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ABSTRACT 

Systems and methods for lowering levels of carbon dioxide 
and other atmospheric pollutants are provided. Economically 
viable systems and processes capable of removing vast quan 
tities of carbon dioxide and other atmospheric pollutants from 
gaseous waste streams and sequestering them in storage 
stable forms are also discussed. 
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SYSTEMS AND METHODS FOR 
PROCESSING CO2 

CROSS-REFERENCE 

0001. This application claims the benefit of the following 
applications, each of which is incorporated herein by refer 
ence in its entirety: 
0002 U.S. Provisional Patent Application No. 61/158, 
992, filed 10 Mar. 2009, titled “Liquid Absorption of Gaseous 
Pollutants. Using a Flat Jet Reactor': 
0003 U.S. Provisional Patent Application No. 61/168, 
166, filed 9 Apr. 2009, titled "Apparatus, Systems, and Meth 
ods for Treating Industrial Waste Gases: 
0004 U.S. Provisional Patent Application No. 61/178, 
475, filed 14 May 2009, titled 'Apparatus, Systems, and 
Methods for Treating Industrial Waste Gases: 
0005 U.S. Provisional Patent Application No. 61/228, 
210, filed 24 Jul. 2009, titled “Apparatus, Systems, and Meth 
ods for Treating Industrial Waste Gases: 
0006 U.S. Provisional Patent Application No. 61/230, 
042, filed 30 Jul. 2009, titled “Apparatus, Systems, and Meth 
ods for Treating Industrial Waste Gases: 
0007 U.S. Provisional Patent Application No. 61/239, 
429, filed 2 Sep. 2009, titled, "Apparatus, Systems, and Meth 
ods for Treating Industrial Waste Gases: 
0008 U.S. Provisional Patent Application No. 61/178, 
360, filed 14 May 2009, titled, “Methods and Apparatus for 
Contacting Gas and Liquid': 
0009 U.S. Provisional Patent Application No. 61/221, 
457, filed 29 Jun. 2009, titled, “Gas-Liquid-Solid Contactor 
and Precipitator: Apparatus and Methods”; 
0010 U.S. Provisional Patent Application No. 61/221, 
631, filed 30 Jun. 2009, titled “Gas, Liquid, Solid Contacting: 
Methods and Apparatus: 
0011 U.S. Provisional Patent Application No. 61/223, 
657, filed 7 Jul. 2009, title “Gas, Liquid, Solid Contacting: 
Methods and Apparatus: 
0012 U.S. Provisional Patent Application No. 61/289, 
657, filed 23 Dec. 2009, titled “Gas, Liquid, Solid Contacting 
Methods and Apparatus: 
0013 U.S. Provisional Patent Application No. 61/306, 
412, filed 19 Feb. 2010, titled “Apparatus, Systems, And 
Methods For Treating Industrial Waste Gases’; and 
0014 U.S. Provisional Patent Application No. 61/311, 
275, filed 5 Mar. 2010, titled “Apparatus, Systems, And Meth 
ods For Treating Industrial Waste Gases.” 

BACKGROUND 

0015 The most concentrated point sources of carbon 
dioxide and many other atmospheric pollutants (e.g., NOX. 
SOX, volatile organic compounds (“VOCs'), and particu 
lates) are energy-producing power plants, particularly power 
plants that produce their power by combusting carbon-based 
fuels (e.g., coal-fired power plants). Considering that world 
energy demand is expected to increase, and despite continu 
ing growth in non-carbon-based sources of energy, atmo 
spheric levels of carbon dioxide and other combustion prod 
ucts of carbon-based fuels are expected to increase as well. As 
Such, power plants utilizing carbon-based fuels are particu 
larly attractive sites for technologies aimed at lowering emis 
sions of carbon dioxide and other atmospheric pollutants. 
0016. Attempts at lowering emissions of carbon dioxide 
and other atmospheric pollutants from power plant waste 
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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 and 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 from gaseous waste streams by 
sequestering carbon dioxide and other atmospheric pollutants 
in a stable form or by converting it to valuable commodity 
products. 
0017. In consideration of the foregoing, a significant need 
exists for systems and methods that efficiently and economi 
cally sequester carbon dioxide and other atmospheric pollut 
antS. 

SUMMARY 

0018. In some 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 for contact with the gas; a reservoir config 
ured 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 
the 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 with the shed rows; ii) an 
anti-foaming device configured to reduce foaming in the res 
ervoir; iii) at least one pump per liquid introduction unit for 
pumping the liquid through the introduction unit; iv) configu 
ration 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 thereof, 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 features. In some 
embodiments, the apparatus comprises at least four of the 
features. In some embodiments, the apparatus comprises at 
least five of the features. In some embodiments, the apparatus 
comprises all of the features. In some embodiments, the gas 
inlet is configured to accept industrial waste gas, compressed 
ambient air, compressed carbon dioxide, Super critical carbon 
dioxide or any combination thereof. In some 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 com 
prises one or more of carbon dioxide, nitrogen oxide, and 
sulfur oxide. In some embodiments, the first liquid introduc 
tion unit is located on the lowest level above the inlet of the 
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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. In some embodiments, the second liquid introduction 
unit is oriented to direct the flow of liquid into the chamber in 
a direction Substantially 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 comprise dual-fluid 
noZZles. In some embodiments, the nozzles comprise educ 
tor-jet nozzles. In some embodiments, at least one of the 
pumps is controlled with a variable frequency drive. In some 
embodiments, the anti-foaming device comprises a cone situ 
ated over the reservoir. In some embodiments, the anti-foam 
ing device further comprises liquid sprays oriented towards 
the cone. In some embodiments, the apparatus further com 
prises a liquid recirculation circuit configured to direct the 
liquid from the reservoir to the one or more of the liquid 
introduction units. In some embodiments, the apparatus fur 
ther comprises a demisting level before the gas exits the 
contacting chamber. In some embodiments, the demisting 
level comprises a chevron demister, flat-jet sprays, a wet 
electrostatic precipitator, a packed bed, or any combination 
thereof. In some embodiments, the liquid provided to the 
demisting level comprises a different solution from the liquid 
provided to the liquid introduction units. In some embodi 
ments, 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 clear liquid. In 
some embodiments, the liquid provided to the liquid intro 
duction units comprises a slurry. In some embodiments, the 
apparatus further comprises a comminution station config 
ured to accept slurry from the reservoir and provide processed 
slurry to the liquid introduction units. In some embodiments, 
the recirculation circuit comprises the comminution station. 
In some embodiments, the reservoir is located below the 
noZZles at the bottom of the contacting chamber. In some 
embodiments, the apparatus further comprises a precipitation 
tank operably connected to the contacting chamber. In some 
embodiments, the precipitation tank comprises temperature 
controllers, inlets for addition of pH adjusting agents, agita 
tors, 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 operably connected to 
the precipitation tank. In some embodiments, the precipitate 
outlet collects a Solid precipitate and a Supernatant solution. 
In some embodiments, the precipitate outlet separates Solid 
precipitate from the Supernatant solution. In some embodi 
ments, the apparatus further comprises a conduit to provide 
the Solid precipitate to a building materials fabrication sta 
tion. In some embodiments, the gas inlet is configured to 
accept a waste gas from an industrial plant. In some embodi 
ments, the gas inlet is configured to accept a flue gas from a 
plant that combusts fossil fuel. In some embodiments, the gas 
inlet is configured to accept a flue gas 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 elec 
trostatic precipitator to collect particulates; ii) SOX control 
technology; iii) NOx control technology; iv) physical filter 
ing technology to collect particulates; or V) mercury control 
technology. In some embodiments, the sprays of the atomiz 
ing units comprise sprays of 60° near the walls of the con 

Oct. 13, 2011 

tacting 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 embodi 
ments, the apparatus further comprises packing material, 
trays, a packed bed, or any combination thereof within said 
chamber. In some embodiments, the apparatus further com 
prises a at least one membrane or one microporous membrane 
within said chamber. 

0019. In some 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 CO, SOX, NOx, heavy metal, non-CO2 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 
includes an alkaline Solution that includes a salt water, par 
ticulate material, or both in an absorbing slurry; an outlet for 
an effluent gas, said gas characterized by being depleted in 
CO and at least one of SOX, NOx, heavy metal, non-CO, acid 
gas, and/or fly ash relative to said original composition of said 
industrial gas, in which the outlet is operably connected to 
said absorber, an outlet for absorbing Solution that has con 
tacted 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 sequestering component, a desalinated 
water, a potable water, a slurry comprising a CO2 sequester 
ing component, or a solution comprising a CO sequestering 
component, in which the bubble column is configured to 
produce bubbles of the industrial gas within the absorbing 
solution such that at least 10% by weight of the carbon diox 
ide in the industrial gas is transferred to the absorbing solu 
tion. In some embodiments, the invention provides an appa 
ratus that includes an absorber comprising a sparging vessel; 
an inlet for an industrial gas, wherein the industrial gas com 
prises CO, SOX, NOx, heavy metal, non-CO, 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 com 
prises an alkaline solution comprising a saltwater, particulate 
material, or both in an absorbing slurry; an outlet for an 
effluent gas, said gas characterized by being depleted in CO 
and at least one of SOX, NOx, heavy metal, non-CO, 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 con 
tacted 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 sequestering component, a desalinated 
water, a potable water, a slurry comprising a CO sequester 
ing component, or a solution comprising a CO sequestering 
component, wherein the sparging vessel is configured to pro 
duce bubbles of the industrial gas within the absorbing solu 
tion 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 that includes a spray tower, an inlet for 
an industrial gas, wherein the industrial gas comprises CO, 
SOX, NOx, heavy metal, non-CO, 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 
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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 
depleted in CO and at least one of SOX, NOx, heavy metal, 
non-CO, acid gas, and/or fly ash relative to said original 
composition of said industrial gas, wherein the outlet is oper 
ably connected to said absorber; an outlet for absorbing solu 
tion 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 build 
ing material comprising a CO2 sequestering component, a 
desalinated water, a potable water, a slurry comprising a CO 
sequestering component, or a solution comprising a CO 
sequestering component, wherein the spray tower is config 
ured 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 a microporous membrane; 
an inlet for an industrial gas, wherein the industrial gas com 
prises CO, SOX, NOx, heavy metal, non-CO, 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 com 
prises an alkaline solution, particulate material, or both in an 
absorbing slurry; an outlet for an effluent gas, said gas char 
acterized by being depleted in CO 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 oper 
ably connected to the absorber, and a processing station oper 
ably 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 sequestering 
component, a desalinated water, a potable water, a slurry 
comprising a CO sequestering component, or a solution 
comprising a CO sequestering component, in which the 
absorber is configured to produce streams, droplets, or a 
combination thereof of the absorbing solution in the indus 
trial 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 
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 that includes 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, SOX, NOx, heavy 
metal, non-CO2 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 includes an alkaline solution, particulate 
material, or both in an absorbing slurry, wherein said alkaline 
Solution comprises a salt water, a clear Solution, or any com 
bination thereof, an outlet for an effluent gas, said gas char 
acterized by being depleted in CO and at least one of SOX, 
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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 oper 
ably connected to the absorber, and a processing station oper 
ably 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 sequestering 
component, a desalinated water, a potable water, a slurry 
comprising a CO sequestering component, or a solution 
comprising a CO sequestering component, in which the 
absorber is configured to produce streams, droplets, or a 
combination thereof of the absorbing solution in the indus 
trial 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 includes 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, SOX, NOx, heavy 
metal, non-CO2 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, wherein said alkaline 
Solution comprises a salt water; an outlet for an effluent gas, 
said gas characterized by being depleted in CO and at least 
one of SOX, NOx, heavy metal, non-CO, 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, in which the pro 
cessing station is configured to obtain a saleable product, in 
which the absorber is configured to produce streams, drop 
lets, 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 industrial 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 com 
prises atomizing components, comprising: pressure atomiz 
ers (noZZles), rotary atomizers, air-assisted atomizers, air 
blast 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 alkaline 
brine, 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 embodiments, 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 solu 
tion, the atomizing components, or any combination thereof. 
In some embodiments, the recirculation system comprises 
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conduits and pumps to move gas reduced in CO2 from the 
outlet for effluent gas to the inlet for industrial gas, the bubble 
columns, sparging vessel, or any combination thereof. 
0020. In some embodiments, the invention provides an 
emissions control system operably connected to a powerplant 
in which the power plant produces energy and an industrial 
waste gas that includes carbon dioxide, in which the emis 
sions 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 embodiments, the invention provides an emissions con 
trol 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 configured 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 emis 
sions control 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% of the energy gener 
ated by the powerplant. In some embodiments, the emissions 
control system is configured to accept at least 10% of the 
industrial waste gas from the power plant. In some embodi 
ments, the emissions control system is configured to acceptan 
alkaline Solution from an electrochemical system configured 
to 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 adjust 
ing 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. In 
Some embodiments, the emissions control system is config 
ured to 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. In some embodiments, the system is config 
ured to 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. 
0021 Provided herein are systems comprising a precipi 
tation reactor for producing an effluent comprising a precipi 
tation product comprising carbonate, bicarbonate, or a com 
bination thereof, operably connected to a liquid-Solid 
separation apparatus for concentrating the precipitation prod 
uct from the precipitation reactor effluent. 
0022. In one version of the liquid-solid separation appa 
ratus, the liquid-Solid separation apparatus comprises abaffle 
situated such that in operation the baffle deflects the precipi 
tation reactor effluent such that precipitation product 
descends to a lower region of the liquid-Solid separation appa 
ratus and Supernatant ascends and exits the liquid-Solid sepa 
ration apparatus. In another version of the liquid-Solid appa 
ratus, the liquid-Solid separation apparatus comprises a spiral 
channel configured to direct effluent from the precipitation 
reactor to flow in the spiral channel resulting in concentration 
of the precipitation product based on size and mass and pro 
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duction 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 precipi 
tation 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 20,000 L/min of 
effluent from the precipitation station. 
0023 Precipitation reactors of the systems described 
herein may comprise a charging reactor and precipitation 
station. The charging reactor is capable of removing CO 
from an industrial waste gas stream. Furthermore, the charg 
ing 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 with water from the source of water. The gaseous waste 
stream comprising CO is a waste stream from an industrial 
plant that burns carbon-based fuels, calcined materials, or a 
combination thereof. The water provided by the source of 
water may contain alkaline earth metalions; in Such cases the 
source of water may be selected from the group selected from 
fresh water brackish water, seawater, and brine. The precipi 
tation 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 carbon 
ate, bicarbonate, or a combination thereof. 
0024. 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 precipita 
tion station. 
0025. Also provided are integrated systems comprising a 
power plant that combusts carbon-based fuel to produce a 
waste gas stream comprising carbon dioxide, operably con 
nected to a waste gas-processing system. The waste gas 
processing system comprises a precipitation reactor for pro 
ducing an effluent comprising a precipitation product 
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 one version of the liquid-solid separation 
apparatus, the liquid-Solid separation apparatus comprises a 
baffle situated 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 appa 
ratus and Supernatant ascends and exits the liquid-Solid sepa 
ration apparatus. In another version of the liquid-Solid sepa 
ration apparatus, the liquid-solid separation apparatus 
comprises a spiral channel configured to direct effluent from 
the precipitation reactor to flow in the spiral channel resulting 
in concentration of the precipitation product based on size 
and mass and production of a Supernatant. The waste gas 
stream further comprises SOX, NOx, heavy metals, VOCs, 
particulates, or a combination thereof. 
0026. Also 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 pro 
ducing an effluent comprising a precipitation product com 
prising carbonate, bicarbonate, or a combination thereof, and 
concentrating the precipitation product from precipitation 
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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 Superna 
tant 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 con 
centration of the precipitation product based on size and 
mass, and production of a Supernatant. 
0027 Methods for sequestering carbon dioxide may be 
done with any system according to any one of the preceding 
claims. 

DRAWINGS 

0028. 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 prin 
ciples of the invention are utilized, and the accompanying 
drawings of which: 
0029 FIG. 1 provides a system of the invention compris 
ing a processor, wherein the processor is configured to pro 
cess a variety of gases comprising carbon dioxide. 
0030 FIG. 2 provides a system of the invention compris 
ing a processor and a treatment system, wherein the treatment 
system is configured to treat compositions from the processor. 
0031 FIG. 3 provides a system of the invention compris 
ing a processor and an optional treatment system, wherein the 
processor comprises a contactor and a reactor. 
0032 FIG. 4 provides a system of the invention compris 
ing a processor and a treatment system, wherein Supernatant 
from the treatment system may optionally be recirculated to 
the processor. 
0033 FIG. 5 provides a system of the invention compris 
ing a processor, a treatment system, and an electrochemical 
system, wherein Supernatant from the treatment system may 
optionally be recirculated to the processor, the electrochemi 
cal system, or a combination thereof. 
0034 FIG. 6A provides a schematic diagram of a CO, 
sequestration method according to one embodiment of the 
invention. 
0035 FIG. 6B provides a schematic diagram of a CO 
sequestration system according to one embodiment of the 
invention. 
0036 FIG. 6C provides is a schematic of an embodiment 
of the system. 
0037 FIG. 7 provides a schematic diagram of a CO 
sequestration system according to another embodiment of the 
invention. 
0038 FIG. 8 provides a diagram of one embodiment of a 
low-voltage apparatus for producing hydroxide electro 
chemically. 
0039 FIG. 9 provides a diagram of another embodiment 
of a low-voltage apparatus for producing hydroxide electro 
chemically. 
0040 FIG. 10 provides a diagram of another embodiment 
of a low-voltage apparatus for producing hydroxide electro 
chemically. 
0041 FIG. 11 is a schematic of an embodiment the appa 
ratus for contacting Solid material, liquid, and gas with a 
tower configuration. 
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0042 FIG. 12 is a schematic of the method for contacting 
Solid material, liquid, and gas. 
0043 FIG. 13 is a schematic of an embodiment of the 
apparatus for contacting solid material, liquid, and gas with a 
horizontal configuration as seen lengthwise in cross-section. 
0044 FIG. 14 is a schematic of an embodiment of the 
apparatus for contacting solid material, liquid, and gas with a 
horizontal configuration as seen end-on in cross-section. 
004.5 FIG. 15 is a schematic of an embodiment of the 
apparatus. 
0046 FIG. 16 is a schematic of an embodiment of the 
overall apparatus. 
0047 FIG. 17 is a schematic of a portion of an embodi 
ment of the apparatus showing shed row lay out. 
0048 FIG. 18 is a schematic of an embodiment of the 
apparatus showing a possible arrangement of sprays. 
0049 FIG. 19 is a schematic of an embodiment of the 
apparatus showing a possible arrangement of sprays. 
0050 FIG. 20 is a schematic of shed row configurations 
that may be used in some embodiments of the apparatus and 
system. 
0051 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. 
0.052 FIG.21B 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 top of the compartment. 
0053 FIG. 22A 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 
bottom of the compartment. 
0054 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 compartment. 
0055 FIG. 23 provides a schematic diagram of a gas 
liquid or gas-liquid-solid contactor. 
0056 FIG. 24 provides a schematic diagram of another 
view of the gas-liquid or gas-liquid-Solid contactor of FIG. 
23. 

0057 FIG. 25 provides a diagram of an inline monitor. 
0.058 FIG. 26 is a schematic of an embodiment of the 
apparatus showing both vertically and horizontally oriented 
sections. 

0059 FIG. 27 is a schematic of an embodiment of the 
apparatus showing both vertically and horizontally oriented 
sections. 

0060 FIG. 28 is a schematic of an embodiment of the 
apparatus showing both vertically and horizontally oriented 
sections with countercurrent solution circulation, with 
respect to gas flow, in the horizontally oriented section Suing 
pumps. 

0061 FIG. 29 is a schematic of an embodiment of the 
apparatus and system, wherein the system is a series of appa 
ratuS. 

0062 FIG. 30 is a schematic of an embodiment showing 
system that is an array of apparatus 
0063 FIG. 31 is a schematic of an embodiment showing 
system that is an array of apparatus. 
0064 FIG. 32 is a schematic of an embodiment of the 
system. 
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0065 FIG. 33 provides a schematic diagram of power 
plant that is integrated with a CO2 sequestration system 
according to an embodiment of the invention. 
0066 FIG. 34 provides a schematic diagram of a Portland 
cement plant. 
0067 FIG. 35 provides a schematic diagram of a cement 
plant co-located with a precipitation plant according to one 
embodiment of the invention. 
0068 FIG. 36 provides a schematic of a cement plant that 
does not require a mined limestone feedstock according to 
one embodiment of the invention. 
0069 FIG. 37 provides a schematic of a system according 
to one embodiment of the invention. 
0070 FIGS. 38,39, and 40 provide schematics of a system 
according to one embodiment of the invention. 
0071 FIGS. 41 and 42 provide pictures of precipitate of 
the invention. 
0072 FIG. 43 provides a picture of amorphous precipitate 
of the invention. 
0073 FIG. 44 provides graphical results of a CO absorp 
tion experiment reported in the Examples section below. 
0.074 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. 
0075 FIG. 46 shows an embodiment where droplet cre 
ation and gas contacting occur in one chamber that is 
designed to keep coalesced droplets separate from the liquid 
from which droplets are formed. 
0076 FIG. 47 is a schematic of an embodiment showing 
an apparatus that utilizes a de-foaming cone and sprays. 

DESCRIPTION 

0077 Presented herein are systems, apparatus and meth 
ods related to efficiently contacting Solid material, liquid and 
gas. The embodiments presented herein represent methods 
and apparatus for incorporating a gas into a liquid or a slurry 
or both. In some embodiments where a slurry is presented, the 
slurry is comprised of a liquid and a Solid material compo 
nent, such that solid material is present throughout contact of 
the liquid with the gas. By incorporating, what is meant is 
dissolution and/or absorption of the gas into the liquid or 
adsorption and/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 of the liquid or slurry and gas 
(L/G); and the contact time between the liquid and the gas. 
Incorporation of 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 compo 
nent 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). 
0078. The methods, apparatus, and systems of the inven 
tion 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 
introduced into a gas may be utilized in which the liquid 
and/or slurry is introduced as droplets, streams or a combi 
nation thereof. Contacting methods where a gas in introduced 
into a liquid or slurry (i.e. absorbing solution) 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 
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incorporate carbon dioxide and at least one of SOX, NOx, a 
heavy metal, a non-CO, acid gas or fly ash into the liquid or 
slurry that make up the absorbing solution. To facilitate this 
incorporation, structural features such as packing material, 
packed beds, trays, shed rows, or membranes, including 
microporous membranes, may be utilized in the methods, 
apparatus, and systems of the invention. Once the desired 
components of a gas have been incorporated into an absorb 
ing Solution through contact between the solution and gas, the 
contacted Solution may be disposed of by an convenient 
means that do not make the components removed from the 
gas available for release into the Earth's atmosphere. Alter 
natively, the contacted Solution may be subjected to precipi 
tation conditions such that a solid precipitate is formed, and 
such precipitate and the effluent liquid may be further pro 
cessed to recover saleable products (e.g. potable water, build 
ing materials comprising a CO-sequestering component). 
007.9 The methods, apparatus, and systems of the inven 
tion may be applicable to contacting a gas and an absorbing 
Solution in an emission control system that is operably con 
nected 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 SOX, NOx, heavy metals, non 
carbon dioxide acid gases, and in Some cases fly ash while 
using as little of the energy produced by the powerplant. Such 
as 30% of the energy produced by the power plant, to power 
the emissions control system. The emissions control system 
encompasses activities and components such as, but not lim 
ited to, pumping and recirculating absorbing solution, regen 
erating 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 con 
trol 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 
CO and SOx emissions control systems. 
0080. Some embodiments utilize simultaneous comminu 
tion, particle size reduction, and mixing of the Solid compo 
nent of the slurry with the liquid component of the slurry. 
Some embodiments include contacting with gas while simul 
taneously mixing and reducing the size of the Solid particu 
lates. 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. Com 
minution can be accomplished using any Suitable apparatus 
that reduces the size of the Solid particulates, including but not 
limited to, a jet mill, a screw conveyor, a high 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 embodi 
ments, comminution takes place after the initial contact of the 
slurry with the gas during recirculation. In some embodi 
ments, comminution takes place in a conduit with a screw 
conveyor while the slurry is also contacted with gas, prior to 
reaching the contacting chamber. 
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0081. Some embodiments utilize high-efficiency gas-liq 
uid contacting methods or apparatus. High-efficiency gas 
liquid contacting methods or apparatus have the added advan 
tages 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 kinet 
ics of incorporating the gas into the liquid; or Sufficient resi 
dence time is provided either by slowing fluid flow or increas 
ing the path length that the liquid and gas travel while the gas 
incorporates into the liquid. 
0082 One of the uses of efficient gas-liquid contacting 
methods and apparatus is to optimize precipitation reactions. 
Variations in the solution chemistry of the liquid in a gas 
liquid contactor affects the ability of the liquid to incorporate 
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 and SO and/or SOX 
from the gas. In some embodiments, the chemistry of the 
liquid (e.g. absorbing Solution, contacting mixture) does not 
require a separate (i.e. distinct from the method or steps to 
remove CO)SO, and/or SOX removal step. In some embodi 
ments, the pH of the liquid ranges from pH 4 to pH 13.5. In 
some embodiments, the pH of the liquid ranges from pH 4 to 
pH 11. In some embodiments, the pH of the liquid ranges 
from pH 5 to pH 10. In some embodiments, the pH of the 
liquid ranges from pH 5.5 to pH 9.5. In some embodiments, 
the pH of the liquid is affected by agents added to the solution 
from which the droplets are made. Agents which alter the pH 
of the liquid include, but are not limited to: naturally occur 
ring pH raising agents, microorganisms and fungi, synthetic 
chemical pH raising agents, recovered man-made waste 
streams, and alkaline solutions produced by electrochemical 
CaS. 

0083. Before the invention is described in greater detail, it 
is to be understood that the invention is not limited to particu 
lar 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 embodi 
ments only, and is not intended to be limiting, since the scope 
of the invention will be limited only by the appended claims. 
Unless defined 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. 
0084. Where 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 lower limits of these smaller 
ranges may independently be included in the Smaller ranges 
and are also encompassed 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 exclud 
ing either or both of those included limits are also included in 
the invention. 

0085 Certain ranges are presented herein with numerical 
values being preceded by the term “about.” The term “about 
is used herein to provide literal support for the exact number 
that it precedes, as well as a number that is near to or approxi 
mately the number that the term precedes. In determining 
whether a number is near to or approximately a specifically 
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recited number, the near or approximating unrecited number 
may be a number, which, in the context in which it is pre 
sented, provides the Substantial equivalent of the specifically 
recited number. 

I0086 All publications, patents, and patent applications 
cited in this specification are incorporated herein by reference 
to the same extent as if each individual publication, patent, or 
patent application were specifically and individually indi 
cated 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 should 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 publi 
cation dates, which may need to be independently confirmed. 
I0087. It is noted that, as used herein and in the appended 
claims, the singular forms “a”, “an', and “the include plural 
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 Such exclusive terminology as 
“solely.” “only' and the like in connection with the recitation 
of claim elements, or use of a “negative' limitation. 
I0088 As will 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 from 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 described herein may also be used in the practice or 
testing of the invention, representative illustrative methods 
and materials are now described. 

I0089. The methods and systems of the invention often may 
utilize processes Summarized by the following chemical reac 
tions: 

0090 (1) Combustion of a carbon-containing fuel source 
in liquid, gas, or Solid phase forms gaseous carbon dioxide: 

0091 (2) Contacting the source of carbon dioxide with a 
water source Solvates the carbon dioxide to give an aqueous 
solution of carbon dioxide: 

CO2 (g)€sCO2 (aq) 

0092 (3) Carbon dioxide dissolved in water establishes 
equilibrium with aqueous carbonic acid: 

CO2 (aq)+HOes H2CO (aq) 

0093 (4) Carbonic acid is a weak acid which dissociates in 
two steps, where the equilibrium balance is determined in part 
by the pH of the solution, with, generally, pHs below 8-9 
favoring bicarbonate formation and pHs above 9-10 favoring 
carbonate formation. In the second step, a hydroxide source 
may be added to increase alkalinity: 
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Reaction of elemental metal cations from Group HA with the 
carbonate anion forms a metal carbonate precipitate: 

mX (aq)+nCOs (sX(CO), (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. 
0094. In further describing the subject invention, the 
methods of CO 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 using methods and systems of the 
invention. 

Methods of CO. Sequestration 

0095. In some embodiments, the invention provides a 
method of CO2 sequestration. In Such embodiments, an 
amount of CO may be removed or segregated from an envi 
ronment, such as the Earth's atmosphere or a gaseous waste 
stream produced by an industrial plant, so that some or all of 
the CO, is no longer present in the environment from which 
the CO was removed. For example, CO sequestration 
removes CO or prevents the release of CO into the atmo 
sphere from the combustion of fuel. In some embodiments, 
the CO sequestered is in the form of a composition compris 
ing carbonates, bicarbonates, or carbonates and bicarbonates. 
Such compositions may comprise a solution, a slurry com 
prising precipitation material, or precipitation material alone 
or in combination with one or more additional materials for 
use in oras a building material. For example, a composition of 
the invention may comprise precipitation material compris 
ing a carbonate compound (e.g., amorphous calcium carbon 
ate, calcite, aragonite, Vaterite, etc.). Therefore, in some 
embodiments, CO 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 compositions is derived from a fuel used by 
humans (e.g., a fossil fuel). CO-sequestering methods of the 
invention produce storage-stable products from an amount of 
CO, such that the CO, from which the product is produced is 
then sequestered in that product. A storage-stable CO2-se 
questering product is a storage-stable composition that incor 
porates an amount of CO into a storage-stable form, Such as 
an above-ground, underwater, or underground storage-stable 
form, so that the CO is no longer present as, or available to 
be, a gas in the atmosphere. As such, sequestering of CO 
according to methods of the invention results in prevention of 
CO gas from entering the atmosphere and allows for long 
term storage of CO in a manner Such that CO does not 
become part of the atmosphere. 
0096 Embodiments of methods of the invention comprise 
Small-, neutral- or negative-carbon footprint methods. Car 
bon neutral methods of the invention comprise methods hav 
ing a negligible carbon footprint or no carbon footprint. In 
negative-carbon footprint methods, the amount by weight of 
CO that is sequestered (e.g., through conversion of CO to 
carbonate) by practice of the methods is greater that the 
amount of CO that is generated (e.g., through power produc 
tion, base production, etc) to practice the methods. In some 
instances, the amount by weight of CO that is sequestered by 
practicing the methods exceeds the amount by weight of CO 
that is generated in practicing the methods by 1 to 100%, such 
as 5 to 100%, including 10 to 95%, 10 to 90%, 10 to 80%, 10 
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to 70%, 10 to 60%, 10 to 50%, 10 to 40%, 10 to 30%, 10 to 
20%, 20 to 95%, 20 to 90%, 20 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 70%, 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 of CO that is seques 
tered by practicing the methods exceeds the amount by 
weight of CO 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 more, 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. 
(0097. In reference to the system of FIG. 1, the invention 
provides an aqueous-based method for processing a source of 
carbon dioxide (130) and producing a composition compris 
ing carbonates, bicarbonates, or carbonates and bicarbonates, 
wherein the Source of carbon dioxide comprises one or more 
additional components in 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 
processed (i.e., Subjected to Suitable conditions for produc 
tion of the composition comprising carbonates, bicarbonates, 
or carbonates and bicarbonates). In some embodiments, pro 
cessing the industrial Source of carbon dioxide comprises 
contacting the source of proton-removing agents in a contac 
tor Such as, but not limited to, a gas-liquid contactor or a 
gas-liquid-Solid contactor to produce a carbon dioxide 
charged composition, which composition may be a solution 
or slurry, from an initial aqueous Solution or slurry. In some 
embodiments, the composition comprising carbonates, bicar 
bonates, or carbonates and bicarbonates may be produced 
from the carbon dioxide-charged solution or slurry in the 
contactor. In some embodiments, the carbon dioxide-charged 
solution or slurry may be provided to a reactor, within which 
the composition comprising carbonates, bicarbonates, or car 
bonates and bicarbonates may be produced. In some embodi 
ments, the composition 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 comprising 
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 cations such as those of alkaline earth metals (e.g., 
Ca", Mg). In such embodiments, the source of divalent 
cations may be provided to the source of proton-removing 
agents or provided directly to the processor. Provided suffi 
cient divalent cations are provided by the source of proton 
removing agents, by the Source of divalent cations, or by a 
combination of the foregoing sources, the composition com 
prising carbonates, bicarbonates, or carbonates and bicarbon 
ates may comprise an isolable precipitation material (e.g., 
CaCO, MgCO, or a composition thereof). Whether the 
composition from the processor comprises an isolable pre 
cipitation material or not, the composition may be used 
directly from the processor (optionally with minimal post 
processing) in the manufacture of building materials. In some 
embodiments, compositions comprising carbonates, bicar 
bonates, or carbonates and bicarbonates directly from the 
processor (optionally with minimal post-processing) may be 
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injected into a subterranean site as described in U.S. Provi 
sional Patent Application No. 61/232,401, filed 7 Aug. 2009, 
which application is incorporated herein by reference in its 
entirety. 
0098. In reference to the systems of FIGS. 2-5, the inven 
tion 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 com 
prises one or more additional components in addition to car 
bon dioxide. In addition to producing compositions as 
described in reference to FIG. 1, the invention further pro 
vides methods for treating compositions comprising carbon 
ates, bicarbonates, or carbonates and bicarbonates. As such, 
in Some embodiments, the invention provides an aqueous 
based method for processing a source of carbon dioxide (130) 
to produce a composition comprising carbonates, bicarbon 
ates, or carbonates and bicarbonates and treating the compo 
sition produced. Whether a processor-produced composition 
of the invention comprises an isolable precipitation material 
or not, the composition may be directly provided to a treat 
ment system of the invention for treatment (e.g., concentra 
tion, filtration, etc.). In some embodiments, the composition 
may be provided directly to the treatment system 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 com 
position and production of a Supernatant. In another non 
limiting example, a processor-produced composition com 
prising an isolable precipitation material may be provided 
directly 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, dewatering systems, filtration 
systems, or dewatering systems in combination with filtration 
systems, wherein treatment systems, or a sub-systems 
thereof, separate Supernatant from the composition to pro 
duce a concentrated composition (e.g., the concentrated com 
position is more concentrated with to respect to carbonates, 
bicarbonates, or carbonates and carbonates). 
0099. With reference to the system of FIG. 3, in some 
embodiments, the invention provides a method for charging a 
Solution 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 pH 6.5 to pH 14.0 prior 
to charging the solution with CO. 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 CO. The pH of the solution may 
be increased using any convenient approach including, but 
not limited to, use of proton-removing agents and electro 
chemical methods for effecting proton removal. In some 
embodiments, proton-removing agents may be used to 
increase the pH of the solution prior to charging the Solution 
with CO. Such proton-removing agents include, but are not 
limited to, hydroxides (e.g., NaOH, KOH) and carbonates 
(e.g., Na2CO, KCO). 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 CO 
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from an industrial waste gas stream to produce a composition 
comprising carbonates, bicarbonates, or carbonates and 
bicarbonates. 

0100. In some embodiments, the composition resulting 
from charging the alkaline Solution with CO2 from an indus 
trial waste source (i.e., the Solution comprising carbonates, 
bicarbonates, or carbonates and bicarbonates) may 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 CO. As described herein, 
the Solution may, in Some embodiments, comprise divalent 
cations such as Ca", Mg", or a combination thereof at the 
time the Solution is charged with CO. In Such embodiments, 
the resultant composition may comprise carbonates, bicar 
bonates, or carbonates and bicarbonates of divalent cations 
(e.g. precipitation material) resulting in a slurry. Such slur 
ries, for example, may comprise CaCO, MgCOs, or a com 
bination thereof. The Solution may, in some embodiments, 
comprise insufficient divalent cations to form a slurry com 
prising carbonates, bicarbonates, or carbonates and bicarbon 
ates of divalent cations at the time the solution is charged with 
CO. In such embodiments, the resultant composition may 
comprise carbonates, bicarbonates, or carbonates and bicar 
bonates in a Substantially 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. In some 
embodiments, for example, monovalent cations such as Na", 
K", oracombination thereof (optionally by addition of NaOH 
and/or KOH) may be present in the substantially clear solu 
tion at the time the solution is charged with CO. The com 
position resulting from charging Such a solution with CO 
may comprise, for example, carbonates, bicarbonates, or car 
bonates and bicarbonates of monovalent cations. 

0101. As such, in some embodiments, the invention pro 
vides a method for charging an alkaline solution (e.g., pH>pH 
7.0) with CO, from an industrial waste gas stream to produce 
a composition comprising carbonates, bicarbonates, or car 
bonates and bicarbonates, wherein the composition is Sub 
stantially clear (i.e., Substantially free of precipitation mate 
rial, 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", Mg", or a combination thereof) 
to produce a composition comprising carbonates, bicarbon 
ates, or carbonates and bicarbonates of divalent cations result 
ing in a slurry. As above, such slurries may comprise CaCO, 
MgCO, or a combination thereof that may be treated as 
described herein. In a non-limiting example, an alkaline solu 
tion comprising NaOH (e.g., NaOH dissolved in freshwater 
lacking significant divalent cations) may be contacted in a 
gas-liquid contactor with CO from an industrial waste gas 
stream to produce a composition comprising carbonates, 
bicarbonates, or carbonates and bicarbonates, wherein the 
composition is Substantially clear due to a lack of precipita 
tion material, which, in turn, is due to the lack of significant 
divalent cations. Depending upon the amount of CO added 
(and makeup NaOH, if any), the Substantially clear compo 
sition may comprise NaOH, NaHCO, and/or NaCO. The 
Substantially clear composition may subsequently be con 
tacted in a reactor outside the gas-liquid contactor with a 
source of divalent cations (e.g., Ca", Mg", Sr", and the 
like) to produce a composition comprising carbonates, bicar 
bonates, or carbonates and bicarbonates of divalent cations 
(e.g., precipitation material) resulting in a slurry. As such, 
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compositions may comprise CaCO and/or MgCOs, 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, Supple 
mentary cementitious material, fine aggregate, mortar, coarse 
aggregate, concrete, poZZolan, or a combination thereof. 
0102. With reference to the systems of FIGS. 4 and 5, the 
invention also provides aqueous-based methods of process 
ing a source of carbon dioxide (130) and producing a com 
position comprising carbonates, bicarbonates, or carbonates 
and bicarbonates, wherein the source of carbon dioxide com 
prises one or more additional components in addition to car 
bon dioxide, and wherein at least a portion of treatment sys 
tem. Supernatant is recirculated. For example, in some 
embodiments, the invention provides a method of treating a 
waste gas stream comprising CO and, optionally, SOX, NOx, 
and/or Hg in a processer to produce a processed waste gas 
stream (e.g., a clean gas stream Suitable for release into the 
environment), a composition comprising carbonates, bicar 
bonates, 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 carbon dioxide. The Superna 
tant may be provided to a carbon dioxide-processing system 
processor. In such embodiments, the Supernatant may be pro 
vided to a contactor (e.g., gas-liquid contactor, gas-liquid 
Solid contactor), to a reactor, to a combination of the contactor 
and the reactor, or to any other unit or combination of units for 
processing carbon dioxide. In addition, in Some embodi 
ments, at least a portion of the Supernatant from the treatment 
system may be provided to a washing system. In Such 
embodiments, the Supernatant may be used to wash compo 
sitions (e.g., precipitation material comprising CaCO, 
MgCO, 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 
may be provided to an electrochemical system. As such, 
treatment system Supernatant may be used to produce proton 
removing agents or effect proton removal for processing car 
bon dioxide. In some embodiments, at least a portion of the 
Supernatant from the treatment system may be provided to a 
different system or process. For example, at least a portion of 
the treatment system Supernatant may be provided to a desali 
nation plant or desalination process such that the treatment 
system Supernatant, which is generally softer (i.e., lower con 
centration of Ca" and/or Mg") than other available feeds 
(e.g., seawater, brine, etc.) after being used to process carbon 
dioxide, may be desalinated for potable water. 
0103 Recirculation of treatment system supernatant is 
advantageous as recirculation provides efficient use of avail 
able resources; minimal disturbance of Surrounding environ 
ments; and reduced energy requirements, which reduced 
energy requirements provide for lower carbon footprints for 
systems and methods of the invention. When a carbon diox 
ide-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 
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recirculation of treatment system Supernatant provide for a 
reduced energy demand. When expressed as a percentage, the 
energy demand of a given process, apparatus 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 recircu 
lation (i.e., a carbon-dioxide processing system configured 
for a once-through process) Such as that shown in FIG. 2, may 
have an energy demand on the industrial plant of at least 10% 
attributable to continuously pumping a fresh source of alka 
linity (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 in FIG. 4 or 
FIG.5 may have an energy demand on the industrial plant of 
less than 10%, such as less than 8%, including less 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 sys 
tems configured for recirculation, may, when compared to 
systems designed for a once-through process, exhibit a reduc 
tion in energy demand 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 
pumping make-up water and recirculating Supernatant and a 
carbon dioxide-processing system designed for 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 shown in FIGS. 4 and 5 (i.e., carbon 
dioxide-processing systems configured for recirculation), the 
reduction in the energy demand attributable to pumping and 
recirculating may also provide a reduction in total energy 
demand, especially when compared to carbon dioxide-pro 
cessing 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 least 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 recirculation has a 15% energy demand and a carbon 
dioxide-processing system designed for a once-through pro 
cess has a 20% energy demand, then the carbon dioxide 
processing system configured for recirculation 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 
example at least 8% or at least 10% when compared to a 
carbon dioxide-processing system configured for once 
through process. 
0104. 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 dioxide-process 
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ing systems of the invention may be further reduced by effi 
cient use of heat from an industrial source. In some embodi 
ments, for example, heat from the industrial source of carbon 
dioxide (e.g., flue gas heat from a coal-fired powerplant) 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 composi 
tion comprising the precipitation material. In addition, utiliz 
ing heat from the industrial source of carbon dioxide for 
drying compositions of the invention allows for simultaneous 
cooling of the industrial source of carbon dioxide (e.g., flue 
gas from a coal-fired power plant), which enhances dissolu 
tion of carbon dioxide, a process which is inversely related to 
temperature. In some embodiments, the energy demand of 
carbon dioxide-processing systems of the 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 system 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 
system may be less than 30%, such as less than 20%, includ 
ing 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 sys 
tems of the invention configured for recirculation, heat 
exchange, and/or pressure exchange may reduce the parasitic 
load on power-providing industrial plants while maintaining 
carbon dioxide processing capacity. 
0105. Inevitably, recirculation and other methods 
described herein consume water as water may become part of 
a composition of the invention (e.g., precipitation material 
comprising, for example, amorphous calcium carbonate 
CaCO.H.O; nesquehonite MgCO2H.O; etc.), may be 
vaporized by drying (e.g., spray drying) compositions 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-dried precipitation material). For 
example, make-up water amounting to less than 700,000 gal 
lons 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 pro 
cesses in which additional water other than make-up water is 
used, that water may be sourced from any of the water sources 
(e.g., seawater, brine, etc.) described herein. In some embodi 
ments, for example, water may be sourced from the power 
plant cooling stream and returned to that stream in a closed 
loop system. Processes requiring make-up water and addi 
tional process water are considered low process water dis 
charge processes because systems and methods of the inven 
tion are designed to efficiently use resources. 
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0106. In some embodiments, the invention provides for 
contacting a Volume of an aqueous Solution with a source of 
carbon dioxide to produce a composition comprising carbon 
ates, bicarbonates, or carbonates and bicarbonates, wherein 
the composition is a solution or slurry. To produce precipita 
tion material comprising carbonates, bicarbonates, or carbon 
ates and bicarbonates, methods of the invention include con 
tacting a Volume of a divalent cation-containing aqueous 
Solution with a source of CO and Subjecting the resultant 
solution to conditions that facilitate precipitation. Divalent 
cations may come from any of a number of different Sources 
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 silicates such as serpentine and 
olivine), and any other Suitable source. 
0107. In some locations, waste streams from various 
industrial processes (i.e., industrial waste streams) provide 
for convenient 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 ash, boiler slag); slag 
(e.g. iron slag, phosphorous slag); cement kiln waste (e.g., 
cement kiln dust); 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 pro 
cessing waste; water softening waste brine (e.g., ion 
exchange effluent); silicon processing wastes; agricultural 
waste; metal finishing waste; high pH textile waste; and caus 
tic sludge. Ash, cement kiln dust, and slag, collectively waste 
sources of metal oxides, further described in U.S. patent 
application Ser. No. 12/486,692, filed 17 Jun. 2009, which is 
incorporated herein by reference in its entirety, may be used 
in any combination with material comprising metal silicates, 
further described in U.S. patent application Ser. No. 12/501, 
217, filed 10 Jul. 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 
of 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 herein for the purpose of 
practicing the invention. 
0108. 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 loca 
tion at which the invention is practiced. Suitable aqueous 
Solutions of divalent cations that may be used include solu 
tions comprising one or more divalent cations (e.g., alkaline 
earth metal cations such as Ca" and Mg"). In some embodi 
ments, the aqueous source of divalent cations comprises alka 
line 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 diva 
lent cations comprises calcium 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 com 
prises 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 embodi 
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ments, where Ca" and Mg" are both present, the ratio of 
Ca" to Mg" (i.e., Ca:Mg") 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 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 embodiments, 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 example, in some embodi 
ments, the ratio of Mg" to Ca" 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 
1:1OOO. 

0109. One or more components that are present in the 
source of divalent cations from which compositions of the 
invention (e.g., precipitation material) are prepared may be 
used to identify the source of divalent cations used. These 
identifying components and the amounts thereof may be 
referred to “source identifiers' or “markers. For example, if 
the source of divalent cations is sea water, the Source identi 
fiers or markers that may be present in compositions of the 
invention (e.g., precipitation material) include, but are not 
limited to, chlorine, sodium, Sulfur, potassium, bromine, sili 
con, 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 rang 
ing 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 may be incorporated into an ara 
gonite lattice, and make up 10,000 ppm or less of the arago 
nite 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 source 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, 
including 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 which the com 
position 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 by having a source identifying carbonate: 
hydroxide compound ratio, wherein this ratio ranges from, 
for example, 100 to 1, 10 to 1, or 1 to 1. 
0110. The aqueous solution of divalent cations may com 
prise 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 may be naturally occurring or 
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anthropogenic. For convenience in describing the invention, 
freshwater may be considered to have a salinity of less than 
0.5 ppt (parts per thousand). Brackish water may comprise 
more 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 water 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 embodi 
ments, the water source from which divalent cations are 
derived is a mineral rich (e.g., calcium-rich and/or magne 
sium-rich) freshwater source. In some embodiments, the 
water source from which divalent cations are derived is a 
naturally occurring saltwater source selected from a sea, an 
ocean, a lake, a Swamp, an estuary, a lagoon, 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)—SO Cl; Mg Na (Ca)—SO Cl; Na—CO 
Cl; or Na CO SO. Clbrine. In some embodiments, the 
water source from which divalent cation are derived is an 
anthropogenic brine selected from a geothermal plant waste 
water or a desalination wastewater. In some embodiments, the 
water source may also contain boron present as borates 
including, but not limited to BO, B.O.s, B.O., and 
B.O., among others. 
0111 Freshwater is often a convenient source of divalent 
cations (e.g., cations of alkaline earth metals such as Ca" and 
Mg"). 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 miner 
als. Mineral-rich freshwater sources may be naturally occur 
ring, 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 source of pH-modifying agents. Mineral-rich fresh 
water sources may also be anthropogenic. For example, a 
mineral-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 Sol 
ids, Suspensions, or solutions). In some embodiments, diva 
lent cations selected from Ca" and Mg" are added to fresh 
water. In some embodiments, monovalent cations selected 
from Na" and K" are added to freshwater. In some embodi 
ments, freshwater comprising Ca" is combined with material 
comprising metal silicates, ash (e.g., fly ash, bottom ash, 
boilerslag), or products or processed forms thereof, including 
combinations of the foregoing, yielding a solution compris 
ing calcium and magnesium cations. 
0112 AS Such, some methods include preparing a source 
of divalent cations by adding one or more divalent cations 
(e.g., Ca", Mg", combinations thereof, etc.) to a source of 
water. Sources of magnesium cations include, but are not 
limited, magnesium hydroxides, magnesium oxides, etc. 
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Sources of calcium cations include, but are 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 limited to mafic minerals (e.g., olivine, 
serpentine, periodotite, talc, etc.) and the like. Addition of 
Supplementary 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., pre 
cipitation material), providing a means for increasing CO 
sequestration by utilizing minerals such as, but not limited to, 
olivine, serpentine, and Mg(OH) (brucite). The particular 
cation (e.g., Ca", Mg", combinations thereof, etc.) source 
may be naturally occurring or anthropogenic, and may be 
pure with respect to the mineral or impure (e.g., a composi 
tion made up of the mineral of interest and other minerals and 
components). 
0113 Methods of the invention include adding a magne 
sium 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 magne 
sium cation sources of interest include, but are not limited to, 
Mg(OH), serpentine, olivine, mafic minerals, and ultramafic 
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 
CO-charged water is produced. In certain embodiments, the 
amount of magnesium cation that is added to the water ranges 
from 0.01 to 100.0 grams/liter, such as from 1 to 100 grams/ 
liter of water, including from 5 to 100 grams/liter 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 pro 
duce 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's instructions. The 
magnesium cation Source may be combined with the water 
using any convenient protocol, e.g. with agitation, mixing, 
etc. 

0114. In embodiments where a source of magnesium, cal 
cium, 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 agglomerations 
of particles that are difficult to get into solution. For example, 
Mg(OH) 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 
be used to introduce divalent cations such as magnesium 
cations from Such sources into aqueous Solution in a form 
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 grinding 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 
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employed to increase reaction rates by a desired amount, e.g., 
106 times or more. The particles, with or without size reduc 
tion, may be exposed to conditions which promote aqueous 
solution, such as exposure to an acid such as HCl, HSO, 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 Publication Nos. WO 07/016.271 and WO 
08/061,305, each of which is incorporated herein by refer 
ence in its entirety. 
0.115. In some embodiments the methods and systems of 
the invention utilize serpentine as a mineral Source. Serpen 
tine is an abundant mineral that occurs naturally and may be 
generally described by the formula of X-SiO(OH), 
whereinX is selected from the following: Mg, Ca, Fe", Fe", 
Ni, Al, Zn, and Mn, the serpentine material being a heteroge 
neous mixture consisting primarily of magnesium hydroxide 
and silica. In some 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 water 
and/or adjustment of pH by dissolving serpentine; in these 
embodiments an acid dissolution is not 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 serpen 
tine 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 dis 
solved 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. Prior to the time point at which desired dissolu 
tion has occurred, other processes may be used to provide 
Some or all of the magnesium and/or hydroxide to the process. 
Serpentine is also a source of iron, which is a useful compo 
nent of precipitates that are used for, e.g., cements, where iron 
components are often desired. 
0116. Other examples of silicate-based minerals useful in 
the invention include, but are not limited to olivine, a natural 
magnesium-iron silicate ((Mg,Fe)SiO4), which can also be 
generally described by the formula X (SiO4), wherein X is 
selected from Mg, Ca, Fe", Fe", Ni, Al, Zn, and Mn, and n=2 
or 3; and a calcium silicate. Such as Wollastonite. The miner 
als may be used individually or in combination with each 
other as described in U.S. Patent Application Publication No. 
2009/0301352, published 10 Dec. 2009, which is incorpo 
rated 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 lim 
ited to waste cement, calcium-rich fly ash, and cement kiln 
dust (CKD) as described in U.S. Patent Application Publica 
tion No. 2010/0000444, published 7 Jan. 2010, which is 
incorporated herein by reference in its entirety. 
0117. In some embodiments, an aqueous solution of diva 
lent 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 
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be cooled prior to entering a precipitation system of the inven 
tion. Such approaches may be employed, for example, with 
once-through cooling systems. For example, a city or agri 
cultural water Supply may be employed as a once-through 
cooling system for an industrial plant. Water from the indus 
trial plant may then be employed for producing precipitation 
material, wherein output water has a reduced hardness and 
greater purity. 
0118. The aqueous solution of divalent cations may fur 
ther provide proton-removing agents, which may be 
expressed as alkalinity or the ability of the divalent cation 
containing solution to neutralize acids to the equivalence 
point of carbonate or bicarbonate. Alkalinity (A) may be 
expressed by the following equation 

A=[HCO+2(CO)+B(OH)4-OH)+2 

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 con 
centration 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 bicar 
bonate, carbonate, borate, hydroxide, phosphate, biphos 
phate, and/or silicate, which may contribute to the alkalinity 
of the aqueous source of divalent cations. Any type of alka 
linity 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, BO, B.O.s, B.O., 
and B.O., among others. In such embodiments, the concen 
tration 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 some 
embodiments, the source of divalent cations has between 500 
to 1000 mEq of alkalinity. 
0119. In some methods of the invention, the water (such as 
saltwater or mineral rich water) is not contacted with a source 
of CO prior to Subjecting the water to precipitation condi 
tions. In these methods, the water will have an amount of CO. 
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 conditions of the invention results in 
conversion of this CO into a storage-stable precipitate, and 
therefore sequestration of the CO. When the water subject to 
processes of the invention is again exposed to its natural 
environment, such as the atmosphere, more CO2 from the 
atmosphere will be taken up by the water resulting in a net 
removal of CO from the atmosphere and incorporation of a 
corresponding amount of CO into a storage-stable product, 
where the mineral rich freshwater source may be contacted 
with a source of CO., e.g., as described in greater detail 
below. Embodiments of these methods may be viewed as 
methods of sequestering CO gas directly from the Earth's 
atmosphere. Embodiments of the methods are efficient for the 
removal of CO from the Earth's atmosphere. For example, 
embodiments of the methods are configured to remove CO 
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from saltwaterata rate of 0.025 Mormore, such as 0.05 Mor 
more, including 0.1 M or more per gallon of saltwater. 
I0120 In some 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 com 
position comprising carbonates, bicarbonates, or carbonates 
and bicarbonates, wherein the composition is a solution or 
slurry. In some embodiments, the Solution is a slurry com 
prising a precipitation material comprising carbonates, bicar 
bonates, or carbonates and bicarbonates. In some embodi 
ments, 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 
dioxide. There may be sufficient carbon dioxide in the aque 
ous 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 may be any convenient CO source. 
The source of CO may be a gas, a liquid, a solid (e.g., dry 
ice), a Supercritical fluid, or CO dissolved in a liquid. In some 
embodiments, the CO, source is a gaseous CO source such as 
a waste gas stream. The gaseous CO source may be substan 
tially pure CO or, as described in more detail below, com 
prise one or more components in addition to CO., wherein the 
one or more components comprise one or more additional 
gases such as SOx (e.g., SO, SO, SO), NOx (e.g., NO, 
NO), etc., non-gaseous components, or a combination 
thereof. The waste streams may further comprise VOC (vola 
tile organic compounds), metals (e.g., mercury, arsenic, cad 
mium, selenium), and particulate matter comprising particles 
of solid (e.g., fly ash) or liquid Suspended in the gas. In some 
embodiments, the gaseous CO Source may be a waste gas 
stream (e.g., exhaust) produced by an active process of an 
industrial plant. The nature of the industrial plant may vary, 
the industrial plants including, but not limited to, power 
plants, chemical processing plants, mechanical processing 
plants, refineries, cement plants, Steel plants, and other indus 
trial plants that produce CO as a by-product of fuel combus 
tion or another processing step (e.g., calcination by a cement 
plant). In some embodiments, for example, the gaseous CO 
Source may be flue gas from coal-fired power plant. 
I0121 Waste gas streams comprising CO 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 flue gas resulting from combus 
tion (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. 
0.122 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 pro 
duced by industrial plants that combust fossil fuels (e.g., coal, 
oil, natural gas, propane, diesel), biomass, and/or anthropo 
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genic fuel products of naturally occurring organic fuel depos 
its (e.g., tar sands, heavy oil, oil shale, etc.). In some embodi 
ments, a waste gas stream Suitable for systems and methods of 
the invention is sourced from a coal-fired powerplant, such as 
a pulverized coal power plant, a Supercritical coal power 
plant, a mass burn coal power plant, a fluidized bed coal 
power plant. In some embodiments, the waste gas stream is 
sourced from gas or oil-fired boiler and steam 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 pro 
duced by power plants 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 generator (HRSG) 
plants are used in accordance with systems and methods of 
the invention. 

0123 Waste gas streams comprising CO may also result 
from other industrial processing. Waste gas streams produced 
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 burn 
a single fuel, or may 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. 

0.124. The gaseous waste stream may be provided by the 
industrial plant to the CO-processing system of the invention 
in any convenient manner that conveys the gaseous waste 
stream. In some embodiments, the waste gas stream is pro 
vided 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 CO-processing system. In such embodi 
ments, 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 CO 
processing 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 CO 
processing system, the location of the gas conveyor on the 
industrial plant may vary, for example, to provide a waste gas 
stream of a desired temperature. As such, in Some embodi 
ments, 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 ducting that is stainless steel or fluorocar 
bon (such as poly(tetrafluoroethylene)) lined such the duct 
does not rapidly deteriorate. 
0.125 Carbon dioxide may be the primary non-air derived 
component in waste gas streams. In some embodiments, 
waste gas streams may comprise carbon dioxide in amounts 
ranging from 200 ppm to 1,000,000 ppm, such as 1000 ppm 
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to 200,000 ppm, including 2000 ppm to 200,000 ppm, for 
example, 2000 ppm to 180,000 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 gas stream (e.g., CO2 from natural 
gas-fired power plants, furnaces, Small boilers, etc.). For 
example, in some embodiments, waste gas streams may com 
prise carbon dioxide in an amount ranging from 100,000 ppm 
(10%) to 150,000 ppm (15%) depending on the waste gas 
stream (e.g., CO2 from coal-fired powerplants, oil generators, 
diesel generators, etc.). For example, in some embodiments, 
waste gas streams may comprise carbon dioxide 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 
embodiments, waste gas streams may comprise carbon diox 
ide in an amount ranging from 900,000 ppm (90%) to 1,000, 
000 ppm (100%) depending on the waste gas stream (e.g., 
CO from ethanol fermenters, CO from steam reforming at 
refineries, ammonia plants, Substitute natural gas (SNG) 
plants, CO separated from sour gases, etc.). The concentra 
tion of CO in a waste gas stream 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, 99.9% or more, or 99.99%. In 
other words, at least 10%, 20%, 30%, 40%, 50%, 60%, 70%, 
80%, 90%, 95%, 99%, 99.9%, or 99.99% of the carbon diox 
ide may be removed from the waste gas stream. 
I0126. 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. 

I0127. In some embodiments of the invention substantially 
100% of the CO contained in a flue gas, or a portion of the 
flue gas, from a power plant may be sequestered as a compo 
sition of the invention (e.g., precipitation material comprising 
one or more stable or metastable minerals). Such sequestra 
tion may be done in a single step or in multiple steps, and may 
further involve other processes for sequestering CO (e.g., as 
the concentration of CO is decreased in the flue gas, more 
energy-intensive processes that be prohibitive in energy con 
Sumption for removing all of the original CO in the gas may 
become practical in removing the final CO in the gas). Thus, 
in some embodiments, the gas entering the powerplant (ordi 
nary atmospheric air) may contain a concentration of CO 
that is greater than the concentration of CO 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., atmo 
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spheric air) to a power plant, wherein the gas comprises CO: 
treating the gas in the power plant (e.g., by combustion of 
fossil fuel to consume O.) to produce CO, then treating 
exhaust gas to remove CO; and releasing the gas from the 
power plant, wherein the gas released from the power plant 
has a lower CO content than the gas supplied to the power 
plant. In some embodiments, the gas released from the power 
plant contains at least 10% less CO, or at least 20% less CO, 
or at least 30% less CO, or at least 40% less CO or at least 
50% less CO, or at least 60% less CO, or at least 70% less 
CO, or at least 80% less CO, or at least 90% less CO or at 
least 95% less CO or at least 99% less CO or at least 99.5% 
less CO, or at least 99.9% less CO, than the gas entering the 
power plant. In some embodiments, the gas entering the 
power plant is atmospheric air and the gas exiting the power 
plant is treated flue gas. 
0128. Although a waste gas stream from an industrial 
plant offers a relatively concentrated source of CO and/or 
additional components resulting from combustion of fossil 
fuels, methods and systems of the invention are also appli 
cable to removing combustion gas components from less 
concentrated sources (e.g., atmospheric air), which contains a 
much lower concentration of pollutants than, for example, 
flue gas. Thus, in some embodiments, methods and systems 
encompass decreasing the concentration of CO and/or addi 
tional components in atmospheric air by producing compo 
sitions of the invention. As with waste gas streams, the con 
centration of CO 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, 99.9% or 
more, or 99.99%. Such decreases in CO may be accom 
plished with yields as described herein, or with higher or 
loweryields, and may be accomplished in one processing step 
or in a series of processing steps. 
0129. In certain embodiments, oxidizing conditions 
include Subjecting the gaseous stream to hydrogen peroxide 
(HO) or a HO/CH-OH mixture. An exemplary descrip 
tion of systems and methods for oxidizing a CO-containing 
gaseous stream using hydrogen peroxide can be found in U.S. 
Pat. No. 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 oxide (NO), sulfur trioxide (SO), light hydrocarbons 
(C-C), carbon monoxide (CO) and mercury to NO, SO, 
CO and HgC). The gaseous stream may be treated with a 
hydrogen peroxide or a HO/CH-OH mixture prior to con 
tacting 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 H2O/CH-OH 
mixture and reprocessed (i.e., contacted a second time to the 
water). 
0130. The reaction time of the hydrogen peroxide or 
HO/CH-OH mixture may be in the range from 0.01 to 5 
seconds, e.g., from 0.1 to 2 seconds. The NO, SO, CO, and 
HgO (and other components of the gaseous stream) can then 
be removed by absorption into the water, e.g., alkaline earth 
metalion-containing water. In certain embodiments, the gas 
charged water is then Subjected to the precipitation conditions 
to form a precipitate comprising one or more of the chemical 
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components from the gaseous stream (e.g., NO, SO, CO, 
HgO, etc.). As such, the invention provides a quick and effi 
cient method of removing a wide variety of chemical compo 
nents of a gaseous source (e.g., CO, criteria pollutants, and/ 
or other toxic or environmentally harmful constituents) Such 
that these components are not emitted into the atmosphere in 
dangerously high concentrations. For example, the invention 
can be used to remove these compounds in flue gases ema 
nating from boilers, furnaces, incinerators, stationary 
engines, and other systems connected with combustion of 
various types of fuels. 
I0131 The total amount of hydrogen peroxide and metha 
nol 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%, e.g., from 10 to 
30%. Hydrogen peroxide can be also injected as a mixture of 
HO Solution and methanol. The use of H2O and methanol 
mixtures are desirable because methanol is very low in cost. 
The methanol to HO ratio should be as high as possible to 
reduce the cost of the additive, but to satisfy emission require 
mentS. 

0.132. The use of hydrogen peroxide in the invention has 
many advantages. If properly stored, hydrogen peroxide solu 
tions in water are very stable. The use of hydrogen peroxide 
does not pose any environmental problems since hydrogen 
peroxide is not itself a source of pollution, and the only 
reaction by-products are water and oxygen. Therefore, hydro 
gen peroxide can be used safely in the invention. 
0133. The pH of the water that is contacted with the CO, 
Source may vary. In some instances, the pH of the water that 
is contacted with the CO, 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 neutral 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. 
0.134. In some 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, source, such as a carbon dioxide containing gaseous 
stream. In these instances, while being basic the pH of the 
water is generally insufficient to cause precipitation of the 
storage-stable carbon dioxide sequestering product. As such, 
the pH may be 9.5 or lower, such as 9.3 or lower, including 9 
or lower. 

I0135) In some instances, the pH as described above may 
be maintained at a Substantially constant value during contact 
with the carbon dioxide containing gaseous stream, or the pH 
may be manipulated to maximize CO absorption while mini 
mizing base consumption or other means of removing pro 
tons, such as by starting at a certain pH and gradually causing 
the pH to rise as CO continues to be introduced. In embodi 
ments where the pH is maintained Substantially constant, 
whereby “substantially constant” is meant that the magnitude 
of change in pH during some phase of contact with the carbon 
dioxide source is 0.75 or less, such as 0.50 or less, including 
0.25 or less, such as 0.10 or less. The pH may be maintained 
at Substantially constant value, or manipulated to maximize 
CO absorption but prevent hydroxide precipitation without 
precipitation, using any convenient approach. In some 
instances, the pH is maintained at Substantially constant 
value, or manipulated to maximize CO2 absorption without 
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precipitation, during CO charging of the water by adding a 
Sufficient amount of base to the water in a manner that pro 
vides the Substantially constant pH. In some cases it is desir 
able to control the pH to maximize the absorption of carbon 
dioxide and other components from the gaseous stream (e.g. 
SOX, NOx, heavy metals, other acid gases) without precipi 
tation of solids and without the release of CO, 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, where 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 CO absorption, through 
use of electrochemical protocols, such as the protocols 
described below, so that the pH of the water is electrochemi 
cally maintained at the Substantially constant value. Surpris 
ingly, as shown in Example IV, it has been found that it is 
possible to absorb, e.g., more than 50% of the CO contained 
in a gas comprising 20% CO through simple sparging of 
seawater with addition of base (removal of protons). 
0136. In some embodiments, the methods and systems of 
the invention are capable of absorbing 5% or more, 10% or 
more, 15% or more, 20% or more, 25% or more, 30% or more, 
35% or more, 40% or more, 45% or more, 50% or more, 55% 
or more, 60% or more, 65% or more, 70% or more, 75% or 
more, 80% or more, 85% or more, 90% or more, 95% or more, 
or 99% or more of the CO in a gaseous source of CO., such 
as an industrial Source of CO., e.g., flue gas from a power 
plant or waste gas from a cement plant. In some embodi 
ments, the methods and systems of the invention are capable 
of absorbing 50% or more of the CO, in a gaseous source of 
CO. Such as an industrial source of CO., e.g., flue gas from 
a power plant or waste gas from a cement plant. 
0.137 In some embodiments, the methods and systems of 
the invention are capable of absorbing more than 20 tons/hour 
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 absorb 
ing more than 40 tons/hour of carbon dioxide into an absorb 
ing Solution. In some embodiments, the methods and systems 
of the invention are capable of absorbing more than 60 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 70 tons/hour of carbon diox 
ide into an absorbing solution. In some embodiments, the 
methods and systems of the invention are capable of absorb 
ing more than 80 tons/hour of carbon dioxide into an absorb 
ing Solution. In some embodiments, the methods and systems 
of the invention are capable of absorbing more than 90 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 100 tons/hour of carbon 
dioxide into an absorbing solution. In some embodiments, the 
methods and systems of the invention are capable of absorb 
ing more than 110 tons/hour of carbon dioxide into an absorb 
ing Solution. In some embodiments, the methods and systems 
of the invention are capable of absorbing more than 120 
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 130 tons/hour of carbon 
dioxide into an absorbing solution. In some embodiments, the 
methods and systems of the invention are capable of absorb 
ing more than 140 tons/hour of carbon dioxide into an absorb 
ing Solution. In some embodiments, the methods and systems 
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of the invention are capable of absorbing more than 150 
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 160 tons/hour of carbon 
dioxide into an absorbing solution. In some embodiments, the 
methods and systems of the invention are capable of absorb 
ing more than 170 tons/hour of carbon dioxide into an absorb 
ing Solution. In some embodiments, the methods and systems 
of the invention are capable 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 carbon 
dioxide into an absorbing solution. In some embodiments, the 
methods and systems of the invention are capable of absorb 
ing more than 200 tons/hour of carbon dioxide into an absorb 
ing solution. 
0.138. In some embodiments, the invention provides for 
contacting a Volume of an aqueous Solution with a source of 
carbon dioxide to produce a composition comprising carbon 
ates, bicarbonates, or carbonates and bicarbonates, wherein 
the composition is a solution or slurry. Contacting the aque 
ous solution with the source of carbon dioxide facilitates 
dissolution of CO into the aqueous solution producing car 
bonic acid, a species inequilibrium with both bicarbonate and 
carbonate. In order to produce compositions of the invention 
(e.g., precipitation material comprising carbonates, bicarbon 
ates, or carbonates and bicarbonates), protons are removed 
from various species (e.g. carbonic acid, bicarbonate, hydro 
nium, etc.) in the aqueous solution to shift the equilibrium 
toward bicarbonate, carbonate, or somewhere in between. As 
protons are removed, more CO. goes into solution. In some 
embodiments, proton-removing agents and/or methods are 
used while contacting an aqueous solution with CO to 
increase CO 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), which, In some embodiments, may cause rapid pre 
cipitation 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. 
0.139 Naturally occurring proton-removing agents 
encompass any proton-removing agents found in the wider 
environment that may create or have a basic local environ 
ment. Some embodiments provide for naturally occurring 
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 such minerals are described in U.S. patent 
application Ser. No. 12/501,217, filed 10 Jul. 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 alkalin 
ity, 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 com 
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prising borate alkalinity provides a source of proton-remov 
ing agents. In some embodiments, a Subsurface brine 
comprising carbonate alkalinity provides a source of proton 
removing agents. In some embodiments, a Subsurface brine 
comprising borate alkalinity provides a source of proton 
removing agents. In some embodiments, a deep brine com 
prising carbonate alkalinity provides a source of proton-re 
moving 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. alkaline 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 Califor 
nia). Other embodiments provide for use of deposits from 
dried alkaline bodies of water Such as the crust along Lake 
Natron in Africa's Great Rift Valley. For additional sources of 
brines and evaporites, see U.S. Provisional Patent Application 
No. 61/264,564, filed 25 Nov. 2009, which are incorporated 
herein by reference in its entirety. In some embodiments, 
organisms that 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 Lyngbya sp. from the Atlin wet 
land in British Columbia, which increases pH from a byprod 
uct of photosynthesis). In some embodiments, organisms are 
used to produce proton-removing agents, wherein the organ 
isms (e.g., Bacillus pasteurii, which hydrolyzes urea to 
ammonia) metabolize a contaminant (e.g. urea) to produce 
proton-removing agents or Solutions comprising proton-re 
moving 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. Car 
bonic anhydrase, which is an enzyme produced by plants and 
animals, accelerates transformation of carbonic acid to bicar 
bonate in aqueous solution. As such, carbonic anhydrase may 
be used to enhance dissolution of CO and accelerate precipi 
tation of precipitation material, as described in further detail 
herein. 

0140 Chemical agents for effecting proton removal gen 
erally 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 spe 
cies that provide hydroxide anions in solution, including, for 
example, sodium hydroxide (NaOH), potassium hydroxide 
(KOH), calcium hydroxide (Ca(OH)), or magnesium 
hydroxide (Mg(OH)2). Organic bases are carbon-containing 
molecules that are generally nitrogenous bases including pri 
mary amines Such as methylamine, secondary amines Such as 
diisopropylamine, tertiary amines such as diisopropylethy 
lamine, 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, benzimida 
Zole, histidine, and a phosphaZene is used to remove protons 
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from various species (e.g., carbonic acid, bicarbonate, hydro 
nium, 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-removing agents 
include sodium ethoxide, sodium amide (NaNH), sodium 
hydride (NaH), butyl lithium, lithium diisopropylamide, 
lithium diethylamide, and lithium bis(trimethylsilyl)amide. 
Oxides including, for example, calcium oxide (CaO), mag 
nesium oxide (MgO), strontium oxide (SrO), beryllium oxide 
(BeO), and barium oxide (BaO) are also suitable proton 
removing agents that may be used. Carbonates for use in the 
invention include, but are not limited to, sodium carbonate. 
I0141. In addition to comprising cations (e.g., Ca", Mg", 
etc.) and other suitable metal forms suitable for use in the 
invention, 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 kiln dust (CKD)); oil refinery/petro 
chemical 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 caustic sludge. Mining wastes include any wastes 
from the extraction of metal 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 process; 
waste from magnesium extraction from seawater (e.g., 
Mg(OH) such as that found in Moss Landing, Calif.); and 
wastes from mining processes involving leaching. For 
example, red mud may be used to modify pH as described in 
U.S. Provisional Patent Application No. 61/161,369, filed 18 
Mar. 2009 and PCT Application No. PCT/US 10/25970, filed 
2 Mar. 2010, titled “Gas Stream Multi-Pollutants Control 
Systems And Methods” and U.S. patent application Ser. No. 
12/716,235, filed 2 Mar. 2010, titled “Gas Stream Multi 
Pollutants Control Systems And Methods', which are incor 
porated herein by reference in their entirety. Red mud, 
depending on processing conditions and Source material 
(e.g., bauxite) might comprise FeOs, Al2O, SiO, NaO. 
CaO, TiO, KO, MgO, CO, SO, MnO, P.O.s, each of 
which species are loosely listed in order from 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 Ser. No. 12/486,692, filed 17 Jun. 
2009, Publication Number US 2010-0000444 A1, published 
7 Jan. 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) or 
both. As such, agricultural waste may be used in some 
embodiments of the invention as a proton-removing agent. 
This agricultural waste is often collected in ponds, but it may 
also percolate down into aquifers, where it can be accessed 
and used. 
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0142. In some embodiments of the invention, ash may be 
employed for proton-removing agents, e.g., to increase the 
pH of CO-charged water. The ash may be used as a as the sole 
pH modifier or in conjunction with one or more additional pH 
modifiers. Of interest in certain embodiments is use of a coal 
ash as the ash. 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 furnace as agglomerates. 
0143 Fly ashes are generally highly heterogeneous, and 
include of a mixture of glassy particles with various identifi 
able 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 iron content in the ash. The chemical 
properties of the fly ashare largely influenced by the chemical 
content of the coal burned (i.e., anthracite, bituminous, and 
lignite). Fly ashes of interest include Substantial amounts of 
silica (silicon dioxide, SiO) (both amorphous and crystal 
line) and lime (calcium oxide, CaO, magnesium oxide, 
MgO). 
0144 Table 3 below provides the chemical makeup of 
various types of fly ash that find use in embodiments of the 
invention. 

TABLE 3 

Chemical makeup of various types of fly ash. 

Component Bituminous Subbituminous Lignite 

SiO, (%) 20-60 40-60 15-45 
Al2O3 (%) 5-35 20-30 20-25 
FeO (%) 1O-40 4-10 4-15 
CaO (%) 1-12 S-30 15-40 

0145 The burning of harder, older anthracite and bitumi 
nous coal typically produces Class F fly ash. Class F fly ash is 
poZZolanic 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 proper 
ties, 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 (SO) contents are generally higher 
in Class C fly ashes. 
014.6 Fly ash material solidifies while suspended in 
exhaust gases and is collected using various approaches, e.g., 
by electrostatic precipitators or filter bags. Since the particles 
Solidify while Suspended in the exhaust gases, fly ash par 
ticles are generally spherical in shape and range in size from 
0.5um to 100 um. 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 inven 
tion is the use of highly alkaline fluidized bed combustor 
(FBC) fly ash. 
0147 Also of interest in embodiments of the invention is 
the use of bottom ash. Bottom ash is formed as agglomerates 
in coal combustion boilers from the combustion of coal. Such 
combustion boilers may be wet bottom boilers or dry bottom 
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boilers. When produced in a wet or dry bottom boiler, the 
bottom ash is quenched in water. The quenching results in 
agglomerates having a size in which 90% fall within the 
particle size range of 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 
ashare silica and alumina with lesseramounts of oxides of Fe, 
Ca,Mg,Mn, Na and K, as well as sulfur and carbon. 
0.148. Also of interest in certain embodiments is the use of 
Volcanic ash as the ash. Volcanic ash is made up of Small 
tephra, i.e., bits of pulverized rock and glass created by Vol 
canic eruptions, less than 2 millimeters (0.079 in) in diameter. 
0149. In one 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 CKD 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 spe 
cific ashes and/or CKDS, based on chemical composition of 
the ash and/or CKD. 

0150. In embodiments of the invention, ash is added to the 
reaction as one source of these additional reactants, to pro 
duce carbonate mineral precipitates which contain one or 
more components such as amorphous silica, crystalline silica, 
calcium silicates, calcium alumina silicates, or any other moi 
ety which may result from the reaction of ash in the carbonate 
mineral precipitation process. 
0151. The ash 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 amount of the ash, e.g., in the 
form of a column or bed, etc. 
0152. In certain embodiments where the pH is not raised to 
a level of 12 or higher, the fly ash employed in the method, 
e.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 
theash 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, theash dissolved and 
provides for poZZolanic products, e.g., as described in greater 
detail elsewhere. 

0153. In embodiments of the invention where ash is uti 
lized in the precipitation process, theash may first be removed 
from the flue gas by means such as electrostatic precipitation, 
or may be utilized directly via the flue gas. The use of ash in 
embodiments of the invention may provide reactants such as 
alumina or silica in addition to raising the pH. 
0154) In certain embodiments of the invention, slag is 
employed as a pH modifying agent, e.g., to increase the pH of 
the CO 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 process 
ing of metals, and may contain calcium and magnesium 
oxides as well as iron, silicon, and aluminum compounds. In 
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certain embodiments, 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 
from iron Smelting, slag from electric-arc or blast furnace 
processing of steel, copper slag, nickel slag and phosphorus 
slag. 
0155 Electrochemical methods provide another means to 
remove protons from various species in a solution, either by 
removing protons from Solute (e.g., deprotonation of car 
bonic acid or bicarbonate) or from Solvent (e.g., deprotona 
tion of hydronium or water). Deprotonation of solvent may 
result, for example, if proton production from CO dissolu 
tion matches or exceeds electrochemical proton removal from 
Solute molecules. In some embodiments, low-voltage elec 
trochemical methods are used to remove protons, for 
example, as CO 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 dissolved in an 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. A 
low-voltage electrochemical method operates at an average 
voltage of 2, 1.9, 1.8, 1.7, or 1.6V 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 0.9 V or less, 0.8 
V or less, 0.7 V or less, 0.6 V or less, 0.5 V or less, 0.4V or 
less, 0.3 V or less, 0.2V 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 embodiments, 
low-voltage methods do not generate any gas at the anode. In 
Some embodiments, low-voltage electrochemical methods 
generate hydrogen gas at the cathode and transport it to the 
anode where the hydrogen gas is converted to protons. Elec 
trochemical methods that do not generate hydrogen gas may 
also be convenient. In some instances, electrochemical meth 
ods to remove protons do not generate any gaseous 
by-byproduct. Electrochemical methods for effecting proton 
removal are further described in U.S. patent application Ser. 
No. 12/344,019, filed 24 Dec. 2008; U.S. patent application 
Ser. No. 12/375,632, filed 23 Dec. 2008: International Patent 
Application No. PCT/US08/088,242, filed 23 Dec. 2008: 
International Patent Application No. PCT/US09/32301, filed 
28 Jan. 2009; and International Patent Application No. PCT/ 
US09/4851 1, filed 24 Jun. 2009, each of which are incorpo 
rated herein by reference in their entirety. 
0156 Alternatively, electrochemical methods may be 
used to produce caustic molecules (e.g., hydroxide) through, 
for 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., CO-charged) 
Solution, and a selective barrier, such as a membrane, may 
separate the electrodes. Electrochemical systems and meth 
ods for removing protons may produce by-products (e.g., 
hydrogen) that may be harvested and used for other purposes. 
Additional electrochemical approaches that may be used in 
systems and methods of the invention include, but are not 
limited to, those described in U.S. Provisional Patent Appli 
cation No. 61/081,299, filed 16 Jul. 2008, and U.S. Provi 
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sional 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. 
0157. In embodiments in which an electrochemical pro 
cess is used to remove protons and/or to produce base, often 
an acid stream, Such as an HCl 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 minerals such as olivine or serpen 
tine, 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 pres 
Sure, enhancing reaction rates by one hundred to over one 
million-fold. Such methods are known in the art. 

0158. In some embodiments the methods of the invention 
allow large amounts of magnesium and, in Some cases, cal 
cium, to be added to the water used in some embodiments of 
the invention, increasing the amount of precipitate that may 
be formed per unit of water in a single precipitation step, 
allowing Surprisingly high yields of carbonate-containing 
precipitate when combined with methods of dissolution of 
CO from an industrial source in water, e.g., seawater or other 
saltwater source. In some embodiments, the methods of the 
invention include a method of removing CO2 from a gaseous 
source, e.g., an industrial gaseous source of CO such as flue 
gas from a power plant, or such as exhaust gas from a cement 
plant, by performing a precipitation step on water into which 
CO has been dissolved from the gaseous source of CO2, 
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 precipitation 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 more 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/L 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. 
0159. In some embodiments, the methods of the invention 
include a method of removing CO from a gaseous source, 
e.g., an industrial gaseous source of CO 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 has been dissolved from the gaseous 
source of CO (e.g. an industrial source of carbon dioxide) to 
precipitation conditions, where the precipitation conditions 
provide precipitate in an amount of 136 ton/hour to 445 
ton/hour averaged over a period of 72 hours of continuous 
application of the precipitation conditions. 
(0160. In some embodiments, the methods of the invention 
include a method of removing CO2 from a gaseous source, 
e.g., an industrial gaseous source of CO 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 has been dissolved from the gaseous 
Source of CO (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 condi 



US 2011/0247336 A9 

tions. In some embodiments, the precipitation conditions pro 
vide 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 precipitation conditions provide pre 
cipitate 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 
precipitate per liter of absorbing Solution. 
0161 In some embodiments, the precipitate comprises 
magnesium carbonate; in Some embodiments the precipitate 
comprises calcium carbonate; in some embodiments, the pre 
cipitate comprises magnesium and calcium, and/or magne 
sium/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 3:1, 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, or at least 9:1, or at least 
10:1. In some embodiments the ratio of magnesium to cal 
cium in the precipitated material produced in a single precipi 
tation 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 embodi 
ments the ratio of magnesium to calcium in the precipitated 
material produced in a single precipitation step 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. 
0162. In some embodiments, the precipitate comprises 
magnesium carbonate; in Some embodiments the precipitate 
comprises calcium carbonate; in some embodiments, the pre 
cipitate comprises magnesium and calcium, and/or magne 
sium/calcium carbonates. In some embodiments the ratio of 
magnesium to calcium in the precipitated material produced 
averaged over 72 hours of application of precipitation condi 
tions is at least 0.5:1, or at least 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, or at least 9:1, or at least 10:1. In some 
embodiments the ratio of magnesium to calcium in the pre 
cipitated material produced in averaged over 72 hours of 
application of precipitation conditions is at least 2:1. In some 
embodiments the ratio of magnesium to calcium in the pre 
cipitated material produced averaged over 72 hours of appli 
cation of precipitation conditions is at least 4:1. In some 
embodiments the ratio of magnesium to calcium in the pre 
cipitated material produced averaged over 72 hours of appli 
cation of precipitation conditions is at least 6:1. In some 
embodiments, the precipitate contains calcium and magne 
sium 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. 
0163 As reviewed above, methods of the invention 
include Subjecting water (which may or may have been 
charged in a charging reactor with CO, as described above) 
to precipitation conditions Sufficient to produce a storage 
stable precipitated carbon dioxide sequestering product. Any 
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convenient precipitation conditions may be employed, which 
conditions result in the production of the desired sequestering 
product. 
0164 Precipitation conditions of interest include those 
that modulate the physical environment of the water to pro 
duce the desired precipitate product. For example, the tem 
perature of the water may be adjusted to a level suitable for 
precipitation of the desired product to occur. In Such embodi 
ments, the temperature of the water may be adjusted to a value 
from 0° C. to 90° C., such as from 20° C. to 50° C. and 
including from 25°C. to 45° C. As such, while a given set of 
precipitation conditions may have a temperature ranging 
from 0°C. to 100° C., the temperature may be adjusted in 
certain embodiments to produce the desired precipitate. The 
temperature of the water may be adjusted using any conve 
nient 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 which can range 
up to 500° C. when heating is needed, etc. 
(0165 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, the pH is raised 
to a level sufficient to cause precipitation of the desired CO 
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 production during pre 
cipitation. For example, the pH may be raised to a value of 10 
or higher, such as a value of 11 or higher. In certain embodi 
ments, 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 the desired alkaline level, such that the pH is maintained at 
a constant alkaline level, or the pH may be transitioned or 
cycled between two or more different alkaline levels, as 
desired. 

(0166 In normal seawater, 93% of the dissolved CO, is in 
the form of bicarbonate ions (HCO) and 6% is in the form 
of carbonate ions (CO). When calcium carbonate precipi 
tates from normal seawater, CO is released. In fresh water, 
above pH 10.33, greater than 90% of the carbonate is in the 
form of carbonate ion, and no CO 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 given precipitation process, in certain embodiments 
the pH is raised to alkaline levels in order to drive the pre 
cipitation of carbonate compounds, as well as other com 
pounds, e.g., hydroxide compounds, as desired. In certain of 
these embodiments, the pH is raised to a level which mini 
mizes if not eliminates CO production during precipitation, 
causing dissolved CO, e.g., in the form of carbonate and 
bicarbonate, to be trapped in the carbonate compound pre 
cipitate. In these embodiments, the pH may be raised to 9 or 
higher, Such as 10 or higher, including 11 or higher. 
0.167 As summarized above, the pH of the water source, 
e.g., alkaline earth metalion-containing water, is raised using 
any convenient approach. In certain embodiments, a pH rais 
ing agent may be employed, where examples of Such agents 
include oxides (calcium oxide, magnesium oxide), hydrox 
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ides (e.g., potassium hydroxide, sodium hydroxide, brucite 
(Mg(OH), etc.), carbonates (e.g., Sodium carbonate) and the 
like. 
0168 As indicated above, ash (or slag in certain embodi 
ments) is employed in certain embodiments as the sole way to 
modify the pH of the water to the desired level. In yet other 
embodiments, one or more additional pH modifying proto 
cols is employed in conjunction with the use of ash. 
0169. Alternatively or in conjunction with the use of a 
pH-elevating agent (such as described above), the pH of the 
water (e.g., alkaline earth metalion-containing water) source 
can be raised to the desired level by electrolysis of the water 
using an electrolytic or electrochemical protocol. Electro 
chemical protocols of interest include, but are not limited to, 
those described above as well as those described in U.S. 
Provisional Patent Application No. 61/081,299, filed 16 Jul. 
2008 and U.S. Provisional Patent Application No. 61/091, 
729, filed 25 Aug. 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 Aug. 2006 and U.S. Patent 
Application Publication No. 2008/024.8350, published 9 Oct. 
2008, as well as International Patent Application Publication 
No. WO 2008/018928, published 14 Feb. 2008, each of which 
is incorporated herein by reference in its entirety. 
0170 Where 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 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 besides 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 
(protodolomite) where it would not form otherwise. 
0171 The 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 cal 
cium carbonate over low-magnesium calcite. At low magne 
sium:calcium ratios, low-magnesium calcite is the preferred 
polymorph. 
0172 Rate of precipitation also has a large effect on com 
pound phase formation. The most rapid precipitation can be 
achieved by seeding the solution with a desired phase. With 
out seeding, rapid precipitation 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 precipitate. The higher the pH is, the more rapid the 
precipitation is, and the more amorphous the precipitate is. 
0173 Accordingly, a set of precipitation conditions to pro 
duce 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 species in 
the water. Precipitation conditions may also include factors 
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Such as mixing rate, forms of agitation Such 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 
compound 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. 
0.174. In certain embodiments, contact between the water 
(e.g., alkaline earth metalion-containing water) and CO may 
be accomplished using any convenient protocol, (e.g., spray 
gun, segmented flow-tube reactor) to control the range of 
sizes of precipitate particles. One or more additives may be 
added to the metal-ion containing water source, e.g., floccu 
lants, dispersants, Surfactants, antiscalants, crystal growth 
retarders, sequestration agents etc., in the methods and sys 
tems of the claimed invention in order to control the range of 
sizes of precipitate particles. 
0.175. The pH of the water may be raised using any con 
Venient approach. Approaches of interest as described in 
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 be employed, where 
examples of Such agents include oxides (such as calcium 
oxide, magnesium oxide, etc.), hydroxides (such as Sodium 
hydroxide, potassium hydroxide, and magnesium hydrox 
ide), 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 to raise the pH of 
the water to the desired value. 
0176) Described 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 Dec. 2008, titled “Low-Energy Electrochemi 
cal Hydroxide System and Method, and International Patent 
Application No. PCT/US08/88246, filed 23 Dec. 2008, titled 
“Low-Energy Electrochemical Proton Transfer System and 
Method.” each of which is incorporated herein by reference in 
its entirety. 

Low Voltage System for Production of Hydroxide 
0177. A second set of methods and systems for removing 
protons from aqueous solution/producing hydroxide pertains 
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 com 
prises an electrochemical system wherein an ion exchange 
membrane separates a first electrolyte from a second electro 
lyte, the first electrolyte contacting an anode and the second 
electrolyte contacting a cathode. In the system, on applying a 
Voltage across the anode and cathode, hydroxide ions format 
the cathode and a gas does not form at the anode. 
0178. In an another embodiment, the system comprises an 
electrochemical system comprising a first electrolytic cell 
including an anode contacting a first electrolyte, and an anion 
exchange membrane separating the first electrolyte from a 
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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 does not form at the anode. 
0179. 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 migrat 
ing 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. 
0180. In another embodiment the method comprises plac 
ing a third electrolyte between an anion exchange membrane 
and a cation exchange membrane; a first electrolyte between 
the anion exchange and an anode; and second electrolyte 
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. 
0181. By the methods and systems, ionic species from one 
Solution are transferred to another solution in a low Voltage 
electrochemical manner, thereby providing anionic Solutions 
for various applications, including preparing a solution 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 
CO by precipitating calcium and magnesium carbonates and 
bicarbonates from a salt solution comprising alkaline earth 
metal ions as described herein. 

0182. The methods and systems in various embodiments 
are directed to a low Voltage electrochemical system and 
method for generating a solution of sodium hydroxide in an 
aqueous solution utilizing one or more ion exchange mem 
branes wherein, a gas is not formed at the anode and wherein 
hydroxyl ions are formed at the cathode. Thus, in some 
embodiments, hydroxide ions are formed in an electrochemi 
cal process without the formation of oxygen or chlorine gas. 
In some embodiments, hydroxide ions are formed in an elec 
trochemical process where the Voltage applied across the 
anode and cathode is less than 2.8V, 2.7V, 2.5V, 2.4V, 2.3 V, 
2.2 V, 2.1 V, 2.0 V, 1.9 V, 1.8 V, 1.7 V, 1.6 V, 1.5V, 1.4 V, 1.3 
V, 1.2V, 1.1 V, 1.0 V, 0.9 V, 0.8 V, 0.7V, 0.6V, 0.5V, 0.4 V, 0.3 
V, 0.2V, 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 solu 
tion 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. 
0183 In various embodiments, the sodium hydroxide 
Solution is useable to sequester CO as described herein, and 
the acidic Solution is useable to dissolve calcium and magne 
sium bearing minerals to provide a calcium and magnesium 
ions for sequestering CO, also as described herein. 
0184 Turning to FIGS. 8-10, in various embodiments the 
system is adaptable for batch and continuous processes as 
described 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 
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first electrolyte (804) from a second electrolyte (806), the first 
electrolyte contacting an anode (808) and the second electro 
lyte contacting a cathode (810). As illustrated in FIG. 8, an 
anion exchange membrane (802) is utilized; in FIG. 9, a 
cation exchange membrane (824) is utilized. 
0185. In various 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 Substan 
tially 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 Suit 
able for use in an acidic and/or basic Solution at operating 
temperatures in an aqueous solution up to 100° C. As illus 
trated 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 increase or decrease 
the current or Voltage across the cathode and anode in the 
system as desired. 
0186. With reference to FIGS. 8 and 9, in various embodi 
ments, 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 sec 
ond electrolyte (806) into the system and in contact with 
cathode (810). Additionally, the cell includes outletport (818) 
for draining first electrolyte from the cell, and outlet port 
(820) for draining second electrolyte from the cell. As will be 
appreciated by one ordinarily skilled, the inlet and outlet ports 
are adaptable for various flow protocols including batch flow, 
semi-batch flow, or continuous flow. In alternative embodi 
ments, the system includes a duct (822) for directing gas to the 
anode; in various embodiments the gas comprises hydrogen 
formed at the cathode (810). 
0187. 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 format the anode (808); and hydro 
gen gas forms at the cathode (810). As noted above, a gas e.g., 
oxygen or chlorine does not form at the anode (808). 
0188 With reference 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 (808). In 
various embodiments cation exchange membrane (824) com 
prises a conventional cation exchange membrane Suitable for 
use with an acidic and basic solution at operating tempera 
tures in an aqueous solution up to 100° C. As illustrated in 
FIG. 9, first and second electrolytes are in contact with the 
anode and cathode to complete an electrical circuit that 
includes voltage and/or current regulator (812). The voltage/ 
current regulator is adaptable to increase or decrease the 
current or Voltage across the cathode and anode in the system 
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 
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(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). 
0189 As can 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 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 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, 0.2V or less, 0.3 V or less, 0.4V or less, 0.5V 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, 1.2V 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 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 with voltages of 0.1 V to 0.8 V: 0.1 V to 
0.7V: 0.1 V to 0.6 V: 0.1 V to 0.5V: 0.1 V to 0.4V; and 0.1 V 
to 0.3 V across the electrodes. Exemplary results achieved in 
accordance with the system are Summarized in Table 2. 

TABLE 2 

Low energy electrochemical method and System. 

Initial End Initial End 
Volt across Time pH at pH at pH at pH at 
Electrodes (sec) Anode Anode Cathode Cathode 

O.6 2OOO 6.7 3.8 6.8 10.8 
1.O 2OOO 6.6 3.5 6.8 11.1 

0190. In this example, both the anode and the cathode 
comprise platinum, and the first and second electrolytes com 
prise a solution of Sodium chloride. 
(0191 Similarly, with reference to FIG.9, in second elec 
trolyte (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, increas 
ingly an aqueous solution of Sodium hydroxide will form in 
second electrolyte (806). Depending on 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, 0.2V or less, 
0.3 V or less, 0.4V or less, 0.5 V or less, 0.6 V or less, 0.7V 
or less, 0.8 V or less, 0.9 V or less, 1.0 V or less, 1.1 V or less, 
1.2V 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 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 2.0V 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 1 V is applied across 
the anode and cathode the pH of the second electrolyte solu 
tion 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 0.5V: 
0.1 V to 0.4V; and 0.1 V to 0.3 V across the electrodes. In one 
embodiment, a volt of 0.6V or less is applied across the anode 
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and cathode; 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 1 V or less is applied across 
the anode and cathode. 

0.192 Invarious 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. Accord 
ingly, as can be appreciated, with the formation of protons at 
the anode and migration of e.g., chloride ions into the first 
electrolyte (804) 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). 
0193 In another embodiment as illustrated in FIG. 10, the 
system comprises an electrochemical cell including anode 
(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 electro 
lyte from the third electrolyte, wherein on applying a Voltage 
across the anode and cathode, hydrogen ions form at the 
cathode without a gas forming at the anode. As with the 
system of FIGS. 8 and 9, the system of FIG. 10 is adaptable 
for batch and continuous processes. 
0.194. In various 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) and second (806) electro 
lytes may comprise seawater. In the embodiment illustrated in 
FIG. 10, the third electrolyte (830) comprises substantially 
Sodium chloride solution. 
0.195. In various embodiments anion exchange membrane 
(802) comprises any suitable anion exchange membrane Suit 
able 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 cat 
ion exchange membrane Suitable for use with an acidic and 
basic solution at operating temperatures in an aqueous solu 
tion up to 100° C. 
0196. 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 and 
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 and anode in the system 
as desired. 

0.197 With reference 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 sec 
ond electrolyte (806) into the system; and third inlet port 
(826) for inputting third electrolyte into the system. Addition 
ally, the cell includes outlet port (818) for draining first elec 
trolyte; outlet port (820) for draining second electrolyte; and 
outlet port (828) for draining third electrolyte. As will be 
appreciated by one ordinarily skilled, the inlet and outlet ports 
are adaptable for various flow protocols including batch flow, 
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semi-batch flow, or continuous flow. In alternative embodi 
ments, the system includes a duct (822) for directing gas to the 
anode; in various embodiments the gas is hydrogen formed at 
the cathode (810). 
(0198 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 (830) comprises 
sodium chloride, chloride ions migrate into the first electro 
lyte (804) from the third electrolyte (830) through the anion 
exchange membrane (802); Sodium ions migrate to the sec 
ond electrolyte (806) from the third electrolyte (830); protons 
form at the anode; and hydrogen gas forms at the cathode. As 
noted previously, a gas e.g., oxygen or chlorine does not form 
at the anode (808). 
0199 As can be appreciated by one ordinarily skilled in 
the art, and with reference to FIG. 10 in second electrolyte 
(806) as hydroxide ions from the cathode (810) enter into the 
Solution concurrent with migration of sodium ions from the 
third electrolyte, increasingly an aqueous solution of sodium 
hydroxide will form in second electrolyte (806). Depending 
on 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, 0.2V or less, 0.3 V or less, 0.4V or less, 0.5V 
or less, 0.6V 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, 1.2V or less, 1.3 V or less, 01.4 V 
or less, 1.5V 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 second 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 
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 with voltages of 0.1 V to 0.8 V: 0.1 V to 
0.7V: 0.1 V to 0.6 V: 0.1 V to 0.5V: 0.1 V to 0.4V; and 0.1 V 
to 0.3 V across the electrodes. In one embodiment, a volt of 
0.6 volt or less is applied across the anode and cathode; in 
another embodiment, a volt of 0.1 V to 0.6V 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. 

(0200 Similarly, with reference to FIG. 10, in first electro 
lyte (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, increasingly an acidic 
solution will form in first electrolyte (804). Depending on 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, 0.2V or less, 0.3 V or less, 0.4V or less, 0.5V 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, 1.2V or less, 1.3 V or less, 1.4V 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 1 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 0.7V: 0.1 
V to 0.6 V: 0.1 V to 0.5V: 0.1 V to 0.4V; and 0.1 V to 0.3 V 
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across the electrodes. In one embodiment, a volt of 0.6 V or 
less is applied across the anode and cathode; 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 V to 1 V or less is applied across the anode and cathode 
as indicated in Table 2. 

0201 As illustrated 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 electrolyte, hydrochloric acid is obtained in the 
first electrolyte (804). 
0202 As described with reference to FIGS. 8-9, as 
hydroxide ions from the anode (810) and enter in to the 
second electrolyte (806) concurrent with migration of chlo 
ride ions from the second electrolyte, an aqueous Solution of 
sodium hydroxide will form in second electrolyte (806). Con 
sequently, 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 volt of 0.1 V or less, 0.2V or less, 0.3 V 
or less, 0.4V or less, 0.5V or less, 0.6V or less, 0.7V or less, 
0.8 V or less, 0.9 V or less, 1.0 V or less, 1.1 V or less, 1.2V 
or less, 1.3 V or less, 1.4V or less, 1.5V 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 2.0V 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 1 V is applied across 
the anode and cathode the pH of the second electrolyte solu 
tion 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 0.5V: 
0.1 V to 0.4V; and 0.1 V to 0.3 V across 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 embodiment, 
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. 

0203 Optionally, a gas including CO is dissolved into the 
second electrolyte solution by bubbling the gas into the sec 
ond electrolyte solution 806 as describe above. In an optional 
step the resulting second electrolyte solution is used to pre 
cipitate a carbonate and/or bicarbonate compounds such as 
calcium carbonate or magnesium carbonate and ortheir bicar 
bonates, as described herein. The precipitated carbonate com 
pound can be used as cements and build material as described 
herein. 

0204. In another optional step, acidified first electrolyte 
solution 804 is utilized to dissolve a calcium and/or magne 
sium rich mineral. Such as mafic mineral including serpentine 
or olivine for use as the Solution for precipitating carbonates 
and bicarbonates as described herein. In various embodi 
ments, the resulting solution can be used as the second elec 
trolyte solution. Similarly, in embodiments where hydrochlo 
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ric 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. 
0205 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 sufficiently 
basic So as to precipitate carbonate compounds as described 
herein. 

0206. In some embodiments, a first electrochemical pro 
cess may be used to remove protons from Solution to facilitate 
CO absorption, without concomitant production of hydrox 
ide, 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 car 
bonates. 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. For example, the first process may be a bielec 
trode process as described in U.S. patent application Ser. No. 
12/344,019, filed 24 Dec. 2008, which is incorporated herein 
by reference in its entirety, operating at 1.0 V or less, or 0.9 V 
or less, or 0.8 V or less, or 0.7V or less, or 0.6V or less, or 0.5 
V or less, or 0.4V or less, or 0.3 V or less, or 0.2V 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 
1.5V or less, or 1.4 V or less, or 1.3 V or less, or 1.2V 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, or 0.6 V or less, or 0.5 V or less, or 0.4V or 
less, or 0.3 V or less, or 0.2V or less, or 0.1 V or less. For 
example, in Some embodiments the first process is a bielec 
trode process operating at 0.6V or less and the second process 
is a low-voltage hydroxide producing process operating at 1.2 
V or less. 

0207 Also of interest are the electrochemical approaches 
described in published U.S. Patent Application Publication 
No. 2006/0185985, published 24 Aug. 2006: U.S. Patent 
Application Publication No. 2008/024.8350, published 9 Oct. 
2008: International Patent Application Publication No. WO 
2008/018928, published 14 Feb. 2008; and International 
Patent Application Publication No. WO 2009/086460, pub 
lished 7 Jul. 2009, each of which is incorporated herein by 
reference in its entirety. 
0208 Stoichiometry dictates that the production of a car 
bonate to be precipitated in order to sequester CO, from a 
source of CO requires the removal of two protons from the 
initial carbonic acid that is formed when CO, is dissolved 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 process, which 
uses an electrochemical process requiring at least 2.8 V and a 
fixed amount of electrons per mole of sodium hydroxide. That 
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energy requirement may be expressed in terms of a carbon 
footprint, i.e., amount of carbon produced to provide the 
energy to drive the process. 
0209. A convenient way of expressing the carbon footprint 
for a given process of proton removal is as a percentage of the 
CO removed from the source of CO. That is, the energy 
required for the removal of the protons may be expressed in 
terms of CO emission of a conventional method of power 
generation to produce that energy, which may in turn be 
expressed as a percent of the CO, removed from the source of 
CO. For convenience, and as a definition in this aspect of the 
invention, the “CO produced in such a process will be 
considered the CO that would be produced in a conventional 
coal/steam powerplant to provide Sufficient energy to remove 
two protons. Data are publicly available for such powerplants 
for the last several years that show tons of CO produced per 
total MWh of energy produced. See, e.g., the website having 
the address produced by combining"http://carma” with “org/ 
api?. For purposes of definition here, a value of 1 ton CO. per 
MWh will be 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 produc 
ing approximately 19,500,000 tons of CO and at present 
produces 21,300,00MWh of energy while producing 20,900, 
000 tons of CO., which average out very close to the defini 
tional 1 ton CO. per MWh that will be used herein. These 
numbers can then be used to calculate the CO production 
necessary to remove Sufficient protons to remove CO2 from a 
gas stream, and compare it to the CO, removed. For example, 
in a process utilizing the chloralkali process operating at 2.8 
V to provide base, and used to sequester CO from a coal/stem 
power plant, the amount of CO produced by the power plant 
to Supply the energy to create base by the chloralkali process 
to remove two protons, using the 1 ton CO/1 MWh ratio, 
would be well above 200% of the amount of CO sequestered 
by the removal of the two protons and precipitation of the CO, 
in stable form. As a further condition of the definition of “CO 
produced in this aspect of the invention, no theoretical or 
actual calculations of reduction of the energy load 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 energy) are included in the total of “CO pro 
duced. In addition, no theoretical or actual Supplementation 
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 process of removing protons 
includes the use of a hydroxide or other base, including a 
naturally-occurring or stockpiled base, the amount of CO. 
produced would be the amount that may be stoichiometrically 
calculated based on the process by which the base is pro 
duced, e.g., for industrially produced base, the standard chlo 
ralkali process or other process by which the base is pro 
duced, and for natural base, the best theoretical model for the 
natural production of the base. 
0210. Using this definition of “CO produced.” in some 
embodiments the invention includes forming a stable CO 
containing precipitate from a human-produced gaseous 
source of CO., wherein the formation of the precipitate uti 
lizes a process for removing protons from an aqueous solution 
in which a portion or all of the CO of the gaseous source of 
CO is dissolved, and wherein the CO produced by the pro 
cess of removing protons is less than 100, 90, 80, 70, 65, 60. 
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55, 50, 45, 40, 35, 30, 25, 20, 15, 10, or 5% of the CO, 
removed from the gaseous source of CO by said formation of 
precipitate. In some embodiments, the invention includes 
forming a stable CO-containing precipitate from a human 
produced gaseous source of CO., 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 of the 
gaseous source of CO is dissolved, and wherein the CO 
produced by the process of removing protons is less than 70% 
of the CO removed from the gaseous source of CO by the 
formation of precipitate. In some embodiments the invention 
includes forming a stable CO-containing precipitate from a 
human-produced gaseous source of CO2, wherein the forma 
tion of the precipitate utilizes a process for removing protons 
from an aqueous solution in which a portion or all of the CO 
of the gaseous source of CO is dissolved, and wherein the 
CO produced by the process of removing protons is less than 
50% of the CO, removed from the gaseous source of CO by 
the formation of precipitate. In some embodiments the inven 
tion includes forming a stable CO-containing precipitate 
from a human-produced gaseous source of CO2, 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 of the gaseous source of CO is dissolved, and 
wherein the CO produced by the process of removing pro 
tons is less than 30% of the CO, removed from the gaseous 
source of CO by the formation of precipitate. In some 
embodiments, the process of removing protons is a process, 
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 electrochemical process as described 
herein, that removes protons by producing a base, e.g., 
hydroxide. In some embodiments, the process is a combina 
tion of a process, such as an electrochemical process as 
described herein, that removes protons without producing a 
base, e.g., hydroxide, and a process, such as an electrochemi 
cal 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 pro 
cess, either removes protons directly (e.g., direct removal of 
protons) or indirectly (e.g., production of hydroxide). In some 
embodiments a combination of processes, e.g., electrochemi 
cal processes is used, where a first process, e.g., electrochemi 
cal process, removes protons directly and a second process, 
e.g., electrochemical process, removes protons indirectly 
(e.g., by production of hydroxide). 
0211. In some instances, precipitation of the desired prod 
uct following CO charging (e.g., as described above) occurs 
without addition of a source divalent metalions. As such, after 
the water is charged in a charging reactor with CO, the water 
is not then contacted with a source of divalent metalions. Such 
as one or more divalent metalion salts, e.g., calcium chloride, 
magnesium chloride, sea salts, etc. 
0212. In one embodiment of the invention, a carbonate 
precipitation process may be employed to selectively precipi 
tate calcium carbonate materials from the solution in order to 
provide the desired ratio of magnesium to calcium, followed 
by additional CO charging, and in Some embodiments addi 
tional Mg ion charging, and a final carbonate 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 concen 
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tration where two different products are desired to be pro 
duced—a primarily calcium carbonate material, and then a 
magnesium carbonate dominated material. 
0213. The yield of product from a given precipitation reac 
tion may vary depending on a number of factors, including the 
specific type of water employed, whether or not the water is 
Supplemented with divalent metalions, the particular precipi 
tation protocol employed, etc. In some instances, the precipi 
tate protocols employed to precipitate the product are high 
yield precipitation protocols. In these instances, the amount 
of product produced from a single precipitation reaction (by 
which is meant a single time that that the wateris Subjected to 
precipitation 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 5g or more, such as 10g or more, 15g 
or more, 20g or more, 25g or more, 30 g or more, 35 g or 
more, 40 g or more, 45g or more, 50g 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, 180g or more, 200 
g or more of the storage-stable carbon dioxide sequestering 
product forevery 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 100g. In instances 
where the divalent metal ion content of the water is not 
Supplemented prior to Subjecting the water to precipitate con 
ditions (for example where the water is seawater and the 
seawater is not supplemented 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 supple 
mental with a source of divalent metal ions, such as magne 
sium 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, 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. 
0214. The yield of product from a given precipitation reac 
tion may vary depending on a number of factors, including the 
specific type of water employed, whether or not the water is 
Supplemented with divalent metalions, the particular precipi 
tation protocol employed, etc. In some instances, the precipi 
tate protocols employed to precipitate the product are high 
yield precipitation protocols. In these instances, the amount 
of product produced from 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 5g or more, such as 10g or more, 
15g or more, 20g or more, 25g or more, 30 g or more, 35g 
or more, 40 g or more, 45 g or more, 50 g or more, 60 g or 
more, 70g or more, 80 g or more, 90 g or more, 100g or more, 
120 g or more, 140 g or more, 160 g or more, 180g or more, 
200 g or more of the storage-stable carbon dioxide sequester 
ing 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 
averaged 72 hours of continuous operation. In instances 
where the divalent metal ion content of the water is not 
Supplemented prior to Subjecting the water to precipitate con 
ditions (for example where the water is seawater and the 
seawater is not supplemented 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 as averaged over 72 hours of continuous 
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operation. In other instances where the water is Supplemental 
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, 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. 
0215. 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, followed by additional 
steps of CO charging and Subsequent carbonate precipita 
tion. The steps of additional CO charging and carbonate 
precipitation can in some cases be repeated one, two, three, 
four, five, six, seven, eight, nine, ten, or more times, precipi 
tating additional amounts of carbonate material with each 
cycle. In some cases, the final pH ranges from pH 8 to pH10, 
such as from pH 9 to pH10, including from pH 9.5 to pH10, 
for example, from pH 9.6 to pH 9.8. 
0216. In certain embodiments, two or more reactors may 
be used to carry out the methods described herein. In these 
embodiments, the method may include a first reactor and a 
second reactor. In these cases, the first reactor is used for 
contacting the initial water with a magnesium ion Source and 
for charging the initial water with CO, 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. In some cases, before the CO charged 
water is transferred to the second reactor, agitation of the CO, 
charged water is stopped, such that undissolved solids may 
settle by gravity. The CO, charged water is then transferred 
from the first reactor to the second reactor. After transferring 
the CO charged water to the second reactor, the step of 
carbonate precipitation may be performed, as described 
herein. 

0217. 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 CO, as described 
above. Subsequently, the CO charged water is transferred 
from the first reactor to a second reactor for the carbonate 
precipitation reaction. In certain embodiments, one or more 
additional steps of CO charging and Subsequent carbonate 
precipitation may be performed in the second reactor, as 
described above. 

0218. In certain embodiments, precipitation conditions 
can be used that favor the formation of particular morpholo 
gies of carbonate compound precipitates. For instance, pre 
cipitation conditions can be used that favor the formation of 
amorphous carbonate compound precipitates over the forma 
tion of crystalline carbonate compound precipitates. In these 
cases, in addition to contacting the initial water with a mag 
nesium ion source and charging the initial water with CO, as 
described above, a precipitation facilitator may be added. In 
these cases, the precipitation facilitator facilitates the forma 
tion of carbonate compound precipitates at lower pH's suffi 
cient for nucleation, but insufficient for crystal formation and 
growth. Examples of precipitation facilitators include, but are 
not limited to, aluminum Sulfate (AlSO). In certain 
embodiments, the amount of precipitation facilitator added 
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ranges from 1 ppm to 1000 ppm, such as from 1 ppm to 500, 
including from 10 ppm to 200 ppm, for example from 25 ppm 
to 75 ppm. Additionally, the pH of the water can be main 
tained between 6 and 8, such as between 7 and 8, during 
carbonate compound precipitation formation by alternating 
CO charging and Subsequent carbonate precipitation, as 
described above. 

0219. Alternatively, in yet other embodiments, precipita 
tion conditions can be used that favor the formation of crys 
talline carbonate compound precipitates over the formation 
of amorphous carbonate compound precipitates. 
0220. Further details regarding specific precipitation pro 
tocols employed in certain embodiments of the invention are 
provided below with respect to the description of the figures 
of the application. 
0221 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. 
0222 AS Summarized above, in sequestering carbon diox 
ide, 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 
oran underwater site. In these embodiments, following place 
ment of the slurry at the storage site, the Supernatant compo 
nent of the slurry may naturally separate from the precipitate, 
e.g., via evaporation, dispersal, etc. 
0223) Where desired, the resulting precipitated product 
may be separated from the Supernatant component of the 
slurry. Separation of the precipitated product may beachieved 
using any of a number of convenient approaches. As detailed 
further herein, liquid-solid separators such as Epuramat's 
Extrem-Separator (“ExSep') liquid-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 by drying the precipitated product to produce a dried 
precipitated product. Drying protocols of interest include fil 
tering 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 the 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 reduced and 
enough heat is added to allow the frozen water in the material 
to Sublime directly from the frozen 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 hotgas 
is passed as a co-current or counter-current to the atomizer 
direction. 
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0224. 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 as a component of 
a building material, as reviewed in greater detail below. Alter 
natively, the precipitate may be placed at a long-term storage 
site (sometimes referred to in the art as a carbon bank), where 
the site may be above ground site, a below ground site or an 
underwater site. Further details regarding disposal protocols 
of interest are provided below. 
0225. 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 CO., e.g., as described above, to sequester 
further CO. For example, where the mother liquor is to be 
returned to the ocean, the mother liquor may be contacted 
with a gaseous source of CO in a manner Sufficient to 
increase the concentration of carbonate ion present in the 
mother liquor. Contact may be conducted using any conve 
nient protocol. Such as those described above. In certain 
embodiments, the mother liquor has an alkaline pH, and 
contact with the CO, source is carried out in a manner suffi 
cient to reduce the pH to a range between 5 and 9, e.g., 6 and 
8.5, including 7.5 to 8.2. 
0226. The methods of the invention may be carried out at 
land or sea, e.g., at a land location where a suitable water is 
present at or is transported to the location, or in the ocean or 
other body of alkali-earth-metal-containing water, be that 
body naturally occurring or manmade. In certain embodi 
ments, a system is employed to perform the above methods, 
where such systems include those described below in greater 
detail. 
0227. The above portion of this application provides an 
overview of various aspects of the methods of the invention. 
Certain embodiments of the invention are now reviewed fur 
ther in greater detail in terms of the certain figures of the 
invention. 
0228 FIG. 6A provides a schematic flow diagram of a 
carbon dioxide sequestration process that may be imple 
mented in 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, for example, one or more alkaline earth metal 
ions such as Ca" and Mg". 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 include magnesium in amounts 
ranging from 50 ppm to 40,000 ppm, such as 100 ppm to 
10,000 ppm and including 500 ppm to 2500 ppm. In embodi 
ments of the invention, the water (e.g., alkaline earth metal 
ion-containing water) is a saltwater. As reviewed above, salt 
waters of interest include a number of different types of 
aqueous fluids other than freshwater, 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 occurring brines as described herein), 
as well as other salines having a salinity that is greater than 
that of freshwater. Brine is water saturated or nearly saturated 
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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 salinity 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. 
0229. As reviewed above, waters of interest also include 
freshwaters. In certain embodiments, the water employed in 
the 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, such as olivine or serpen 
tine, in a solution that has become acidic due to the addition of 
carbon dioxide from carbonic acid, which dissolves the mag 
nesium silicate, leading to the formation of calcium magne 
sium silicate 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, Sus 
pension etc. 
0230. In certain 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 that has been 
employed by the industrial plant may then be sent to the 
precipitation system and employed as the water in the pre 
cipitation 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 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 agencies, e.g., Homeland 
Security or other agencies. Additional tampering or attack 
safeguards may be employed in Such embodiments. 
0231. As shown in FIG. 6A, an industrial plant gaseous 
waste stream 30 is contacted with the water at precipitation 
step 20 to produce a CO charged water (which may occur in 
a charging reactorin certain embodiments). The water may be 
an absorbing Solution, where the absorbing Solution allows 
for incorporation of carbon dioxide and/or other components 
from a gas into the absorbing solution. The absorbing Solution 
may be a salt water, (e.g. sea water and/or brine), or an 
alkaline solution. The absorbing solution may include Solid 
particulates and may be described as a slurry. By CO charged 
water is meant water that has had CO gas contacted with it, 
where CO 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 
“CO, content” of the water, e.g., in the form of carbonic acid, 
bicarbonate and carbonate ion, and a concomitant decrease in 
the amount of CO of the waste stream that is contacted with 
the water. The CO charged water is acidic in some embodi 
ments, having a pH of 6.0 or less, such as 4.0 or less, and 
including 3.0 and less. In certain embodiments, the amount of 
CO of the gas that is used to charge the water decreases by 
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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 
originally present in the gaseous waste stream that is con 
tacted with the water. Contact protocols of interest include, 
but are not limited to: direct contacting protocols, e.g., bub 
bling the gas through the Volume of water, concurrent con 
tacting means, i.e., contact between unidirectionally flowing 
gaseous and liquid phase streams, countercurrent means, 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. 
0232. The CO may 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 through 
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 
charging reactors (such as columns or other types of reactor 
configurations) may be employed, e.g., in series or in parallel, 
Such as three or more, four or more, etc. In certain embodi 
ments, various means, e.g., mechanical stirring, electromag 
netic stirring, spinners, shakers, vibrators, blowers, ultrasoni 
cation, to agitate or stir the reaction Solution are used to 
increase the contact between CO and the water source. 
0233. In the embodiment depicted in FIG. 6A, the water 
(e.g., Water comprising alkaline earth metal ions) from the 
water source 10 is first charged with CO to produce CO 
charged water, which CO, is then subjected to carbonate 
mineral precipitation conditions. As depicted in FIG. 6A, a 
CO gaseous stream 30 is contacted with the water at precipi 
tation step 20. The provided gaseous stream 30 is contacted 
with a suitable water at precipitation step 20 to produce a CO 
charged water. By CO charged water is meant water that has 
had CO gas contacted with it, where CO 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 “CO, content” of the water, 
e.g., in the form of carbonic acid, bicarbonate and carbonate 
ion, and a concomitant decrease in the pCO of the waste 
stream that is contacted with the water. The CO, 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 CO 
charged water 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 CO of the 
gas that is used to charge the water is 10% or higher, 25% or 
higher, including 50% or higher, such as 75% or higher. 
0234 CO 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 reac 
tor of a system, e.g., as illustrated in FIG. 6A at step 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 in a charging reactor and the resultant CO charged 
water is then Subjected to precipitation conditions in a sepa 
rate reactor. Further reactors may be used to, e.g., charge the 
water with desired minerals. 

0235 Contact of the water with the source CO may occur 
before and/or during the time when the water is subjected to 
CO precipitation conditions. Accordingly, embodiments of 
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the invention include methods in which the volume of wateris 
contacted with a source of CO prior to subjecting the Volume 
of water (e.g., alkaline earth metal ion-containing water) to 
mineral precipitation conditions. Embodiments of the inven 
tion also include methods in which the volume of water is 
contacted with a source of CO while the volume of water is 
being Subjected to carbonate compound precipitation condi 
tions. Embodiments of the invention include methods in 
which the volume of water is contacted with a source of a CO 
both prior to Subjecting the Volume of water (e.g., alkaline 
earth metal ion-containing water) to carbonate compound 
precipitation conditions and while the volume of water is 
being Subjected to carbonate compound precipitation condi 
tions. In some embodiments, the same water may be cycled 
more than once, wherein a first cycle of precipitation removes 
primarily calcium carbonate and magnesium carbonate min 
erals and leaves water to which metal ions, for example, 
alkaline earth metal ions, may be added, and that may have 
more CO cycled through it, precipitating more carbonate 
compounds. 
0236 Regardless of when the CO is contacted with the 
water, in some instances when the CO is contacted with the 
water, the water is not exceedingly alkaline. Such that the 
water contacted with the CO 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 is not a water that has first been made basic from an 
electrochemical protocol. In some embodiments, the water 
that is contacted with the CO, is not a water that has been 
made basic by addition of hydroxides, such as Sodium 
hydroxide. In some embodiments, the water is one that has 
been made only slightly alkaline, such as by addition of an 
amount of an oxide, such as calcium oxide or magnesium 
oxide. 

0237 As mentioned above, one of the parameters affect 
ing 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 embodiments, 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 CO. In these embodi 
ments, the method and apparatus may be tailored to optimize 
the incorporation of CO gas into the liquid from the gas. In 
Such embodiments, conditions are provided (e.g. solution 
chemistry, Surface area to Volume ratio, liquid flow rate to gas 
flow rate ratio (L/G), residence time) which allow at least 10 
grams of CO, to be absorbed per 100 ml of the liquid. In some 
embodiments, conditions are provided that allow at least 20 
grams of CO to be absorbed per 100 ml of the liquid, such as 
at least 30 grams, at least 40 grams, at least 50 grams, at least 
60 grams, at least 70 grams, at least 80 grams, at least 90 
grams, at least 100 grams, or more than 100 grams of CO 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 the CO, 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 CO in a gas to be 
removed, such as at least 70%, at least 80%, or at least 90% of 
the CO in a gas is removed from the gas into the liquid or the 
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slurry. In some embodiments, conditions are provided which 
allow at least 95% of the CO, 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 embodi 
ments, 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 into 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. 
0238 Optimization of precipitation reactions is one goal 
of high-efficiency gas-liquid contacting methods and appara 
tus. 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 and/or bicarbon 
ates of both calcium and magnesium, e.g. dolomite, are 
formed. 

0239. In some embodiments presented herein, streams 
and/or droplets are formed from a slurry and then are con 
tacted with a gas in the methods and apparatus. The slurry 
used to make liquid droplets and/or streams can depend on 
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 compo 
nent of the slurry include, but are not limited to: aqueous 
Solutions containing divalent 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 with 
cations; a solution augmented with silica; or any combination 
thereof. Compositions of the slurries used 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 solu 
tion 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 drop 
lets and/or streams comprising an aqueous Solution compris 
ing ions. Some embodiments provide for liquid droplets and/ 
or streams comprising an aqueous solution comprising 
divalent cations. Some embodiments provide for liquid drop 
lets and/or streams comprising an aqueous Solution compris 
ing sea water, dissolved mineral Solutions, brines or any com 
bination thereof. In some embodiments, liquid droplets 
comprising a basic solution are provided. In some embodi 
ments, 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 com 
binations thereof are provided. Some embodiments provide 
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liquid droplets and/or streams that comprise Solid material. In 
Some embodiments, the liquid droplets and/or streams com 
prise 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, fly 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 com 
prising particulates of a mineral are provided. In some 
embodiments, liquid droplets and/or streams comprising par 
ticulates of a mineral and particulates of an industrial waste 
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. 
0240. There 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 tech 
nologies for creating droplets include, but are not limited to: 
pressure atomizers (noZZles), rotary atomizers, air-assisted 
atomizers, airblast atomizers, ultrasonic atomizers, inkjet 
atomizers, MEMS atomizers, eductor-jet nozzles, and elec 
trostatic 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 transducers. In some 
embodiments, liquid droplets are made utilizing systems 
comprising pressure atomizers (nozzles), rotary atomizers, 
air-assisted atomizers, airblast atomizers or any combination 
thereof. In some embodiments, liquid droplet-producing sys 
tems or devices (i.e. liquid introduction units) are provided 
that comprise ultrasonic transducers. In some embodiments, 
liquid droplet-producing systems or devices are provided that 
comprise nozzles. In some embodiments, liquid droplet-pro 
ducing systems or devices are provided that comprise dual 
fluid nozzles, eductor-jet nozzles, or both. In some embodi 
ments, 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 
10 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 embodi 
ments, liquid droplet-producing systems and/or devices are 
provided with nozzles that have openings 25 micrometers or 
more, such as 50 micrometers 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 mil 
limeter or more. In some embodiments, liquid droplet-pro 
ducing systems and/or devices are provided that comprise 
pressure atomizers (noZZles), rotary atomizers, air-assisted 
atomizers, airblast atomizers or any combination thereof. 
Some embodiments provide for Systems and/or apparatus that 
are capable of accepting slurry to create droplets. In some 
embodiments, systems and/or apparatus that produce liquid 
droplets are provided, wherein the liquid droplets range from 
50 to 1000 micrometers (um) in diameter. In some embodi 
ments, systems and/or apparatus that produce liquid droplets 
are provided, wherein the liquid droplets are of average diam 
eter greater than 1000 micrometers (um). In some embodi 
ments, systems and/or apparatus that produce liquid droplets 
are provided, wherein the liquid droplets are of average diam 



US 2011/0247336 A9 

eter greater than 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 droplets is greater than 5 
micrometers, such as greater than 10 micrometers, greater 
than 20 micrometers, 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 that produce 
liquid droplets are provided where the average diameter of the 
droplets ranges from 1 to 400 micrometers. In some embodi 
ments, systems and/or apparatus that produce liquid droplets 
are provided where the average diameter of the droplets is 
greater ranges from 1 to 500 micrometers. In some embodi 
ments, systems and/or apparatus that produce neutrally buoy 
ant 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. 
0241. It may 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 cov 
ered by droplets by utilizing sprays of differing angles. In 
some embodiments, sprays of 60° are used near the walls of 
the contacting chamber and sprays of 90° are used in the inner 
cross section of the contacting chamber. 
0242. The surface area to volume ratio of a liquid in con 

tact with a gas is one factor that dictates the efficiency of 
incorporation of the gas into the liquid. In some embodi 
ments, droplets and/or liquid streams are provided that have 
surface area to volumeratios (SA:V) of 12 m/liter or more. In 
Some embodiments, droplets and/or liquid streams are pro 
vided that have surface area to volume ratios (SA:V) of 24 
m/liter or more, such as 60 m/liter or more, 80 m/liter or 
more, 120 m/liter or more, 600 m/liter or more, or 6000 
m/liter or more. In some embodiments, liquid droplets are 
provided of average diameter greater than 500 micrometers. 
In some embodiments, liquid droplets are provided of aver 
age 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, greater 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 diam 
eter ranging from 1 to 500 micrometers. In some embodi 
ments, liquid droplets are provided of diameter ranging from 
50 to 1000 micrometers (Lm). In some embodiments, liquid 
droplets are provided of an average diameter of 100 microme 
ters (Lm). In some embodiments, methods that produce and/ 
or utilize neutrally buoyant liquid droplets are provided. Neu 
trally 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. 
0243 In some embodiments of the invention specific L/G 
ratios are indicated. The LFG 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 absorption of 
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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 per unit time relative to another volume flow 
per unit time or a mass flow per unit time relative to another 
mass flow per unit time. In some embodiments, the L/G ratio 
employed ranges from 3 to 50. In some embodiments, 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 embodi 
ments, the 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 config 
ured 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 embodi 
ments, the apparatus and/or system is configured to employ a 
L/G ratio of 15. In some embodiments, the apparatus and/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 config 
ured 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 perminute/1000 actual cubic 
feet. In some embodiments, 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/1000 actual cubic feet. In some 
embodiments, the apparatus and/or system is configured to 
operate at a liquid flow rate to gas flow rate ratio (L/G ratio) of 
between 0 and 10,000 gallons per minute/1000 actual cubic 
feet. In some embodiments, the apparatus and/or system is 
configured to operate at a liquid flow rate to gas flow rate ratio 
(L/G ratio) of between 50 and 5,000 gallons perminute/1000 
actual cubic feet. In some embodiments, the apparatus and/or 
system is configured to operate at a liquid flow rate to gas flow 
rate ratio (L/G ratio) of between 100 and 500 gallons per 
minute? 1000 actual cubic feet. 

0244. There are 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/gas 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 convo 
luted 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 con 
tact an absorbing solution, contacting mixture, or slurry with 
a gas. In some embodiments an apparatus or a system com 
prises 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 appa 
ratus or a system comprises both types of structural feature to 
contact absorbing Solution, contacting mixture, or slurry with 
a gas. 
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0245 Structural features that increase the probability of a 
liquid and gas coming to equilibrium within a confined space 
include 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 mate 
rials 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 con 
cerns such as physical wear. Columns or reactors which ulti 
lize packing material ortrays 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 vapor and bulk liquid phases can be 
approximated as being in equilibrium with respect to the 
concentration the species that are exchanged as the gas and 
liquid traverse the column. The efficiency of a volume can be 
adjusted by tailoring the packing materials or configuration of 
trays. Columns or reactors utilizing packing materials ortrays 
are characterized by a high pressure drop across the overall 
length of the column or reactor due to the liquid head associ 
ated with trays or the bed drop associated with packing mate 
rials. Columns utilizing packing materials are generally not 
well Suited to contacting slurries with gas, but packing mate 
rials have been made commercially available to accommo 
date slurries. In some embodiments, trays, packing material, 
or both are used to contact an absorbing Solution, contacting 
mixture, or slurry with a gas. In some embodiments, an appa 
ratus or system comprises packing materials, trays or a com 
bination thereof to contact absorbing solution, contacting 
mixture, or slurry with a gas. 
0246 Membranes 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 inter 
facial 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, mem 
branes 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 membranes to contact absorbing solu 
tion, contacting mixture, or slurry with a gas. In some 
embodiments, one or more membranes in combination with 
packing material and/ortrays 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 
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 comprises one or more 
microporous membranes to contact absorbing Solution, con 
tacting mixture, or slurry with a gas. In some embodiments, 
one or more microporous membranes in combination with 
packing material and/ortrays 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 
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microporous membranes in combination with packing mate 
rial and/or trays to contact absorbing Solution, contacting 
mixture, or slurry with a gas. 
0247 Structural features that allow liquid or slurry to 
become entrained within a gas as it is passing through a 
column or 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 such 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 liquid 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 entrainment of the falling mixture or liquid 
into the gas may occur. This entrainment increases the 
amount of time the mixture 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 particu 
lates. The steepness of the sheds can be adjusted to allow the 
liquids or slurries to roll down the tops of the shed at a rate that 
permits the 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 embodi 
ments, shed rows are present in the apparatus or systems of 
the invention. In some embodiments, the chamber where 
absorbing solution and gas are contacted includes shed rows. 
In some embodiments, the chamber where contacting mix 
ture and gas are contacted includes shed rows. In some 
embodiments, the apparatus includes a contacting chamber 
that includes shed rows. In some embodiments, the system 
includes an apparatus that includes shed rows. In some 
embodiments shed rows are comprised of concentric circles 
of sheds. In some embodiments, the chamber includes pro 
trusions along the walls of the chamber into the center of the 
chamber. In such embodiments the protrusions resemble 
halves of sheds that are sloping downwards. 
0248. There are embodiments where it is desirable to con 
dense or coalesce the liquid droplets or fine particulate mate 
rial 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 tempera 
ture, 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 
within 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 coa 
lesce the liquid droplets based upon the charge on the pre 
cipitate within the droplets. In some embodiments, fine par 
ticulates are formed, and an electrostatic precipitator is used 
to collect these particulates. 
0249. In some embodiments, it is necessary to redirect 
falling liquid or slurry that descends the height of an appara 
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tus as 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 cone 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 used to mitigate foaming 
0250 In some 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 introduction unit at a first 
location within the chamber and a second liquid introduction 
unitata second location within 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) configu 
ration 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 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 thereof, and vi) 
varying the area covered by the liquid introduction units. In 
Such embodiments, the liquid introduction units may be 
sprays, columns of liquid, flat jets of liquid, or a combination 
thereof. In Such embodiments, the shed rows may be config 
ured to redistribute the flow of the gas as it enters the chamber 
Such that the gas flows axially along the chamber to cover a 
greater area of the cross section of the chamber than the 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 embodiments, 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. 
0251 An exemplary method and system for contacting a 
gaseous stream and water employs contacting the gaseous 
stream to a flat jet stream of the water. Thus in some embodi 
ments the invention provides an apparatus for separating car 
bon dioxide from an industrial waste stream that comprises a 
gas-liquid contactor that is configured to contact a flat jet 
stream of a liquid, e.g., water, with all or a portion of the 
industrial waste stream to dissolve CO and, in some embodi 
ments, 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 CO dissolved in the water in the 
contactor, e.g., through evaporation, precipitation, or the like. 
In some embodiments, the solid composition is a composition 
that comprises bicarbonates. In some embodiments, the Solid 
composition is a composition that comprises carbonates. In 
Some embodiments, the Solid composition comprises carbon 
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ates and bicarbonates. In some embodiments, the Solid com 
position comprises carbonates and/or bicarbonates and also 
one or more further components of the industrial waste gas, 
e.g. SOX or a SOX derivative, NOx or a NOx derivative, a 
heavy metal or derivative thereof, particulates, VOCs or a 
VOC derivative, or a combination thereof. 
(0252 U.S. Pat. No. 7,379,487 describes an exemplary flat 
jet stream/gas contacting system, the disclosure of which is 
hereinincorporated by reference. In some embodiments, con 
tacting a gaseous stream comprising CO comprises use of 
the two-phase reactor as described in U.S. Pat. No. 7,379,487. 
A brief description of the flat jet stream methods and system 
is provided below. 
0253. In many gas-liquid contacting systems the rate of 
gas transport to the liquid phase is controlled by the liquid 
phase mass transfer coefficient, k, the interfacial Surface area, 
A, and the concentration gradient, AC, between the bulk fluid 
and the gas-liquid interface. A practical form for the rate of 
gas absorption into the liquid is then: 

CD-pa-ka(p-p) ka (C-C) 

0254 where d is the rate of gas absorption per unit volume 
ofreactor (mole/cms), a is the average rate of absorption per 
unit interfacial area (mole/cms), a is the gas liquid interfa 
cial area per unit volume (cm/cm, or cm), p and p, are the 
partial pressures (bar) of reagent gas in the bulk gas and at the 
interface, respectively, C is the liquid side concentration 
(mole/cm) that would be inequilibrium with the existing gas 
phase concentration, p, and C, (mole/cm) is the average 
concentration of dissolved gas in the bulk liquid. k. and k are 
gas side and liquid side mass transfer coefficients (cm/s), 
respectively. 
0255. In many gas-liquid reaction systems the solubility of 
the C, * 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 the specific Surface area. 
0256 In certain embodiments, the flat jet gas-liquid con 
tacting system of the invention is a gas-liquid contacting 
system that uses the enhanced specific Surface area of a flat jet 
to improve the interaction between the CO-containing gas 
eous 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 attached to a vertex 
of the V-shaped chamber. The flat jet nozzle may have a 
conical nozzle attached to an opposite end of the opposing 
planar walls as the V-shaped chamber. In another configura 
tion, the jet orifice may have a circular orifice attached to the 
liquid source chamber. The flat jet nozzle may have a 
V-shaped groove intersecting the circular orifice to create an 
oval shaped orifice. The flat jet orifice may be oriented per 
pendicularly, opposed, or parallel to the inlet Source of the 
CO-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, or 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 
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than 1.1, 1.0, 0.9, 0.8, 0.7, 0.6,0.5,0.4,0.3, or 0.2 mm, e.g., 
less than 1 millimeter to generate high packing jet densities 
(B=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 exposed to the CO-containing 
gaseous stream, generating a higher yield of reaction product 
per unit liquid mass flow than conventional contactors, e.g., 
greater transfer of CO and/or other components of the gas 
stream, such as SOX, NOx, heavy metals, particulates, VOCs, 
and derivatives and combinations thereof, to the liquid, e.g., 
Water. 

0257. One embodiment of the invention is to provide a gas 
liquid solid contactor that includes a CO charging reactor 
having a plurality of thin flat jet streams, that are closely and 
uniformly spaced, that have high specific Surface area, that 
have uniformjet Velocity, that are aerodynamically shaped to 
minimize gas flow disruption of the liquid jets, orifices that 
are free from salt obstruction and clogging and that are oper 
ated within co-flow, 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 ver 
tically from a nozzle and the gas flow horizontally or near 
horizontally across the jets. 
0258. The flat jet gas-liquid contacting system of the 
invention is employed to contact the CO-containing gaseous 
stream with the liquid, e.g. water, Such as alkaline earth metal 
ion-containing water. The charging reactor includes a cham 
ber with an inlet source for the CO-containing gaseous 
stream and a flat jet nozzle for a source of liquid, e.g., water 
Such as alkaline earth metalion-containing water. The nozzle 
may have a multitude of orifices that have a minimum dimen 
sion 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., water Such as alkaline earth 
metal-containing water, orifice may produce a flat jet of water 
that has a width that 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 source (as described 
above). In certain embodiments, the water source includes a 
reservoir having an input for water, e.g., alkaline earth metal 
ion-containing water, such as a pipe or conduit from an ocean. 
Where the liquid, e.g., water Such as alkaline earth metal 
ion-containing water, Source is seawater, the input is in fluid 
communication with a source of seawater, e.g., Such as where 
the input is a pipeline or feed from ocean water to a land based 
system. 
0259. The gas-liquid contacting system may include a 
Small segment of orifice arrays. The orifices may be staggered 
Such that 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 forjet development. The intersection of 
the entrance and exit channels creates the orifice. The jet 
length to jet 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. 
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0260 The charging reactor of the invention may include a 
flat jet gas-liquid contacting system to create a large specific 
area of water (e.g., alkaline earth metalion-containing water). 
The charging reactor has a CO-containing gaseous stream 
Source (gas reactant) attached to the manifold of the reactor. 
In certain embodiments, the manifold has a number of holes 
(openings) that allow the CO-gaseous streamjets 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 create a flat 
stream of the water. The flat streams of the water (e.g., alka 
line earth metal ion-containing water) interact with the CO 
containing gaseous stream to produce the CO-charged water 
composition, which will be subjected to precipitation condi 
tions. 

0261. In some embodiments, the nozzle of the flat jet 
gas-liquid contacting system of the charging reactor may 
have a V-shaped 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 out the nozzle and creates a flat jet. 
Depending on the nozzle area, jet flow rate and Velocity, the 
jet thickness is on the order of 5 to 100 microns and the width 
is on the order of 1 to 5 centimeters. As a result, the width to 
thickness may be significantly greater thana factor often. For 
jet velocities of approximately 10 m/s, the length of the flat jet 
stream may be fifteen or more centimeters. The narrowest 
passage where the conical nozzle meets the 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 effi 
ciency of the transfer of CO and other components (e.g., 
SOX, NOx, particulates, heavy metals, and/or VOCs) between 
the CO-containing gaseous stream and the liquid sheet. Fur 
ther, 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-con 
taining water), the flat jets have a throat size of 600 microns or 
larger. The large throat size of the flat jets makes it unlikely 
that they will clog. In some embodiments where clogging is 
not as much of an issue, the throat size may be Smaller, e.g., 50 
microns or larger, 100 microns or larger, 200 microns 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-con 
taining water) and CO-depleted gaseous stream for reuse. 
0262 The CO-containing gaseous stream is contacted 
with the water (e.g., alkaline earth metal ion-containing 
water) by directing the gas to contact the flat jet stream of 
water. The CO-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. 
0263. As reviewed above, the gas from the industrial plant 
30 may be processed before being used to charge the water. 
For example, the gas may be subjected to oxidation condi 
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tions to improve solubility of the components of the gaseous 
stream (e.g., to convert CO to CO., NO to NO, and SO to 
SOs, etc.). 
0264 FIG. 11 shows an embodiment of the apparatus of 
the invention. A slurry comprising a liquid and a Solid com 
ponent enters the contacting chamber through an inlet conduit 
100 to a reservoir 105 which also contains the slurry that 
has contacted the gas. In some embodiments, a screw con 
veyor 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 con 
veyance system 115, 120, 135, 125, 140, 130 moves the 
slurry from the reservoirs to the droplet or stream producing 
systems as well as recirculates the 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 
of the Solid in the incorporation of the gas into the liquid. In 
Some embodiments, the comminution systems are screw con 
veyors in the conduits of the slurry conveyance system 115, 
145. In some embodiments, a high-efficiency gas-liquid con 
tactor is employed to remove more of the desired component 
from 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 used to contact the liquid and the 
gas. In some embodiments, condensers 170 are needed to 
have the droplets and/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 well 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. 
0265 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 formed 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 industrial flue gas, Such 
as that from burning fossil fuels, such as coal. After the 
contact, a contacted slurry is formed and is collected in a 
reservoir in the contacting chamber 230 and part of this 
contacted slurry is recirculated after comminution 235 and 
part is pumped off for separation of the Solids and liquids 
240. The solids are removed and can be used in many 
applications, including, but not limited to, building materials, 
as Soil stabilization, paint fabrication, and lubricant fabrica 
tion. 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 
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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. 
0266 FIG. 13 shows a horizontally configured embodi 
ment of the apparatus of the invention. A gas enters the 
chamber through an inlet 300. A slurry comprising a liquid 
and a solid component is conveyed from a reservoir where the 
slurry is subjected to comminution 330 and enters the con 
tacting chamber 310 through an array of droplet producing 
devices 350 to produce sprays of droplets 320 which fill 
the chamber. 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 depleted in a component of the gas over the length of 
the contacting chamber. 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 pro 
duction. 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 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 well as a minimal amount of the 
Solid component of the slurry leaves the contacting chamber 
370 and is passed to other systems 380 such as a precipi 
tating tank, dewatering systems, and building fabrication sys 
tem 

0267 FIG. 14 shows a horizontally configured embodi 
ment 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 devices 430 to produce sprays of 
droplets 440 which fill the chamber. A gas enters the cham 
berthrough an inlet 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 depleted in a 
component of the gas over the length of the contacting cham 
ber. A slurry conveyance system 420, 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 within the slurry conveyance system 460 provides 
particle size reduction for the solid component of the slurry, 
thereby improving the participation of the solid in the incor 
poration 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. 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 leaves the contacting chamber and is 
passed to other systems 480 Such as a precipitating tank, 
dewatering systems, and building fabrication system. 
0268 FIG. 15 shows an embodiment of the invention 
which includes a gas distribution section, a variable number 
of contacting sections, and a de-misting or final gas absorp 
tion section that is always located at the top of the apparatus. 
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 appa 
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ratus. The contacting sections may number from 1 to more 
than one, such as two or three or more. The number of con 
tacting sections will be determined based upon the type of 
final product desired, the absorbing solution or contacting 
mixture 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 100 um, such as less than 50 um diameter 
droplets. In the final section, solution free of particulates will 
be used to maximize absorption and/or droplet collection. 
The chemistry of the solution used in the demisting 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. Recir 
culation may also include separating any solids that may exist 
from the Solution and passing the effluent back to the appa 
ratus, with or without treatment to make up any chemical 
deficiencies in the solution. The apparatus may be portable in 
nature. Such that the entire apparatus is contained within a 
shipping container that may be shipped via rail (train), water 
ways (barge), and/or road (truck). The apparatus may also be 
modular, such that the different sections may each be con 
tained within a shipping container and Stacked or otherwise 
operably connected to one another. 
0269 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 collected 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 appa 
ratus shown in FIG. 16 includes a spray to introduce the 
absorbing solution or contacting mixture to the apparatus and 
the gas outlet. 
0270 FIG. 18 are schematics of an embodiment of the 
invention in which the apparatus comprises an array of 
sprays. Shown are 4 sprays; the sprays are all directed down 
wards in the vertically oriented apparatus. The sprays may 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 any 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 the apparatus. The apparatus may include a demist 
ing 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 Solid 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 the absorbing Solution may occur. The absorbing 
Solution or contacting mixture may include industrial waste 
brine, naturally occurring alkaline brine, seawater, an artifi 
cially composed or synthetic brine, or any combination 
thereof. 

0271 FIG. 19 is a schematic of an embodiment of the 
invention in which the apparatus comprises an array of 
sprays. Shown are 4 sprays, the two center sprays are 
optional. The topmost spray is oriented Such that the liquid 
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(i.e. absorbing 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 that is vertically ori 
ented). The gas enters the apparatus at the bottom and flows 
up the length of the apparatus. The apparatus may include 
shed rows in place of the two optional sprays in the center of 
the apparatus. The 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 waste (e.g. fly 
ash, cement kiln dust), and/or a precipitated material if recir 
culation is employed. In the case that recirculation is 
employed, comminution of any solids in the absorbing solu 
tion may occur. 
0272 FIG. 20 shows representations of shed row configu 
rations. On the left hand side are shown top-down, or plan, 
views of configurations. On the right hand side are show side 
sections of shed row configurations. The top-most configura 
tion is the standard configuration of shed rows within a cylin 
drical 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 sheds below. On the sides where a 
complete shed would not occur, a downward sloping insert is 
indicated. The 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 are staggered, 
again such that liquid falling from the upper sheds will arrive 
near the apex of the sheds below. The bottom-most configu 
ration 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 oriented 90° to the row above and below. 

0273 Another aspect of highly-efficient gas-liquid con 
tacting is the time that the liquid and gas are in contact so that 
the gas can incorporate into the liquid. In the case of gas 
bubbles in a liquid column or liquid droplets surrounded 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 time of liquid droplets in gas can also be 
increased by increasing the path length that the droplets fol 
low 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 drop 
lets are coalesced. Some embodiments provide for liquid 
droplets to contact a gas along a long path. In some embodi 
ments, 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. 
FIG. 21B: 510, FIG. 22A: 610, FIG. 22B: 710. Some 
embodiments utilize arrays of gas-inlets FIG.21A: 470, FIG. 
21B: 540, FIG. 22A.: 670, FIG. 22B: 740 to increase the 
residence time of liquid droplets in the gas, e.g. in the main 
contacting compartment. 
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0274. A divalent cation-containing solution source and a 
CO-containing gas source may be operably connected to an 
absorber (e.g., gas-liquid contactor) of a CO absorber as 
described herein. The absorber may include any of a number 
of different designs, including, for example, gas-liquid con 
tactor 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 which an aqueous Solution of divalent 
cations may be introduced to the gas-liquid contactor. The 
gas-liquid contactor may also comprise a header or manifold 
320 (FIG. 23A, FIG. 23B), into which CO-containing gas 
(330i) may be introduced. FIG. 23B provides an illustration 
of a Vortex (i.e., turbulent mixing) that may be created in the 
divalent cation-containing solution when the CO-containing 
gas is passed through nozzles 322 (e.g., adjustable 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 Sys 
tems such as that illustrated FIG. 23A. The gas-liquid con 
tactor may also be configured to have a conical shape, which 
shape helps to maintain and/or enhance the Vortex created in 
the header or manifold 320. In such embodiments, additional 
adjustable nozzles may be still be desired, especially when 
enhanced mixing is desired. 
0275 A gas liquid-contactor may comprise a chamber 
comprising a plurality of adjustable nozzles, wherein the 
noZZles are configured to inject an aqueous Solution compris 
ing divalent cations into a chamber comprising an atmosphere 
of CO-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-containing aqueous Solution against jagged 
Surface 420 (i.e., a surface comprising numerous projections) 
Such 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 CO-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 diameterofless than 0.5 
microns, 1 micron, 10 microns, 15 microns, 30 microns, 60 
microns, 125 microns, 250 microns, 500 microns, 1000 
microns, 2000 microns, or 4000 microns. 
0276 Another way in which the contact time between a 
gas and liquid can be effectively increased is to recirculate 
one 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 
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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 to 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 to 900 
micrometers, from an average diameter of 400 micrometers 
to 800 micrometers, from an average diameter of 500 
micrometers to 900 micrometers, from an average diameter 
of 500 micrometers to 800 micrometers, from an average 
diameter of 500 micrometers to 700 micrometers, or from an 
average diameter of 400 micrometers to 700 micrometers. In 
Some embodiments, liquid droplets of average diameterrang 
ing from 500 micrometers to greater than 1 millimeter are 
provided. 
0277 Some embodiments utilize extended path length, 
recirculation, and high-Surface area techniques in one con 
tacting compartment. In some embodiments, the liquid used 
to make the liquid droplets is a slurry and contains solid 
material. In Such embodiments, comminution, mixing of 
phases with size reduction of the solid component, is used 
with recirculation. In some embodiments, the apparatus com 
prises multiple droplet formation stages, some of which ulti 
lize comminution with recirculation and some of which ulti 
lize high-Surface area techniques with a liquid that is does not 
contain Solid material before exposure to gas. In some 
embodiments, the method comprises mixing a solid with a 
liquid in a manner utilizing comminution; contacting the 
Solid 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. 
0278. In some 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 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 60 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 70 tons/hour of carbon dioxide into an absorbing solu 
tion. 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 incorporate more than 90 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 100 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 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 inven 
tion are configured to incorporate more than 130 tons/hour of 
carbon dioxide into an absorbing solution. In some embodi 
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ments the apparatus and systems of the invention are config 
ured to incorporate more than 140 tons/hour of carbon diox 
ide into an absorbing solution. In some embodiments, the 
apparatus and systems 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, the apparatus and systems of 
the invention are configured to incorporate more than 170 
tons/hour of carbon dioxide into an absorbing solution. In 
Some embodiments, the apparatus and systems of the inven 
tion are configured to incorporate more than 180 tons/hour of 
carbon dioxide into an absorbing solution. In some embodi 
ments, the apparatus and systems of the invention are config 
ured to incorporate more than 190 tons/hour of carbon diox 
ide 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. 
0279. In some embodiments, the apparatus and systems of 
the invention include a apparatus and systems for removing 
CO from a gaseous source, e.g., an industrial gaseous source 
of CO Such as flue gas from a powerplant, or Such as exhaust 
gas from a cement plant, in which the apparatus and systems 
are configured to Subject a water (e.g. a sea water, a brine, an 
absorbing solution) into which CO has been dissolved from 
the gaseous source of CO (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 precipi 
tation conditions. In some embodiments, the apparatus and 
systems are configured to provide precipitation conditions 
that provide precipitate in an amount of 5.2 grams of precipi 
tate per liter of absorbing solution to 26.11 grams of precipi 
tate per liter of absorbing solution averaged over a period of 
72 hours of continuous application of the precipitation con 
ditions. In some embodiments, the apparatus and systems are 
configured to provide precipitation conditions that provide 
precipitate 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 
precipitate per liter of absorbing Solution. 
0280. The carbonate mineral precipitation station 20 (i.e., 
reactor) may include any of a number of different compo 
nents, such as temperature control components (e.g., config 
ured 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, elec 
trolysis components, e.g., cathodes/anodes, etc, gas charging 
components, pressurization 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 agi 
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tation and physical stirring components and components to 
re-circulate industrial plant flue gas through the precipitation 
plant. 
0281. The carbonate mineral precipitation station 20 may 
include any of a number of different components that allow 
for 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 aqueous solution, and 
pCO. Monitoring conditions during the carbonate precipita 
tion process may allow for corrective adjustments to be made 
during the precipitation process. For example, corrective 
adjustments may be made to increase or decrease carbonate 
compound precipitation production. In some embodiments, 
the carbonate precipitation process is monitored with an 
inline monitoring apparatus operably connected to the car 
bonate 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. Opera 
tionally, a controller (1660) controls a variable flow control 
valve (1621), the controller-operated variable flow control 
valve allowing precipitation station effluent to enter a dilution 
manifold (1630), 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 measure 
ment, a voltmeter (1650) coupled to one or more electrodes 
(1640) selective for a particular ion (e.g., Ca" or Mg"), 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 station 
effluent in the dilution manifold is diluted with diluent 
(1610). The controller, operably connected to both the volt 
meter and the diluent, monitors and logs diluent delivery 
through a controller-operated variable control valve (1610). 
Controlled diluent delivery is slowed or stopped when voltage 
readings fall within the accepted range. Depending upon con 
troller-determined ion concentration for the ion of interest in 
the 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 the precipitation station 
via valve 1622 (e.g., if ion concentration is low) occur with 
concomitant delivery of a more concentrated ion Solution 
through an inlet to the precipitation station. 
0282. It may be desirable to incorporate one or more com 
ponents from a gaseous stream into an absorbing solution, 
such as removing carbon dioxide and optionally SOX, NOx, 
and other non-CO2 acid gases from an industrial flue gas, 
without the formation of solid precipitates. In Such cases, the 
controllers, monitoring apparatus, and precipitation condi 
tions 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 of a 
gaseous stream into an absorbing Solution does not lead to 
precipitation, the resulting solution may be further processed 
by a system to recover a useable absorbing Solution or to 
recover water that is potable or suitable for irrigation pur 
poses. Alternatively, in cases where incorporation of compo 
nents of a gaseous stream into an absorbing solution does not 
lead to precipitation, the resulting solution may be sent to a 
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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 compo 
nents of a gaseous stream into an absorbing Solution may be 
transported to a retention facility using any convenient 
method, including, but not limited to, conduits such as pipes 
or trenches, tanker trucks, pumps, tanks transported via rail or 
barge, or a combination thereof. 
0283 As illustrated in FIG. 6A, the precipitation product 
resulting from precipitation at step 20 may be separated from 
the precipitation station effluent at step 40 to produce sepa 
rated precipitation product. As a freshly separated precipita 
tion product may be dried in a later step, the separated pre 
cipitation product may also be a “wet dewatered precipitate.” 
Separation of the precipitation product from the precipitation 
station effluent is achieved using any of a number of conve 
nient approaches, including draining (e.g., gravitational sedi 
mentation of the precipitation product followed by draining), 
decanting, filtering (e.g., gravity filtration, vacuum filtration, 
filtration using forced air), centrifuging, pressing, or any 
combination thereof. In some 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 precipita 
tion 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 precipita 
tion station effluent may flow directly to the liquid-solid sepa 
ration apparatus, or the effluent may be pre-treated as 
described in more detail below. 
0284 Energy requirements for any of the foregoing sepa 
ration 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) provided by industrial 
plants; however, it will be appreciated by a person having 
ordinary skill in the art that separation approaches requiring 
less energy are desirable in terms of lessening the carbon 
footprint of the invention. 
0285 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 WO 2007/051640 and 
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 intro 
ducing 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 the 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 
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modification thereof, are useful in some embodiments for 
separation of the precipitation product from precipitation sta 
tion effluent. 

0286 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 removed from the 
lower region thereof. This removal of the precipitation prod 
uct particles may be performed continuously or batch-wise. 
Precipitation station effluent, upon its introduction into the 
bath, is flowed against a baffle, by which the flow in the bath 
is deflected. By this process control a hydraulic-physical 
reaction Zone is generated in the region of the inlet opening, 
in which at least the predominant flow energy of the precipi 
tation 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 separation of the precipitation product 
particles due to the density differences over the water. On 
deflecting the precipitation station effluent, the heavier pre 
cipitation product particles have a greater tendency to con 
tinue 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 precipi 
tation station effluent pipe downstream of the baffle. Precipi 
tation 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 their descending motion initiated 
by the precipitation station effluent pipe during the introduc 
tion in to the bath in a substantially undisturbed manner. The 
deflection should not have the result that the precipitation 
product particles having higher density, that is, the precipita 
tion product particles have an upwardly directed speed com 
pound imposed on them during the deflection. Such speed 
component should solely be imposed on the light water dur 
ing 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. 
0287 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 precipita 
tion station effluent; 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; and 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 sta 
tion effluent. 
0288 Precipitation product is separated from the precipi 
tation station effluent based on size and mass separation of 
precipitation product particles, which are made to flow in a 
spiral channel. On the spiral sections, the inward directed 
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transverse pressure field from fluid shear competes with the 
outward directed centrifugal force to allow for separation of 
precipitation product particles. At high Velocity, centrifugal 
force dominates and precipitation product particles move out 
ward. At low velocities, transverse pressure dominates and 
the precipitation product particles move inward. The magni 
tudes 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 the 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 multiple outlets along the channel. This 
technique is inherently scalable over a large size range from 
sub-millimeter down to 1 micron. 

0289. It may be desirable to pre-treat (e.g., coarse filtra 
tion) 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 precipita 
tion 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 five 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 embodi 
ments, liquid-Solid separation apparatus or combinations 
thereof are capable of processing precipitation station efflu 
ent at 100 L/min to 2,000,000 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/min, 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 to 20,000 
L/min. In some embodiments, liquid-solid separation appa 
ratus or combinations thereof are capable of processing pre 
cipitation station effluent at 1000 L/min to 2,000,000 L/min, 
5000 L/min to 2,000,000 L/min, 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 
L/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 embodiments, 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/min, 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, 8000 
L/min to 10,000 L/min, 9000 L/min to 10,000 L/min, or 9500 
L/min to 10,000 L/min. 
0290 Combinations of liquid-solid separators in series, 
parallel, or in combination of series and parallel may also be 
used to increase separation efficiencies. In addition, the 
Supernatant resulting from one or more liquid-Solid separa 
tion apparatus may be recirculated through the liquid-Solid 
separation apparatus to increase separation efficiency. In 
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some embodiments, 30% to 100%, 40% to 100%, 50% to 
100%, 60% to 100%, 70% to 100%, 75% 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 precipi 
tation product is collected from the precipitation station efflu 
ent. Depending on the amount of precipitation product 
removed from the precipitation station effluent, the Superna 
tant 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 concentra 
tion of precipitation product is delivered back to the precipi 
tation station for agglomeration of precipitation product par 
ticles. In some embodiments, Supernatant with a relatively 
high concentration of dissolved divalent cations (e.g., Ca" or 
Mg") is delivered back to the precipitation station as a source 
of divalent cations. In some embodiments, Supernatant with a 
relatively low concentration of precipitation product and dis 
solved divalent cations is filtered to remove a substantial 
amount of the remaining divalent cations and provided to an 
electrolytic cell of the invention. 
0291. This removal of the precipitation product particles 
may be performed continuously or batch-wise. 
0292. In some embodiments the precipitation product is 
not separated, or is only partially separated, from the precipi 
tation 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 trans 
ported to a land or water location and deposited at the loca 
tion, Transportation to the ocean is especially useful in 
embodiments wherein the source of water is seawater. It will 
be appreciated that the carbon footprint, amount of energy 
used, and/or amount of CO produced for sequestering a 
given amount of CO from an industrial exhaust gas is mini 
mized in a process where no further processing beyond dis 
posal occurs with the precipitate. 
0293. In the embodiment illustrated in FIG. 6A, the result 
ant dewatered precipitate is then dried to produce a product, 
as illustrated at step 60 of FIG. 6A. Drying can be achieved by 
air drying the filtrate. Where the filtrate is air dried, air drying 
may be at room or elevated temperature. In certain embodi 
ments, the elevated temperature is provided by the industrial 
plant gaseous waste stream, as illustrated at step 70 of FIG. 7. 
In these embodiments, the gaseous waste stream (e.g., flue 
gas) from the powerplant 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 precipi 
tate in the drying stage, or used to indirectly heat gases (such 
as air) in the drying stage. The desired temperature may be 
provided in the gaseous waste stream by having the gas con 
Veyer, e.g., duct, from the industrial plant originate at a Suit 
able location, e.g., 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 into a main drying cham 
ber and hot gas is passed as a co-current or counter-current to 
the atomizer direction. In certain embodiments, drying is 
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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 material 
to Sublime directly from the frozen precipitate phase to gas. 
Depending on the particular drying protocol of the system, 
the drying station may include a filtration element, freeze 
drying structure, spray drying structure, etc. 
0294. Where desired, the dewatered precipitate product 
from the separation reactor 40 may be washed before drying, 
as illustrated at optional step 50 of FIG. 6A. The precipitate 
may be washed with freshwater, e.g., to remove 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. 
0295. In certain embodiments of the invention, the pre 
cipitate can be separated, washed, and dried in the same 
station for all processes, or in different stations for all pro 
cesses or any other possible combination. For example, in one 
embodiment, the precipitation and separation may occur in 
precipitation reactor 20, but drying and washing 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. 
0296. Following separation of the precipitate from the 
mother liquor, e.g., as described above, the separated precipi 
tate may be further processed as desired. In certain embodi 
ments, the precipitate may then be transported to a location 
for long term storage, effectively sequestering CO. For 
example, the precipitate may be transported and placed at 
long term storage sites, e.g., above ground, below ground, in 
the deep ocean, etc. as desired. 
0297. The dried product may be disposed of in a number of 
different ways. In certain embodiments, the precipitate prod 
uct is transported to a location for long term storage, effec 
tively sequestering CO in a stable precipitated product, e.g., 
as a storage-stable above ground CO-sequestering material. 
For example, the precipitate may 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, below ground, etc. as desired, where the long term 
storage site is distal to the power plant (which may be desir 
able in embodiments where real estate is scarce in the vicinity 
of the power plant). In these embodiments where the precipi 
tate 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 precipi 
tated product, and therefore sequester CO from the industrial 
plant. 
0298. In certain embodiments, the composition is dis 
posed 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 underwater locations. 
The composition may be still in the mother liquor, without 
separation or without complete separation, or the composi 
tion may have been separated from the mother liquor. The 
underwater location may be shallow or deep. Shallow loca 
tions are locations which are 200 feet or less, such as 150 feet 
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or less, including 1000 feet or less. Deep locations are those 
that are 200 feet or more, e.g., 500 feet or more, 1000 feet or 
more, 2000 feet or more, including 5000 feet or more. 
0299. Where desired, the compositions made up of the 
precipitate and the mother liquor may be stored for a period of 
time following precipitation and prior to disposal. For 
example, the composition may be stored for a period of time 
ranging from 1 to 1000 days or longer, such as 1 to 10 days or 
longer, at a temperature ranging from 1° C. to 40°C. Such as 
20° C. to 250 C. 
0300 Any convenient protocol for transporting the com 
position to the site of disposal may be employed, and will 
necessarily vary depending on the locations of the precipita 
tion reactor and site of disposal relative to 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 pumping, gravitational medi 
ated flow, etc., as desired. 
0301 While in certain embodiments the precipitate is 
directly disposed at the disposal site without further process 
ing 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 embodiment is where artificial reefstructures 
are produced from the carbonate compound compositions, 
e.g., by placing the flowable composition in a suitable mold 
structure and allowing the composition to Solidify over time 
into the desired shape. The resultant solid reefstructures may 
then be deposited in a Suitable ocean location, e.g., a shallow 
underwater locations, to produce an artificial reef, as desired. 
0302) In certain 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 manufactured 
item. The product may be employed by itself or combined 
with one or more additional materials, such that it is a com 
ponent of the manufactured items. Manufactured items of 
interest may vary, where examples of manufactured items of 
interest include building materials and non-building materi 
als, 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. 
0303. Where the product is disposed of by incorporating 
the product in a building material, the CO from the gaseous 
waste 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 some type of man 
made structure, e.g., buildings (both commercial and residen 
tial), roads, bridges, levees, dams, and other manmade struc 
tures 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. 
0304. In certain 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 embodi 
ments, the product is subjected to mechanical refinement, 
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e.g., grinding, in order to obtain a product with desired physi 
cal properties, e.g., particle size, etc. In certain embodiments, 
the precipitate is combined with 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 compo 
nents may be added to the precipitate, e.g., where the precipi 
tate 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. 
0305. In certain embodiments, the carbonate compound 
precipitate is utilized to produce aggregates. Such aggregates, 
methods for their manufacture, and use thereofare described 
in co-pending U.S. Patent Application Publication No. US 
2010-0024686A1, published 4 Feb. 2010, which is incorpo 
rated herein by reference in its entirety. 
0306 In certain embodiments, the carbonate compound 
precipitate is employed as a component of hydraulic cement. 
The term “hydraulic cement' is employed in its conventional 
sense to refer to a composition that sets and hardens after 
combining with water. Setting and hardening of the product 
produced by combination 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 co-pending U.S. Patent 
Application Publication No. US 2009-0020044 A1, pub 
lished 22 Jan. 2009, which is incorporated herein by reference 
in its entirety. 
0307 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 oth 
erwise produced, into a man-made structure defined physical 
shape, i.e., configuration. Formed building materials are dis 
tinct from amorphous building materials, e.g., particulate 
(such as powder) compositions that do not have a defined and 
stable shape, but instead conform to the container in which 
they are held, e.g., a bag or other container. Illustrative formed 
building materials include, but are not limited to: bricks: 
boards; conduits; beams; basins; columns; drywalls; etc. Fur 
ther examples and details regarding formed building materi 
als include those described in U.S. patent application Ser. No. 
12/571,398, filed 30 Sep. 2009, which is incorporated herein 
by reference in its entirety. 
0308 Also of interest are non-cementitious manufactured 
items that include the product of the invention as a compo 
nent. Non-cementitious manufactured items of the invention 
may vary greatly. By non-cementitious is meant that the com 
positions are not hydraulic cements. As such, the composi 
tions are not dried compositions that, when combined with a 
setting fluid, such as water, set to produce a stable product. 
Illustrative compositions include, but are not limited to: paper 
products; polymeric products; lubricants; asphalt products; 
paints; personal care products, such as cosmetics, tooth 
pastes, deodorants, Soaps and shampoos; human ingestible 
products, including both liquids and Solids; agricultural prod 
ucts, such as Soil amendment products and animal feeds; etc. 
Further examples and details non-cementitious manufactured 
items include those described in U.S. patent application Ser. 
No. 12/609,491, filed 30 Oct. 2009, which is incorporated 
herein by reference in its entirety. 
0309 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 
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certain embodiments, the mother liquor may be contacted 
with a source of CO., e.g., as described above, to sequester 
further CO. For example, where the mother liquor is to be 
returned to the ocean, the mother liquor may be contacted 
with a gaseous source of CO in a manner Sufficient to 
increase the concentration of carbonate ion present in the 
mother liquor. Contact may be conducted using any conve 
nient protocol. Such as those described above. In certain 
embodiments, the mother liquor has an alkaline pH, and 
contact with the CO2 source is carried out in a manner Suffi 
cient to reduce the pH to a range between 5 and 9, e.g., 6 and 
8.5, including 7.5 to 8.2. Accordingly, the resultant mother 
liquor of the reaction, e.g., mineral carbonate depleted water, 
may be disposed of using any convenient protocol. In certain 
embodiments, it may be sent to a tailings pond for disposal. In 
certain 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 between the precipi 
tation system and the industrial plant. In certain embodi 
ments, it may be employed as grey water, as water input for 
desalination and Subsequent use as fresh water, e.g., in irri 
gation, for human and animal consumption, etc. Accordingly, 
of interest are configurations where the precipitation plant is 
co-located with a desalination plant, Such that output water 
from the precipitation plant is employed as input water for the 
desalination plant. 
0310. As mentioned above, in certain embodiments the 
mother liquor produced by the precipitation process may be 
employed to cool the power plant that Supplies the source of 
CO, e.g., in a once through cooling system. In such embodi 
ments, 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 embodiments may be modified to 
employ pumping capacity provided by the industrial plant, 
e.g., to increase overall efficiencies. 
0311. Where desired and subsequent to the production of 
a CO2-sequestering product, e.g., as described above, the 
amount of CO sequestered in the product is quantified. By 
'quantified' is meant determining an amount, e.g., in the 
form of a numeric value, of CO that has been sequestered 
(i.e., fixed) in the CO-sequestering product. The determina 
tion may be an absolute quantification of the product where 
desired, or it may be an approximate quantification, i.e., not 
exact. In some embodiments, the quantification is adequate to 
give a market-acceptable measure of the amount of CO 
sequestered. 
0312 The amount of CO in the CO-sequestering prod 
uct may be quantified using any convenient method. In certain 
embodiments the quantification may be done by actual mea 
surement of the composition. A variety of different methods 
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 pre 
cipitate is in the mother liquor. 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 mea 
surement is then used to quantify the amount of CO seques 
tered in the product, for example, by mathematical calcula 
tion. For example, a Coulometer may be used to obtain a 
reading of the amount of carbon in the precipitated seques 
tration product. This Coulometer reading may be used to 
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determine the amount of carbonate in the precipitate, which 
may then be converted into CO 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 
theoretical yield of the starting materials of the reaction, 
waters of hydration of the precipitated products, etc. In some 
embodiments, contaminants may be present in the product, 
and other determinations of the purity of the product, e.g., 
elemental analysis, may be necessary to determine the 
amount of CO2 sequestered. 
0313. In yet other embodiments, an isotopic method is 
employed to determine the carbon content of the product. The 
ratio of carbon isotopes in fossil fuels is substantially differ 
ent 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 spectrom 
etry 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 spectrometry for isotopic analysis will allow elucida 
tion of the amount of the carbon attributable to captured CO 
from fossil fuel combustion. In this manner, the amount of 
carbon sequestered in the precipitate or even a downstream 
product that incorporates the precipitate, e.g., concrete, may 
be determined, particularly where the CO, gas employed to 
make the precipitate is obtained from combustion of fossil 
fuels, e.g., coal. Benefits of this isotopic approach include the 
ability to determine carbon content of pure precipitate as well 
as precipitate that has been incorporated into another product, 
e.g., as an aggregate or sand in a concrete, etc. 
0314. In other embodiments, the quantification may be 
done by making a theoretical determination of the amount of 
CO sequestered, such as by calculating the amount of CO 
sequestered. The amount of CO2 sequestered may be calcu 
lated by using a known yield of the above-described method, 
Such as where the yield is known from previous experimen 
tation. The known yield may vary according to a number of 
factors, including one or more of the input of gas (e.g. CO) 
and water, the concentration of metalions (e.g., alkaline earth 
metal ions), 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 CO2 sequestered per amount of product produced 
by a given reference process, may be used to readily deter 
mine the quantity of CO2 sequestered in a given process that 
is the same or approximately similar to the reference process, 
e.g., by determining the amount produced and then calculat 
ing the amount of CO that must be sequestered therein. 

Systems of CO. Sequestration 
0315 Aspects of the invention further include systems, 

e.g., processing plants or factories, for sequestering CO2, 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. 
0316. In some embodiments, the invention provides a sys 
tem for processing carbon dioxide as shown in FIG. 1, 
wherein 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) oper 
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ably connected to the processor. The processor may comprise 
a contactor Such as a gas-liquid or a gas-liquid-Solid contac 
tor, wherein the contactor is configured for charging an aque 
ous Solution or slurry 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 dioxide, 
such as from solvated or hydrated forms of carbon dioxide 
(e.g., carbonic acid, bicarbonates, carbonates), wherein the 
compositions comprise carbonates, bicarbonates, or carbon 
ates and bicarbonates. In some embodiments, the processor 
may further comprise a reactor configured to produce com 
positions comprising carbonates, bicarbonates, or carbonates 
and bicarbonates from the carbon dioxide. In some embodi 
ments, the processor may further comprise a settling tank 
configured for settling compositions comprising precipita 
tion material comprising carbonates, bicarbonates, or carbon 
ates 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 com 
prising carbonates, bicarbonates, or carbonates and bicarbon 
ates and produce a Supernatant; however, in Some embodi 
ments the compositions are used without further treatment. 
For example, systems of the invention may 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 be configured to directly inject compositions 
from the processor (optionally with minimal post-process 
ing) into a subterranean site as described in U.S. Provisional 
Patent Application No. 61/232,401, filed 7 Aug. 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 
powerplants and cement plants. The Source of proton-remov 
ing agents may be any of a variety of sources of proton 
removing agents, including, but not limited to, natural 
Sources of proton-removing agents and industrial sources of 
proton-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", Mg"). 
0317 Systems 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 com 
prises a processor (110) and a treatment system (120) config 
ured 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 with FIG. 1, the system of 
FIG. 2 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 contactoris configured for charg 
ing an aqueous Solution or slurry with carbon dioxide to 
produce a carbon dioxide-charged composition, which com 
position may be a solution or slurry. In some embodiments, 
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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, carbon 
ates), wherein the compositions comprise carbonates, bicar 
bonates, or carbonates and bicarbonates. In some embodi 
ments, the 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. The treatment 
system may comprise a dewatering system configured to con 
centrate compositions comprising carbonates, bicarbonates, 
or carbonates and bicarbonates. The treatment system may 
further comprise a filtration system, wherein the filtration 
system comprises at least one filtration unit configured for 
filtration of Supernatant from the dewatering system, filtration 
of the composition from the processor, or a combination 
thereof. For example, in some embodiments, the filtration 
system comprises one or more filtration units selected from 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 concentration of divalent cat 
ions in the retentate and reduce the concentration of divalent 
cations in the retentate. In Such embodiments, nanofiltration 
unit retentate may be recirculated to a processor of the system 
for producing 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 treat 
ment system. 
0318 Systems 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 con 
nected to each of a source of CO-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 of carbon dioxide 
from the source of carbon dioxide using both the source of 
proton-removing agents and the source of divalent cations, 
wherein the source of carbon dioxide comprises one or more 
additional components 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 diox 
ide 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 Substan 
tially clear Solution (i.e., Substantially free of precipitation 
material, such as at least 95% or more free). As shown in FIG. 
3, the reactor (114) may be operably connected to the con 
tactor (112) 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, bicar 
bonates, 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 
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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 pro 
duce Supernatant and concentrated compositions (e.g., con 
centrated with respect to carbonates and/or bicarbonates, and 
any other co-products resulting from processing an industrial 
waste gas stream). The treatment system may further com 
prise a filtration system, wherein the filtration system com 
prises at least one filtration unit configured for filtration of 
Supernatant from the dewatering system, filtration of the com 
position from the processor, or a combination thereof. 
0319. In some embodiments, the invention provides a sys 
tem for processing carbon dioxide as shown in FIG. 4. 
wherein the system comprises a processor (110) and a treat 
ment system (120) configured for an aqueous-based process 
for processing carbon dioxide from a source of carbon diox 
ide (130) using a source of proton-removing agents (140), 
wherein the Source of carbon dioxide comprises one or more 
additional components in addition to carbon dioxide, and 
further wherein the processor and the treatment system are 
operably connected for recirculating at least a portion of 
treatment system Supernatant. The treatment system of Such 
carbon dioxide-processing systems may comprise a dewater 
ing system and a filtration system. As such, the dewatering 
system, the filtration system, or a combination of the dewa 
tering system and the filtration system may be configured to 
provide at least a portion of Supernatant to the processor for 
processing carbon dioxide. 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 composi 
tions comprise precipitation material (e.g., CaCO, MgCO, 
or combinations thereof). The processor of carbon dioxide 
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 embodi 
ments, 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 con 
nected to a desalination plant Such that the system provides at 
least a portion of treatment system Supernatant to the desali 
nation plant for desalination. 
0320 In some embodiments, the invention provides a sys 
tem for processing carbon dioxide as shown in FIG. 5, 
wherein the system comprises a processor (110) and a treat 
ment system (120) configured for an aqueous-based process 
for processing carbon dioxide from a source of carbon diox 
ide (130) using a source of proton-removing 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 further wherein the processor, the treatment sys 
tem, and the electrochemical system are operably connected 
for recirculating at least a portion of treatment system Super 
natant. As described above in reference to the treatment sys 
tem of FIG.4, the dewatering system, the filtration system, or 
a combination of the dewatering system and the filtration 
system may be configured to provide at least a portion of 
treatment system Supernatant to the processor for processing 
carbon dioxide. The treatment system may also be configured 
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to provide at least a portion of the treatment system Superna 
tant to the electrochemical system, wherein the electrochemi 
cal 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 pro 
vide at least a portion of Supernatant to a washing system 
configured to wash compositions of the invention, wherein 
the compositions comprise precipitation material (e.g., 
CaCO, MgCO, or combinations thereof). The processor of 
carbon dioxide-processing systems of the invention may be 
configured to receive treatment system Supernatant or an elec 
trochemical system stream in a contactor (e.g., gas-liquid 
contactor, gas-liquid-Solid contactor), a reactor, a combina 
tion 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 
the carbon-dioxide processing system. 
0321 Recirculation of treatment system supernatant is 
advantageous as recirculation provides efficient use of avail 
able resources; minimal disturbance of Surrounding environ 
ments; and reduced energy requirements, which reduced 
energy requirements provide for lower (e.g., Small, neutral, or 
negative) carbon footprints for systems and methods of the 
invention. When 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 parasitic load on the 
industrial plant. A carbon dioxide-processing system not con 
figured for recirculation (i.e., a carbon-dioxide processing 
system configured for a once-through process) 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 sys 
tem. 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 continu 
ously 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%, includ 
ing less than 6%, for example, less than 4% or less than 2%, 
which parasitic load may be attributable to pumping make-up 
water and recirculating Supernatant. Carbon dioxide-process 
ing systems configured for recirculation, may, when com 
pared to systems designed for a once-through process, exhibit 
a reduction in parasitic load 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 
pumping make-up water and recirculating Supernatant and a 
carbon dioxide-processing system designed for a once 
through process consumes 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 
dioxide-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-process 
ing systems configured for once-through process. In some 
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embodiments, recirculation provides a reduction in total para 
sitic 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. For example, ifa carbon 
dioxide-processing system configured for recirculation has a 
15% parasitic load and a carbon 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 cations in the retentate and reduce diva 
lent cations in the permeate), may have a reduction in total 
parasitic load of 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. 
0322 FIG. 6B provides a schematic diagram of a CO 
processing system according to an embodiment of the inven 
tion. As described herein, and provided in FIG. 6B, systems of 
the invention may comprise a source of CO-containing gas 
(e.g., an industrial waste gas stream such as flue gas from a 
coal-fired power plant), a Source of alkalinity (e.g., a source 
proton-removing agents), and a source of divalent cations. 
The Source of CO-containing gas, the Source of alkalinity, 
and the source of divalent cations may each be operably 
connected to a CO processor Such as an absorber described 
herein, or, as shown in FIG. 6B, the source of CO-containing 
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 processor. The CO proces 
Sor may be configured for gas-liquid or gas-liquid-solid con 
tacting 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 
processor (e.g., absorber) may be configured to provide a 
composition (e.g., Solution, slurry, etc.) comprising carbon 
ates, bicarbonates, or carbonates and bicarbonates to a treat 
ment system of the invention, which, as shown in the embodi 
ment provided in FIG. 6B, comprises systems for dewatering, 
water treatment, chloride removal, 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 alkalinity, may comprise chloride. Configured to 
use water provided by the water treatment system (e.g., one or 
more filtration units selected from the group offiltration units 
consisting of microfiltration, ultrafiltration, nanofiltration, 
reverse osmosis, forward osmosis filtration units), the chlo 
ride removal system may remove chloride, and depending 
upon the end product, other salts from the precipitation mate 
rial. The system as described in FIG. 6B may be further 
configured to provide precipitation material depleted in chlo 
ride to Subsequent drying in a SCM drying system to provide 
supplementary cementitious material (SCM). Alternatively, 
or in addition, the system may be configured to provide pre 
cipitation material depleted in chloride to a lithification sys 
tem for production of fine aggregate coarse aggregate. FIG. 
6B also shows that the system is configured to provide clean 
exhaust (e.g., CO-depleted waste gas stream comprising 
mostly N2), fresh water (e.g., potable water), brine (e.g., 
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NaCl(aq)), and a concentrated source of divalent cations, 
which comprises divalent cations left over from CO process 
ing 
0323 FIG. 6C provides a more detailed representation of 
a CO processor of the invention. For example, in some 
embodiments, FIG. 6C provides a more detailed representa 
tion of the CO, processor of FIG. 6B. CO processors of the 
invention such as that shown in FIG. 6B may comprise an 
induced draft fan (ID fan) configured to provide an industrial 
Source of CO (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 agents). Regarding the Source of divalent cations, 
for example, the Source of divalent cations may be operably 
connected to a Surge tank configured to regulate potentially 
discontinuous flow (e.g., a Surge in flow), which Surge 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, processor may further comprise a recir 
culation pump configured to recirculate Solution or slurry 
from the bottom of the absorber to one or more upper stages 
of the absorber. Solution 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 solution of slurry to the 
product Surge tank, and wash the absorber with wash water. 
As with the source of divalent 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. 
0324 FIG. 7 provides a schematic of a system according 

to one embodiment of the invention. In FIG. 7, system 100 
includes 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 seawa 
ter, the input is in fluid communication with a source of sea 
water, e.g., such as where the input is a pipeline 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 
ocean based system. 
0325 Also shown in FIG. 7, is CO, source 130. This 
system also includes a pipe, duct, or conduit, which directs 
CO to system 100. The gaseous waste stream employed in 
methods of the invention may be provided from the industrial 
plant to the site of precipitation in any convenient manner that 
conveys the gaseous waste stream from the 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 plant, 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 location. For example, the gas 
eous waste stream may have been transported to the site of 
precipitation from a remote industrial plant via a CO gas 
conveyance system, e.g., a pipeline. The industrial plant gen 
erated CO containing gas may or may not be processed, e.g., 
remove other components, etc., before it reaches the precipi 
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tation 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 precipitation site is integrated 
with the Source of the gaseous waste stream, Such as a power 
plant that integrates a carbonate compound precipitation 
reactOr. 

0326. Where 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 embodiments, substan 
tially the entire gaseous waste stream produced by the indus 
trial plant, e.g., Substantially all of the flue gas produced by 
the industrial plant, is employed in precipitation. In these 
embodiments, 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. 
0327. As indicated 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 flue through the 
line and is conveyed to the appropriate location(s) of a pre 
cipitation system (described in greater detail below). Depend 
ing on the particular configuration of the portion of the pre 
cipitation system at which the gaseous waste stream is 
employed, the location of the source from which the gaseous 
waste 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 1800° C., such as 
60° C. to 700° C. is desired, the flue gas may be obtained at the 
exit point of the boiler orgas 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 
avoid condensation and related complications. Where such is 
not possible, steps may be taken to reduce the adverse impact 
of condensation, e.g., employing ducting that is stainless 
steel, fluorocarbon (such as poly(tetrafluoroethylene)) lined, 
diluted with water and pH controlled, etc., so the duct does not 
rapidly deteriorate. 
0328. To provide for efficiencies, the industrial plant that 
generates the gaseous waste stream may be co-located with 
the precipitation system. By “co-located is meant that the 
distances between the industrial plant and precipitation sys 
tem 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. 
0329. Also of interest in certain embodiments is a fully 
integrated plant that includes an industrial function (such as 
power generation, cement production, etc.) and a precipita 
tion system of the invention. In such integrated plants, con 
ventional industrial plants and precipitation system, such as 
described below, are modified to provide for the desired inte 
grated 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 



US 2011/0247336 A9 

press, pumps, compressors, use of heat from cement and/or 
power plant obtained from steam or heat from air to air heat 
exchanger, etc. 
0330. In certain embodiments, the CO-containing gas 
eous stream may be pretreated or preprocessed (e.g., treated 
with H2O) prior to contacting it with water, e.g., alkaline 
earth metal-containing water (e.g., in a charging reactor). 
Illustrative pretreatment or preprocessing steps may include: 
temperature modulation (e.g., heating or cooling), decom 
pression, compression, incorporation of additional compo 
nents (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 embodi 
ments, pretreatment of the gaseous waste stream improves the 
absorption of components of the CO-containing gaseous 
stream into water, e.g., alkaline earth metal-containing water. 
An exemplary pretreatment for improving absorption 
includes Subjecting the CO-containing gaseous stream to 
oxidizing conditions. 
0331. The water source 110 of FIG. 7 and the CO, gaseous 
stream source 130 are connected to a CO charger in precipi 
tation reactor 120. The precipitation reactor 120 may include 
any of a number of different design features. Such as tempera 
ture regulators (e.g., configured to heat the water to a desired 
temperature), chemical additive components, e.g., for intro 
ducing chemical pH elevating agents (such as hydroxides, 
metal oxides, or fly ash) into the water, electrochemical com 
ponents, e.g., cathodes/anodes, mechanical agitation and 
physical stirring mechanisms and components to re-circulate 
industrial plant flue gas through the precipitation plant. Pre 
cipitation 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 pCO. This reactor 120 may operate as a batch 
process or a continuous process. 
0332. In some embodiments, the contacting apparatus 
(e.g. gas-liquid or gas-liquid-solid contactor) is apart of a 
system. In Such a system, the absorbing solution after con 
tacting the gas is sent to a processing station. In some embodi 
ments, 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 precipitating tank, dewatering systems, 
and building fabrication system. In some embodiments, the 
contacting mixture after contacting the gas, comprising a 
liquid component, any products of the contact of the contact 
ing 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 some embodiments, the 
slurry after contacting the gas, comprising a liquid compo 
nent, 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 solution 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 with the gas. In 
Some embodiments, the Solid component (if any) of the slurry 
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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 gas is accomplished by a sieve, a press, a cen 
trifuge, a spray dryer, an air assisted method, aheated method 
of dewatering or any combination thereof. In some embodi 
ments, the effluent liquid remaining after 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 recovery, desalination, adjustment in Solution 
chemistry for recirculation, pH adjustment for release or any 
combination thereof. In some embodiments, the Solids sepa 
rated from the absorbing solution, contacting mixture, or 
slurry that has contacted the gas is passed to a building mate 
rials producing system. In some embodiments, the apparatus 
is a portable apparatus that is contained within a shipping 
container Such that it is capable 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 embodi 
ments, the 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 desired location. 
0333. At times, to affect the amount of incorporation of a 
component of a gas into a liquid or slurry, the gas needs to be 
contacted 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 of 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 features inside the col 
umn, chamber, or reactor of the apparatus; droplet producing 
systems or apparatus; or have a different overall orientation 
from the first apparatus. In some embodiments, the system of 
the invention includes an array of the apparatus of the inven 
tion. In Such embodiments, the array may include apparatus 
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 of the rows of multiple apparatus simulta 
neously, then flows into the Subsequent apparatus, such that 
effectively the series of apparatus are working in parallel. 
0334. In some 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 least two apparatus of 
the invention for contacting a mixture (e.g. a slurry or con 
tacting liquid) with a gas to remove one or more component 
gas (e.g. CO, 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. absorb 
ing 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 
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the length of that portion, or it may 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 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 may be recirculated 
within the apparatus to in effect cause countercurrent flow of 
the contacting mixture with respect 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 ver 
tically oriented apparatus could be staged (is more often than 
not staged) and the contacting mixture flow could be cocur 
rent or countercurrent to the flow of the inlet gas. The vertical 
section of the absorber would have a demisterprior to the gas 
outlet. This section could also recirculate the contacting mix 
ture either to various stages within the vertically oriented 
apparatus or to the horizontally oriented apparatus. The con 
tacting mixture could also be in Some of the lower stages 
either clear solution 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 pro 
cess in the case where recirculation is employed. Comminu 
tion may be apart of the recirculation system if the contacting 
mixture includes slurry. The clear Solution or liquid compo 
nent of the slurry may be seawater, a naturally occurring 
alkaline brine, an industrial waste brine, a desalination efflu 
ent brine, a synthetic brine, freshwater, a solution augmented 
with additional divalent cations, a solution augmented with 
additional alkalinity, or a combination thereof. 
0335 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 secondappa 
ratus, vertically oriented. The configuration shown in FIG. 26 
(and similarly, FIGS. 27 and 28) minimizes both the horse 
power requirement and the physical 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 
area 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 ori 
ented apparatus, or not recirculated. The vertically oriented 
apparatus may have a demisting section just prior to the gas 
outlet with 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. 
0336 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 
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vertically oriented apparatus may be recirculated to the hori 
Zontally oriented apparatus, recirculated Solely within the 
vertically oriented apparatus, recirculated partially within the 
Vertically oriented apparatus and partially within the horizon 
tally oriented apparatus, or not recirculated. The vertically 
oriented apparatus may have a demisting section just prior to 
the gas outlet with 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 con 
tainer that may be shipped via rail, waterways and/or road. 
0337 FIG. 28 is a schematic of an embodiment of the 
invention, similar to those shown in FIGS. 26 and 27 in that 
the system comprises two apparatus, one horizontally ori 
ented, 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 horizon 
tally oriented apparatus is recirculated within that apparatus 
Such that Solution enters the apparatus initially at the point in 
the apparatus furthest away from the gas inlet. The Solution is 
then recirculated using pumps closer to the gas inlet area. This 
recirculation in effect creates a countercurrent flow between 
the overall fluid flow and gas flow in the apparatus, though the 
construction of the apparatus 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 countercur 
rently. 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 ori 
ented apparatus, or not recirculated. The vertically oriented 
apparatus may have a demisting section just prior to the gas 
outlet with 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. 
0338 FIG. 29 is a schematic of an embodiment of the 
invention in which different types of apparatus are used in 
series. 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 cocur 
rent and countercurrent with respect to the gas flow. The fluid 
(i.e. absorbing Solution or contacting mixture) in each appa 
ratus may be the same 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. 
0339 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 appa 
ratus, and in these first apparatus, the gas and liquid (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 configu 
ration where gas flows into more than one apparatus, where in 
the first of the multiple apparatus, the gas and liquid flows are 
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countercurrent, then in the Subsequent multiple apparatus, the 
flows are cocurrent. In each apparatus, the Solution or con 
tacting mixture may be recirculated within the apparatus or 
from one apparatus to another to obtain the desired removal of 
a component of the gas (e.g. CO, SOX) or precipitate. 
0340 Precipitation 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 a naturally occur 
ring 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 employed 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. 
0341 FIG. 32 shows a piping and instrument diagram for 
an embodiment of the invention. The diagram shows two 
possible flue gas sources coming from a powerplant. 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 recircula 
tion system, including pumps and Switching valves. In the 
center of the contacting chamber are sprays, and at the top of 
the chamber is a demisting section (i.e. mist eliminator) 
before 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 compo 
nent of a slurry, in which the Solid component may be pre 
cipitate 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 truck to any facility where 
desired. 

0342. The system illustrated in FIG. 7 further includes a 
liquid-Solid separation apparatus 140 for separating a precipi 
tated carbonate mineral composition from the precipitation 
system effluent. The liquid-Solid separation apparatus may 
achieve separation of a precipitation product from precipita 
tion system effluent by draining (e.g., gravitational sedimen 
tation of the precipitation product followed by draining), 
decanting, filtering (e.g., gravity filtration, vacuum filtration, 
filtration using forced air), centrifuging, pressing, or any 
combination thereof. In some embodiments, the liquid-Solid 
separation apparatus comprises a baffle, against which pre 
cipitation 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 product. A source of 
liquid-Solid separators useful in some embodiments is Epura 
mat's Extrem-Separator (“ExSep') 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 precipi 
tation product and Supernatant separation. In Such embodi 
ments, the liquid-solid separation apparatus may further com 
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prise an array of spiral channel outlets for collecting 
precipitation product. A source of liquid-Solid separators use 
ful in some embodiments is Xerox PARC's spiral concentra 
tor, or a modification thereof. At least one liquid-Solid sepa 
ration apparatus is operably connected to the precipitation 
station such that precipitation station effluent may flow from 
the precipitation station to the liquid-Solid separation appa 
ratus (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 separation apparatus, or 
the effluent may be pre-treated. 
0343. 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. 
0344) The system further includes a drying station 160 for 
drying the precipitated carbonate mineral composition pro 
duced 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 plant that is connected to the dryer so that 
a gaseous waste stream (i.e., industrial plant flue gas) may be 
contacted directly with the wet precipitate in the drying stage. 
0345 The dried precipitate may undergo further process 
ing, 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. 
0346. The system 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 trans 
ported to a long term storage site in empty conveyance 
vehicles, e.g., barges, train cars, trucks, etc., that may include 
both above ground and underground storage facilities. In 
other embodiments, the precipitate may be disposed of in an 
underwater location. Any convenient protocol for transport 
ing the composition to the site of disposal may be employed. 
In certain embodiments, a pipeline or analogous slurry con 
Veyance structure may be employed, where these approaches 
may include active pumping, gravitational mediated flow, etc. 
0347 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 cementitious 
materials from the precipitate, e.g., as described in co-pend 
ing U.S. Patent Application Publication No. 2009/0020044, 
published 25 Nov. 2008, which is incorporated herein by 
reference in its entirety. 
0348. As indicated above, the system may be present on 
land or sea. For example, the system may be a land based 
system that is in a coastal region, e.g., close to a source of 
seawater, or even an interior location, where water is piped 
into the system from a salt water source, e.g., ocean. Alterna 
tively, the system may be a water-based system, 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 








































