. In view of the foregoing exemplary embodiments, compositions (e.g., precipitation material)

may compri e carbonates, bicarbonates, or carbonates and bicarbonates of As, Ag, Ba, Be, Cd, Co, Cr, Cu,
Hg, Mo, Ni, Pb, Se, Sb, Tl, V, or Zn. By way of example, compositions of the invention may comprise
carbonates of Ag, Ba, Be, Cd, Co, Cu, Ni, Pb, TI, Zn, or combinations thereof. Carbonates, bicarbonates, or
carbonates aid bicarbonates of the foregoing metals may be independently formed (e.g., strontianite) or exist
in a magnesium and/or calcium matrix (e.g., mossottite). Metals such as As, Ag, Ba, Be, Cd, Co, Cr, Cu, Hg,
Mo, Ni, Pb, Se, Sb, Tl, V, and Zn may be provided by a waste gas stream, a source of proton-removing
agents, a so rce of divalent cations, or a combination thereof. Metals and other components found in such
source (e.g., waste gas streams, sources of proton-removing agents, sources of divalent cations) that do not
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form carbonat s, bicarbonates, or carbonates and bicarbonates may be trapped in or adsorbed on precipitation
material.
[003691 Precipitation material, which comprises one or more synthetic carbonates derived from industrial
C02, reflects

e relative carbon isotope composition (6 13C) of the fossil fuel (e.g., coal, oil, natural gas, or

flue gas) from which the industrial CO 2 (from combustion of the fossil fuel) was derived. The relative carbon
isotope composition (6"C) value with units of %o(per mille) is a measure of the ratio of the concentration of
two stable isot pes of carbon, namely

12

C and 3C, relative to a standard of fossilized belemnite (the PDB

standard).
"C %o= [(13C/ 2C sample - "C/'C PDB standard) / ("C/"C PDB standard)] x 1000

[00370] As such, the 6 3C value of the synthetic carbonate-containing precipitation material serves as a
fingerprint for a CO 2 gas source. The

13

C value may vary from source to source (i.e., fossil fuel source), but

the 6 3C value for composition of the invention generally, but not necessarily, ranges between -9%o to -35%o.
In some embo liments, the 513C value for the synthetic carbonate-containing precipitation material is between
-I%o and -50%,, between -5%o and -4 0%o, between -5%o and -35%o, between -7%o and -40%o, between -7%o
and -35%o, between -9%o and -40%o, or between -9%o and - 3 5 %o.In some embodiments, the 6 1 3C value for the
synthetic carbonate-containing precipitation material is less than (i.e., more negative than) -3%o, -5%o, -6%o,
7%o, -8%o, -9%>, -10%0, -11%o, -12%o, -13%o, -14%o, -15%o, -16%o, -17%o, -18%o, -19%o, -20%o, -21%o, -22%o,
23%o, -24%o, -25%o, -26%o, -27%o, -28%o, -29%o, -30%o, -31%o, -32%o, -33%o, -34%o, -35%o, -36%o, -37%o,
38%o, -39%o, -4O%o, -41%o, -42%o, -43%o, -44%o, or -45%o, wherein the more negative the 613C value, the more

rich the synthetic carbonate-containing composition is in 12C. Any suitable method may be used for measuring
the 513 C value methods including, but no limited to, mass spectrometry or off-axis integrated-cavity output
spectroscopy ( ff-axis ICOS).
[003711 In addition to magnesium- and calcium-containing products of the precipitation reaction, compounds
and materials comprising silicon, aluminum, iron, and others may also be prepared and incorporated within
precipitation material with methods and systems of the invention. Precipitation of such compounds in
precipitation material or addition of such compounds to the precipitation material may be desired to alter the
reactivity of cements comprising the precipitation material resulting from the process, or to change the
properties of c red cements and concretes made from them. Material comprising metal silicates may be
added to the p ecipitation reaction mixture as one source of these components, to produce carbonate
containing precipitation material which contains one or more components, such as amorphous silica,
amorphous aluminosilicates, crystalline silica, calcium silicates, calcium alumina silicates, etc. In some
embodiments, the precipitation material comprises carbonates (e.g., calcium carbonate, magnesium carbonate)
and silica in a arbonate:silica ratio between 1:1 and 1:1.5; 1:1.5 and 1:2; 1:2 and 1:2.5; 1:2.5 and 1:3; 1:3 and
1:3.5; 1:3.5 an 1:4; 1:4 and 1:4.5; 1:4.5 and 1:5; 1:5 and 1:7.5; 1:7.5 and 1:10; 1:10 and 1:15; 1:15 and 1:20,
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or a range t ereof. For example, in some embodiments, the precipitation material comprises carbonates and
silica in a c rbonate:silica ratio between 1:1 and 1:5, 1:5 and 1:10, or 1:5 and 1:20. In some embodiments, the
precipitation material comprises silica and carbonates (e.g., calcium carbonate, magnesium carbonate) in a
silica:carbonate ratio between 1:1 and 1:1.5; 1:1.5 and 1:2; 1:2 and 1:2.5; 1:2.5 and 1:3; 1:3 and 1:3.5; 1:3.5
and 1:4; 1:4 and 1:4.5; 1:4.5 and 1:5; 1:5 and 1:7.5; 1:7.5 and 1:10; 1:10 and 1:15; 1:15 and 1:20, or a range
thereof. For example, in some embodiments, the precipitation material comprises silica and carbonates in a
silica:carbonate ratio between 1:1 and 1:5, 1:5 and 1:10, or 1:5 and 1:20. In general, precipitation material
produced b. methods of the invention comprises mixtures of silicon-based material and at least one carbonate
phase. In general, the more rapid the reaction rate, the more silica is incorporated with the carbonate
containing precipitation material, provided silica is present in the precipitation reaction mixture (i.e., provided
silica was rot removed after digestion of material comprising metal silicates).
100372] Pre ipitation material may be in a storage-stable form (which may simply be air-dried precipitation
material), and may be stored above ground under exposed conditions (i.e., open to the atmosphere) without
significant, if any, degradation (or loss of CO 2) for extended durations. In some embodiments, the
precipitatio material may be stable under exposed conditions for 1 year or longer, 5 years or longer, 10 years
or longer, 2 years or longer, 50 years or longer, 100 years or longer, 250 years or longer, 1000 years or
longer, 10,C00 years or longer, 1,000,000 years or longer, or even 100,000,000 years or longer. A storage
stable form of the precipitation material may be stable under a variety of different environment conditions, for
example, fr m temperatures ranging from -100 *C to 600 C and humidity ranging from 0 to 100%, where the
conditions may be calm, windy, or stormy. As the storage-stable form of the precipitation material undergoes
little if any degradation while stored above ground under normal rainwater pH, the amount of degradation, if
any, as measured in terms of CO 2 gas release from the product, does not exceed 5% per year, and in certain
embodime ts will not exceed 1%per year or 0.001% per year. Indeed, precipitation material provided by the
invention does not release more than 1%, 5%, or 10% of its total CO 2 when exposed to normal conditions of
temperature and moisture, including rainfall of normal pH for at least 1, 2, 5, 10, or 20 years, or for more than
20 years, fo example, for more than 100 years. In some embodiments, the precipitation material does not
release mor- than 1%of its total CO 2 when exposed to normal conditions of temperature and moisture,
including r infall of normal pH for at least 1 year. In some embodiments, the precipitation material does not
release mor- than 5% of its total CO 2 when exposed to normal conditions of temperature and moisture,
including r infall of normal pH for at least 1 year. In some embodiments, the precipitation material does not
release mor than 10% of its total CO 2 when exposed to normal conditions of temperature and moisture,
including rainfall of normal pH for at least 1 year. In some embodiments, the precipitation material does not
release mor- than 1% of its total CO2 when exposed to normal conditions of temperature and moisture,
including rainfall of normal pH for at least 10 years. In some embodiments, the precipitation material does not
release more than 1%of its total CO 2 when exposed to normal conditions of temperature and moisture
including r infall of normal pH for at least 100 years. In some embodiments, the precipitation material does
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not release

re than 1%of its total CO 2 when exposed to normal conditions of temperature and moisture,
including rai fall of normal pH for at least 1000 years.
[00373] Any suitable surrogate marker or test that is reasonably able to predict such stability may be used. For
example, an ccelerated test comprising conditions of elevated temperature and/or moderate to more extreme
pH conditions is reasonably able to indicate stability over extended periods of time. For example, depending
on the intended use and environment of the precipitation material, a sample of the precipitation material may
be exposed tc 50, 75, 90, 100, 120, or 150 'C for 1, 2, 5, 25, 50, 100, 200, or 500 days at between 10% and
50% relative humidity, and a loss less than 1%, 2%, 3%, 4%, 5%, 10%, 20%, 30%, or 50% of its carbon may
be considere sufficient evidence of stability of precipitation material of the invention for a given period (e.g.,
1, 10, 100, 1 00, or more than 1000 years).
[00374] Any of a number of suitable methods may be used to test the stability of the precipitation material
including physical test methods and chemical test methods, wherein the methods are suitable for determining
that the comp ounds in the precipitation material are similar to or the same as naturally occurring compounds
known to ha e the above specified stability (e.g., limestone). CO 2 content of the precipitation material may be
monitored by any suitable method, one such non-limiting example being coulometry. Other conditions may
be adjusted as appropriate, including pH, pressure, UV radiation, and the like, again depending on the
intended or likely environment. It will be appreciated that any suitable conditions may be used that one of
skill in the ar would reasonably conclude indicate the requisite stability over the indicated time period. In
addition, if a cepted chemical knowledge indicates that the precipitation material would have the requisite
stability for t e indicated period this may be used as well, in addition to or in place of actual measurements.
For example, some carbonate compounds that may be part of a precipitation material of the invention (e.g., in
a given polyriorphic form) may be well-known geologically and known to have withstood normal weather for
decades, centaries, or even millennia, without appreciable breakdown, and so have the requisite stability.
[003751 The Carbonate-containing precipitation material, which serves to sequester CO 2 in a form that is stable
over extended periods of time (e.g., geologic time scales), may be stored for extended durations, as described
above. The precipitation material, if needed to achieve a certain ratio of carbonates to silica, may also be
mixed with silicon-based material (e.g., from separated silicon-based material after material comprising metal
silicates digestion; commercially available SiO 2; etc.) to form pozzolanic material. Pozzolanic materials of the
invention are siliceous or aluminosiliceous materials which, when combined with an alkali such as calcium
hydroxide (C (OH) 2), exhibit cementitious properties by forming calcium silicates and other cementitious
materials. Si 2-containing materials such as volcanic ash, fly ash, silica fume, high reactivity metakaolin, and
ground granulated blast furnace slag, and the like may be used to fortify compositions of the invention
producing po zolanic materials. In some embodiments, pozzolanic materials of the invention are fortified
with 0.5% to 1.0%, 1.0% to 2.0%; 2.0% to 4.0%, 4.0% to 6.0%, 6.0% to 8.0%, 8.0% to 10.0%, 10.0% to
15.0%, 15.00 to 20.0%, 20.0% to 30.0%, 30.0% to 40.0%, 40.0% to 50.0%, or an overlapping range thereof,
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an SiO 2-contai ing material. Such SiO 2-containing material may be obtained from, for example, an
electrostatic precipitator or fabric filter of the invention.
[00376] As indicated above, in some embodiments, precipitation material comprises metastable carbonate
compounds that are more stable in salt water than in fresh water, such that upon contact with fresh water of
any pH they dissolve and re-precipitate into other fresh water stable minerals. In certain embodiments, the
carbonate compounds are present as small particles, for example, with particle sizes ranging from 0.1 ptm to
100 im, I to 100 jim, 10 to 100 jim, 50 to 100 jim as determined by scanning electron microscopy (SEM). In
some embodi ents, particle sizes of the carbonate compounds range from 0.5 to 10 pm as determined by
SEM. In som embodiments, the particles size exhibit a single modal distribution. In some embodiments, the
particle sizes

hibit a bimodal or multi-modal distribution. In certain embodiments, the particles have a high

surface are ra ing from, for example, 0.5 to 100 m2/gm, 0.5 to 50 m2/gm, or 0.5 to 2.0 m2/gm as determined
by Brauner, Ernmit, & Teller (BET) Surface Area Analysis. In some embodiments, precipitation material
may comprise rod-shaped crystals and/or amorphous solids. The rod-shaped crystals may vary in structure,
and in certain mbodiments have a length to diameter ratio ranging from 500 to 1, 250 to 1, or 10 to 1. In
certain embod ments, the length of the crystals ranges from 0.5 jim to 500 jm, 1 pim to 250 jim, or 5 Im to
100 jim. In yet other embodiments, substantially completely amorphous solids are produced.
[003771 Spray- dried material (e.g., precipitation material, silicon-based material, pozzolanic material, etc.), by
virtue of being spray dried, may have a consistent particle size (i.e., the spray-dried material may have a
relatively narrow particle size distribution). As such, in some embodiments, at least 50%, 60%, 70%, 80%,
90%, 95%, 97%, or 99% of the spray-dried material falls within +10 microns, ±20 microns, ±30 microns, ±40
microns, +50

icrons, 75 microns, +100 microns, or ±250 microns of a given mean particle diameter. In

some embodi ents, the given mean particle diameter is between 5 and 500 microns. In some embodiments,
the given mea particle is between 5 and 250 microns. In some embodiments, the given mean particle
diameter is between 5 and 100 microns. In some embodiments, the given mean particle diameter is between 5
and 50 microns. In some embodiments, the given mean particle diameter is between 5 and 25 microns. For
example, in so e embodiments, at least 70% of the spray-dried material falls within ±50 microns of a given
mean particle diameter, wherein the given mean particle diameter is between 50 and 500 microns, such as
between 50 and 250 microns, or between 100 and 200 microns. Such spray-dried material may be used to
manufacture cement, fine aggregate, mortar, coarse aggregate, concrete, and/or pozzolans of the invention;
however, one of skill in the art will recognize that manufacture of cement, fine aggregate, mortar, coarse
aggregate, concrete, and/or pozzolans does not require spray-dried precipitation material. Air-dried
precipitation material, for example, may also be used to manufacture cement, fine aggregate, mortar, coarse
aggregate, con rete, and/or pozzolans of the invention.
EXAMPLES
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100378] In c mbination with the above description, the following examples provide those of ordinary skill in
the art with a complete disclosure and description of how to make and use the invention. The examples are
presented to provide what is believed to be the most useful and readily understood procedural and conceptual
description o certain embodiments of the invention. As such, the examples are not intended to limit the scope
of what the inventors regard as their invention, nor do the examples represent all of the experiments or the
only experin-ents performed. Efforts have been made to ensure accuracy with respect to numbers used (e.g.,
amounts, ten perature, etc.), but some experimental errors and deviations should be accounted for. Unless
indicated oth rwise, parts are parts by weight, molecular weight is weight average molecular weight,
temperature is in degrees Centigrade, and pressure is at or near atmospheric.
[003791 Exa ple I. Precipitation of P00099

[003801 A. P00099 Precipitation process
[003811 The 'ollowing protocol was used to produce the P00099 precipitate. 380 L of filtered seawater was
pumped into cylindrical polyethylene 60'-cone bottom graduated tank. This reaction tank was an open
system, left exposed to the ambient atmosphere. The reaction tank was constantly stirred using an overhead
mixer. pH, rc om temperature, and water temperature were constantly monitored throughout the reaction.
[00382125 g f granulated (Ca,Mg)O (a.k.a., dolime or calcined dolomite) was mixed into the seawater.
Dolime that settled to the bottom of the tank was manually re-circulated from the bottom of the tank through
the top again in order to facilitate adequate mixing and dissolution of reactants. A second addition of 25 g of
dolime was erformed in an identical manner, including a manual recirculation of settled reactant. When the
pH of the water reached 9.2, a gas mixture of 10% CO 2 (and 90% compressed air) was slowly diffused
through a ceramic airstone into solution. When the pH of the solution fell to 9.0, another 25 g addition of
dolime was

ded to the reaction tank, which caused the pH to rise again. The additions of dolime were

repeated whenever the pH of the solution dropped to 9.0 (or below), until a total of 225 g were added. A
manual recirculation of settled reactant was performed in between each dolime addition.
[003831 Aftet the final addition of dolime, the continuous diffusion of gas through the solution was stopped.
The reaction was stirred for an additional 2 hours. During this time, the pH continued to rise. To maintain a
pH between 9.0 and 9.2, additional gas was diffused through the reaction when the pH rose above 9.2 until it
reached 9.0. h/anual re-circulations of settled reactant were also performed 4 times throughout this 2 hour
period.
[00384]2 hours after the final addition of dolime, stirring, gas diffusion and recirculation of settled reactant
was stopped. The reaction tank was left undisturbed for 15 hours (open to the atmosphere).
[00385] After the 15 hour period, supernatant was removed through the top of the reaction tank using a
submersible pump. The remaining mixture was removed through the bottom of the tank. The collected
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mixture was allowed to settle for 2 hours. After settling, the supernatant was decanted. The remaining slurry
was vacuum filtered through 11 pm pore size filter paper, in a Buchner funnel. The collected filter cake was
placed into a Pyrex dish and baked at 110 'C for 24 hours.
1003861 Th dried product was ground in a ball mix and fractioned by size through a series of sieves to
produce the P00099 precipitate.

[00387] B. Materials analysis
1003881 Of the different sieve fractions collected, only the fraction containing particles retained on the 38pm
opening sicve and passing through the 75ptm-opening sieve was used.
[00389]1. Chemical characteristics
[003901 Th- P00099 precipitate used for the blend was analyzed for elemental composition using XRF.
Results for the main elements are reported for the QU1KRETETM type I/I Portland cement used in this blend
as well as fDr the P00099 precipitate in Table 4, below.
Table 4. XRF analysis of the type 1/11 Portland cement and P00099-002 used in this blend.

Na20

MgO

A120 3

SiO 2

P20 5

SO3

Cl

K20

CaO

Fe 2O 3

Sr

CO 3

(%)

(%)

(%)

(%)

(ppm)

(%)

(%)

(%)

(%)

(%)

(ppm)

(%
diff

OPC1

2.15

1.95

4.32

20.31

2336

2.54

0.072

0.36

62.88

3.88

1099

0.002

P00099

1.36

3.44

0.14

0.083

462

0.65

1.123

0.04

45.75

0.12

3589

46.82

Sample

1003911 The XRD analysis of this precipitate indicates the presence of aragonite and magnesium calcite
(composition close to Mgo 1Cao 9CO 3 ) and in minor amounts, brucite and halite (Table 5). The FT-IR analysis
of the P00C99 precipitate confirmed the presence of aragonite, calcite, and brucite.
Table 5. XRD analysis of this precipitate.
Sample

Aragonite

Magnesium Calcite

Brucite

Halite

P00099

79.9

17.1

2.8

0.2

[003921 Th total inorganic carbon content measured by coulometry is in fair agreement with the same value
derived front the XRD Rietveld estimated composition coupled with XRF elemental composition. Table 6
provides a oulometric analysis of P00099 compared to %C derived from XRD/XRF data
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Table 6. Coulometric analysis of P00099 compared to % C derived from XRD/XRF data.
Total C fro

coulometry

Total C derived from other analytical data

10.93 +0.16 %

11.5%

[00393]2. hysical characteristics
[00394] SEM observations on the precipitate confirmed the dominance of aragonite (needle-like) as well as
the size of he particle agglomerates. The determined BET specific surface areas ("SSA") of the Portland
cement and the P00099 precipitate are given in Table 7.
Table 7. B T specific surface areas ("SSA") of the Portland cement and the P00099 precipitate.
Type I/II

uikrete Portland cement

P00099

1.18 + 0.0 mI/g

8.31 ±0.04 m2/g

[00395] The particle size distribution was determined after 2 min of pre-sonication to dissociate the
agglomerated particles.
[003961 Ex mple II. Use of Fly Ash as an Alkali Source
[003971 A. Methods
1003981500 mol of seawater (initial pH = 8.01) was continuously stirred in a glass beaker using a magnetic
stir bar. Th pH and temperature of the reaction was continuously monitored. Class F fly ash (- 10% CaO)
was incren entally added as a powder, allowing the pH to equilibrate in between additions.
[00399] B. Results and Observations:

100400] Af er the additions of 5.00 g of fly ash the pH reached 9.00.
[00401] 34.14 g --> pH 9.50
[004021168.89 g --> pH 9.76
[004031219.47 g -- > pH 10.94

[00404]254.13 g --> pH 11.20
[00405]300.87 g --> pH 11.28
100406] (A counts of fly ash listed are the cumulative totals, i.e. the total amount added at that point in the
experiment.)
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[00407]M

h more fly ash was needed to raise the pH of the seawater than distilled water. The initial pH

raise (8 to 9) required much less fly ash than the further raises. The pH remained fairly stable around 9.7 for
much of the reaction. The rate of rate of pH increase went up after ~ 10. Also of note was an initial drop in pH
when the fl ash was added. This drop in pH is quickly overcome by the effects of the calcium hydroxide.
SEM images of vacuum dried slurry from the reaction showed some spheres of the fly ash that had partially
dissolved. The remaining spheres also seemed to be embedded in a possibly cementitious material.
[00408] C. onclusions
[00409] In f resh (distilled) water, it was found that small amounts of class F fly ash (< I g / L) immediately
raised the p from 7 (neutral) to ~ 11. The small amount necessary to raise the pH is most likely due to the
unbuffered ature of nature of distilled water. Seawater is highly buffered by the carbonate system, and thus it
took much nore fly ash to raise the pH to similar levels.
[00410]Example III. Production of High Yields
[00411]A. rocess 1
1004121A 20% CO 2 / 80% Air gas mixture was sparged into IL of seawater until a pH <5 was reached. Once
reached, 1.C g of Mg(OH) 2 was added to the 1L of carbonic acid/seawater solution. The 20/80 gas mixture
continued to be sparged for 20 minutes to ensure maximal dissolution of the Mg(OH) 2 and gases. After
dissolution, sparging was stopped and 2M NaOH was added until a pH of 9.8 was reached. Sparging of the
20/80 gas'v as resumed until a pH of 8.5 was reached. 2M NaOH and counter-additions of the 20/80 gas were
continued maintaining a pH range between 8.5 and 9.8 until a total of 200ml of 2M NaOH was added. A
yield of 6.9 1g was observed having a Coulometer reading of 10.6% carbon (~80% carbonate).
1004131 B. Process 2
[00414] A 20% CO2 / 80% Air gas mixture was sparged into IL of seawater until a pH <5 was reached. Once
reached, 2. 9g of Mg(OH) 2 was added to the IL of carbonic acid/seawater solution. The 20/80 gas mixture
continued t be sparged for 20 minutes to ensure maximal dissolution of the Mg(OH) 2 and gases. After
dissolution, sparging was stopped and 2M NaOH was added until a pH of 9.8 was reached. Sparging of the
20/80 gas vas resumed until a pH of 8.5 was reached. 2M NaOH and counter-additions of the 20/80 gas were
continued aintaining a pH range between 8.5 and 9.8 until a total of 200ml of 2M NaOH was added. A
yield of 10.24g was observed having a Coulometer reading of 9.7% carbon (-75% carbonate).
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[00415]SE

, EDS, and X-Ray Diffraction of the precipitated carbonates showed amorphous and crystalline

Ca and Mg carbonates, and also the presence of Ca/Mg carbonates. Pictures of the precipitates are provided
in Figs. 41 and 42.
[00416] C. P ocess 3
[00417] Co 2 was sparged into IL seawater until a pH 7 or lower was reached. 0 to 5.Og Mg ion supplement
referred to a "Moss Mag" and obtained from Calera Corporation's Moss Landing site (which is the former
site of the Kaiser Aluminum & Chemical Corporation and National Refractorie in Moss Landing California,
where the supplement is Mg rich waste product found in tailings ponds of the site) was added while mixing
and continuing to sparge CO 2. 0.1 75ppm A12(SO4)3 was added. CO2 was continued to be sparged and base
was added while maintaining a pH between 7 and 8 ending at a pH of 7. Sparging of CO 2 was stopped and
base was added until a pH between 9.0 and 10.4 was reached. As shown in Fig. 43, the above reaction
conditions favor the formation of amorphous carbonate compound precipitates. The resultant amorphous
precipitate p oduct is readily spray dried to produce a dry product.
[004181 D. Process 4
[004191 As s own in Figs. 38, 39, and 40, in certain embodiments, a multi-step, multi-reactor process is used
to carry out 1he methods disclosed herein. In the first reactor, a magnesium ion source obtained from a Moss
Landing, Ca ifornia site (hereinafter referred to as Moss Mag), was put into solution using carbonic acid and
agitation. The pH of the seawater in the first reactor was maintained a pH of 7.0 or less during Moss Mag
dissolution. In certain embodiments, 1.0 gram of 50-150 tm Moss Mag was dissolved into solution per IL of
seawater. A pH of 6.2-6.6 or a hardness reading >0.08 grams/liter indicated that the appropriate amount of
Moss Mag vas dissolved in solution. A source of CO 2, e.g. flue gas, was sparged into the water in the first
reactor. Abc ut 40-50% of the total flue gas consumed during the entire reaction is dissolved into the seawater
in this step. Flue gas was sparged until the pH no longer responded to flue gas dissolution, which took
approximate y 30-60 minutes. Agitation was stopped to allow unreacted Moss Mag, sand or other large
particles to gravity settle before transferring the CO 2 charged acidic water from the first reactor to the second
reactor.
[00420] The

02

charged acidic water was then transferred from the first reactor to the second reactor. The

second reactor was used for both nucleation site generation and crystal growth. After transferring the solution
from the firs reactor to the second reactor, the following steps were performed:
[00421]1. 5(% NaOH was added until a pH of 9.5 was reached. For example, for a 1000 gallon reaction, 20
25kg of 50% NaOH was added using a dosing pump capable of pumping 5-25ml/sec of 50% NaOH. After
reaching a pH of 9.5, the addition of 50% NaOH was stopped.
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[0042212. A CO2 source including a mixture of 20% C0 2/80% compressed air was sparged into the second
reactor until a pH of 8.5 was reached. After reaching a pH of 8.5, the sparging of the CO 2 was stopped.
[0042313. Alternating steps of adding 50% NaOH into the reactor to raise the pH and sparging CO 2 to lower
the pH were performed. The pH was maintained between 8.5-9.8 during the alternate addition of the 50%
NaOH and sparging of CO2. Alternate dosing of 50% NaOH and sparging of CO 2 was continued until a total
of 90kg (i.e., 65-70kg in this step + 20-25kg from the first step) of 50% NaOH was added to the reactor.
10042414. he final pH after the last addition of 50% NaOH was between 9.6-9.8.
[0042515. Agitation was stopped and the precipitate was allowed to gravity settle overnight and then
water/solid separation was performed. Alternatively, after agitation was stopped, the precipitate was allowed
to gravity s ttle for 15 minutes and then accelerated water/solids separation was performed. Precipitate was
maintained at a temperature below 50 *C.
[004261 Resulting yields ranged from 30-501bs of precipitate per 1000 gallon reactor and depended on Mg ion
dissolution and total hardness prior to precipitation.
[00427]Ex mple IV. CO 2 Absorption
[00428] A. Process 1
1004291 In 1his example, absorption of carbon dioxide on the laboratory-scale is described. 4.00 L of seawater
was magne ically stirred while 100% CO2 was heavily sparged through the solution for 19 minutes where the
pH reached a minimum of 4.89. To this solution, 32.00 g ofjet milled Mg(OH) 2 was added over a period of 2
minutes. Si ultaneously, CO 2 was continuously added for a total of 18 minutes to maintain a pH between
7.90 and 8.00 as Mg(OH) 2 dissolved. Next, 100.00 mL of 2 M NaOH was added over a period of 5 minutes
while the p I was maintained between 8.00 and 8.10 by addition of CO 2 . To facilitate precipitation, 275 mL of
2 M NaOH was added over a period of 5 minutes and the resultant solution was stirred for an additional 52
minutes. Tf e slurry was vacuum filtered and dried in an oven at 50'C for 22 hours to recover 19.5 g of
calcium and magnesium carbonates (primarily aragonite and nesquehonite, respectively) per 1 L of initial
seawater solution.
[00430] B. Process 2
[004311 In this example, absorption of carbon dioxide on the laboratory-scale is described. A 100-gallon cone
bottomed p astic reaction vessel was filled with 100 gallons (380 L) of seawater, which was stirred throughout
the entire process with an overhead stirrer (Portable Mixer w/Shaft, 2-4" SS Propeller Blades (1-push, 1-pull),
and Mount ig Frame). The first step was to sparge the solution with CO 2 concentrated at 20% CO 2 and 80%
Compressed Air, with a flow rate of 25scfh. Equilibrium was determined by the stabilization of the solution
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pH. The second step was to add 2.70 g/L of Mg(OH) 2 (1.02 kg) with heavy mixing. To further facilitate the
dissolution of Mg(OH) 2, CO2 was sparged through the solution. The third step was to add a solution of 50
wt% NaOH until a pH of 9.8 was reached, followed by additional CO 2 sparging to lower the pH to 8.0. These
last two steps of an addition of 50wt% NaOH to a pH of 9.8 and CO2 sparging to a pH of 8.0 was repeated
until a total cf 16.0 kg of 50wt% NaOH had been added to the solution, where the final addition of NaOH was
used to reach a pH of 10.0. The precipitate was separated and collected from the solution in a yield of 10.24
g/L of calciu n carbonate and magnesium carbonate hydrates.
[00432] C. Process 3
[004331 In th s example, absorption of carbon dioxide on the laboratory-scale is described. A 100-gallon cone
bottomed plastic reaction vessel was filled with 100 gallons (380 L) of seawater, which was stirred throughout
the entire prc cess with an overhead stirrer. The first step was to sparge the solution with CO2 concentrated at
20% by volume at a flow rate of 100 scfm (standard cubic feet per minute). Equilibrium was determined when
the concentr tion of CO 2 in the vessel headspace approached that of the inlet gas. The calculated absorption of
CO2 during t is step was understandably low. The second step was to slowly add 379 g of Mg(OH) 2 to avoid
a sharp increase in pH, which would favor the undesired carbonate precipitation. To further facilitate the
dissolution o Mg(OH) 2, CO2 was sparged through the solution to an end pH of 6.3. The final step was to
continuously capture CO2 in the solution. Over the course of 3.5 hours, 4.9 kg of NaOH was added to balance
the pH at 7.9 while CO 2 was sparged and reacted to form bicarbonate ions. The calculated absorption of CO 2
during this s p was between 68% and 70%. Results are provided in Fig. 44, which shows the evolution of pH
and CO2 abs rption (instantaneous and cumulative). Artifacts at point 1 in the pH plot were from removal of
the pH probe to add Mg(OH) 2.
[004341 D. P ocess 4
[00435] In th s example, absorption of carbon dioxide on the industrial-scale is described. A 1000-gallon
reaction vess I was filled with 900 gallons (3400 L) of seawater, which was stirred throughout the entire
process. The first step was to load the solution with 3.3 kg Mg(OH) 2, which increases both the pH and the
magnesium content. Next, 10% by volume CO 2 was sparged and the pH of 7.9 was maintained by a
continuous addition of NaOH up to 30 kg. The total duration of these steps was 5 - 6 hours. A final charge of
38 kg NaOH was added to increase the pH so that carbonates would form and precipitate. The duration of this
step was 10- 0 minutes. The solution was stirred for 1 hour more to allow further precipitation. The reaction
was allowed to settle overnight. The solution was decanted and the solid product was recovered by either
filter press oi vacuum filtration. Additionally, the solution could be rinsed after the decant process; whereby
water was added and the sample was filter pressed. Alternatively, water was added after initial vacuum
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filtration, st irred, and filtered again. Finally, the product was spray dried. The overall yield was 5-7 g/L of the
original solution.
[004361 Ex

ple V. High yield dissolution of mafic mineral in HCl

[00437] In t is example, the dissolution of olivine and subsequent use to precipitate CO2 is described. A
solution of 0% HCl (475.66 g) was used to dissolve olivine (10.01 g, particle size -5.8 jim) at 50 'C. After
the solution was stirred for 10 hours and allowed to sit for 9 hours to provide a Mg'+ (aq) concentration of
0.2491 mol L, it was vacuum filtered hot to recover 404.52 g filtrate. Over the period of 1 hour, 15.01 g
NaOH(s) a d 5.23 g NaOH(aq) (in a 50wt% solution) were used to neutralize the solution. Simultaneously,
100% CO 2 ias heavily sparged through the mixture to provide a final pH of 8.9 where precipitate formed.
The slurry was vacuum filtered and dried at 50 'C for 17 hours to yield 19.26 g which contained MgCO 3 H2O,
NaCl, an Fe based compound and a Si-based compound.
[004381 Example VI. Electrochemistry
[004391 Exemplary results achieved in accordance with the present bi-electrode system are summarized in
Table 8 below.
Table 8. Loy energy electrochemical bi-electrode method and system.
V Across

Time (min)

Electrodes
0.45 V

30

Initial pH at

End pH at

Initial pH at

End pH at

Anode

Anode

Cathode

Cathode

4.994

5.204

7.801

7.431

0.30 V in the
Ist, and 0.15 V
in the 2nd
compartmei t

[004401 In this example, an electrochemistry system for de-protonating seawater that has been charged with
CO2 is described. The cell that was used consisted of two 1-liter compartments separated by a palladium foil.
The first co partment was charged with CO 2 until a pH of 4.994 was achieved. A sacrificial tin anode was
placed into he first compartment, and the tin electrode and palladium membrane were held under
galvanostatic control at 100nA/cm 2, which represented a voltage of 0.30V. The second compartment consisted
of a tin elec rode and SnCl 2 dissolved in seawater. The palladium membrane and tin electrode in the second
compartme t where held at 0.15V. The system was run for 30 minutes and as set forth in Table 8, the system
showed an i crease in pH in the first electrolyte, and a decrease in pH in the second electrolyte.
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1004411 Exem lary results achieved in accordance with the ionic membrane system are summarized in Table
9 below.
Table 9. Low nergy electrochemical ion exchange system and method.
V Across

Time (min)

Electrodes

Initial pH at

End pH at

Initial pH at

End pH at

Anode

Anode

Cathode

Cathode

0.6

2000

6.7

3.8

6.8

10.8

1.0

2000

6.6

3.5

6.8

11.1

[004421 In thi example, an electrochemical cell for producing NaOH and HCl at a low operating voltage
utilizing an io exchange membrane positioned between an anode and a cathode is described. The cell that
was used consisted of two 250 mL compartments that were separated by an anionic exchange membrane (PC
SA-250-250 ( CT GmbH of Germany)). In both compartments 0.5M NaCl in a 18MQ aqueous solution was
used. Both the anode and cathode were constructed from a 10 cm x 5 cm, 45 mesh Pt gauze. The anode
compartment ad H2 gas sparged under the Pt electrode, and the two electrodes were held at a bias of 0.6 V
and 1.0 V for 2000 seconds. As set forth in Table 9, the two tests achieved a significant increase in the pH in
the cathode compartment, and a decrease pH in the anode compartment.
[00443] Exam le VII. Liquid-Solid Separation
1004441 A. Prc cess 1
[004451 In this prophetic example, separation of precipitation product from precipitation station effluent on
the laboratory, scale is described. Precipitation product slurry is prepared as described above for Example IV.
[004461 Slurry comprising the precipitation product is produced in a reaction vessel (see Example IV), which,
for the purpose of this example, is referred to as a precipitation station. Following formation of precipitation
product slurry the slurry is provided to a liquid-solid separation apparatus as precipitation station effluent. A
precipitation s ation effluent pipe is used to provide the slurry to the liquid-solid separation apparatus and to
direct slurry fb w against a baffle, by which precipitation station effluent flow is deflected. Heavier
precipitation product particles continue their path of motion down (i.e., in the direction of gravity) the
precipitation s ation effluent pipe to a collector while supernatant deflects, separates from precipitation
product partic es, and exits through the upper portion of the liquid-solid separation apparatus. The resulting
precipitation product is removed from the collector and dried to yield of calcium carbonate and magnesium
carbonate hyd ates.
[004471 B. Process 2
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1004481 In this prophetic example, separation of precipitation product from precipitation station effluent on
the laboratory-,cale is described. Precipitation product slurry is prepared as described above for Example IV.
[004491 Slurry comprising the precipitation product is produced in a reaction vessel (see Example IV), which,
for the purpose of this example, is referred to as a precipitation station. Following formation of precipitation
product slurry, the slurry is provided as precipitation station effluent to a liquid-solid separation apparatus,
wherein the sl rry is made to flow in a spiral channel. At the end of the spiral channel, a parallel array of
outlets collects separated particles of precipitation product. The resulting precipitation product is removed
from the collector and dried to yield calcium carbonate and magnesium carbonate hydrates.
[00450] Examl le 1. This example shows the use of an ultrasonic atomizer to create liquid droplets of high
surface area to volume ratio in one compartment, which are then contacted with carbon dioxide in another
compartment. he system of this example resembles that of Fig. 45.
[004511 This fi st system used a commercial ultrasonic atomizer [Fig. 45: 200], consisting of 10 transducers,
which is capab e of atomizing water at approximately 4 liters per hour. A 4 inch (10.16 cm.) inline fan
[located at 220 was used to move the mist of liquid droplets [215] into a mixing compartment [245]. The gas
was then recirculated from the mixing compartment [240] and back to the transducer compartment [220],
while pure COl flowed through the system continuously [225]. Sodium bicarbonate saturated solution that
was reconstituted with 108 grams of dry NaOH pellets was used as the caustic source that was atomized.
This solution was poured into the compartment housing the transducers [205]. The pH of the mist collected in
the mixing cha ber [245] was taken at several time intervals (5min, 10min, 20min). It was found that the pH
of the mist was always below 8, where the initial pH of the solution was above 13.5. After 20 minutes with
the transducers, fan, and CO2 gas running, a precipitate of sodium bicarbonate and sodium carbonate filled the
transducer chamber.
[004521 Example 2. This example employed one compartment for droplet generation, contacting droplets with
gas, and precipitation of solid material. The apparatus of this example resembles that of Fig. 46.
[004531 This apparatus was made up of box that was 6 feet (182.88 cm.) tall, 4 (121.92 cm.) feet wide, and 6
inches (15.24 im.) deep. There was a shelf two feet (60.96 cm.) from the top which housed a commercial 10
transducer ultrasonic unit [Fig. 46: 300] and a fan that circulated gas in a circular pattern. The bottom of the
tank was conic 1that allowed a precipitated slurry [350] to flow to a storage tank [360]. The shelf [310] was
filled with a 2.7N sodium hydroxide solution and was continuously filled by a recirculation pump from the
storage tank [3 0]. Pure CO2 [370] was pumped through the chamber and after several hours a sodium
bicarbonate and carbonate precipitate formed on the walls of the chamber.
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[00454]Example 3. This example demonstrates the use of recirculation and a solution of alkaline chemistry to
absorb carbon dioxide gas.
[004551 Th s apparatus used pure CO 2 as the gas and consisted of a 6 inch (15.24 cm.) diameter horizontal
tube that w s 1.5 (45.72 cm.) feet long. A low pressure pump recirculated solution to spray nozzles which
produced liquid droplets that of a much larger droplet size when compared to the droplets produced by the
ultrasonic atomizer. The tube was filled with 2.75N sodium hydroxide (NaOH), the pump was turned on
atomizing the sodium hydroxide into a CO 2 rich compartment. After 1 hour and 40 minutes the resulting
solution contained a large amount of precipitate at a pH of 8.2, indicating sodium bicarbonate and sodium
carbonate -ad precipitated due to supersaturation of the solution with CO 2.
[00456] Exgmple 4. This example demonstrates the use of high surface area to volume ratio droplets of tap
water to in orporate carbon dioxide gas into the droplets such that the droplets are nearly fully saturated with
CO 2 within,the first 5 minutes of contact with the gas.
[00457] Th s apparatus consisted of an eight inch (20.32 cm.) diameter tube that was forty eight inches
(121.92 cm.) long with four ultrasonic transducers equally spaced across the bottom. The absorber was tested
using plain tap water with a starting pH of 7.8. The mist generated by the transducers was collected after 5
minutes an tested. The pH of the bulk tap water was 6.3, and the pH of the collected mist was 5.44. The
collected mist was then sparged with more CO 2 in a separate sparging system for 30 minutes and it was found
that the mi imum pH achievable was 5.39, so close to full saturation was achieved in the first 5 minutes.
[00458]Example 5. To treat the flue gas from a 200 mega-watt power plant, it takes in 100 million gallons
per day (M3D) of brines, of which 75 MGD is alkaline brine with 500 mEq of alkalinity and 25 MGD is hard
brine with a calcium concentration of 25,000 ppm. The power plant produces 200 tons/hour of carbon
dioxide em ssion when using coal from the United States of America (i.e. the coal is not brown coal). The
carbon dio ide capture rate is 90%, indicating that 180 tons/hr of carbon dioxide is incorporated into the
absorbing Solution that is comprised of the brines listed above. 408.6 tons of calcium carbonate are formed
per hour, which equates to about 9800 tons of product per day, once the calcium carbonate is separated from
the brine arid dried, and assuming continuous operation of the treatment facility (i.e. emissions control
system). T1 is indicates that 0.196 pounds of product per gallon of brine is produced, which equates to 23.5
grams of product per liter of brine. When the capture is reduced, for example to 45% from 90%, 90 tons/hour
of carbon d oxide is captured and thus 204.3 tons/hour of calcium carbonate is formed, which equates to
0.098 lb/ga lon (1 1.75g/l). When the size of the power plant is increased, for example from 200 mega-watts
to 400 meg -watts, at 90% capture, the amount of carbon dioxide captured is 360 tons/hour, and thus 817.2
tons of calcium carbonate are formed per hour, correlating to about 19,600 tons of product per day (24 hours),
assuming c ntinuous operation at steady-state.
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1004591 Exa ple 6. As described herein technology has been developed for the capture of carbon dioxide and
sulfur oxides from power plant flue gas. The technology is a two-part process that uses a source of base/high
alkalinity material plus calcium and/or other divalent cations to capture and convert the carbon dioxide and
sulfur oxides into solid carbonates and sulfates. These solids may then be converted into end products for sale
or disposal. This approach eliminates the need to separate and compress the captured carbon dioxide for
geological sequestration. A demonstration plant is being used to determine the commercial-scale processing
and energy requirements to remove carbon dioxide from power plant flue gas. The demonstration plant
removes cart on dioxide from a slip stream of the flue gas produced by an adjacent natural gas-fired
combined-cycle power plant. The design rate of flue gas flow that can be processed in the demonstration
plant, approximately 20,000 standard cubic feet per minute ("scfm"), is equivalent to that produced within the
natural gas-fired combined-cycle power plant in generating approximately 4.0 megawatts ("MW") of power.
This flue gas!flow rate is equivalent to the flue gas flow rate from approximately 10 MW of power from a
coal-fired plnt. Absorption studies have also been conducted on coal flue gas at smaller scale in a pilot plant
with the intention of building another demonstration facility adjacent to a coal-fired power plant to evaluate
recovery and conversion of the higher concentrations of carbon dioxide and sulfur oxides present in coal-fired
flue gas. So e highlights include:
In a test run lasting a typical two-hour steady state period with caustic and calcium chloride
as the materials simulating brines with a flue gas flow rate of 12,000 scfn, a minimum of 80
percent carbon dioxide removal was achieved. Carbon dioxide removal was approximately 86
percent. Power consumption was 521 kilowatts ("kW"), which is equivalent to 8.6 percent of
the power produced while generating the flue gas flow rate processed (based on the power
generated from the equivalent coal-fired flue gas flow).
The demonstration plant instruments and controls allow for obtaining data needed to quantify
the amount of carbon dioxide removal obtained and internal power consumption required for
the absorber configurations and operating conditions being tested in pursuit of goals for
carbon dioxide removal and power consumption.
a

It should be easier to remove 80 percent of the carbon dioxide from a coal-fired flue gas
initially with 15 percent carbon dioxide (going down to 3 percent carbon dioxide) than it is to
remove 80 percent of the carbon dioxide from the natural gas-fired combustion turbine flue
gas that initially has 4 percent carbon dioxide (going down to less than one percent).
The demonstration plant and the supporting equipment has been designed with sufficient
flexibility in testing equipment components and operating conditions to allow for selecting
and then confirming or subsequently modifying promising internal configurations and
operating conditions that ultimately lead to producing the best results.
The scale of the demonstration plant is sufficiently large that any issues specific to large scale
can be observed and connected. The demonstration plant also has sufficient flexibility in the
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scrubber liquid preparation area to allow for testing synthetic versions of the brines and base
sources intended to be used commercially.
[00460] Demo 1stration Plant Process Description and Design
[00461] The f lowing is a description of the process design for the demonstration plant that is currently
installed and o erating. The site on which the demonstration plant is located includes facilities used in the
1940s to recover magnesium from seawater, and the demonstration site uses some of the existing large in
ground tankag on the site for the demonstration plant. A large component of the process is the absorber
column ("absorber") that scrubs the flue gas to remove carbon dioxide from the flue gas by absorbing it into
the scrubbing iquid slurry. The scrubbing liquid contains one or more divalent cation metals such as calcium,
either dissolved or as a finely divided suspended solid. The scrubbing liquid also contains a base source of
high pH such s sodium hydroxide. The flue gas leaves the natural gas-fired power plant at approximately 175
to 200 degrees Fahrenheit ("0 F"). The flue gas is transported from the natural gas-fired power plant to the
demonstration plant through a 36-inch, uninsulated carbon steel pipe. Two natural gas-fired power plant flue
stacks are tapped such that flue gas flow can be taken from either flue stack or both simultaneously. The
natural gas-fired power plant allows for the demonstration plant to take up to 24,000 scfm of flue gas with
only 12 hours r less notice. This is equivalent to the flue gas produced by generating approximately 4.6 MW
of power at the natural gas-fired power plant. The flue gas enters the absorber at approximately 70 to 110 'F,
depending on he ambient temperature, and the flow rate of flue gas through the pipe. The flue gas pipe passes
underground fiom the natural gas-fired power plant to the demonstration plant. Provisions are made to collect
any condensate from the cooling of the flue gas in the pipe on both sides (i.e., both the natural gas-fired power
plant side and he demonstration plant side). Condensate collected on the natural gas-fired power plant side is
sent back to the natural gas-fired power plant. Condensate collected on the demonstration plant's side is sent
to freshwater storage for the demonstration plant.
[004621 The d monstration plant has been designed to achieve (as a goal for commercial operation) 80 percent
removal of the carbon dioxide in the flue gas taken from the natural gas-fired power plant while limiting the
required powet consumption to no more than 8 percent of the power output represented by the production of
the processed

flue gas volume. Due to excess

air requirements, natural gas-fired combustion turbines such as

those used at the natural gas-fired power plant produce more flue gas per unit of power production than coal
fired steam polver generation. Consequently, for flue gas carbon dioxide removal for coal-fired utility-scale
power generation, the amount of flue gas that must be processed per MW of power production may typically
be less than foi natural gas-fired combined-cycle power generation. Because coal contains more carbon per
unit weight of uel than natural gas and less flue gas is produced per unit of power output, the flue gas
concentration if carbon dioxide at the absorber inlet for coal-fired power generation would be higher than the
carbon dioxide concentration for the natural gas-fired power plant flue gas. Higher absorber inlet carbon
dioxide concentration will facilitate the removal of any set percentage of carbon dioxide from flue gas.
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[00463] Th natural gas-fired power plant flue gas typically contains 3.9 to 4.2 percent by volume carbon
dioxide and essentially no sulfur oxides. A "carbon intensity" is assumed for a coal-fired power plant of 0.9
metric tons of carbon dioxide produced per megawatt hour ("MWh") of power production and a flue gas
composition that has 15 percent by volume carbon dioxide (at approximately 6 percent excess air and
saturated with respect to water at 90'F). Requirements for sulfur dioxide removal are not considered in the
calculation, since none is required for the natural gas-fired power plant flue gas. The total amount of flue gas
produced fo the theoretical coal-fired plant while generating 10 MW was calculated. This amount of flue gas
was 20,000 scfm, thus, the demonstration plant was designed to process 20,000 scfm. The demonstration
plant power consumption goal is then to stay below 800 kW (8 percent of 10 MW) when processing 20,000
scfm.
[00464] A forced draft centrifugal fan is used to pull flue gas from the natural gas-fired power plant and push
it through t e demonstration plant. The fan uses a variable frequency drive ("VFD") to control the flue gas
flow rate. A vent is provided upstream of the fan to gradually provide suction on the pipe from the natural
gas-fired power plant. As flow in the pipe from the natural gas-fired power plant is established, the vent is
closed. The length of pipe from the natural gas-fired power plant flue stacks to the upstream vent is
approximately 2,400 feet. There is approximately an additional 300 feet of pipe between the fan and the
absorber for a total pipe run of 2,718 feet. Since most commercial absorbers are to be as closely coupled to
the flue gas stack as possible, the fan power that is included in power consumption for the demonstration plant
to move the flue gas through most of this line is not counted as part of the power consumption for other
facilities. The power requirement for just the absorber can also be calculated from the pressure drop across the
absorber and the flue gas flow rate. The pressure drop across the absorber is measured by a manometer on the
flue gas inl t (the absorber exhausts to the atmosphere). The flue gas flows to the absorber and from the
absorber are measured using hot wire anemometers inserted in the turbulent flow.
[004651 In the demonstration plant, it is intended to use chemicals representative of naturally occurring hard
and alkaline brines that are to be used in commercial operations. These include, but are not limited to calcium
chloride, ca cium hydroxide, sodium hydroxide, sodium chloride, sodium carbonate and sodium borate.
Power plant fly ash (that is both a source of cations and base) may also be used for part of the scrubbing
reagent reqL irement. Currently, calcium hydroxide and/or calcium chloride is being used as the divalent
cation source, sodium hydroxide and/or calcium hydroxide as the base source, and either freshwater or
seawater to form the absorbing liquid used in the demonstration plant absorber. The calcium hydroxide is
representative of hydrated calcium oxide ("CaO") in fly ash or cement kiln dust and has been used to start up
and initially operate the demonstration plant. Calcium chloride is being used to model the calcium hardness in
the brines expected to be used for commercial operation. It is intended to expand the chemicals used to
include sodium carbonate and other compounds found in subsurface water reservoirs. These chemicals will be
tested to detrmine their ability to promote desired properties in the dewatered solids (from the net slurry
recovered from the absorber) for making byproducts.
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[00466] For he start up and commissioning of the demonstration plant, calcium hydroxide was used. Solid
calcium hyd oxide (93.5 percent purity with the balance being mainly calcium carbonate) is delivered by
truck to the demonstration plant site. The calcium hydroxide is mixed with fresh water and/or seawater in the
120,000 gallon capacity base mixing sump that is an existing outdoor open tank at the site. The capability to
add supernatant (the water phase from the Epuramat solids-water separator (the "Epuramat") that is described
below) is to )e installed at a later date. Seawater is supplied from an existing harbor pump that feeds the
seawater sto age tank with a capacity of approximately 1,000,000 gallons. The stored seawater is pumped
through san filters to remove particulate and organic solids before use to reduce the risk of fouling. The
liquid in the base mixing sump is circulated through a turbolizer that combines the solid calcium hydroxide
with the slur y in the sump. Agitators and pumps are used to keep the slurry well mixed. The slurry is then
pumped to t e base mixing tank. The base mixing tank is an existing outdoor open tank at the facility with a
capacity of 140,000 gallons. Agitators are used to keep the contents of the tank well mixed. In the base
mixing tank, liquid (currently filtered seawater, but also eventually supernatant) can be added to maintain the
weight cont nt of the calcium hydroxide slurry at approximately 6 weight percent calcium hydroxide solids.
The slurry s lids content is monitored by taking grab samples from the tank and measuring for total solids.
Slurry is puriped from the base mixing tank to the 10,000 gallon capacity base surge tank.
[00467] When used, liquid calcium chloride solution is received by truck. The base preparation system is also
used for this cation source processing. The calcium chloride solution is stored in the base mixing sump. It is
then diluted n the base mixing tank. Calcium chloride and water are simultaneously pumped into the base
mixing tank. The diluted calcium chloride is then pumped to the base surge tank. The diluted calcium chloride
is pumped tc the slurry feed pipe headers for the appropriate/selected levels of the absorber.
[00468] Dilu e sodium hydroxide is fed to the base surge tank from one of the two caustic dilution tanks to
provide a source of base for the absorption of carbon dioxide. The dilute sodium hydroxide solution is made
by combinin 50 weight percent sodium hydroxide solution (that is stored in two 10,000 gallon capacity
tanks) with fresh water in one of the caustic dilution tanks. The contents of the base surge tank are pumped
through the absorber feed pump to the absorber. Dilute sodium hydroxide can also be pumped directly to any
of the six pif e headers that feed slurry to the absorber.
[00469] Bet een operating runs the contents of the base mixing sump are sent to the base mixing tank, and
the base mix ng sump is flushed out with either fresh or sea water. The flushings are sent to the TI slurry
storage tank hat is currently being used to store the net absorber product slurry. Because the contents of the
base mixing ank can pick up carbon dioxide from spray contact with air, the contents of the base mixing tank
are also emp ied between runs into the TI slurry storage tank, either directly or through the absorber.
1004701 The lue gas enters the absorber below the scrubbing stages and above the liquid collection sump. The
flue gases f1c w upward through the absorber past six levels or stages in the absorber (numbered in ascending
order from tI e bottom level) at which fresh and recirculated scrubbing liquid can be injected and intervals can
be installed (using peripheral support rings attached to the absorber internal diameter). The scrubbing liquid
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flows down he absorber by gravity from its injection point(s). After passing upward through the scrubbing
stages, the fl Le gas then passes through a liquid demister (a vapor-liquid separator that removes the entrained
liquid by im ingement) and out of the top of the absorber to the atmosphere. No reheat of the flue gas is
required. E aust of the flue gas to the environment is permitted after the absorber at the absorber outlet
temperature. Gas sampling for the flue gas to measure carbon dioxide concentration occurs above the
demister anc just before the entrance to the absorber. The standard method of carbon dioxide measurement is
through the ontinuous emission monitoring system ("CEMS") that uses two different analytic devices. The
Thermo Env ronmental Model 60i is used as the primary measurement with the Servomex 1440D Gas
Analyzer usod as backup and as a crosscheck. Gas samples can also be taken manually for laboratory analysis.
100471] Absorber internals comprise shedrows at the first level. The shedrows (inverted angle iron) extend
across the di meter of the absorber, perpendicular to the flue gas flow and attach to the support rings on the
absorber she . Each absorber level has five headers that are perpendicular to the flue gas flow that can be
used to attach spray nozzles. Pressure drop across the nozzles is measured. The liquid from the scrubbing
accumulates in the liquid collection sump. Liquid is recirculated from the bottom of the absorber to one or
more stages hrough three parallel recirculation pumps. To avoid build-up of liquid in the absorber, a purge
stream whos flow is controlled by the liquid sump level is removed from the recirculating scrubber liquid
and is sent to the absorber product surge tank. The absorber product transfer pump is to be used to move the
product slurry to the Epuramat vessel where the slurry is to be dewatered from approximately 5 to 7 weight
percent soli s to 20 to 40 weight percent solids, forming a liquid supernatant and a thickened slurry. The
Epuramat is designed to receive input flows pumped to the top of the vessel where the slurry then flows under
gravity dow a central feed pipe and exits into the annular region via an adjustable diffuser/separator located
towards the ottom of the unit. The diffuser is designed to induce a transition from turbulent to laminar flow
whereby the solid material separates under a shear gradient, resulting in the supernatant and thickened slurry
streams.
100472] The puramat is installed and currently being commissioned. Currently, the contents of the absorber
product surg tank are sent to the outdoor TI slurry open storage tank that has a capacity of 2,500,000 gallons
and is used to separate the slurry solids from the liquid by gravity. Once the Epuramat is operating, the
dewatered sl irry from the Epuramat is to be sent to the TI slurry storage tank, and the liquid supernatant is to
be sent to the supernatant surge tank. The supernatant is to be pumped out of the supernatant surge tank to the
2,500,000 gallon outdoor T4 open supernatant storage tank. The supernatant is to be recycled to the base
mixing sump to reduce process water consumption and to utilize unreacted base and alkali.
[004731 Curr ntly, to control the level in the TI slurry storage tank, the supernatant liquid in the top of the
tank from th settled absorber slurry purge is checked for pH and is discharged under permit. Recirculation of
the liquids ir the process may reduce or possibly eliminate the need to discharge any liquid from the process.
If the pH is t o high and needs adjustment, carbon dioxide is added by bubbling it through the liquid to make
the liquid less basic (lower pH) and suitable for discharge. Some of the solids accumulating in the Tl slurry
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storage tank are to be used for making and evaluating products from the dewatered solids in other equipment
that is located on site. Once the Epuramat is operating, excess supernatant from the demonstration plant can
be discharged from the T4 tank to the bay (with carbon dioxide addition as necessary for pH adjustment).
[004741 In a dition to testing absorber slurry dewatering with the Epuramat that is designed to take the full
absorber purge flow, the intent is to test four to six other slurry dewatering systems on a smaller scale with
vendor supp ied pilot plants. The slurry flows to these pilot plants are to be provided from the absorber
product sur

tank.

[004751 After dewatering, the intent is to test equipment for additional dewatering and processing of the
thickened slurry to evaluate what end products can be produced from the absorber solids.
[004761 All of the major pumps in the demonstration plant use VFDs. The liquid flow rates are measured by
the pump sped and by magnetic flow meters. The flows to absorber levels 4, 5, and 6 are measured with
magnetic fldw meters. Currently, there are no installed magnetic flow meters for levels 1, 2, and 3; other level
flow meters 3re repositioned from other levels when measurements from levels 1, 2, or 3 are needed. Flow
meters for tl e flow to levels I through 3 will be installed over the next several weeks. The measured pressure
drop across the nozzles and the theoretical flow rate(s) for the nozzle design is also used to monitor for nozzle
plugging, by comparing the theoretical flow with the actual flows.
[00477] To shutdown the operation of the absorber (or to flush it "clean"), the flow of flue gas from the
natural gas-fired power plant is halted, fresh scrubbing solution flow is stopped, and scrubbing solution
recycle is stopped. Then, fresh water from the spray water storage tank is pumped into the top of the absorber
through noz les located below the mist eliminator. The spray water can also be directed into nozzles above
the mist elin inator, as required, to clean it.

[00478] De onstration Plant Design and Operation
100479] To evaluate and optimize carbon dioxide absorption and power consumption, the following
engineering design parameters are provided:
Location and number of liquid injection points
0 Liquid spray patterns and droplet size range and nozzle pressure drop
P Liquid spray rates relative to the gas flow rates
Internals for mixing and mass transfer
1

Gas residence time in the liquid spray

[004801 The concentrations of the base and alkali feeds to the process may also be adjusted by adding water at
the caustic d lution tanks and feed liquid storage tanks, respectively. Subject to any current design limits on
pumping or lue gas fan capacity, the ability to experiment with and modify these parameters should allow for
identifying t le "best" equipment arrangements and operating conditions towards achieving carbon dioxide
removal and power consumption goals. The size (diameter) of the absorber is sufficient to avoid wall effects
and to obser e (and then resolve) any issues with poor distribution of the flue gas or scrubbing liquid that
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might occur while testing internals. Some of the valving (mainly used as on/off valves to set up and direct
different configurations of scrubber liquid flow) is manually operated as tests continue to improve operability
and maintai ability.
[00481] As escribed above, two continuous flue gas carbon dioxide and oxygen concentration monitoring
devices are used in parallel to measure absorber carbon dioxide removal as a function of the operating
conditions and equipment configuration. These instruments can be checked on line by switching to an
ambient atmosphere feed, and are calibrated at the start of the runs for each day against a gas standard.
[004821 In edition to the CEMS data, other recorded data includes, but is not limited to pH, gas flow rates,
liquid flow rates, pressures, temperatures and percent solids. For manual sampling of gases, liquids, and
slurries, a methodology for chain of control and data handling is followed.
[004831 To onitor power consumption, VFD drive power inputs to all pumps and the flue gas fan are
monitored. he electric meter reading that is used for the official power consumption is also monitored. The
difference between the sum of the VFD power usage and the electric meter reading is attributable to lights,
agitators, in trumentation, control systems, and other demonstration plant loads. The magnitude of these loads
would tend o decrease in a full-scale facility, relative to the major motor loads that are listed in Table 1.
Consequent y, the electric meter reading is a conservative value to use. In addition, the power requirements
attributable o the flue gas induce draft ("ID") fan would be expected to decrease relatively proportionately in
a full-scale acility assuming the absorption unit was close coupled to the plant flue gas stack.
Table 1. De nonstration Plant Major Power Loads
Item

Load(kW)

Flue gas ID fan

25

Recirc Pump A

192

Recirc Pump B

196

Recirc Pump C

78 (calculated)

All Transfer Pumps

14

Total from VFDs

505 (incl Pump C)

Other Loads (by difference)

16

Total from Meter

521

Epuramat ( not running)

35 (estimated)

Total

556

Note: Loads from February 23,20 10 run at 12,000 scfm and full flow on recycle pumps
[004841 After establishing flue gas flow rates and liquid flow rates for a run, the demonstration plant is put
into steady tate operation (no fluctuation in liquid flow gallons per minute or flue gas acfm). Steady state is
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usually esta lished in less than an hour. Once steady state is obtained, a run officially starts with respect to
data collect on. Typically, after obtaining data for an hour or two, operating conditions are changed so that a
different sei of run condition can be tested. Testing periods encompassing several runs have typically been in
the range of 12 to 20 hours duration.
[00485] Tes Data
[00486] Co plete data on at least two runs has been collected. The differences between the two runs were the
levels (flow rates) of fresh brine and sodium hydroxide (caustic) feed. Both runs met a minimum 80 percent
carbon dioxide removal. However, the run with the higher levels of fresh brine and caustic feed was above the
goal of 8 pe cent power consumption. The run with the lower levels of fresh brine and caustic feed
approached.the goal of 8 percent power consumption (521 kW at the flue gas flow rate used that is equivalent
to 8.6 perce t). This run used calcium chloride as the cation material, sodium hydroxide as the base material
and the flue gas flow rate was 12,000 scfm. The absorber recycle pumps were operating at full capacity.
Carbon dioxide removal was approximately 86 percent. Run parameters are still being evaluated.
[00487] If o e theoretically increases the flue gas flow to the design flow of 20,000 scfm while retaining the
other specify c run conditions, the overall power usage would be expected to be slightly higher (approximately
44 kW) due to the increase in flue gas fan power required (about 175 percent more, because fan power is
proportiona to the square of the flue gas flow), but the power consumption value would be lower (dropping
from 8.6 pe cent to approximately 5.6 percent) because the additional flue gas represents 67 percent more
coal-fired p wer generation. Carbon dioxide removal is expected to decrease due to the lower available unit
of scrubbing liquid per unit of gas. The actual carbon dioxide removal would need to be determined
experimentUlly.

[00488] Observations
[00489] Foaming has been observed in the absorber. The foaming has been controlled by impingement plates
installed in he liquid sump.
[004901 Wh n calcium chloride ("CaCl 2") is used as the cation source to remove the carbon dioxide ("CO 2 ")
and sodium hydroxide ("NaOH") is used as the high pH base source, sodium chloride (NaCl) is formed along
with the waler ("H20") and calcium carbonate ("CaCO 3") that are formed:
1004911 Ca(l2 + CO 2 + 2NaOH -- > CaCO 3 +2NaCl + H20
[00492] The calcium carbonate is removed as a solid by the mechanical dewatering of the scrubber liquid (i.e.,
in the Epuramat or other equipment). To avoid a build-up of sodium chloride from the recycling of the
supernatant, it must be purged from the system. Since sodium chloride is highly soluble, it can be removed
with water curing the mechanical dewatering step as residual liquid with the dewatered solids. Consideration
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is being gi en to add this process by the implementation of a rinsing step and/or by particle size separation
during drying. It has been determined that the sodium chloride forms very small evaporite crystals which can
be removed from larger particles in the spray dryer.
[004931 Catbon dioxide removal is being performed at temperatures that are below typical power plant stack
gas temperatures. The absorption of carbon dioxide is enhanced by lower temperatures. The lower
temperature also reduces the volumetric gas flow that must be processed. It is intended to operate commercial
absorbers

ithin the approximate temperature range being tested in the demonstration plant. It is intended to

use the sensible heat from the cooling of the power plant stack gas to be processed in drying the dewatered
solids. The processed flue gas may, in some embodiments, be reheated to provide additional buoyancy to
vertically d sperse the flue gas (e.g., to avoid ground level fog formation from condensation). Reheat
capability r ay be available at existing power plants in the sulfur oxides scrubbing system.
[004941 Tb rate at which carbon dioxide can be absorbed into the scrubbing liquid is mass transfer limited.
Based on 1 boratory and pilot plant data, it has been concluded that the major resistance is getting the carbon
dioxide (fr m the flue gas) across the liquid side boundary layer of the liquid droplet. Thus, the rate and
amount of carbon dioxide that can be absorbed is proportional to the surface area of the liquid (or slurry)
droplets.

re surface area provides more avenues for absorption, especially if the rate of absorption is

constant. T e amount of droplet surface area is a function of the droplet size (smaller droplets have more
surface per unit volume) and the total number of droplets or liquid volume used. In practical terms, the
amount of liquid used is expressed as gpm (of slurry) per 1,000 scfm of flue gas (the "L/G" ratio). A higher
L/G will re ove more carbon dioxide than a lower L/G, if all other operating parameters are held constant.
The amoun or percentage of carbon dioxide removed can also be increased by increasing the flue gas
residence time (exposure time to liquid droplets) in the absorber. Each of these options has a related cost.
Increasing the L/G increases the amount of power needed to pump the additional liquid slurry. Decreasing the
slurry drop et size also increases the power consumption for the process because more energy is required to
make small r droplets (and to make smaller solid particles for the slurry). Increasing absorber residence time
increases the size (and cost) of the absorber. Different configurations of residence time, spraying designs,
liquid flow rates, and internals will be tested to establish the design parameters for the commercial scale
absorber.
[00495]M s transfer of carbon dioxide also depends on the relative concentrations of carbon dioxide in the
flue gas and in the liquid. Because the absorbed carbon dioxide gas reacts within the scrubbing liquid to form
calcium car donate solid, one can assume that the carbon dioxide concentration in the liquid is always very
low, approaching zero. Thus, higher concentrations of carbon dioxide in the flue gas will increase the rate of
transfer of arbon dioxide into the liquid. Consequently, it is easier to remove 80 percent of the carbon
dioxide fro

a coat-,fired flue gas initially with 15 percent carbon dioxide (going down to 3 percent carbon

dioxide) th n it is to remove 80 percent of the carbon dioxide from a natural gas-fired combustion turbine flue
gas that initially has 4 percent carbon dioxide (going down to less than 1 percent). This phenomenon validates
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the assump ion that it should be possible to remove 80 percent of the carbon dioxide from the natural gas
fired powei plant flue gas volume equivalent to up to 10 MW of coal-fired power plant flue gas with less than
the amount of power it would actually take to remove 80 percent of the carbon dioxide from the coal-fired
flue gas.
[004961 Te ts with the coal-fired pilot plant mentioned above have been continuously performed. Based on
the multi-p llutant testing in the pilot plant absorption process on coal flue gas, the process:
*

Removes most trace metal emissions to non-detect levels using US EPA reference methods;

e

Captures mercury at greater than (">") 80 percent removal efficiency (dependent upon the
coal type fired);

*

Captures high levels of acid gas by absorber. The observed capture rate were >99 percent
S02; >88 percent S03, and >81 percent HCl; and

*

All trace elements assayed in the supernatant from dewatering were below water discharge
limits (US: NPDES).

[004971 Th se same results can be realized as the process is scaled up on coal-fired plants.
[004981Wt ile the invention has been described in terms of various embodiments, and while these
embodimer ts have been described in considerable detail, it is not the intention of the inventors to restrict or in
any way lir it the scope of the invention to such detail. It should be apparent to those of ordinary skill in the
art that various adaptations and modifications of the invention may be accomplished without departing from
the spirit ar d the scope of the invention. The foregoing are merely examples of variations that may be
employed, and additional advantages and modifications will readily appear to those of ordinary skill in the art.
Thus, the i vention in its broader aspects is therefore not limited to the specific details, representative
embodimer ts, and illustrative examples shown and described. Accordingly, departures may be made from
such detail without departing from the spirit or scope of the general inventive concept. Accordingly, it is to
be underst od that the detailed description and the accompanying drawings as set forth herein are not
intended to limit the breadth of the invention, which should be inferred only from the following claims and
their appropriately construed legal equivalents.
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CLAIMS

What is clai ed is:
1.

An apparatus for transferring a component of a gas into a liquid, said apparatus comprising:
ag

inlet;

a chamber configured to contact the liquid and gas:
a first liquid introduction unit at a first location within the chamber and a second liquid introduction
unit at a second location within the chamber, wherein the liquid introduction units are configured to introduce
the liquid in o the chamber for contact with the gas:
a reservoir configured to contain the liquid after it has contacted the gas;
an outlet for the liquid after it has contacted the gas, wherein the inlet, the chamber, the liquid
introduction units, the reservoir, and the outlet are operably connected; and
at least one of the following features:
i) at least one array of shed rows within the chamber, wherein the shed rows are configured to
redistribute he flow of the gas as it enters the chamber such that the gas flows axially along the chamber over
a greater area of the cross section of the chamber than the gas flow upon entering the chamber, prior to
interacting vith the shed rows;
ii) a1 anti-foaming device configured to reduce foaming in the reservoir;
iii) 2t least one pump per liquid introduction unit for pumping the liquid through the introduction unit;
iv) configuration of the liquid introduction units such that the direction of the flow of the liquid out of
the first unit is different than the direction of flow of the liquid out of the second unit;
v) o 1e or more restriction orifice mechanism (release valve) configured to direct liquid flow to at least
one of the li uid introduction units, into the gas inlet, or a combination thereof; and
vi) arying the area covered by the liquid introduction units, wherein the liquid introduction units
comprise att mizing units that create sprays, wherein at least one atomizing unit is configured to create a spray
of angle different from that of the other atomizing units.
2.

The apparatus of claim 1 comprising at least two of the features.

3.

The apparatus of claim 2 comprising at least three of the features.

4.

The apparatus of claim 3 comprising at least four of the features.

5.

The apparatus of claim 4 comprising at least five of the features.
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6.

The apparatus of claim 5 comprising all of the features.

7.

The apparatus of any of claims 1-6, wherein the gas inlet is configured to accept industrial waste gas,
compressed ambient air, compressed carbon dioxide, super critical carbon dioxide or any combination
thereof.
8.

The apparatus of any of claims 1-6, wherein the gas comprises an industrial waste gas, carbon dioxide

that has bee previously separated from an industrial waste gas, or any combination thereof.
9.

The apparatus of claim 8, wherein the gas comprises one or more of carbon dioxide, nitrogen oxide,
and sulfur o ide.
10.

The apparatus of any of claims 1-9, wherein the first liquid introduction unit is located on the lowest

level above he inlet of the gas and is oriented to direct the flow of liquid into the chamber in a direction
substantially co-current to the direction of gas flow.
11.

The apparatus of claim 10, wherein the second liquid introduction unit is oriented to direct the flow of

liquid into tt e chamber in a direction substantially countercurrent to the direction of gas flow.
12.

The apparatus of claim 11, wherein first liquid introduction unit, the second liquid introduction unit,
or both com rise nozzles.
13.

The apparatus of claim 12, wherein the nozzles comprise dual-fluid nozzles.

14.

The apparatus of claim 12, wherein the nozzles comprise eductor-jet nozzles.

15.

The apparatus of claim any of claims 1-14, wherein at least one of the pumps is controlled with a

variable frequency drive.
16.

The apparatus of claim 10, wherein the anti-foaming device comprises a cone situated over the

reservoir.

17.

The apparatus of claim 10, wherein the anti-foaming device further comprises liquid sprays oriented

towards the one.
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18.

The apparatus of claim 10, further comprising a liquid recirculation circuit configured to direct the

liquid from he reservoir to the one or more of the liquid introduction units.
19.

The apparatus of either claim 10 or claim 18, further comprising a demisting level before the gas exits

the contacting chamber.
20.

The apparatus of claim 19, wherein the demisting level comprises a chevron demister, flat-jet sprays,

a wet electr static precipitator, a packed bed, or any combination thereof.
21.

The apparatus of claim 19, wherein the liquid provided to the demisting level comprises a different

solution froin the liquid provided to the liquid introduction units.
22.

The apparatus of claim 21, wherein the liquid provided to each of the liquid introduction units

comprises a different solution.
23.

The apparatus of claim 21, wherein the liquid provided to the demisting level is a clear liquid.

24.

The apparatus of claim 21, wherein the liquid provided to the liquid introduction units comprises a

slurry.
25.

The apparatus of claim 24, further comprising a comminution station configured to accept slurry from

the reservoi and provide processed slurry to the liquid introduction units.
26.

The apparatus of claim 25, wherein the recirculation circuit comprises the comminution station.

27.

The apparatus of any of claims 1-26, wherein the reservoir is located below the nozzles at the bottom

of the conta ting chamber.
28.

The apparatus of any of claims 1-26, further comprising a precipitation tank operably connected to

the contacti g chamber.
29.

The apparatus of claim 28, wherein the precipitation tank comprises temperature controllers, inlets for

addition of H adjusting agents, agitators, inlets for crystal growth agents, inlets for crystal seeding agents,
inlets for seitling agents, inlets for flocculants, or any combination thereof.
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30.

The a paratus of claim 29, further comprising a precipitate outlet operably connected to the

precipitation think.
31.

The a paratus of claim 30, wherein the precipitate outlet collects a solid precipitate and a supernatant

solution.
32.

The a paratus of claim 31, wherein the precipitate outlet separates solid precipitate from the

supernatant sc lution.
33.

The a paratus of claim 32, further comprising a conduit to provide the solid precipitate to a building

materials fabr cation station.
34.

The a paratus of claim 33, wherein the gas inlet is configured to accept a waste gas from an industrial

plant.
35.

The a paratus of claim 34, wherein the gas inlet is configured to accept a flue gas from a plant that

combusts foss il fuel.
36.

The apparatus of claim 35, wherein the gas inlet is configured to accept a flue gas from a plant that

combusts foss I fuel, further wherein the flue gas has passed through an emission control system prior to
being provided to the gas inlet of said apparatus.
37.

The apparatus of claim 36, wherein the emission control system comprises one or more of the

following:
i) an electrostatic precipitator to collect particulates;
ii) SOx control technology;
iii)NG x control technology;
iv) physical filtering technology to collect particulates;
v) me cury control technology.
38.

The apparatus of claim 7, wherein the sprays of the atomizing units comprise sprays of 60* near the

walls of the c ntacting chamber and sprays of 90' in the inner cross section of the contacting chamber.
39.

The apparatus of claim 7, wherein the flow of the gas across the shed rows is perpendicular.

-145-

Docket No. CLRA-026wO

40.

The pparatus of claim 7, further comprising packing material, trays, a packed bed, or any

combination thereof within said chamber.
41.

The apparatus of claim 40, further comprising a at least one membrane or one microporous membrane

within said chamber.
42. An apparatus comprising:
an absorber comprising a bubble column;
an inlet for an industrial gas, wherein the industrial gas comprises CO 2 SOx, NOx, heavy
metal, non-C 02 acid gas, and/or fly ash in an amount equal to a time-averaged original composition, operably
connected to the absorber;
an inlet for an absorbing solution, wherein the absorbing solution comprises an alkaline
solution corr prising a salt water, particulate material, or both in an absorbing slurry;
an outlet for an effluent gas, said gas characterized by being depleted in CO2 and at least one
of SOx, NO , heavy metal, non-CO 2 acid gas, and/or fly ash relative to said original composition of said
industrial gas, wherein the outlet is operably connected to said absorber;
an outlet for absorbing solution that has contacted the industrial gas operably connected to the
absorber; and
a processing station operably connected to the output, wherein the processing station is
configured to obtain at least one of the following saleable products: a building material comprising a CO 2
sequestering component, a desalinated water, a potable water, a slurry comprising a CO 2 sequestering
component, or a solution comprising a CO2 sequestering component,
wherein the bubble column is configured to produce bubbles of the industrial gas within the
absorbing so ution such that at least 10% by weight of the carbon dioxide in the industrial gas is transferred to
the absorbing solution.
43. An appa atus comprising:
an absorber comprising a sparging vessel;
an inlet for an industrial gas, wherein the industrial gas comprises CO 2, SOx, NOx, heavy
metal, non-C02 acid gas, and/or fly ash in an amount equal to a time-averaged original composition, operably
connected to the absorber;
an inlet for an absorbing solution, wherein the absorbing solution comprises an alkaline
solution comprising a salt water, particulate material, or both in an absorbing slurry;
an outlet for an effluent gas, said gas characterized by being depleted in CO 2 and at least one
of SOx, NO , heavy metal, non-CO 2 acid gas, and/or fly ash relative to said original composition of said
industrial ga , wherein the outlet is operably connected to said absorber;
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an outlet for absorbing solution that has contacted the industrial gas operably connected to the
absorber; anc
a processing station operably connected to the output, wherein the processing station is
configured tc obtain at least one of the following saleable products: a building material comprising a CO 2
sequestering component, a desalinated water, a potable water, a slurry comprising a CO 2 sequestering
component, or a solution comprising a CO2 sequestering component,
wherein the sparging vessel is configured to produce bubbles of the industrial gas within the
absorbing solution such that at least 10% by weight of the carbon dioxide in the industrial gas is transferred to
the absorbing solution.
44. An apparatus comprising:
an absorber comprising a spray tower;
an inlet for an industrial gas, wherein the industrial gas comprises CO2,SOx, NOx, heavy
metal, non-C

2 acid

gas, and/or fly ash in an amount equal to a time-averaged original composition, operably

connected to the absorber;
an inlet for an absorbing solution, wherein the absorbing solution comprises an alkaline
solution, pa iculate material, or both in an absorbing slurry;
an outlet for an effluent gas, said gas characterized by being depleted in CO 2 and at least one
of SOx, NOx heavy metal, non-CO 2 acid gas, and/or fly ash relative to said original composition of said
industrial ga , wherein the outlet is operably connected to said absorber;
an outlet for absorbing solution that has contacted the industrial gas operably connected to the
absorber; an
a processing station operably connected to the output, wherein the processing station is
configured tc obtain at least one of the following saleable products: a building material comprising a CO 2
sequestering omponent, a desalinated water, a potable water, a slurry comprising a CO 2 sequestering
component, cr a solution comprising a CO2 sequestering component,
wherein the spray tower is configured to produce streams, droplets, or a combination thereof
of the absorbing solution in the industrial gas such that at least 10% by weight of the carbon dioxide in the
industrial gas is transferred to the absorbing solution, further wherein the spray tower is configured to operate
at a liquid fl w rate to gas flow rate ratio (L/G ratio) of between 50 and 5,000 gallons per minute/1000 actual
cubic feet.
45. An appar tus comprising:
an absorber comprising a at least one of a spray tower, packing material, a packed bed, trays,
shed rows, or a microporous membrane;
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an inlet for an industrial gas, wherein the industrial gas comprises C0 2, SOx, NOx, heavy
metal, non-C02 acid gas, and/or fly ash in an amount equal to a time-averaged original composition, operably
connected to the absorber;
an inlet for an absorbing solution, wherein the absorbing solution comprises an alkaline
solution, pa ticulate material, or both in an absorbing slurry;
an outlet for an effluent gas, said gas characterized by being depleted in CO 2 and at least one
of SOx, NO , heavy metal, non-CO 2 acid gas, and/or fly ash relative to said original composition of said
industrial g s, wherein the outlet is operably connected to said absorber;
an outlet for absorbing solution that has contacted the industrial gas operably connected to the
absorber; and
a processing station operably connected to the output, wherein the processing station is
configured to obtain at least one of the following saleable products: a building material comprising a CO
2
sequestering component, a desalinated water, a potable water, a slurry comprising a CO 2 sequestering
component, Dr a solution comprising a CO 2 sequestering component,
wherein the absorber is configured to produce streams, droplets, or a combination thereof of
the absorbi

solution in the industrial gas such that at least 10% by weight of the carbon dioxide in the

industrial gas is transferred to the absorbing solution, and further wherein the absorber is configured to
operate at a iquid flow rate to gas flow rate ratio (L/G ratio) of between 50 and 5,000 gallons per
minute/100C actual cubic feet.

46. An appa atus comprising:
an absorber comprising a at least one of a spray tower, packing material, a packed bed, trays,
shed rows, a a microporous membrane;
an inlet for an industrial gas, wherein the industrial gas comprises CO 2 SOx, NOx, heavy
metal, non-C02 acid gas, and/or fly ash in an amount equal to a time-averaged original composition, operably
connected to the absorber;
an inlet for an absorbing solution, wherein the absorbing solution comprises an alkaline
solution, par iculate material, or both in an absorbing slurry, wherein said alkaline solution comprises a salt
water, a cle

solution, or any combination thereof;
an outlet for an effluent gas, said gas characterized by being depleted in CO 2 and at least one
of SOx, NON, heavy metal, non-CO 2 acid gas, and/or fly ash relative to said original composition of said
industrial ga;, wherein the outlet is operably connected to said absorber;
an outlet for absorbing solution that has contacted the industrial gas operably connected to the
absorber; and
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a processing station operably connected to the output, wherein the processing station is
configured o obtain at least one of the following saleable products: a building material comprising a CO 2
sequesterin component, a desalinated water, a potable water, a slurry comprising a CO2 sequestering
component or a solution comprising a CO 2 sequestering component,
wherein the absorber is configured to produce streams, droplets, or a combination thereof of
the absorbing solution in the industrial gas such that at least 10% by weight of the carbon dioxide in the
industrial gas is transferred to the absorbing solution.
47. An app ratus comprising:
an absorber comprising a at least one of a spray tower, packing material, a packed bed, trays,
shed rows, r a microporous membrane;
an inlet for an industrial gas, wherein the industrial gas comprises CO2 SOx, NOx, heavy
metal, non- 02 acid gas, and/or fly ash in an amount equal to a time-averaged original composition, operably
connected t the absorber;
an inlet for an absorbing solution, wherein the absorbing solution comprises an alkaline
solution, particulate material, or both in an absorbing slurry, wherein said alkaline solution comprises a salt
water;
an outlet for an effluent gas, said gas characterized by being depleted in CO 2 and at least one
of SOx, NCx, heavy metal, non-CO 2 acid gas, and/or fly ash relative to said original composition of said
industrial g s, wherein the outlet is operably connected to said absorber;
an outlet for absorbing solution that has contacted the industrial gas operably connected to the
absorber; and
a processing station operably connected to the output, wherein the processing station is
configured o obtain a saleable product,
wherein the absorber is configured to produce streams, droplets, or a combination thereof of
the absorbi g solution in the industrial gas such that at least 10% by weight of the carbon dioxide in the
industrial gas is transferred to the absorbing solution.
48.

Th apparatus of any of claims 42-47, wherein the inlet for an industrial gas is configured to accept

industrial waste gas, combustion flue gas, cement kiln flue gas, compressed carbon dioxide, super critical
carbon dioxide, or any combination thereof.
49.

The apparatus of any of claim 48, wherein the absorbing solution is contacted with the industrial gas

such that the absorbing solution is present as droplets, rivulets, columns of liquid, jet sprays, liquid sheets,
neutrally bt oyant clouds of solution, or any combination thereof.
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50.

Th apparatus of claim 49, further comprising atomizing components, comprising: pressure atomizers

(nozzles), rtary atomizers, air-assisted atomizers, airblast atomizers, ultrasonic atomizers, ink jet atomizers,
MEMS atoinizers, electrostatic spray atomizers, dual fluid atomizers, eduction nozzles, or any combination
thereof within the contacting chamber.
51.

The apparatus of claim 48, wherein the salt water in absorbing solution comprises sea water, an

alkaline brine, a cation rich brine, a synthetic brine, an industrial waste water, an industrial waste brine, or any
combination thereof.
52.

The apparatus of any of claims 42-5 1; further comprising a recirculation system.

53.

Th apparatus of claim 52, wherein the recirculation system comprises conduits and pumps to move

absorbing solution that has contacted the industrial gas from the outlet for absorbing solution that has
contacted the industrial gas, the processing station or both to the inlet for absorbing solution, the atomizing
components, or any combination thereof.
54.

Th apparatus of claim 53, wherein the recirculation system comprises conduits and pumps to move

gas reduce in CO2 from the outlet for effluent gas to the inlet for industrial gas, the bubble columns, sparging
vessel, or a y combination thereof.
55.

An emissions control system operably connected to a power plant wherein the power plant produces

energy and an industrial waste gas comprising carbon dioxide, wherein the emissions control system is
configured to absorb at least 50% of the carbon dioxide from the waste gas and is configured to use less than
30% of the energy generated by the power plant.
56.

An emissions control system operably connected to a power plant wherein the power plant produces

energy and an industrial waste gas comprising oxides of sulfur, wherein the emissions control system is
configured to absorb at least 90% of the oxides of sulfur from the waste gas and is configured to use less than
30% of the energy generated by the power plant.
57.

An emissions control system operably connected to a power plant wherein the power plant produces

energy and an industrial waste gas comprising carbon dioxide and sulfur oxide, wherein the emissions control
system is configured to absorb at least 50% of the carbon dioxide and at least 80% of the sulfur oxide from
the waste g s, and wherein said emissions control system is further configured to use less than 30% of the
energy gen rated by the power plant.
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58.

The emissions control system of any of claims 55-57, wherein the emissions control system is

configured to accept at least 10% of the industrial waste gas from the power plant.
59.

The emissions control system of any of claims 55-58, wherein the emissions control system is

configured to accept an alkaline solution from an electrochemical system configured to produce a caustic
solution.
60.

The" missions control system of claim 59, wherein the electrochemical system comprises an anode, a

cathode, and at least one ion-selective membrane between the anode and cathode.
61.

The emissions control system of claim 60, wherein the electrochemical system is configured to

operate at a oltage of 2.8V or less applied across the anode and the cathode.
62.

The missions control system of any of claims 55-61, wherein the emissions control system is

configured to accept a pH adjusting agent, wherein the pH adjusting agent comprises an industrial waste, a
naturally occurring pH adjusting agent, a produced pH adjusting agent, or any combination thereof.
63.

The emissions control system of any of claims 55-62, wherein the emissions control system is

configured t) operate at a liquid flow rate to gas flow rate ratio (L/G) ranging from 5 to 5,000 gallons per
minute/1000 actual cubic feet per minute.
64.

The emissions control system of claim 63, wherein the system is configured to operate at a liquid

flow rate to as flow rate ratio (L/G) ranging from 100 to 500 gallons per minute/1000 actual cubic feet per
minute.
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