
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(10) International Publication Number
(43) International Publication Date
10 September 2010 (10.09.2010) WO 2010/101953 Al

(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
COlB 31/20 (2006.01) BOlJ 10/00 (2006.01) kind of national protection available): AE, AG, AL, AM,

AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
(21) International Application Number: CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,

PCT/US2010/025970 DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,

2 March 2010 (02.03.2010) KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,

(25) Filing Language: English NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,

(26) Publication Language: ]English SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(30) Priority Data:
61/156,809 2 March 2009 (02.03 .2009) US (84) Designated States (unless otherwise indicated, for every

61/161,369 18 March 2009 (18.03 .2009) US kind of regional protection available): ARIPO (BW, GH,

61/305,473 17 February 2010 (17.02 .2010) us GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,

61/309,8 12 2 March 2010 (02.03 .2010) us ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,

(71) Applicant (for all designated States except US): ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
CALERA CORPORATION [US/US]; 14600 Winch MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, SM,
ester Blvd., Los Gatos, California 95032 (US). TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,

ML, MR, NE, SN, TD, TG).(72) Inventors; and
(75) Inventors/Applicants (for US only): SEEKER, William, Published:

Randall [US/US]; 7 11 Calle Brisa, San Clemente, CA
— with international search report (Art. 21(3))92673 (US). CONSTANTZ, Brent, R. [US/US]; 16

Ohlone Street, Portola Valley, California 94028 (US). — before the expiration of the time limit for amending the
KHOSLA, Vinod [US/US]; 3000 Sand Hill Road, Bldg claims and to be republished in the event of receipt of
3, Suite 170, Menlo Park, California 94025 (US). amendments (Rule 48.2(h))

(74) Agents: WITT, Eric et al; Calera Corporation, 14600
Winchester Blvd., Los Gatos, California 95032 (US).

(54) Title: GAS STREAM MULTI-POLLUTANTS CONTROL SYSTEMS AND METHODS

Fig. 12A Fig. 12B

(57) Abstract: In some embodiments, the invention provides systems and methods for removing carbon dioxide and/or additional
components of waste gas streams, comprising contacting the waste gas stream with an aqueous solution, removing carbon dioxide
and/or additional components from the waste gas stream, and containing the carbon dioxide and/or additional components, in one
form or another, in a composition. In some embodiments, the composition is a precipitation material comprising carbonates, bicar-
bonates, or carbonates and bicarbonates. In some embodiments, the composition further comprises carbonate and/or bicarbonate
co-products resulting from co-processing SOx, NOx, particulate matter, and/or certain metals. Additional waste streams such as
liquid, solid, or multiphasic waste streams may be processed as well.



PATENT APPLICATION

GAS STREAM MULTI-POLLUTANTS CONTROL SYSTEMS AND METHODS

Inventor(s): William Randall SEEKER,
Citizen of United States of America, Residing at
7 11 Calle Brisa
San Clemente, CA 92673

Brent CONSTANTZ,
Citizen of United States of America, Residing at
16 Ohlone Street
Portola Valley, CA 94028

Vinod KHOSLA,
Citizen of United States of America, Residing at
3000 Sand Hill Road, Bldg 3, Suite 170
Menlo Park, CA 94025

Entity: Small business concern

C
Gr

A
een Cem

L
ent foi

E
.a ELtue

R
Plane

A
t

14600 Winchester Blvd
Los Gatos, California 95032

(408) 340-4600 (Main)
(408) 340-4650 (Facsimile)

Filed on: 2 March 2010



GAS STREAM MULTI-POLLUTANTS CONTROL SYSTEMS AND METHODS

CROSS-REFERENCE

[0001] This application claims the benefit of U.S. Provisional Patent Application No. 61/156,809, filed 2

March 2009, titled "Gas Stream Multi-Pollutants Control System and Method"; U.S. Provisional Patent

Application No. 61/161,369, filed 18 March 2009, titled "Neutralizing Industrial Wastes Utilizing CO2

and a Divalent Cation Solution"; U.S. Provisional Patent Application No. 61/305,473, filed 17 February

2010, titled "Gas Stream Multi-Pollutants Control System and Method"; and U.S. Provisional Patent

Application No. 61/309,812, filed 2 March 2010, titled "Gas Stream Multi-Pollutants Control Systems

and Methods," each of which is incorporated herein by reference in its entirety.

BACKGROUND

[0002] Industrial waste gas streams from coal-fired power plants, cement plants, ore processing

operations, and the like are a major source of atmospheric pollution. Of particular concern are components

resulting from combustion of fossil fuels, which components include carbon dioxide; carbon monoxide;

nitrogen oxides (NOx); sulfur oxides (SOx); sulfides; halides such as hydrogen chloride and hydrogen

fluoride; particulate matter such as fly ash; metals including, but not limited to, arsenic, beryllium, boron,

cadmium, chromium, cobalt, lead, manganese, mercury, molybdenum, selenium, strontium, thallium, and

vanadium; organics such as hydrocarbons, dioxins, and polynuclear aromatic hydrocarbons (PAH); and

radioactive materials.

[0003] Conventionally, components in such industrial waste gas streams are removed in a series of steps

wherein each component is removed in a separate step, often in a separate unit. For example, to remove

particulate matter such as fly ash, a dust collector such as an electrostatic precipitator (ESP) or fabric filter

is used. To scrub gases such as NOx, a selective catalytic reduction (SCR) system is used. To scrub a gas

such as SOx, a flue gas desulfurization (FGD) system is used. And to scrub CO from a waste gas stream,

amine gas treating (e.g., gas sweetening using monoethanolamine (MEA), diethanolamine (DEA), or

methyldiethanolamine (MDEA)) may be used. As such, the conventional multi-step, multi-unit approach

to removing components from industrial waste gas streams requires multiple, sometimes costly,

technologies and results in multiple product streams, each of which requires specialized handling.

[0004] Thus, conventional removal of components of industrial waste gas streams and handling materials

derived therefrom is complex and may be expensive.

SUMMARY

[0005] In some embodiments, the invention provides a method of treating an industrial waste gas,

wherein the gas comprises carbon dioxide and at least one other component selected from the group

consisting of SOx; NOx; a metal; a non-carbon dioxide acid gas; an organic; and particulate matter,

comprising contacting the gas with a liquid under conditions adapted to cause at least some of the carbon

dioxide and the other component or components to exit the gas and enter the liquid, wherein the method is

carried out in a single processor. In some embodiments, the gas is not pre-treated prior to entering the



processor to remove some or all of the carbon dioxide or any of the other components. In some

embodiments, the gas is pre-treated prior to entering the processor to remove particulate matter. In some

embodiments, the gas comprises at least two other components, and wherein the two other components

exit the gas and enter the liquid. In some embodiments, the two other components are SOx and a metal. In

some embodiments, the metal comprises a heavy metal. In some embodiments, the metal is selected from

the group consisting of antimony, arsenic, barium, beryllium, boron, cadmium, chromium, cobalt, copper,

lead, manganese, mercury, molybdenum, nickel, radium, selenium, silver, strontium, thallium, vanadium,

and zinc. In some embodiments, the metal is mercury. In some embodiments, the two other components

are SOx and a non-carbon dioxide acid gas. In some embodiments, the two other components are a metal

and a non-carbon dioxide acid gas. In some embodiments, the two other components are SOx and

particulate matter. In some embodiments, the gas is not pre-treated prior to entering the processor to

remove some or all of the carbon dioxide or any of the other components. In some embodiments, the

liquid comprises an aqueous solution. In some embodiments, the aqueous solution comprises divalent

cations. In some embodiments, the method further comprises processing the aqueous solution to produce a

composition comprising carbonates, bicarbonates, or a combination thereof, and the other component or a

derivative thereof, or the other components and/or derivatives thereof, wherein the carbonates,

bicarbonates, or the combination thereof, is at least partially derived from the carbon dioxide. In some

embodiments, the composition comprises a slurry comprising a solid and a supernatant. In some

embodiments, the solid comprises carbonates, bicarbonates, or a combination thereof. In some

embodiments, the solid further comprises the other component or a derivative thereof, or the other

components and/or derivatives thereof. In some embodiments, the method further comprised separating

the solid from the supernatant. In some embodiments, the solid, when subjected to a leaching process

consisting essentially of preparing 2 x IL of an extraction fluid consisting essentially of an aqueous

solution of acetic acid, wherein each IL of the extraction fluid consists essentially of 5.7 mL acetic acid in

deionized water; grinding the solid such that particles of ground solid are less than 1 cm in the narrowest

dimension if the particles are not already less than 1 cm in the narrowest dimension; placing lOOg of the

ground solid into an extraction vessel with 2L of the extraction fluid to produce an extraction

composition; rotating the extraction vessel in an end-over-end fashion for 18 ± 2 hours at room

temperature; filtering the extraction composition through borosilicate glass fiber with a pore size of 0.6

µm to 0.8 µm to produce a leachate; and adjusting pH of the leachate with IN nitric acid to a pH of pH 2

or less than pH 2, produces a leachate comprising less than 0.2 mg/L of mercury. In some embodiments,

the leaching process produces a leachate comprising less than 5.0 mg/L arsenic. In some embodiments,

the leaching process produces a leachate comprising less than 100 mg/L barium. In some embodiments,

the leaching process produces a leachate comprising less then 1.0 mg/L cadmium. In some embodiments,

the leaching process produces a leachate comprising less than 5.0 mg/L chromium. In some embodiments,

the leaching process produces a leachate comprising less than 5.0 mg/L lead. In some embodiments, the

leaching process produces a leachate comprising less than 1.0 mg/L selenium. In some embodiments, the

leaching process produces a leachate comprising less than 5.0 mg/L silver. In some embodiments, the



solid, when subjected to a carbon dioxide release protocol consisting essentially of grinding the solid such

that particles of ground solid are less than 1 cm in the narrowest dimension if the particles are not already

less than 1 cm in the narrowest dimension and immersing the solid in a solution having a pH between pH

4.8 and pH 5.2 and a temperature between 60 and 80 0C for 48 hours, produces no more than 5 grams

carbon dioxide per 100 grams solid. In some embodiments, the solid, when subjected to a carbon dioxide

release protocol consisting essentially of grinding the solid such that particles of ground solid are less than

1 cm in the narrowest dimension if the particles are not already less than 1 cm in the narrowest dimension

and immersing the solid in a solution having a pH between pH 4.8 and pH 5.2 and a temperature between

60 and 80 0C for 48 hours, produces no more than 5 grams carbon dioxide per 100 grams solid. In some

embodiments, the contacting is carried out under conditions adapted to cause at least 50% of the carbon

dioxide and at least 50% of the other component or components to exit the gas and enter the liquid.

[0006] In some embodiments, the invention provides a method comprising (i) contacting a gas stream

with an aqueous solution, wherein the gas stream comprises carbon dioxide and at least one other

component selected from the group consisting of SOx; NOx; a metal; a non-carbon dioxide acid gas; an

organic; and particulate matter, under conditions adapted to cause at least some of the carbon dioxide and

the other component or components to exit the gas stream and enter the aqueous solution; and (ii)

processing the aqueous solution to produce a composition comprising carbonates, bicarbonates, or a

combination of carbonates and bicarbonates, and the other component or a derivative thereof, or the other

components and/or derivatives thereof, wherein the carbonates, bicarbonates, or the combination of

carbonates and bicarbonates, is at least partially derived from the carbon dioxide. In some embodiments,

the other component is selected from the group consisting of SOx, a metal, a non-carbon dioxide acid gas,

and an organic. In some embodiments, the other component is selected from the group consisting of SOx

and a metal. In some embodiments, the gas stream comprises at least two other components and the

processing produces a composition comprising carbonates, bicarbonates, or a combination of carbonates

and bicarbonates, and the two other components and/or derivatives thereof. In some embodiments, the two

other components are SOx and a metal. In some embodiments, the metal comprises a heavy metal. In

some embodiments, the metal is selected from the group consisting of antimony, arsenic, barium,

beryllium, boron, cadmium, chromium, cobalt, copper, lead, manganese, mercury, molybdenum, nickel,

radium, selenium, silver, strontium, thallium, vanadium, and zinc. In some embodiments, the metal

comprises mercury or mercury derivative. In some embodiments, the gas stream comprises at least three

other components and the processing produces a composition comprising carbonates, bicarbonates, or a

combination of carbonates and bicarbonates, and the three other components and/or derivatives thereof. In

some embodiments, the three other components are SOx, a metal, and a non-carbon dioxide acid gas. In

some embodiments, the metal comprises mercury or mercury derivative. In some embodiments, the non-

carbon dioxide acid gas is selected from the group consisting of hydrogen chloride, hydrogen fluoride,

and SO3. In some embodiments, the three other components are SOx, a metal, and an organic. In some

embodiments, the metal comprises mercury or mercury derivative. In some embodiments, the composition

comprises a solution. In some embodiments, the composition comprises a slurry comprising a solution



and a solid. In some embodiments, the method further comprises separating the solid from the solution. In

some embodiments, the solid, when subjected to a leaching process consisting essentially of preparing 2 x

IL of an extraction fluid consisting essentially of an aqueous solution of acetic acid, wherein each IL of

the extraction fluid consists essentially of 5.7 mL acetic acid in deionized water; grinding the solid such

that particles of ground solid are less than 1 cm in the narrowest dimension if the particles are not already

less than 1 cm in the narrowest dimension; placing lOOg of the ground solid into an extraction vessel with

2L of the extraction fluid to produce an extraction composition; rotating the extraction vessel in an end-

over-end fashion for 18 ± 2 hours at room temperature; filtering the extraction composition through

borosilicate glass fiber with a pore size of 0.6 µm to 0.8 µm to produce a leachate; and adjusting pH of the

leachate with IN nitric acid to a pH of pH 2 or less than pH 2, produces a leachate comprising less than

0.2 mg/L of mercury. In some embodiments, the solid, when subjected to a carbon dioxide release

protocol consisting essentially of grinding the solid such that particles of ground solid are less than 1 cm

in the narrowest dimension if the particles are not already less than 1 cm in the narrowest dimension and

immersing the solid in a solution having a pH between pH 4.8 and pH 5.2 and a temperature between 60

and 80 0C for 48 hours, produces no more than 5 grams carbon dioxide per 100 grams solid. In some

embodiments, the gas stream comprises gas produced in an industrial process. In some embodiments, the

gas stream is a waste gas stream. In some embodiments, the waste gas stream is produced at a power

plant, a chemical processing plant, a mechanical processing plant, a refinery, a cement plant, or a steel

plant. In some embodiments, the gas stream is not processed to remove carbon dioxide or the other

component or components prior to entering the aqueous solution. In some embodiments, the gas stream

comprises a metal or metal derivative and wherein the gas stream is processed to convert the metal or

metal derivative to a form that is more easily taken up by the aqueous solution. In some embodiments, the

non-carbon dioxide acid gas comprises a gas selected from the group consisting of hydrogen chloride,

hydrogen fluoride, and SO3. In some embodiments, at least 50% of the carbon dioxide and at least 50% of

the other component exit the gas and enter the liquid. In some embodiments, at least 50% of the carbon

dioxide and at least 80% of the other component exit the gas and enter the liquid. In some embodiments,

at least 70% of the carbon dioxide and at least 70% of the other component exit the gas and enter the

liquid. In some embodiments, the contacting and processing are carried out sequentially. In some

embodiments, the contacting and processing are carried out simultaneously. In some embodiments, the

contacting and processing are carried out in the same unit.

[0007] In some embodiments, the invention provides a composition produced by any of the foregoing

methods.

[0008] In some embodiments, the invention provides a composition comprising carbonates, bicarbonates,

or a combination thereof, and a sulfur-containing compound, wherein the carbonates, bicarbonates, or

combination thereof have a relative carbon isotope composition ( 13C) value less than -5.00%o, and

wherein the composition, when subjected to a leaching process consisting essentially of preparing 2 x IL

of an extraction fluid consisting essentially of an aqueous solution of acetic acid, wherein each IL of the

extraction fluid consists essentially of 5.7 mL acetic acid in deionized water; grinding the solid such that



particles of ground solid are less than 1 cm in the narrowest dimension if the particles are not already less

than 1 cm in the narrowest dimension; placing lOOg of the ground solid into an extraction vessel with 2L

of the extraction fluid to produce an extraction composition; rotating the extraction vessel in an end-over-

end fashion for 18 ± 2 hours at room temperature; filtering the extraction composition through borosilicate

glass fiber with a pore size of 0.6 µm to 0.8 µm to produce a leachate; and adjusting pH of the leachate

with IN nitric acid to a pH of pH 2 or less than pH 2, produces a leachate comprising less than 2.0 mg/L

of mercury. In some embodiments, the leachate comprises less than 1.5 mg/L of mercury. In some

embodiments, the leachate comprises less than 1.0 mg/L of mercury. In some embodiments, the leachate

comprises less than 0.5 mg/L of mercury. In some embodiments, the leachate comprises less than 0.2

mg/L of mercury. In some embodiments, the leachate comprises less than 0.05 mg/L of mercury. In some

embodiments, the composition comprises mercury, a mercury derivative, or a combination thereof. In

some embodiments, the relative carbon isotope composition value is less than 10.00%o. In some

embodiments, the composition relative carbon isotope composition ( 13C) value less than -15.00%o. In

some embodiments, the composition relative carbon isotope composition ( 13C) value less than -20.00%o.

In some embodiments, the composition comprises at least 90% carbonates. In some embodiments, the

composition comprises a calcium:magnesium ratio of 5:1. In some embodiments, the solid, when

subjected to a carbon dioxide release protocol consisting essentially of grinding the solid such that

particles of ground solid are less than 1 cm in the narrowest dimension if the particles are not already less

than 1 cm in the narrowest dimension and immersing the solid in a solution having a pH between pH 4.8

and pH 5.2 and a temperature between 60 and 80 0C for 48 hours, produces no more than 5 grams carbon

dioxide per 100 grams solid.

[0009] In some embodiments, the invention provides a composition comprising carbonates, bicarbonates,

or a combination thereof, and mercury, a mercury derivative, or a combination thereof, wherein the

carbonates, bicarbonates, or the combination thereof have a relative carbon isotope composition ( 13C)

value less than -5.00%o, and wherein the composition, when subjected a leaching process consisting

essentially of preparing 2 x IL of an extraction fluid consisting essentially of an aqueous solution of acetic

acid, wherein each IL of the extraction fluid consists essentially of 5.7 mL acetic acid in deionized water;

grinding the solid such that particles of ground solid are less than 1 cm in the narrowest dimension if the

particles are not already less than 1 cm in the narrowest dimension; placing lOOg of the ground solid into

an extraction vessel with 2L of the extraction fluid to produce an extraction composition; rotating the

extraction vessel in an end-over-end fashion for 18 ± 2 hours at room temperature; filtering the extraction

composition through borosilicate glass fiber with a pore size of 0.6 µm to 0.8 µm to produce a leachate;

and adjusting pH of the leachate with IN nitric acid to a pH of pH 2 or less than pH 2, produces a leachate

comprising less than 2.0 mg/L of mercury. In some embodiments, the leachate comprises less than 1.5

mg/L of mercury. In some embodiments, the leachate comprises less than 1.0 mg/L of mercury. In some

embodiments, the leachate comprises less than 0.5 mg/L of mercury. In some embodiments, the leachate

comprises less than 0.2 mg/L of mercury. In some embodiments, the leachate comprises less than 0.05

mg/L of mercury. In some embodiments, the composition, when subjected to a carbon dioxide release



protocol consisting essentially of grinding the composition such that particles of ground composition are

less than 1 cm in the narrowest dimension if the particles are not already less than 1 cm in the narrowest

dimension and immersing the ground composition in a solution having a pH between pH 4.8 and pH 5.2

and a temperature between 60 and 80 0C for 48 hours, produces no more than 5 grams carbon dioxide per

100 grams composition.

[0010] In some embodiments, the invention provides a composition comprising carbonates, bicarbonates,

or a combination thereof, mercury, a mercury derivative, or a combination thereof, and sulfur-containing

compound, wherein the composition, (i) when subjected to a leaching process consisting essentially of

preparing 2 x IL of an extraction fluid consisting essentially of an aqueous solution of acetic acid,

wherein each IL of the extraction fluid consists essentially of 5.7 mL acetic acid in deionized water;

grinding the solid such that particles of ground solid are less than 1 cm in the narrowest dimension if the

particles are not already less than 1 cm in the narrowest dimension; placing lOOg of the ground solid into

an extraction vessel with 2L of the extraction fluid to produce an extraction composition; rotating the

extraction vessel in an end-over-end fashion for 18 ± 2 hours at room temperature; filtering the extraction

composition through borosilicate glass fiber with a pore size of 0.6 µm to 0.8 µm to produce a leachate;

and adjusting pH of the leachate with IN nitric acid to a pH of pH 2 or less than pH 2, produces a leachate

comprising less than 0.2 mg/L of mercury; and (ii) when subjected to a carbon dioxide release protocol

consisting essentially of grinding the composition such that particles of ground composition are less than

1 cm in the narrowest dimension if the particles are not already less than 1 cm in the narrowest dimension

and immersing the ground composition in a solution having a pH between pH 4.8 and pH 5.2 and a

temperature between 60 and 80 0C for 48 hours, produces no more than 5 grams carbon dioxide per 100

grams composition.

[0011] In some embodiments, the invention provides a system comprising (i) a source of an industrial

waste gas operably connected to (ii) a processor configured to (a) process the gas to at least partially

remove carbon dioxide from the gas and also to at least partially remove at least one other component

from the gas, wherein the other component is selected from the group consisting of SOx, NOx, a metal,

particulate matter, a non-carbon dioxide acid gas, and an organic and (b) produce a composition

comprising a product comprising at least a portion of the carbon dioxide, or one or more derivatives

thereof, in combination with at least a portion of the other component or one or more derivatives thereof,

wherein the composition is suitable for placement in the environment. In some embodiments, the

composition comprises carbonates, bicarbonates, or a combination thereof. In some embodiments, the

other component is SOx or a metal selected from the group consisting of antimony, arsenic, barium,

beryllium, boron, cadmium, chromium, cobalt, copper, lead, manganese, mercury, molybdenum, nickel,

radium, selenium, silver, strontium, thallium, thorium, uranium vanadium, and zinc; particulate matter; or

a combination thereof. In some embodiments, the composition is suitable for placement in the

environment in compliance with Toxicity Characteristic Leaching Procedure, Extraction Procedure

Toxicity Test, Synthetic Precipitation Leaching Procedure, California Waste Extraction Test, Soluble

Threshold Limit Concentration, American Society for Testing and Materials Extraction Test, Multiple



Extraction Procedure, or a combination thereof. In some embodiments, the composition is suitable for

placement in the environment in compliance with Toxicity Characteristic Leaching Procedure. In some

embodiments, the system further comprises a composition conveyor for disposal of at least a portion of

the composition. In some embodiments, the composition conveyor is configured to dispose of at least a

portion of the composition underground. In some embodiments, the processor comprises a gas-liquid

contactor, a gas-liquid-solid contactor, a reactor, a settling tank, or a combination thereof. In some

embodiments, the processor is further configured to produce a processed waste gas stream. In some

embodiments, the processed waste gas stream is suitable for placement in the environment in compliance

with Reasonably Available Control Technology; Best Available Control Technology; Maximum

Achievable Control Technology; Lowest Achievable Emission Rate, or a combination thereof. In some

embodiments, the system further comprises a treatment system. In some embodiments, the treatment

system comprises a liquid-solid separator for concentrating at least a portion of the composition and

producing a concentrated composition and a supernatant. In some embodiments, the supernatant is

suitable for placement in the environment. In some embodiments, the treatment system is configured to

recirculate at least a portion of the supernatant back to the processor. In some embodiments, the

concentrated composition is suitable for placement in the environment in compliance with Toxicity

Characteristic Leaching Procedure, Extraction Procedure Toxicity Test, Synthetic Precipitation Leaching

Procedure, California Waste Extraction Test, Soluble Threshold Limit Concentration, American Society

for Testing and Materials Extraction Test, Multiple Extraction Procedure, or a combination thereof. In

some embodiments, the system further comprises a manufacturing system for manufacturing a building

material from at least a portion of the concentrated composition. In some embodiments, the manufacturing

system is configured for manufacturing cement, supplementary cementitious material, fine aggregate,

mortar, coarse aggregate, concrete, pozzolan, or a combination thereof from the concentrated

composition. In some embodiments, the system further comprises a concentrated composition conveyor

for disposal of at least a portion of the concentrated composition. In some embodiments, the concentrated

composition conveyor is configured to dispose of the concentrated composition underground. In some

embodiments, the system further comprises an electrochemical system for producing hydroxide for

processing the gas in the processor. In some embodiments, the electrochemical system comprises an

anode and a cathode. In some embodiments, the hydroxide is produced at the cathode. In some

embodiments, chlorine is not formed at the anode. In some embodiments, oxygen is not formed at the

anode. In some embodiments, the processor is operably connected to an industrial plant comprising a

power plant, a chemical processing plant, a mechanical processing plant, a refinery, a cement plant, or a

steel plant. In some embodiments, a gas conveyor operably connects the processor to the industrial plant.

In some embodiments, the system is configured to be powered down during a period of high demand on

the industrial plant. In some embodiments, the system, the industrial plant, or a combination of the system

and the industrial plant remain in compliance with Reasonably Available Control Technology; Best

Available Control Technology; Maximum Achievable Control Technology; Lowest Achievable Emission

Rate, or a combination thereof.



[0012] In some embodiments, the invention provides a system comprising (i) a source of an industrial

waste gas comprising carbon dioxide and one or more other components selected from the group

consisting of SOx, NOx, a metal, non-carbon dioxide acid gas, an organic, and particulate matter; (ii) a

processor configured to remove at least a portion of the carbon dioxide and the other component or

components from the gas in a single processing unit; and (iii) a conduit operably connecting the source of

industrial waste gas and the processor, wherein the conduit is configured to direct at least a portion of the

industrial waste gas to the processor. In some embodiments, the system does not comprise a pre-processor

between the source of the industrial waste gas and the processor wherein the pre-processor is configured

to remove one or more of the other components of the gas before the gas is passed to the processor. In

some embodiments, the gas comprises at least two of the other components and wherein the processor is

configured to remove at least a portion of the carbon dioxide and the other components from the gas in a

single processing unit.

[0013] In some embodiments the invention provides, a method comprising a) processing an industrial

waste gas stream with an aqueous solution; b) removing carbon dioxide from the industrial waste gas

stream and at least one other component selected from the group consisting of SOx; NOx; carbon

monoxide; a metal; particulate matter; a halide; and an organic; and c) producing a carbonate- and/or

bicarbonate-containing composition comprising the at least one other component or a product thereof,

wherein the composition sequesters carbon dioxide and the at least one other component, and wherein the

composition is suitable for placement in the environment. In some embodiments, the composition

sequesters carbon dioxide and at least two other components. In some embodiments, the composition

sequesters carbon dioxide and at least three other components. In some embodiments, at least 50% of the

carbon dioxide is removed from the industrial waste stream. In some embodiments, at least 75% of at least

one other component is removed from the industrial waste stream. In some embodiments, the metal

comprises antimony, arsenic, barium, beryllium, boron, cadmium, chromium, cobalt, copper, lead,

manganese, mercury, molybdenum, nickel, radium, selenium, silver, strontium, thallium, thorium,

uranium vanadium, zinc, or a combination thereof. In some embodiments, particulate matter comprises fly

ash, dust from calcining, or a combination thereof. In some embodiments, the halide comprises hydrogen

chloride, hydrogen fluoride, or a combination thereof. In some embodiments, processing the industrial

waste gas stream produces a processed waste gas stream that is suitable for placement in the environment

in compliance with Reasonably Available Control Technology; Best Available Control Technology;

Lowest Achievable Emission Rate, or a combination thereof. In some embodiments, the method further

comprises disposing at least a portion of the composition above ground, underground, or underwater. In

some embodiments, the method further comprises removing water from the composition to produce a

supernatant and a concentrated composition. In some embodiments, the supernatant is suitable for

placement in the environment. In some embodiments, the method further comprises re-circulating the

supernatant to the aqueous solution. In some embodiments, the concentrated composition is concentrated

with respect to carbonates, bicarbonates, the at least one other component, products of the at least one

other component, or a combination thereof. In some embodiments, the concentrated composition



comprises precipitation material. In some embodiments, the concentrated composition comprises greater

than 25% precipitation material. In some embodiments, the concentrated composition comprises greater

than 50% precipitation material. In some embodiments, the concentrated composition comprises greater

than 75% precipitation material. In some embodiments, the precipitation material comprise salts of

divalent cations. In some embodiments, the divalent cations comprise calcium, magnesium, or a

combination thereof. In some embodiments, the divalent cations further comprise strontium. In some

embodiments, the concentrated composition is suitable for placement in the environment in compliance

with Toxicity Characteristic Leaching Procedure, Extraction Procedure Toxicity Test, Synthetic

Precipitation Leaching Procedure, California Waste Extraction Test, Soluble Threshold Limit

Concentration, American Society for Testing and Materials Extraction Test, Multiple Extraction

Procedure, or a combination thereof. In some embodiments, the method further comprises disposing at

least a portion of the concentrated composition above ground, underground, or underwater. In some

embodiments, the method further comprises using the concentrated composition in cement, fine

aggregate, mortar, coarse aggregate, concrete, pozzolan, or a combination thereof. In some embodiments,

the method further comprises pre-treating the industrial waste gas stream to remove at least a portion of

the particulate matter prior to processing the industrial waste gas stream with the aqueous solution. In

some embodiments, the method further comprises fortifying cement, fine aggregate, mortar, coarse

aggregate, concrete, pozzolan with the removed particulate matter. In some embodiments, the method

further comprises pre-treating the industrial waste gas stream with an oxidant to oxidize at least one

component of the industrial waste gas stream prior to processing the industrial waste gas stream with the

aqueous solution. In some embodiments, the oxidant is hydrogen peroxide or chlorine. In some

embodiments, the at least one component is NO, Hg, or a combination thereof. In some embodiments, the

method further comprises producing a proton-removing agent in an electrochemical system, wherein the

proton-removing agent is added to the aqueous solution for processing the industrial waste gas stream. In

some embodiments, the proton-removing agent is hydroxide. In some embodiments, the hydroxide is

formed at a cathode of the electrochemical system. In some embodiments, chlorine is not formed at an

anode of the electrochemical system. In some embodiments, oxygen is not formed at an anode of the

electrochemical system. In some embodiments, the method further comprises halting the processing of the

industrial waste gas stream due to high demand on an industrial plant providing the industrial waste gas

stream. In some embodiments, the industrial waste gas stream remains in compliance with Reasonably

Available Control Technology; Best Available Control Technology; Lowest Achievable Emission Rate,

or a combination thereof.

[0014] In some embodiments, the invention provides a composition produced by any of the above

methods.

[0015] In some embodiments, the invention provides a composition comprising carbonates in

combination with sulfates, wherein the carbonates have a relative carbon isotope composition ( 13C) value

less than -5.00%o, and wherein the composition is suitable for placement in the environment in compliance

with Toxicity Characteristic Leaching Procedure, Extraction Procedure Toxicity Test, Synthetic



Precipitation Leaching Procedure, California Waste Extraction Test, Soluble Threshold Limit

Concentration, American Society for Testing and Materials Extraction Test, Multiple Extraction

Procedure, or a combination thereof. In some embodiments, the carbonates have a relative carbon isotope

composition ( 13C) value less than -10.00%o. In some embodiments, the composition comprises 70-99.9%

carbonates and 0.1-30% comprises sulfates. In some embodiments, the composition further comprises

calcium, magnesium, or a combination thereof. In some embodiments, the composition further comprises

bicarbonates, sulfites, nitrates, nitrites, silicates, aluminosilicates, chlorides, fluorides, oxides, particulate

matter, or a combination thereof. In some embodiments, the composition further comprises antimony,

arsenic, barium, beryllium, boron, cadmium, chromium, cobalt, copper, lead, manganese, mercury,

molybdenum, nickel, radium, selenium, silver, strontium, thallium, thorium, uranium vanadium, zinc, or a

combination thereof. In some embodiments, the composition comprises 0.1-10,000 ppb mercury. In some

embodiments, the composition comprises cement, fine aggregate, mortar, coarse aggregate, concrete,

pozzolan, or a combination thereof.

[0016] In some embodiments, the invention provides a system comprising a processor configured for

processing carbon dioxide from an industrial waste gas stream and at least one other component from the

waste gas stream selected from the group consisting of SOx, NOx, carbon monoxide, a metal, particulate

matter, a halide, and an organic and producing a composition comprising a product resulting from

processing carbon dioxide in combination with the at least one other component or a product thereof,

wherein the composition is suitable for placement in the environment. In some embodiments, the

composition resulting from processing carbon dioxide comprises carbonates, bicarbonates, or carbonates

and bicarbonates. In some embodiments, the at least one other component is SOx; a metal selected from

the group consisting of antimony, arsenic, barium, beryllium, boron, cadmium, chromium, cobalt, copper,

lead, manganese, mercury, molybdenum, nickel, radium, selenium, silver, strontium, thallium, thorium,

uranium vanadium, and zinc; particulate matter; or a combination thereof. In some embodiments, the

composition is suitable for placement in the environment in compliance with Toxicity Characteristic

Leaching Procedure, Extraction Procedure Toxicity Test, Synthetic Precipitation Leaching Procedure,

California Waste Extraction Test, Soluble Threshold Limit Concentration, American Society for Testing

and Materials Extraction Test, Multiple Extraction Procedure, or a combination thereof. In some

embodiments, the system further comprises a composition conveyor for disposal of at least a portion of

the composition. In some embodiments, the composition conveyor is configured to dispose of at least a

portion of the composition underground. In some embodiments, the processor comprises a gas-liquid

contactor, a gas-liquid-solid contactor, a reactor, a settling tank, of a combination thereof. In some

embodiments, the processor is further configured to produce a processed waste gas stream. In some

embodiments, the processed waste gas stream is suitable for placement in the environment in compliance

with Reasonably Available Control Technology; Best Available Control Technology; Lowest Achievable

Emission Rate, or a combination thereof. In some embodiments, the system further comprises a treatment

system. In some embodiments, the treatment system comprises a liquid-solid separator for concentrating

at least a portion of the composition and producing a concentrated composition and a supernatant. In some



embodiments, the supernatant is suitable for placement in the environment. In some embodiments, the

treatment system is configured to recirculate at least a portion of the supernatant back to the processor. In

some embodiments, the concentrated composition is suitable for placement in the environment in

compliance with Toxicity Characteristic Leaching Procedure, Extraction Procedure Toxicity Test,

Synthetic Precipitation Leaching Procedure, California Waste Extraction Test, Soluble Threshold Limit

Concentration, American Society for Testing and Materials Extraction Test, Multiple Extraction

Procedure, or a combination thereof. In some embodiments, the system further comprises a manufacturing

system for manufacturing a building material from at least a portion of the concentrated composition. In

some embodiments, the manufacturing system is configured for manufacturing cement, fine aggregate,

mortar, coarse aggregate, concrete, pozzolan, or a combination thereof from the concentrated

composition. In some embodiments, the system further comprises a concentrated composition conveyor

for disposal of at least a portion of the concentrated composition. In some embodiments, the concentrated

composition conveyor is configured to dispose of the concentrated composition underground. In some

embodiments, the system further comprises an electrochemical system for producing hydroxide for

processing the industrial waste gas stream in the processor. In some embodiments, the electrochemical

system comprises an anode and a cathode. In some embodiments, the hydroxide is produced at the

cathode. In some embodiments, chlorine is not formed at the anode. In some embodiments, oxygen is not

formed at the anode. In some embodiments, the processor is operably connected to an industrial plant

comprising a power plant, a chemical processing plant, a mechanical processing plant, a refinery, a

cement plant, a steel plant, or any other industrial plant that produces CO2 as a by-product of fuel

combustion or some other processing step. In some embodiments, a gas conveyor operably connects the

processor to the industrial plant. In some embodiments, the system is configured to be powered down

during a period of high demand on the industrial plant. In some embodiments, the system, the industrial

plant, or a combination of the system and the industrial plant remain in compliance with Reasonably

Available Control Technology; Best Available Control Technology; Lowest Achievable Emission Rate,

or a combination thereof.

[0017] In some embodiments, the invention provides a method comprising contacting a waste gas stream

with a metal ion-containing aqueous solution, whereby at least three of the following components are

removed from the waste gas stream and contained in an insoluble stable precipitation material: carbon

dioxide; carbon monoxide; nitrogen oxides (NOx); sulfur oxides (SOx); hydrogen sulfide; hydrogen

chloride; hydrogen fluoride; fly ash; dusts; metals including arsenic, beryllium, boron, cadmium,

chromium, chromium VI, cobalt, lead, manganese, mercury, molybdenum, selenium, strontium, thallium;

hydrocarbons; radioactive materials; dioxins; and PHA. In some embodiments, the invention provides a

method comprising contacting an industrial waste gas stream with an aqueous solution comprising

divalent cations; removing carbon dioxide and at least two components selected from the group consisting

of carbon monoxide; nitrogen oxides (NOx); sulfur oxides (SOx); hydrogen sulfide; hydrogen chloride;

hydrogen fluoride; fly ash; dusts; metals including arsenic, beryllium, boron, cadmium, chromium,

chromium VI, cobalt, lead, manganese, mercury, molybdenum, selenium, strontium, thallium;



hydrocarbons; radioactive materials, dioxins, and PAH; and producing a carbonate- and/or bicarbonate-

containing composition of the divalent cations comprising the at least two components or products of the

at least two components, wherein the carbonate- and/or bicarbonate-containing composition serves to

sequester carbon dioxide. In some embodiments, at least 1%, 5%, 10%, 25%, 30%, 40%, 50%, 60%, 70%,

75%, 80%, 85%, 90%, or 95% of one or more of the components are removed, wherein each of the one or

more components may be removed at the same or a different percentage level. In some embodiments,

substantially all of each one or more of the component are removed. In some embodiments, the aqueous

solution comprises calcium or magnesium ions. In some embodiments, the aqueous solution is selected

from seawater, brines, inland water and a solution comprising dissolved mafic minerals. In some

embodiments, the precipitation material comprises carbonates, bicarbonates, nitrates and/or sulfates or

sulfites. In some embodiments, the precipitation material comprises mercury, selenium, and fly ash. In

some embodiments, the precipitation material comprises metal complexes, dust, and particulate matter. In

some embodiments, the method further comprises pre-treating the waste gas stream to remove particulate

matter therein before contact with the aqueous solution. In some embodiments, the method further

comprises pre-treating the waste gas stream to oxidize components therein before contact with the

aqueous solution. In some embodiments, the method further comprises converting nitrous oxide to

nitrogen dioxide; sulfur trioxide to sulfur dioxide; carbon monoxide, hydrocarbons, radioactive materials,

dioxins, and/or PAH to carbon dioxide; and/or metals to metal oxides before contacting the waste gas

stream with the aqueous solution. In some embodiments, the method further comprises extracting a

supernatant liquid and a desalinated water from the aqueous solution. In some embodiments, the method

further comprises re-circulating the supernatant liquid to the aqueous solution. In some embodiments, the

precipitation material comprises a hydraulic cement. In some embodiments, the precipitation material

comprises an aggregate. In some embodiments, the pH of the metal ion-containing solution is 10, 11, 12,

or higher. In some embodiments, the metal ion-containing solution is adjusted to a substantially constant

pH value using hydroxide ions from an electrochemical process that does not generate a gas at the anode.

[0018] In some embodiments, the invention provides a method comprising contacting a waste gas stream

comprising carbon dioxide, nitrogen oxides, and sulfur oxides with a metal ion-containing aqueous

solution and causing precipitation of a precipitation material that comprises carbon dioxide, sulfur oxide

and mercury from the waste gas stream. In some embodiments, the invention provides a method

comprising contacting an industrial waste gas stream comprising carbon dioxide, NOx, and SOx with an

aqueous solution comprising divalent cations and producing a carbonate- and/or bicarbonate-containing

composition of the divalent cations comprising products of NOx, SOx, or a combination thereof, wherein

the carbonate- and/or bicarbonate-containing composition serves to sequester carbon dioxide. In some

embodiments, the method further comprises processing the waste gas stream before or after said contact

to remove one or more of particulate matter and nitrogen oxides. In some embodiments, the processing

occurs in one or more steps. In some embodiments, the method further comprises pre-treating the waste

gas stream to remove particulate matter before contacting the waste gas stream with the aqueous solution.

In some embodiments, the method further comprises pre-treating the waste gas stream to convert nitrous



oxide to nitrogen dioxide; sulfur trioxide to sulfur dioxide; carbon monoxide, hydrocarbons, dioxins,

and/or PAH to carbon dioxide; and or metals to metal oxides before contacting the waste gas stream with

the aqueous solution. In some embodiments, the aqueous solution comprises calcium or magnesium ions.

In some embodiments, the metal ion-containing solution is selected from seawater, brines, inland water

and an aqueous solution comprising dissolved mafic minerals. In some embodiments, the method further

comprises extracting a supernatant liquid and a desalinated water from the aqueous solution. In some

embodiments, the method further comprises re-circulating at least a portion of the supernatant liquid to

the aqueous solution. In some embodiments, the method further comprises removing substantially all

carbon dioxide, mercury and/or sulfur oxides from the waste gas stream. In some embodiments, the

method further comprises removing 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80% or more of carbon

dioxide, mercury and/or sulfur oxides from the waste gas stream. In some embodiments, the precipitation

material comprises calcium carbonate, magnesium carbonate, calcium magnesium carbonate, and metal

complexes. In some embodiments, the precipitation material comprises one or more of the following: fly

ash; dusts; metals including arsenic, beryllium, boron, cadmium, chromium, chromium VI, cobalt, lead,

manganese, mercury, molybdenum, selenium, strontium, and thallium.

[0019] In some embodiments, the invention provides a method comprising contacting a flue gas from an

industrial source with a metal ion-containing aqueous solution under conditions that cause the

precipitation of carbon dioxide and at least two other component of the flue gas into an insoluble stable

precipitation material. In some embodiments, the invention provides a method comprising contacting a

flue gas from an industrial source with an aqueous solution comprising divalent cations under conditions

that produce a carbonate- and/or bicarbonate-containing composition of the divalent cations comprising

the products of at least two components of the flue gas, wherein the carbonate- and/or bicarbonate-

containing composition serves to sequester carbon dioxide. In some embodiments, the method further

comprises treating the flue gas to enhance the inclusion of the at least one of the two other components of

the flue gas or a derivative therefrom into the insoluble stable precipitation material.

[0020] In some embodiments, the invention provides a method of treating a flue gas from an industrial

source to remove undesirable components of the flue gas comprising treating the flue gas to remove

particulate matter then treating the flue gas to remove carbon dioxide, mercury, and sulfur oxides

therefrom. In some embodiments, the flue gas is further processed before or after said treatment to remove

one or more of particulate matter and nitrogen oxides. In some embodiments, the flue gas is further

processed in one or more steps.

[0021] In some embodiments, the invention provides a process for treating a waste gas stream

comprising carbon dioxide and sulfur oxides, comprising removing at least 50% of the carbon dioxide and

at least 50% of the sulfur oxides from the waste gas stream by precipitating in a single step the carbon

dioxide, sulfur oxides in an insoluble composition. In some embodiments, the invention provides a

process for treating an industrial waste gas stream comprising carbon dioxide and SOx, comprising:

removing at least 50% of the carbon dioxide and at least 50% of the SOx from the waste gas stream by

producing a composition comprising carbonates, bicarbonates, sulfites, sulfates, or a combination thereof.



In some embodiments, the waste gas stream further comprises mercury. In some embodiments, the

method further comprises removing at least 50% of the mercury from the waste gas stream. In some

embodiments, the waste gas stream further comprises nitrogen oxides and wherein the process further

comprises removing at least 50% of the nitrogen oxide in the single process. In some embodiments, the

carbon dioxide and sulfur oxides are precipitated from an aqueous solution comprising divalent cations. In

some embodiments, the divalent cations comprise calcium and magnesium. In some embodiments, the

method further comprises pre-treating the waste gas stream to render one or more of its constituents more

amenable to precipitation.

[0022] In some embodiments, the invention provides a process for treating a waste gas stream, wherein

the waste gas stream comprises carbon dioxide and mercury, and wherein the process comprises removing

at least 50% of the carbon dioxide and at least 50% of the mercury in a single process that comprises

precipitating the carbon dioxide and mercury. In some embodiments, the invention provides a process for

treating an industrial waste gas stream comprising carbon dioxide and mercury, comprising: removing at

least 50% of the carbon dioxide and at least 50% of the mercury by producing a composition comprising

carbonates, bicarbonates, mercury, mercury compounds, or a combination thereof.

[0023] In some embodiments, the invention provides a method of treating a flue gas from an industrial

source to remove undesirable components of the flue gas, comprising treating the flue gas to remove

particulate matter then treating the flue gas to remove both carbon dioxide and sulfur oxides (SOx). In

some embodiments, the invention provides a method of treating a flue gas from an industrial source to

remove undesirable components of the flue gas comprising treating the flue gas to remove particulate

matter then treating the flue gas to remove carbon dioxide, SOx, and mercury therefrom.

[0024] In some embodiments, the invention provides a system comprising a processor adaptable for

contacting a waste gas stream with a metal ion-containing aqueous solution, wherein at least three of the

following components are removable from the waste gas stream and can be contained in an insoluble

stable precipitation material: carbon dioxide; carbon monoxide; nitrogen oxides sulfur oxides; hydrogen

sulfide; hydrogen chloride; hydrogen fluoride; fly ash; dusts; metals including arsenic, beryllium, boron,

cadmium, chromium, chromium VI, cobalt, lead, manganese, mercury, molybdenum, selenium, strontium,

thallium; hydrocarbons; radioactive material; dioxins; and PAH. In some embodiments, the invention

provides a system comprising a processor configured for contacting an industrial waste gas stream with an

aqueous solution comprising divalent cations; removing carbon dioxide and at least two components

selected from the group consisting of carbon monoxide; nitrogen oxides sulfur oxides; hydrogen sulfide;

hydrogen chloride; hydrogen fluoride; fly ash; dusts; metals including arsenic, beryllium, boron,

cadmium, chromium, chromium VI, cobalt, lead, manganese, mercury, molybdenum, selenium, strontium,

thallium; hydrocarbons; radioactive material, dioxins, and PAH; and producing a carbonate- and/or

bicarbonate-containing composition of the divalent cations comprising the at least two components or

products of the at least two components, wherein the carbonate- and/or bicarbonate-containing

composition serves to sequester carbon dioxide. In some embodiments, the system further comprises a

hydroxide ions system for supplying hydroxide ions to the processor. In some embodiments, the system



further comprises an aqueous solution system for supplying a divalent cation-containing solution to the

processor. In some embodiments, the waste gas stream comprises carbon dioxide, nitrogen oxides, and

sulfur oxides. In some embodiments, the waste gas stream comprises particulate matter, fly ash, arsenic,

beryllium, boron, cadmium, chromium, chromium VI, cobalt, lead, manganese, mercury, molybdenum,

selenium, strontium, thallium, vanadium, dust, radio active materials, dioxins, and PAH compounds. In

some embodiments, the processor is adapted for receiving combustion gases and particulate matter from a

coal- fired power plant, a cement plant, a foundry, a smelter, a refinery or an ore processing operation in

the waste gas stream. In some embodiments, the aqueous solution system is adapted for supplying calcium

and magnesium ions to the processor. In some embodiments, the aqueous system is adapted for supplying

a divalent cation-containing water to the processor, comprising seawater, brines, inland water and an

aqueous solution formed by dissolving mafic minerals. In some embodiments, the aqueous system is

adapted for supplying a divalent cation-containing solution to the processor from dissolved mafic minerals

selected from olivine, pyroxene, amphibole, biotite, basalt and gabbro. In some embodiments, the

processor is adapted for causing removal of carbon dioxide, nitrogen oxide, sulfur oxides and mercury

from the waste gas stream into the aqueous solution. In some embodiments, the processor is adapted for

removing nitrogen oxides, sulfur oxides and carbon dioxide from the waste gas stream. In some

embodiments, the processor is adapted for removing carbon dioxide, nitrogen oxides, sulfur oxides or

particulate matter, and combinations thereof from the waste gas stream into the aqueous solution. In some

embodiments, the system further comprises a system capable of extracting a supernatant liquid and

desalinated water from the precipitation in the aqueous solution. In some embodiments, the system further

comprises a system capable of re-circulating at least a portion of the supernatant liquid to the aqueous

solution. In some embodiments, the system further comprises a liquid-solid separator for separating a

precipitation material and a supernatant solution from the aqueous solution. In some embodiments, the

system further comprises a dryer for producing a dried product from the precipitation material.

[0025] In some embodiments, the invention provides a synthetic composition comprising calcium

carbonate, magnesium carbonate, and calcium sulfate and/or calcium sulfite, wherein the carbonate and

the sulfate and/or sulfite are of fossil fuel origin in a combustion waste gas stream. In some embodiments,

the invention provides a synthetic composition comprising salts of Ca2+, Mg2+, or Ca2+ and Mg2+, wherein

the counterions comprise carbonates in combination with sulfates and/or sulfites, and wherein the

carbonates have a relative carbon isotope composition ( 13C) value less than -5.00%o.

[0026] In some embodiments, the invention provides a synthetic composition comprising two or more of:

calcium or magnesium carbonate, calcium sulfate or sulfite, mercury, calcium nitrate, particulate matter,

lead, arsenic precipitated from a combustion gas stream. In some embodiments, the invention provides a

synthetic composition comprising salts of Ca2+, Mg2+, or Ca2+ and Mg2+, wherein the counterions

comprise carbonates in combination with sulfates, sulfites, nitrates, nitrites, mercury, mercury

compounds, lead, arsenic, particulate matter, or a combination thereof, and wherein the carbonates have a

relative carbon isotope composition ( 13 C) value less than -5.00%o.



[0027] In some embodiments, the invention provides a synthetic composition comprising three or more

of: calcium or magnesium carbonate, calcium sulfate or sulfite, mercury, calcium nitrate, particulate

matter, lead, cadmium, arsenic precipitated form a combustion gas stream.

[0028] In some embodiments, the invention provides a synthetic composition comprising 70-99 %

calcium and magnesium carbonates, and 1-30 % calcium and/or magnesium sulfates and sulfites

precipitated from a combustion gas stream. In some embodiments, the composition further comprises

0.00001-0.1 % mercury compounds. In some embodiments, the composition further comprises 1-25 %

nitrate or nitrite compounds. In some embodiments, the composition comprises a building material. In

some embodiments, the composition comprises a cement, an aggregate, a pozzolan, a mortar, or a

combination thereof. In some embodiments, the invention provides a synthetic composition comprising

salts OfCa 2+, Mg2+, or Ca2+ and Mg2+, wherein 70-99% of the synthetic composition comprises

carbonates, and 1-30% comprises sulfates and/or sulfites and further wherein the carbonates have a

relative carbon isotope composition ( 13 C) value less than -5.00%o.

[0029] In some embodiments, the invention provides a method of neutralizing an industrial waste,

comprising contacting a first waste stream with a second waste stream in the presence of an aqueous

divalent cation solution, whereby constituents in at least one of the waste streams are neutralized. In some

embodiments, the first waste stream comprises a base, and the second waste stream comprises carbon

dioxide. In some embodiments, the constituents in the first waste stream comprises sodium hydroxide,

magnesium hydroxide, calcium hydroxide, or calcium oxide. In some embodiments, the first waste stream

comprises red mud and/or fly ash. In some embodiments, the aqueous divalent cation solution comprises

alkaline earth metal ions. In some embodiments, the aqueous divalent cation solution comprises calcium

and/or magnesium ions. In some embodiments, the aqueous divalent cation solution comprises saltwater.

In some embodiments, the aqueous divalent cation solution comprises seawater, brackish water, brine, or

an aqueous solution comprising dissolved mafic minerals. In some embodiments, the method further

comprises forming a precipitation material in the aqueous divalent cation solution. In some embodiments,

the precipitation material comprises a divalent cation carbonate. In some embodiments, the precipitation

material comprises neutralized red mud and/or neutralized fly ash. In some embodiments, the precipitation

material comprises bicarbonates, nitrates and/or sulfates and/or sulfites. In some embodiments, the

precipitation material comprises mercury and/or selenium. In some embodiments, the precipitation

material comprises metal complexes, dust, and particulate matter. In some embodiments, at least 1%, 5%,

10%, 25%, 30%, 40%, 50%, 60%, 70%, 80%, or 90% of constituents in the first and second waste streams

are neutralized. In some embodiments, substantially all of constituents in the first and second waste

streams are neutralized. In some embodiments, the method further comprises pre-treating the second

waste stream to remove particulate matter therein before contact with the aqueous solution. In some

embodiments, the method further comprises pre-treating the second waste stream to oxidize components

therein before contact with the aqueous solution. In some embodiments, the method further comprises

extracting a supernatant liquid and a desalinated water from the divalent cation solution. In some

embodiments, the method further comprises re-circulating at least a portion of the supernatant liquid to



the aqueous divalent cation solution. In some embodiments, the precipitation material comprises a

hydraulic cement. In some embodiments, the precipitation material comprises an aggregate. In some

embodiments, the pH of the first waste stream is 10, 11, 12 or higher. In some embodiments, the pH of

divalent cation solution is adjusted to a substantially constant pH value by contact with the first waste

stream. In some embodiments, the pH of divalent cation solution is adjusted to a substantially constant pH

value using hydroxide ions from an electrochemical process that does not generate a gas at the anode.

[0030] In some embodiments, the invention provides a method of neutralizing an industrial waste,

comprising contacting the waste with a waste gas stream comprising carbon dioxide and a liquid stream

comprising an aqueous divalent cation solution, whereby the pH of the waste is neutralized. In some

embodiments, the waste comprises red mud and/or fly ash. In some embodiments, the aqueous divalent

cation solution comprises alkaline earth metal ions. In some embodiments, the aqueous divalent cation

solution comprises calcium and/or magnesium ions. In some embodiments, the aqueous divalent cation

solution comprises saltwater. In some embodiments, the divalent cation-containing aqueous solution

comprises seawater, brackish water, brine, or an aqueous solution comprising dissolved mafic minerals. In

some embodiments, the waste gas stream comprises carbon dioxide formed by combusting fossil fuels. In

some embodiments, the method further comprises forming a precipitation material in the aqueous divalent

cation solution. In some embodiments, the precipitation material comprises a divalent cation carbonate.

[0031] In some embodiments, the precipitation material comprises calcium carbonate, magnesium

carbonate, calcium magnesium carbonate, and metal complexes. In some embodiments, the precipitation

material comprises one or more of the following: red mud, fly ash; dusts; metals including arsenic,

beryllium, boron, cadmium, chromium, chromium VI, cobalt, lead, manganese, mercury, molybdenum,

selenium, strontium, and thallium. In some embodiments, the method further comprises processing the

waste gas stream before or after said contact to remove one or more of particulate matter and nitrogen

oxides. In some embodiments, the method further comprises extracting a supernatant liquid and a

desalinated water from the aqueous solution. In some embodiments, the method further comprises re-

circulating at least a portion of the supernatant liquid to the aqueous solution. In some embodiments, the

method further comprises removing substantially all carbon dioxide, mercury, and/or sulfur oxides from

the waste gas stream. In some embodiments, the method further comprises removing 5%, 10%, 20%,

30%, 40%, 50%, 60%, 70%, 80% or more of hydroxide ions from the waste.

[0032] In some embodiments, the invention provides a waste treatment system comprising a processor

adaptable for contacting a gaseous source with a waste source and a cation ion-containing aqueous

solution, wherein the processor is operable to neutralize constituents in the waste source by contact with

the aqueous solution. In some embodiments, the system further comprises a base system for supplying

hydroxide ions to the processor. In some embodiments, the system further comprises an aqueous solution

system for supplying a divalent cation-containing solution to the processor. In some embodiments, the

waste gas stream source provides carbon dioxide, nitrogen oxides, and sulfur oxides to the processor, and

the waste source is adaptable for supplying red mud and/or fly ash to the processor. In some

embodiments, the waste gas stream source comprises particulate matter, fly ash, arsenic, beryllium, boron,



cadmium, chromium, chromium VI, cobalt, lead, manganese, mercury, molybdenum, selenium, strontium,

thallium, vanadium, dust, radio active materials, dioxins, and PAH compounds. In some embodiments, the

processor is capable of receiving combustion gases and particulate matter from a coal-fired power plant, a

cement plant, a foundry, a smelter, a refinery or an ore processing operation in the waste gas stream. In

some embodiments, the aqueous solution system is capable of supplying calcium and magnesium ions to

the processor. In some embodiments, the aqueous system is capable of supplying a divalent cation-

containing water to the processor, comprising seawater, brines, inland water and an aqueous solution

formed by dissolving mafic minerals. In some embodiments, the aqueous system is capable of supplying a

divalent cation-containing solution to the processor from dissolved mafic minerals selected from olivine,

pyroxene, amphibole, biotite, basalt and gabbro. In some embodiments, the processor is capable of

causing removal of carbon dioxide, nitrogen oxide, sulfur oxides and mercury from the waste gas stream

into the aqueous solution. In some embodiments, the system further comprises a liquid-solid separator

capable of extracting a supernatant liquid and desalinated water from the precipitation in the aqueous

solution. In some embodiments, the system further comprises a re-circulating system for circulating at

least a portion of the supernatant liquid to the aqueous solution. In some embodiments, the system further

comprises a dryer for producing a dried product from the precipitation material.

[0033] In some embodiments, the invention provides a synthetic composition comprising red mud and/or

fly ash, calcium carbonate and/or magnesium carbonate, calcium sulfate and/or calcium sulfite, wherein

the carbonates and the sulfates and/or sulfites are of fossil fuel origin and are provided in a combustion

waste gas stream.

[0034] In some embodiments, the invention provides a synthetic composition comprising red mud and/or

fly ash, 70-99 % calcium and/or magnesium carbonates, and 1-30 % calcium and/or magnesium sulfates

and/or sulfites precipitated from a combustion gas stream. In some embodiments, the composition further

comprises 0.00001-0.1 % mercury compounds. In some embodiments, the composition further comprises

1-25 % nitrate or nitrite compounds. In some embodiments, the composition comprises a building

material. In some embodiments, the composition comprises a cement, an aggregate, a pozzolan, a mortar,

or a combination thereof.

[0035] In some embodiments, the invention provides a method of forming a synthetic hydraulic cement

composition, comprising contacting a waste gas stream (e.g., combustion gas stream) with a divalent

cation-containing aqueous solution to cause precipitation of the cement composition. In various

embodiments, the cement composition comprises particles and precipitation material formed by reacting

the components of the waste gas stream with alkaline earth metal ions in the aqueous solution to from

mineralized salts and metal complexes. In various embodiments, the precipitation material is recovered

and utilized as, for example, hydraulic cement and/or building materials as described in commonly

assigned U.S. Patent Application No. 12/344,019, filed 24 December 2008, which is incorporated herein

by reference in its entirety. By utilizing the precipitation material as a hydraulic cement (e.g., in building

materials), the components of the waste gas stream that are removed can be sequestered for an indefinite

term. In various embodiments, hydroxide ions are supplied to the aqueous solution to cause removal of



particulate matter and reaction of components of the waste gas stream with the aqueous solution to form

the precipitation material. In various embodiments, portions of a supernatant solution obtained on

removing the precipitation material from the aqueous solution are re-circulated to the aqueous solution. In

various embodiments, the system and method are adaptable for batch, semi-batch or continuous flows,

including re-circulating a portion of supernatant solution formed by separating the precipitation material

from the saltwater.

[0036] Accordingly, constituents of various industrial waste streams (e.g., waste gas streams, industrial

waste sources of proton-removing agents or divalent cations, etc.) may be neutralized for disposal and/or

utilized as building product (e.g., a hydraulic cement compositions). In various embodiments, the system

and method are adaptable for batch, semi-batch or continuous flows, including re-circulating a portion of

supernatant solution formed upon separating the precipitation material from the divalent cation solution.

Since removal of the components from various industrial waste streams, formation of compositions (e.g.,

precipitation material), and, optionally, recovery of precipitation material are all achievable in one unit

operation, the removal of various components (e.g., pollutants) from the various industrial waste streams

may be simplified.

DRAWINGS

[0037] The novel features of the invention are set forth with particularity in the appended claims. A

better understanding of the features and advantages of the invention will be obtained by reference to the

following detailed description that sets forth illustrative embodiments, in which the principles of the

invention are utilized, and the accompanying drawings of which:

[0038] Fig. IA provides a system of the invention comprising a processor, wherein the processor is

configured to process a variety of gases comprising carbon dioxide.

[0039] Fig. IB provides a system of the invention comprising a processor and a treatment system,

wherein the treatment system is configured to treat compositions from the processor.

[0040] Fig. 1C provides a system of the invention comprising a processor and an optional treatment

system, wherein the processor comprises a contactor and a reactor.

[0041] Fig. ID provides a system of the invention comprising a processor and a treatment system,

wherein supernatant from the treatment system may optionally be recirculated to the processor.

[0042] Fig. IE provides a system of the invention comprising a processor, a treatment system, and an

electrochemical system, wherein supernatant from the treatment system may optionally be recirculated to

the processor, the electrochemical system, or a combination thereof.

[0043] Fig. IF provides a system of the invention comprising a gas-liquid or gas-liquid-solid contactor,

wherein the contactor is configured for recirculation.

[0044] Fig. 2A provides a system of the invention, wherein the system is configured to produce a refined

composition of the invention.

[0045] Fig. 2B provides a system of the invention, wherein the system is optionally configured to treat

gases comprising carbon dioxide prior to processing the gases.



[0046] Fig. 2C provides a system of the invention, wherein the system is configured to produce a

building material of the invention.

[0047] Fig. 3 provides an electrochemical system of the invention.

[0048] Fig. 4 provides a method for contacting a gaseous stream with a divalent cation-containing

aqueous solution.

[0049] Fig. 5 provides a method for contacting a gaseous stream comprising carbon dioxide, nitrogen

oxides, and sulfur oxides with a divalent cation-containing aqueous solution.

[0050] Fig. 6 provides a method for contacting a flue gas from an industrial source with a divalent

cation-containing aqueous solution.

[0051] Fig. 7 provides a method for treating a flue gas to remove particulates then treating the flue gas to

remove carbon dioxide, mercury, and sulfur oxides therefrom.

[0052] Fig. 8 provides a method for removing at least 50% of the carbon dioxide and at least 50% of the

sulfur oxides from the gaseous stream.

[0053] Fig. 9 provides a method for treating a gas stream, wherein the gas stream comprises carbon

dioxide and mercury, and wherein the method comprises removing at least 50% of the carbon dioxide and

at least 50% of the mercury in a single process.

[0054] Fig. 10 provides a method for contacting a first waste stream with a second waste stream in the

presence of an aqueous divalent cation solution, whereby constituents in at least one of the waste streams

are neutralized.

[0055] Fig. 11 provides a method for contacting waste with a gaseous stream comprising carbon dioxide

and a liquid stream comprising an aqueous divalent cation solution, whereby the pH of the waste is

neutralized.

[0056] Figs. 12A and Fig 12B provide a comparison of morphologies between laboratory-synthesized

magnesium carbonates with synthetic flue gas (15% CO2, 3.5% O , balance N2) without SO (Fig. 12A)

and with SO2 (Fig. 12B).

DESCRIPTION

[0057] Before the invention is described in greater detail, it is to be understood that the invention is not

limited to particular embodiments described herein as such embodiments may vary. It is also to be

understood that the terminology used herein is for the purpose of describing particular embodiments only,

and is not 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.

[0058] 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 excluding either or

both of those included limits are also included in the invention.

[0059] 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 approximately the number that the term precedes. In determining whether a

number is near to or approximately a specifically recited number, the near or approximating unrecited

number may be a number, which, in the context in which it is presented, provides the substantial

equivalent of the specifically recited number.

[0060] 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 indicated to be incorporated by reference. Furthermore, each cited

publication, patent, or patent application is incorporated herein by reference to disclose and describe the

subject matter in connection with which the publications are cited. The citation of any publication is for

its disclosure prior to the filing date and 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 publication dates, which may need to be

independently confirmed.

[0061] 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.

[0062] 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 features that may readily be separated from or combined

with the features of any of the other several embodiments without departing from the scope or spirit of the

invention. For example, any recited method may be carried out in the order of steps recited or in any other

order. Although features similar or equivalent to those described herein may also be used in the practice

or testing of the invention, representative components and features are described.

[0063] The invention described herein provides systems and methods directed to partially or completely

removing from an industrial waste gas stream two or more components of the waste gas stream, and

compositions that include two or more components or products of the two or more components of an

industrial waste gas. In some cases, one of the components is carbon dioxide, and the other component or

components is one or more of SOx, NOx, and a metal. In some of the systems and methods, removing

carbon dioxide and/or the other component or components occurs in single processor or process. In some

systems and methods of the invention, the industrial waste gas stream may be pretreated. In some systems

and methods of the invention, the industrial waste gas stream in not pretreated. The composition may be a

solution, a precipitation material comprising carbonates, bicarbonates, or carbonates and bicarbonates, or



a slurry comprising a precipitation material. In some embodiments, the composition further comprises

carbonate and/or bicarbonate co-products resulting from co-processing SOx, NOx, particulate matter,

and/or certain metals. Additional waste streams such as liquid, solid, or multiphasic waste streams may

be processed as well.

[0064] In the following paragraphs is described a method of treating an industrial waste gas, wherein the

gas comprises carbon dioxide and at least one other component selected from the group consisting of

SOx; NOx; a metal; a non-carbon dioxide acid gas; an organic; and particulate matter, comprising

contacting the gas with a liquid under conditions adapted to cause at least some of the carbon dioxide and

the other component or components to exit the gas and enter the liquid, wherein the method is carried out

in a single processor.

[0065] In the following paragraphs is described a method comprising (i) contacting a gas stream with an

aqueous solution, wherein the gas stream comprises carbon dioxide and at least one other component

selected from the group consisting of SOx; NOx; a metal; a non-carbon dioxide acid gas; an organic; and

particulate matter, under conditions adapted to cause at least some of the carbon dioxide and the other

component or components to exit the gas stream and enter the aqueous solution; and (ii) processing the

aqueous solution to produce a composition comprising carbonates, bicarbonates, or a combination of

carbonates and bicarbonates, and the other component or a derivative thereof, or the other components

and/or derivatives thereof, wherein the carbonates, bicarbonates, or the combination of carbonates and

bicarbonates, is at least partially derived from the carbon dioxide.

[0066] In the following paragraphs is described a composition produced by any of the methods herein.

[0067] In the following paragraphs is described a composition comprising carbonates, bicarbonates, or a

combination thereof, and a sulfur-containing compound, wherein the carbonates, bicarbonates, or

combination thereof have a relative carbon isotope composition ( 13C) value less than -5.00%o, and

wherein the composition, when subjected to a leaching process consisting essentially of preparing 2 x IL

of an extraction fluid consisting essentially of an aqueous solution of acetic acid, wherein each IL of the

extraction fluid consists essentially of 5.7 mL acetic acid in deionized water; grinding the solid such that

particles of ground solid are less than 1 cm in the narrowest dimension if the particles are not already less

than 1 cm in the narrowest dimension; placing lOOg of the ground solid into an extraction vessel with 2L

of the extraction fluid to produce an extraction composition; rotating the extraction vessel in an end-over-

end fashion for 18 ± 2 hours at room temperature; filtering the extraction composition through borosilicate

glass fiber with a pore size of 0.6 µm to 0.8 µm to produce a leachate; and adjusting pH of the leachate

with IN nitric acid to a pH of pH 2 or less than pH 2, produces a leachate comprising less than 2.0 mg/L

of mercury.

[0068] In the following paragraphs is described a composition comprising carbonates, bicarbonates, or a

combination thereof, and mercury, a mercury derivative, or a combination thereof, wherein the

carbonates, bicarbonates, or the combination thereof have a relative carbon isotope composition ( 13C)

value less than -5.00%o, and wherein the composition, when subjected a leaching process consisting

essentially of preparing 2 x IL of an extraction fluid consisting essentially of an aqueous solution of acetic



acid, wherein each IL of the extraction fluid consists essentially of 5.7 mL acetic acid in deionized water;

grinding the solid such that particles of ground solid are less than 1 cm in the narrowest dimension if the

particles are not already less than 1 cm in the narrowest dimension; placing lOOg of the ground solid into

an extraction vessel with 2L of the extraction fluid to produce an extraction composition; rotating the

extraction vessel in an end-over-end fashion for 18 ± 2 hours at room temperature; filtering the extraction

composition through borosilicate glass fiber with a pore size of 0.6 µm to 0.8 µm to produce a leachate;

and adjusting pH of the leachate with IN nitric acid to a pH of pH 2 or less than pH 2, produces a leachate

comprising less than 2.0 mg/L of mercury. In some embodiments, the leachate comprises less than 1.5

mg/L of mercury.

[0069] In the following paragraphs is described a composition comprising carbonates, bicarbonates, or a

combination thereof, mercury, a mercury derivative, or a combination thereof, and sulfur-containing

compound, wherein the composition, (i) when subjected to a leaching process consisting essentially of

preparing 2 x IL of an extraction fluid consisting essentially of an aqueous solution of acetic acid,

wherein each IL of the extraction fluid consists essentially of 5.7 mL acetic acid in deionized water;

grinding the solid such that particles of ground solid are less than 1 cm in the narrowest dimension if the

particles are not already less than 1 cm in the narrowest dimension; placing lOOg of the ground solid into

an extraction vessel with 2L of the extraction fluid to produce an extraction composition; rotating the

extraction vessel in an end-over-end fashion for 18 ± 2 hours at room temperature; filtering the extraction

composition through borosilicate glass fiber with a pore size of 0.6 µm to 0.8 µm to produce a leachate;

and adjusting pH of the leachate with IN nitric acid to a pH of pH 2 or less than pH 2, produces a leachate

comprising less than 0.2 mg/L of mercury; and (ii) when subjected to a carbon dioxide release protocol

consisting essentially of grinding the composition such that particles of ground composition are less than

1 cm in the narrowest dimension if the particles are not already less than 1 cm in the narrowest dimension

and immersing the ground composition in a solution having a pH between pH 4.8 and pH 5.2 and a

temperature between 60 and 80 0C for 48 hours, produces no more than 5 grams carbon dioxide per 100

grams composition.

[0070] In the following paragraphs is described a system comprising (i) a source of an industrial waste

gas operably connected to (ii) a processor configured to (a) process the gas to at least partially remove

carbon dioxide from the gas and also to at least partially remove at least one other component from the

gas, wherein the other component is selected from the group consisting of SOx, NOx, a metal, particulate

matter, a non-carbon dioxide acid gas, and an organic and (b) produce a composition comprising a

product comprising at least a portion of the carbon dioxide, or one or more derivatives thereof, in

combination with at least a portion of the other component or one or more derivatives thereof, wherein the

composition is suitable for placement in the environment.

[0071] In the following paragraphs is described a system comprising (i) a source of an industrial waste

gas comprising carbon dioxide and one or more other components selected from the group consisting of

SOx, NOx, a metal, non-carbon dioxide acid gas, an organic, and particulate matter; (ii) a processor

configured to remove at least a portion of the carbon dioxide and the other component or components



from the gas in a single processing unit; and (iii) a conduit operably connecting the source of industrial

waste gas and the processor, wherein the conduit is configured to direct at least a portion of the industrial

waste gas to the processor.

[0072] As such, in the following paragraphs is described systems and methods for processing waste gas

streams comprising CO2 and/or one or more additional components. Different feedstocks (e.g., industrial

waste gas streams, sources of proton-removing agents, sources of divalent cations) are also described,

followed by compositions produced by systems and methods of the invention.

[0073] In some embodiments, the invention provides a system for processing carbon dioxide as shown in

Fig. IA, wherein the system comprises at least one processor (110) configured for a liquid-based (e.g., 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. IA, the system may further

comprise a source of divalent cations (150) operably connected to the processor. The processor may

comprise a contactor such as a gas-liquid or a gas-liquid-solid contactor, wherein the contactor is

configured for charging an aqueous solution or slurry with carbon dioxide to produce a carbon dioxide-

charged composition, which composition may be a solution or slurry. In some embodiments, the contactor

is configured to produce compositions from the carbon dioxide, such as from solvated or hydrated forms

of carbon dioxide (e.g., carbonic acid, bicarbonates, carbonates), wherein the compositions comprise

carbonates, bicarbonates, or carbonates and bicarbonates. In some embodiments, 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. As shown in Fig. IB, the system may further

comprise a treatment system (e.g., treatment system 120 of Fig. IB) configured to concentrate

compositions comprising carbonates, bicarbonates, or carbonates and bicarbonates and produce a

supernatant; however, in some embodiments 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-processing) into a subterranean site as described in U.S.

Provisional Patent Application No. 61/232,40 1, filed 7 August 2009, which is incorporated herein by

reference in its entirety. The source of carbon dioxide may be any of a variety of industrial sources of

carbon dioxide, including, but not limited to coal-fired power plants and cement plants. The source of

proton-removing agents may be any of a variety of sources of proton-removing 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., Ca2+, Mg2+) .

[0074] Systems of the invention such as that shown in Fig. IA may further comprise a treatment system.

As such, in some embodiments, the invention provides a system for processing carbon dioxide as shown

in Fig. IB, wherein the system comprises a processor ( 110) and a treatment system (120) configured for

an aqueous-based process for processing carbon dioxide from a source of carbon dioxide (130) using a

source of proton-removing agents (140), and wherein the source of carbon dioxide comprises one or more

additional components in addition to carbon dioxide. As with Fig. IA, the system of Fig. IB may further

comprise a source of divalent cations (150) operably connected to the processor. The processor may

comprise a contactor such as a gas-liquid or a gas-liquid-solid contactor, wherein the contactor is

configured for charging an aqueous solution or slurry with carbon dioxide to produce a carbon dioxide-

charged composition, which composition may be a solution or slurry. In some embodiments, the contactor

is configured to produce compositions from the carbon dioxide, such as from solvated or hydrated forms

of carbon dioxide (e.g., carbonic acid, bicarbonates, carbonates), wherein the compositions comprise

carbonates, bicarbonates, or carbonates and bicarbonates. In some embodiments, 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 concentrate 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 cations 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. ID, systems of the invention may

be further configured to recirculate at least a portion of the supernatant from the treatment system.

[0075] Systems such as that shown in Fig. 1C may further comprise a processor ( 110) comprising a

contactor ( 112) (e.g., gas-liquid contactor, gas-liquid-solid contactor, etc.) and a reactor ( 114), wherein

the processor is operably connected to each of a source of CO2-containing gas (130), a source of proton-

removing agents (140), and a source of divalent cations (150). Such systems of the invention are

configured for aqueous-based processing 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 dioxide to produce a carbon dioxide-charged solution or slurry. In some embodiments, the

contactor is configured to charge an aqueous solution with carbon dioxide to produce a substantially clear

solution (i.e., substantially free of precipitation material, such as at least 95% or more free). As shown in

Fig. 1C, the reactor ( 114) may be operably connected to the contactor ( 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,

bicarbonates, or carbonates and bicarbonates from the processor and produce a composition comprising

precipitation material (e.g., a slurry of carbonates, bicarbonates, or carbonates and bicarbonates of

divalent cations). Systems such as the one shown in Fig. 1C may optionally be operably connected to a

treatment system, which treatment system may comprise a liquid-solid separator (122) or some other

dewatering system configured to treat processor-produced compositions to produce supernatant and

concentrated compositions (e.g., concentrated with respect to carbonates and/or bicarbonates, and any

other co-products resulting from processing an industrial waste gas stream). The treatment system 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.

[0076] In some embodiments, the invention provides a system for processing carbon dioxide as shown in

Fig. ID, wherein the system comprises a processor ( 110) and a treatment system (120) configured for an

aqueous-based process for processing carbon dioxide from a source of carbon dioxide (130) using a

source of proton-removing 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 dewatering system and a

filtration system. As such, 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 supernatant

to the processor for processing carbon dioxide. Although not shown in Fig. ID, 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 compositions comprise precipitation material (e.g., CaCθ 3,

MgCθ 3, 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 embodiments, the carbon dioxide-processing system is

configured to provide at least a portion of the supernatant to a system or process external to the carbon-

dioxide processing system. For example, a system of the invention may be operably connected to a



desalination plant such that the system provides at least a portion of treatment system supernatant to the

desalination plant for desalination.

[0077] In some embodiments, the invention provides a system for processing carbon dioxide as shown in

Fig. IE, wherein the system comprises a processor (110) and a treatment system (120) configured for an

aqueous-based process for processing carbon dioxide from a source of carbon dioxide (130) using a

source of proton-removing 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 system, and the

electrochemical system are operably connected for recirculating at least a portion of treatment system

supernatant. As described above in reference to the treatment system of Fig. ID, 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 to provide at least a portion of the treatment

system supernatant to the electrochemical system, wherein the electrochemical system may be configured

to produce proton-removing agents or effect proton removal. As described in reference to Fig. ID, 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 compositions comprise precipitation

material (e.g., CaCO 3, MgCO 3, or combinations thereof). The processor of carbon dioxide-processing

systems of the invention may be configured to receive treatment system supernatant or an electrochemical

system stream in a contactor (e.g., gas-liquid contactor, gas-liquid-solid contactor), a reactor, a

combination of the contactor and the reactor, or in any other unit or combination of units in the processor.

In some embodiments, the carbon dioxide -processing system may be configured to provide at least a

portion of the supernatant to a system (e.g., desalination plant) or process (e.g., desalination) external to

the carbon-dioxide processing system.

[0078] In some embodiments, the invention provides a system for aqueous-based processing of carbon

dioxide as shown in Fig. IF, wherein the system (100F) comprises a source of CO2 (130), a source of

proton-removing agents (140), a source of divalent cations (150), and a processor ( 110) comprising a gas-

liquid or gas-liquid-solid contactor ( 112), a recirculation tank ( 116), a recirculation pump ( 118), and a

reactor ( 114), wherein the contactor, recirculation tank, and recirculation pump are operably connected for

recirculating at least a portion of the contactor liquid (e.g., solution or slurry of carbonates, bicarbonates,

or carbonates and bicarbonates). As shown in Fig. IF, the system may further comprise a treatment

system (120) comprising a dewatering system and/or a filtration system, wherein the treatment system is

configured to provide a supernatant and a concentrated composition of the invention (e.g., dewatered

precipitation material comprising carbonates, bicarbonates, or carbonates and bicarbonates). Such systems

may also optionally comprise emission control technology such as an electrostatic precipitator or a fabric

filter configured for separating particulate matter (e.g., fly ash) from flue gas. While system elements may

vary as described herein, in a non- limiting example the source of CO2 (130) for systems such as system

IOOF may be a coal-fired combustor, the source of proton-removing agents may be a tank or reservoir



comprising a mixture of NaOH or Na2CO3 in freshwater or seawater, and the source of divalent cations

may be a tank or reservoir comprising seawater or brine (e.g., synthetic brine). An exemplary method of

using the system of Fig. IF is provided in Example 1; however, one of ordinary skill in the art will

recognize that various methods described herein may be used with the system of Fig. IF.

[0079] In reference to Fig IA, the invention provides an aqueous-based method for processing a source

of carbon dioxide (130) and producing a composition comprising carbonates, bicarbonates, or carbonates

and bicarbonates, wherein the source of carbon dioxide comprises one or more additional components in

addition to carbon dioxide. In 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 production of the composition comprising

carbonates, bicarbonates, or carbonates and bicarbonates). In some embodiments, processing the industrial

source of carbon dioxide comprises contacting the source of proton-removing agents in a contactor such

as, but not limited to, a gas-liquid contactor or a gas-liquid-solid contactor to produce a carbon dioxide-

charged composition, which composition may be a solution or slurry, from an initial aqueous solution or

slurry. In some embodiments, the composition comprising carbonates, bicarbonates, or carbonates and

bicarbonates may be produced from the carbon dioxide-charged solution or slurry in the contactor. In

some embodiments, the carbon dioxide-charged solution or slurry may be provided to a reactor, within

which the composition comprising carbonates, bicarbonates, or carbonates and bicarbonates may be

produced. In some embodiments, 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.,

Ca2+, Mg2+) . 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 sufficient 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 comprising carbonates, bicarbonates, or carbonates and bicarbonates

may comprise an isolable precipitation material (e.g., CaCO , MgCO3, or a composition thereof). Whether

the composition from the processor comprises an isolable precipitation 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, bicarbonates, or

carbonates and bicarbonates directly from the processor (optionally with minimal post-processing) may be

injected into a subterranean site as described in U.S. Provisional Patent Application No. 61/232,401, filed

7 August 2009, which application is incorporated herein by reference in its entirety.

[0080] In reference to Figs. IB- IE, the invention provides an aqueous-based method for processing a

source of carbon dioxide (130) and producing a composition comprising carbonates, bicarbonates, or

carbonates and bicarbonates, wherein the source of carbon dioxide comprises one or more additional

components in addition to carbon dioxide. In addition to producing compositions as described in reference



to Fig. IA, the invention further provides methods for treating compositions comprising carbonates,

bicarbonates, or carbonates and bicarbonates. As such, in some embodiments, the invention provides an

aqueous-based method for processing a source of carbon dioxide (130) to produce a composition

comprising carbonates, bicarbonates, or carbonates and bicarbonates and treating the composition

produced. Whether a processor-produced composition of the invention comprises an isolable precipitation

material or not, the composition may be directly provided to a treatment system of the invention for

treatment (e.g., concentration, 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 composition and production of a

supernatant. In another non- limiting example, a processor-produced composition comprising 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 produce a concentrated composition (e.g., the concentrated

composition is more concentrated with to respect to carbonates, bicarbonates, or carbonates and

carbonates).

[0081] With reference to Fig. 1C, 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, orpH 14.0 prior to charging the solution with CO2. The pH

of the solution may be increased using any convenient approach including, but not limited to, use of

proton-removing agents and electrochemical methods for effecting proton removal. In some

embodiments, proton-removing agents may be used to increase the pH of the solution prior to charging

the solution with CO2. Such proton-removing agents include, but are not limited to, hydroxides (e.g.,

NaOH, KOH) and carbonates (e.g., Na2COs. K2COs). In some embodiments, sodium hydroxide is used to

increase the pH of the solution. As such, in some embodiments, the invention provides a method for

charging an alkaline solution (e.g., pH > pH 7.0) with CO2 from an industrial waste gas stream to produce

a composition comprising carbonates, bicarbonates, or carbonates and bicarbonates.

[0082] In some embodiments, the composition resulting from charging the alkaline solution with CO2

from an industrial 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 CO2. As described herein, the solution may, in some embodiments,

comprise divalent cations such as Ca2+, Mg2+, or a combination thereof at the time the solution is charged



with CO2. In such embodiments, the resultant composition may comprise carbonates, bicarbonates, or

carbonates and bicarbonates of divalent cations (e.g. precipitation material) resulting in a slurry. Such

slurries, for example, may comprise CaCO3, MgCO3, or a combination thereof. The solution may, in some

embodiments, comprise insufficient divalent cations to form a slurry comprising carbonates, bicarbonates,

or carbonates and bicarbonates 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

bicarbonates 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 CO2. In some embodiments, for example,

monovalent cations such as Na+, K+, or a combination thereof (optionally by addition of NaOH and/or

KOH) may be present in the substantially clear solution at the time the solution is charged with CO2. The

composition resulting from charging such a solution with CO2 may comprise, for example, carbonates,

bicarbonates, or carbonates and bicarbonates of monovalent cations.

[0083] As such, in some embodiments, the invention provides a method for charging an alkaline solution

(e.g., pH > pH 7.0) with CO2 from an industrial waste gas stream to produce a composition comprising

carbonates, bicarbonates, or carbonates and bicarbonates, wherein the composition is substantially clear

(i.e., substantially free of precipitation material, such as at least 95% or more free). The substantially clear

composition may subsequently be contacted with a source of divalent cations (e.g., Ca2+, Mg2+, or a

combination thereof) to produce a composition comprising carbonates, bicarbonates, or carbonates and

bicarbonates of divalent cations resulting in a slurry. As above, such slurries may comprise CaCO3,

MgCO3, or a combination thereof that may be treated as described herein. In a non-limiting example, an

alkaline solution comprising NaOH (e.g., NaOH dissolved in freshwater lacking significant divalent

cations) may be contacted in a gas-liquid contactor with CO2 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 precipitation material, which, in turn, is due to the lack

of significant divalent cations. Depending upon the amount of CO2 added (and makeup NaOH, if any), the

substantially clear composition may comprise NaOH, NaHCO 3, and/or Na2CO3. The substantially clear

composition may subsequently be contacted in a reactor outside the gas-liquid contactor with a source of

divalent cations (e.g., Ca2+, Mg2+, Sr2+, and the like) to produce a composition comprising carbonates,

bicarbonates, or carbonates and bicarbonates of divalent cations (e.g., precipitation material) resulting in a

slurry. As such, compositions may comprise CaCO3 and/or MgCO3, and the compositions may be treated

as described herein. For example, the composition may be subjected to liquid-solid separation and the

solids manufactured into cement, supplementary cementitious material, fine aggregate, mortar, coarse

aggregate, concrete, pozzolan, or a combination thereof.

[0084] With reference to Figs. ID and IE, the invention also provides aqueous-based methods of

processing a source of carbon dioxide (130) and producing a composition comprising carbonates,

bicarbonates, or carbonates and bicarbonates, wherein the source of carbon dioxide comprises one or

more additional components in addition to carbon dioxide, and wherein at least a portion of treatment

system supernatant is recirculated. For example, in some embodiments, the invention provides a method



of treating a waste gas stream comprising CO2 and 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 in

accordance with Reasonably Available Control Technology (RACT); Best Available Control Technology

(BACT); Maximum Achievable Control Technology (MACT); Lowest Achievable Emission Rate

(LAER); and/or any United States Environmental Protection Agency (EPA) reference methods, as such

emission control standards exist on the filing date of this patent application.), a composition comprising

carbonates, bicarbonates, or carbonates and bicarbonates, and an effluent, wherein at least a portion of the

effluent is recirculated to the processor. As shown in Figs. ID and IE, 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 supernatant may be provided to a carbon dioxide-processing system

processor. In such embodiments, the supernatant may be provided 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 embodiments,

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 compositions (e.g., precipitation material

comprising CaCO3, MgCO3, 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. 1E, 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 carbon 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 desalination plant or desalination process such that the

treatment system supernatant, which is generally softer (i.e., lower concentration 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.

[0085] Recirculation of treatment system supernatant is advantageous as recirculation provides efficient

use of available resources; minimal disturbance of surrounding environments; and reduced energy

requirements, which reduced energy requirements provide for lower 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 configured for recirculation (i.e., a carbon-dioxide processing system

configured for a once-through process) such as that shown in Fig. IB, may have a parasitic load on the

industrial plant of at least 10% attributable to continuously pumping a fresh source of alkalinity (e.g.,

seawater, brine) into the system. In such an 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. ID or Fig. IE may have a parasitic load 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

parasitic load may be attributable to pumping make-up water and recirculating supernatant. Carbon

dioxide-processing systems configured for recirculation, may, when compared to systems designed for a

once-through process, exhibit a reduction in 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. ID and IE (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-processing systems configured for once-through process. In some

embodiments, recirculation provides a reduction in total parasitic load of a carbon dioxide-processing

system, wherein the reduction is at least 2%, such as at least 4%, including at least 6%, for example at

least 8% or at least 10% when compared to total parasitic load of a carbon dioxide-processing system

configured for once-through process. For example, if a 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 divalent

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.

[0086] The parasitic load of carbon dioxide-processing systems of the invention may be further reduced

by efficient use of other resources. In some embodiments, the parasitic load of carbon dioxide-processing

systems of the invention may be further reduced by efficient use of heat from an industrial source. In

some embodiments, for example, heat from the industrial source of carbon dioxide (e.g., flue gas heat

from a coal-fired power plant) may be utilized for drying a composition comprising precipitation material

comprising carbonates, bicarbonates, or carbonates and bicarbonates. In such embodiments, a spray dryer

may be used for spray drying the composition. For example, low-grade (e.g., 150-200 0C) waste heat may

be utilized by means of a heat exchanger to evaporatively spray dry the composition comprising the

precipitation material. In addition, utilizing heat from the industrial source of carbon dioxide for drying

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 dissolution of carbon dioxide, a process



which is inversely related to temperature. In some embodiments, the parasitic load 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 parasitic load 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 parasitic load of the

carbon dioxide-processing system may be less than 30%, such as less than 20%, including less than 15%,

for example, less than 10%, less than 5%, or less than 3% when capturing and processing 70-90% of the

carbon dioxide emitted from an industrial plant (e.g., coal-fired power plant). As such, carbon dioxide-

processing systems of the invention 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.

[0087] 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 CaCO3 H 2O; nesquehonite MgCO3*2H2O; 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 gallons per day may replace water lost to producing, for example, spray-dried precipitation

material from flue gas from a 35 MWe coal-fired power plant. Processes requiring only make-up water

may be considered zero process water discharge processes. In processes 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 embodiments, 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 additional process water are considered low process water discharge processes because systems

and methods of the invention are designed to efficiently use resources.

Source of Carbon Dioxide

[0088] 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 carbonates, bicarbonates, or carbonates

and bicarbonates, wherein the composition is a solution or slurry. In some embodiments, the solution is a

slurry comprising a precipitation material comprising carbonates, bicarbonates, or carbonates and

bicarbonates. There may be sufficient carbon dioxide in the aqueous solution to produce significant

amounts of carbonates, bicarbonates, or carbonates and bicarbonates (e.g., from brine or seawater);

however, additional carbon dioxide is generally used. The source of CO2 may be any convenient CO2

source. The source of CO2 may be a gas, a liquid, a solid (e.g., dry ice), a supercritical fluid, or CO2



dissolved in a liquid. In some embodiments, the CO2 source is a gaseous CO2 source such as a waste gas

stream. The gaseous CO2 source may be substantially pure CO2 or, as described in more detail below,

comprise one or more components in addition to CO2, wherein the one or more components comprise one

or more additional gases (e.g., SOx, NOx), non-gaseous components (e.g., particulate matter such as fly

ash), or a combination thereof. In some embodiments, the gaseous CO2 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 industrial plants that

produce CO2 as a by-product of fuel combustion or another processing step (e.g., calcination by a cement

plant). In some embodiments, for example, the gaseous CO2 source may be flue gas from coal-fired power

plant.

[0089] The gaseous waste stream may be provided by the industrial plant to the CO2-processing system

of the invention in any convenient manner that conveys the gaseous waste stream. In some embodiments,

the waste gas stream is provided with a gas conveyor (e.g., a duct, pipe, etc.) that runs from a flue or

analogous structure of the industrial plant (e.g., a flue of the industrial plant) to one or more locations of

the CO2-processing system. In such embodiments, a line (e.g., a duct, pipe, etc.) may be connected to the

flue of the industrial plant such that gas leaving through the flue is conveyed to the appropriate location(s)

of the CO2-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 CO2-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 embodiments, where a gaseous waste stream having a

temperature ranging for O0C to 2000 0C, such as O0C to 1800 0C, including 60 0C to 700 0C, for

example, 100 0C to 400 0C 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 0C) 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

fluorocarbon (such as poly(tetrafluoroethylene)) lined such the duct does not rapidly deteriorate.

[0090] Waste gas streams comprising CO2 include both reducing condition streams (e.g., syngas, shifted

syngas, natural gas, hydrogen, and the like) and oxidizing condition streams (e.g., flue gas resulting from

combustion). Particular waste gas streams that may be convenient for the invention include oxygen-

containing flue gas resulting from combustion (e.g., from coal or another carbon-based fuel with little or

no pretreatment of the flue gas), turbo charged boiler product gas, coal gasification product gas, pre-

combustion synthesis gas (e.g., such as that formed during coal gasification in power generating plants),

shifted coal gasification product gas, anaerobic digester product gas, wellhead natural gas stream,

reformed natural gas or methane hydrates, and the like. Combustion gas from any convenient source may

be used in methods and systems of the invention. In some embodiments, a combustion gas from a post-



combustion effluent stack of an industrial plant such as a power plant, cement plant, and coal processing

plant is used.

[0091] Thus, waste gas streams may be produced from a variety of different types of industrial plants.

Suitable waste gas streams for the invention include waste gas streams produced by industrial plants that

combust fossil fuels (e.g., coal, oil, natural gas, propane, diesel) and anthropogenic fuel products of

naturally occurring organic fuel deposits (e.g., tar sands, heavy oil, oil shale, etc.). In some embodiments,

a waste gas stream suitable for systems and methods of the invention may be sourced from a coal-fired

power plant, 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 produced 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.

[0092] 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.

[0093] 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 200,000 ppm to 1000 ppm and including 200,000 ppm to 2000 ppm, for example

130,000 ppm to 2000 ppm, wherein the 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 comprise carbon dioxide in an amount ranging from 100,000 ppm

(10%) to 150,000 ppm (15%) depending on the waste gas stream (e.g., CO2 from coal-fired power plants,

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., CO from cement plant calcination, chemical plants, etc.). For

example, in some embodiments, waste gas streams may comprise carbon dioxide in an amount ranging

from 900,000 ppm (90%) to 1,000,000 ppm (100%) depending on the waste gas stream (e.g., CO2 from

ethanol fermenters, CO2 from steam reforming at refineries, ammonia plants, substitute natural gas (SNG)

plants, CO2 separated from sour gases, etc.). The concentration of CO2 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 dioxide may be removed from the waste gas stream.

[0094] 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.

[0095] Although a waste gas stream from an industrial plant offers a relatively concentrated source of

CO2 and/or additional components resulting from combustion of fossil fuels, methods and systems of the

invention are also applicable 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 CO2

and/or additional components in atmospheric air by producing compositions of the invention. As with

waste gas streams, the concentration of CO2 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 CO2 may be

accomplished with yields as described herein, or with higher or lower yields, and may be accomplished in

one processing step or in a series of processing steps.

Other Components of Waste Gas Streams

[0096] Waste gas streams suitable for the invention may further comprise one or more additional

components including water; sulfur oxides (SOx); nitrogen oxides (NOx); carbon monoxide (CO); metals

such as antimony (Sb), arsenic (As), barium (Ba), beryllium (Be), boron (B), cadmium (Cd), chromium

(Cr), cobalt (Co), copper (Cu), lead (Pb), manganese (Mn), mercury (Hg), molybdenum (Mo), nickel (Ni),

radium (Ra), selenium (Se), silver (Ag), strontium (Sr), thallium (Tl), vanadium (V), and zinc (Zn),

wherein the metals may be in any available form including, but not limited to, an elemental form (e.g.,

Hg0), a salt (e.g., HgCl2), an inorganic compound (e.g., HgO), an organic compound (e.g., an

organomercury compound), or particulate form (e.g., Hg(p)); particulate matter (suspended particles of

solids or liquids) such as fly ash, dust (e.g., from calcining), and metals; halides such as hydrogen chloride

and hydrogen fluoride, which may also be considered acid gases along with, for example, SOx (e.g., SO3,

SO2); organics such as volatile organic compounds (VOCs), hydrocarbons, dioxins, and polyaromatic

hydrocarbons (PAHs); toxic substances such as hydrogen cyanide and sulfur nitrate (SNO3); and

radioactive isotopes such as uranium (U) and thorium (Th), any one or more (e.g., two or more, three or



more, four or more, five or more, etc.) of which may be sequestered in a composition of the invention. In

some embodiments, the invention provides for at least 1%, 5%, 10%, 25%, 30%, 40%, 50%, 60%, 70%,

75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, 99%, 99.9%, or 99.99% removal of one or more of the

additional waste gas stream components, wherein each of the one or more components may be removed at

the same or a different percentage level. For example, in some embodiments, 98% of the SOx and 95% of

the mercury may be removed from a waste gas stream using systems and methods of the invention, while,

in other embodiments, 98% of the SOx and 98% of the mercury may be removed from the waste gas

stream. In another exemplary embodiment, at least 99% SO2, at least 88% SO3, and 81% HCl, each of

which may be considered an acid gas, may be removed from a waste gas stream using systems and

methods of the invention. In such an embodiment, the invention provides for at least 80% removal of acid

gases (e.g., SOx, HCl, etc.). In addition to the foregoing, at least 10%, 20%, 30%, 40%, 50%, 60%, 70%,

80%, 90%, 95%, 96%, 97%, 98%, 99%, 99.9%, or 99.99% of the carbon dioxide may be removed from

the waste gas stream.

[0097] In a typical untreated flue gas resulting from combustion of a low-sulfur Eastern bituminous coal,

the flue gas may comprise H2O (5-7%); O2 (3-4%); CO2 (15-16%); Hg ( 1 ppb); CO (20 ppm);

hydrocarbons (10 ppm); HCl (100 ppm); SOx (810 ppm, wherein the concentration of SO2 is 800 ppm

and the concentration of SO3 is 10 ppm); NOx (500 ppm, wherein the concentration of NO is 475 ppm

and the concentration of NO2 is 25 ppm), and N2 (balance). Different coals may give untreated flue gases

with different contaminant concentrations (e.g., 10-15% CO2, 10-20 ppm CO, 500-3000 ppm SOx, 150-

500 ppm NOx, 1-2 ppb Hg, 5-10% fly ash, etc.), any of which flue gases are suitable for use in the

invention. In reference to the medium (e.g., aqueous solution) in which CO2 is processed, many of the

additional components of waste gas streams may be conveniently, though not strictly, grouped as soluble

(e.g., HgCl2, NO2, etc.), reactive (e.g., HCl, HF, etc.), or not soluble and not reactive (e.g., As, Cd, Pb, Cr,

V, Se, etc.). Methods of the invention include treating waste gas streams such that certain additional

components may be more soluble or more reactive in the medium in which CO2 is processed. For

example, in some embodiments, elemental mercury may be oxidized to mercuric chloride (HgCl2) in the

presence of hydrogen chloride (HCl) or chlorine (Cl2), each of which may be generated by

electrochemical methods of the invention. This was serendipitously discovered upon practice of the

invention when burning various coals having different chlorine contents. Coal having more chlorine

content, it was discovered, makes for better capture of various mercury species, particularly divalent

mercury (Hg2+) .

[0098] Sulfur oxides (SOx) may refer to any of lower sulfur oxides such as SO, S2O2, S2O, S3O, SxO

(where x is 5-10), S6O2, S7O2, and polymeric sulfuroxides; sulfur monoxide (SO); sulfur dioxide (SO2);

sulfur trioxide (SO3); and higher sulfur oxides such as SO3+y (where 0<y≤ l), or a combination thereof.

The combustion of coal, oil, natural gas, or any other sulfur-containing fuels may produce a flue gas in

which 98-99% of the sulfur is in the form of sulfur dioxide (SO2) and 1-2% is sulfur trioxide (SO3) . For

low and high sulfur coals the total concentration of SOx may be in the range of 1,000-4,000 ppm. The

invention provides highly efficient desulfurization of waste gas streams, utilizing an aqueous solution



(e.g., seawater, brine, etc.) and, optionally, a source of proton-removing agents such as industrial waste

(e.g., fly ash, CKD, brucite tailings, etc.). In some embodiments, the invention provides for at least 5%,

10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%,

or 99.9% removal of SOx from a waste gas stream. In such embodiments, SOx removal may directly

result from processing the waste gas stream in a processor of the invention without additional SOx control

technology. In some embodiments, such SOx removal may result from a combination of processing the

waste gas stream in a processor of the invention and using a desulfurization technology. Such

desulfurization technologies include, but are not limited to, wet scrubbing, spray-dry scrubbing, wet

sulfuric acid process (WSA), and dry sorbent injection systems. Desulfurization of waste gas streams

utilizing a processor of the invention may result in incorporation of, for example, calcium sulfate into

precipitation material of the invention, which may then be used for various applications in the built

environment. In some embodiments, forced oxidation may be used to oxidize sulfur compounds in the

waste gas stream or in solution (e.g., sulfites to sulfates) to produce sulfates for incorporation into

precipitation material. For example, in some embodiments, SO2 may be absorbed in a solution as sulfite,

which, in turn, may be converted to sulfate by oxidation through aeration. In some embodiments, SO2

may be converted to sulfite upon contact with a solution (e.g., solution of proton-removing agents and/or

divalent cations), which sulfite may be oxidized under conditions already existing in the solution. In such

embodiments, sulfate may present in precipitation material of the invention, supernatant resulting from

separation of the precipitation material, or both the precipitation material and the supernatant.

[0099] Nitrogen oxides may refer to any of NO and NO2, or a combination thereof, and may be produced

during combustion of coal, oil, and other fuels, especially during high-temperature combustion. NOx is

mainly produced in the form of nitric oxide (NO). Some nitrogen dioxide (NO2) is also formed, but its

concentration may be less than 5% of the total NOx concentration, which is typically 200-1000 ppm. In

some embodiments, the invention provides for at least 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%,

50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, or 99.9% removal of NOx from a waste gas

stream. In such embodiments, NOx removal may directly result from processing the waste gas stream in a

processor of the invention without additional NOx control technology. In some embodiments, such NOx

removal may result from a combination of processing the waste gas stream in a processor of the invention

and using a combustion modification technology. As such, in some embodiments, a pre-combustion

modification technology such as combustion staging or flue gas recirculation (FGR) may be used.

Alternatively, NOx emissions may be reduced using a post-combustion modification technology in

combination with processing the waste gas stream in a processor of the invention. In such embodiments, a

post-combustion modification technology such as selective catalytic reduction (SCR) or selective non-

catalytic reduction (SNCR) may be used. Combinations of pre-combustion and post-combustion

modification technologies may be used in combination with processing the waste gas stream in a

processor of the invention as well.

[00100] Aqueous absorption of NOx may be enhanced by forced oxidation of NO to NO2, which NO2 is

more soluble in solutions of the invention, which include solutions comprising proton-removing agents,



divalent cations, or both proton-removing agent and divalent cations. In some embodiments, hydrogen

peroxide (H2O2) (e.g., hydrogen peroxide in methanol) may be injected into the waste gas stream to

oxidize NO to NO2 as described in U.S. Patent No. 5,670,122, which is incorporated herein by reference

in its entirety. In some embodiments, the molar ratio of injected H2O2 (MeOH) to total pollutants is 0.01

to 5.0, such as 0.1 to 4.0, including 0.1 to 3.0, for example, 0.1 to 2.0, 0.1 to 1.0, or 0.1 to 0.5. For

example, if 1 mole OfH2O2 (MeOH) is injected for 2 moles of total pollutants, the molar ratio of injected

H2O2 (MeOH) to total pollutants is 0.5. Mechanistically, this technique may induce free-radical-mediated

oxidation of NO to NO2, the formation of which allows for wet-scrubbing in, for example, coal-fired

power plants lacking post-modification technology for NOx control (e.g., SCR systems). In some

embodiments, chelating agents may be used to improve absorption of NO2, particularly increased

concentrations resulting from forced oxidation of NO to NO2. In some embodiments, nitrates formed from

NO2 absorption may be incorporated into a hydrotalcite (aluminum-magnesium carbonate-hydroxide)

matrix. In some embodiments, aqueous-based transition metal-catalyzed reduction of NOx to N2, which

may be released to the atmosphere with N2 in the cleaned waste gas stream.

[00101] As above, metals in the waste gas stream may be in any available form. Using mercury as a non-

limiting metal example, elemental mercury (Hg0) and/or different forms of gaseous and particulate

mercury compounds such as mercuric oxide (HgO), mercuric chloride (HgCl2), mercurous chloride

(Hg2Cl2), particulate mercury (Hg(p)), and the like may be emitted to the atmosphere from combustion of

coal and other mercury-containing fuels. The average concentration of mercury in flue gases resulting

from coal combustion in the United States may be about 3 ppb while mercury emissions from waste-to-

energy (WtE) or energy- from-waste (EfW) plants may range from 0 ppb to 100 ppb. As such, mercury

emissions may vary greatly. In some embodiments, the invention provides for at least 5%, 10%, 15%,

20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, or 99.9%

removal of mercury and/or any other trace metals (e.g., Ag, As, Ba, Be, Cd, Co, Cr, Cu, Mo, Ni, Pb, Sb,

Se, Tl, V, Zn, etc.) from a waste gas stream. In some embodiments, for example, the invention provides

for at least 80% removal of mercury and/or any other trace metals (e.g., Ag, As, Ba, Be, Cd, Co, Cr, Cu,

Mo, Ni, Pb, Sb, Se, Tl, V, Zn, etc.) from a waste gas stream. In such embodiments, removal of mercury

and/or any other trace metals may directly result from processing the waste gas stream in a processor of

the invention without additional control technology (e.g., mercury control technology). In some

embodiments, such trace metal (e.g., mercury) removal may result from a combination of processing the

waste gas stream in a processor of the invention and using control technology (e.g., mercury control

technology). Using mercury as a non-limiting metal example, in some embodiments, one or more non

specific mercury control technologies may be used including the use of electrostatic precipitators, fabric

filters, flue gas desulfurization (FGD), and/or selective catalytic reduction (SCR). For example, in some

embodiments, electrostatic precipitators may be used to remove particulate mercury; fabric filters may be

used to remove oxidized mercury adsorbed onto fly ash, elemental mercury adsorbed onto fly ash, or

particulate mercury; FGD, in addition to removing SOx from flue gas, may be used to remove oxidized

mercury from flue gas; and SCR may be used to decrease the amount of elemental mercury in the flue



gas; or some combination of the foregoing. In some embodiments, one or more specific mercury control

technologies may be used in combination with processing the waste gas stream in a processor of the

invention. For example, in some embodiments, sorbent injection (e.g., injection of activated carbon or

halogenated carbon) or passage of the waste gas stream through an adsorbent may be used. In another

non-limiting example, chemical conversion of elemental mercury to non-volatile mercury compounds

(e.g., enhanced FGD using dedicated oxidation schemes) or may be used. Indeed, multiple oxidation

approaches may be used to convert mercury and/or any other trace metals into a soluble form (e.g.,

divalent mercury) that can more easily undergo aqueous scrubbing or that can be more easily taken up by

an aqueous solution. As discussed above, the injection of hydrogen peroxide (e.g., hydrogen peroxide in

methanol) would be one such method of oxidation. In addition, injection of chlorine in various forms

(HCl, CI2), in different concentration, and/or at different temperatures in the combustor or waste gas

stream may produce metal species (e.g., divalent mercury such as HgCl2) that are soluble in solutions of

the invention, which comprise proton-removing agents and/or divalent cations. In some embodiments,

reduction approaches may be used to convert metal species into more soluble or less toxic forms that can

undergo aqueous scrubbing. For example, in some embodiments, Cr6+ from the waste gas stream,

industrial waste source of proton-removing agents (e.g., fly ash), and/or industrial waste source of

divalent cations may be reduced to Cr3+, which is a non-toxic relative to hexavalent chromium (Cr6+) .

Combinations of non-specific and specific trace metal (e.g., mercury) control technologies may be used in

combination with processing the waste gas stream in a processor of the invention as well.

[00102] As described above in reference to CO2, although a waste gas stream from an industrial plant

offers a relatively concentrated source of waste gas stream components such as SOx, NOx, mercury, and

the like from combustion of fossil fuels, methods and systems of the invention are also applicable to

removing such waste gas stream components from less concentrated sources (e.g., atmospheric air), which

contain a much lower concentration of such components than, for example, flue gas. Thus, in some

embodiments, methods and systems encompass decreasing the concentration of waste gas stream

components such as SOx, NOx, mercury, and the like in atmospheric air by producing compositions of the

invention. As with waste gas streams, the concentration of SOx, NOx, mercury, and the like 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 waste gas stream component such as SOx, NOx, mercury, and the

like may be accomplished with yields as described herein, or with higher or lower yields, and may be

accomplished in one processing step or in a series of processing steps.

Source of Proton-Removing Agents or Methods for Effecting Proton Removal

[00103] 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 carbonates, bicarbonates, or carbonates

and bicarbonates, wherein the composition is a solution or slurry. Contacting the aqueous solution with

the source of carbon dioxide facilitates dissolution of CO2 into the aqueous solution producing carbonic



acid, a species in equilibrium with both bicarbonate and carbonate. In order to produce compositions of

the invention (e.g., precipitation material comprising carbonates, bicarbonates, or carbonates and

bicarbonates), protons are removed from various species (e.g. carbonic acid, bicarbonate, hydronium, etc.)

in the aqueous solution to shift the equilibrium toward bicarbonate, carbonate, or somewhere in between.

As protons are removed, more CO2 goes into solution. In some embodiments, proton-removing agents

and/or methods are used while contacting an aqueous solution with CO2 to increase CO2 absorption in one

phase of the reaction, wherein the pH may remain constant, increase, or even decrease, followed by a

rapid removal of protons (e.g., by addition of a base), which, In some embodiments, may cause rapid

precipitation of precipitation material. Protons may be removed from the various species (e.g. carbonic

acid, bicarbonate, hydronium, etc.) by any convenient approach, including, but not limited to use of

naturally occurring proton-removing agents, use of microorganisms and fungi, use of synthetic chemical

proton-removing agents, recovery of waste streams from industrial processes, and using electrochemical

means.

[00104] Naturally occurring proton-removing agents encompass any proton-removing agents found in the

wider environment that may create or have a basic local environment. 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 No. 12/501,217,

filed 10 July 2009, which is incorporated herein by reference in its entirety. Some embodiments provide

for using naturally occurring bodies of water as a source proton-removing agents, which bodies of water

comprise carbonate, borate, sulfate, or nitrate alkalinity, or some combination thereof. Any alkaline brine

(e.g., surface brine, subsurface brine, a deep brine, etc.) is suitable for use in the invention. In some

embodiments, a surface brine comprising carbonate alkalinity provides a source of proton-removing

agents. In some embodiments, a surface brine comprising borate alkalinity provides a source of proton-

removing agents. In some embodiments, a subsurface 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 comprising carbonate

alkalinity provides a source of proton-removing agents. In some embodiments, a deep brine comprising

borate alkalinity provides a source of proton-removing agents. Examples of naturally alkaline bodies of

water include, but are not limited to surface water sources (e.g. 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 California). 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 November

2009, which is 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 wetland in British Columbia, which increases pH from a byproduct of

photosynthesis). In some embodiments, organisms are used to produce proton-removing agents, wherein

the organisms (e.g., Bacillus pasteurii, which hydrolyzes urea to ammonia) metabolize a contaminant (e.g.

urea) to produce proton-removing agents or solutions comprising proton-removing agents (e.g.,

ammonia, ammonium hydroxide). In some embodiments, organisms are cultured separately from the

precipitation reaction mixture, wherein proton-removing agents or solution comprising proton-removing

agents are used for addition to the precipitation reaction mixture. In some embodiments, naturally

occurring or manufactured enzymes are used in combination with proton-removing agents to invoke

precipitation of precipitation material. Carbonic anhydrase, which is an enzyme produced by plants and

animals, accelerates transformation of carbonic acid to bicarbonate in aqueous solution. As such, carbonic

anhydrase may be used to enhance dissolution of CO2 and accelerate precipitation of precipitation

material, as described in further detail herein.

[00105] Chemical agents for effecting proton removal generally refer to synthetic chemical agents that are

produced in large quantities and are commercially available. For example, chemical agents for removing

protons include, but are not limited to, hydroxides, organic bases, super bases, oxides, ammonia, and

carbonates. Hydroxides include chemical species that provide hydroxide anions in solution, including, for

example, sodium hydroxide (NaOH), potassium hydroxide (KOH), calcium hydroxide (Ca(OH)2), or

magnesium hydroxide (Mg(OH)2) . Organic bases are carbon-containing molecules that are generally

nitrogenous bases including primary amines such as methyl amine, secondary amines such as

diisopropylamine, tertiary amines such as diisopropylethylamine, aromatic amines such as aniline,

heteroaromatics such as pyridine, imidazole, and benzimidazole, and various forms thereof. In some

embodiments, an organic base selected from pyridine, methylamine, imidazole, benzimidazole, histidine,

and a phosphazene is used to remove protons from various species (e.g., carbonic acid, bicarbonate,

hydronium, etc.) for preparation of compositions of the invention. In some embodiments, ammonia is

used to raise pH to a level sufficient for preparation of compositions of the invention. Super bases

suitable for use as proton-removing agents include sodium ethoxide, sodium amide (NaNH2), sodium

hydride (NaH), butyl lithium, lithium diisopropylamide, lithium diethylamide, and lithium

bis(trimethylsilyl)amide. Oxides including, for example, calcium oxide (CaO), magnesium oxide (MgO),

strontium oxide (SrO), beryllium oxide (BeO), and barium oxide (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.

[00106] 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/petrochemical refinery waste (e.g. oil field and

methane seam brines); coal seam wastes (e.g. gas production brines and coal seam brine); paper



processing waste; water softening waste brine (e.g., ion exchange effluent); silicon processing wastes;

agricultural waste; metal finishing waste; high pH textile waste; and 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)2 such as that found in Moss Landing, California); and wastes from mining processes involving

leaching. For example, red mud may be used to modify pH as described in U.S. Provisional Patent

Application No. 61/161369, filed 18 March 2009, which is incorporated herein by reference in its entirety.

Red mud, depending on processing conditions and source material (e.g., bauxite) might comprise Fe2O3,

Al2O3, SiO2, Na2O, CaO, TiO2, K2O, MgO, CO2, S2O, MnO2, P2O5, 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 No. 12/486692, filed 17 June 2009, 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 (NH3) 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.

[00107] Electrochemical methods are another means to remove protons from various species in a solution,

either by removing protons from solute (e.g., deprotonation of carbonic acid or bicarbonate) or from

solvent (e.g., deprotonation of hydronium or water). Deprotonation of solvent may result, for example, if

proton production from CO2 dissolution matches or exceeds electrochemical proton removal from solute

molecules. In some embodiments, low-voltage electrochemical methods are used to remove protons, for

example, as CO2 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, CO2 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 CO2. A low-voltage electrochemical

method operates at an average voltage of 2, 1.9, 1.8, 1.7, or 1.6 V or less, such as 1.5, 1.4, 1.3, 1.2, 1.1 V

or less, such as 1 V or less, such as 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,

0.4 V or less, 0.3 V or less, 0.2 V or less, or 0.1 V or less. Low-voltage electrochemical methods that do

not generate chlorine gas are convenient for use in systems and methods of the invention. Low-voltage

electrochemical methods to remove protons that do not generate oxygen gas are also convenient for use in

systems and methods of the invention. In some 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. Electrochemical

methods that do not generate hydrogen gas may also be convenient. In some instances, electrochemical



methods to remove protons do not generate any gaseous by-byproduct. Electrochemical methods for

effecting proton removal are further described in U.S. Patent Application No. 12/344,019, filed 24

December 2008; U.S. Patent Application No. 12/375,632, filed 23 December 2008; International Patent

Application No. PCT/US08/088242, filed 23 December 2008; International Patent Application No.

PCT/US09/32301, filed 28 January 2009; and International Patent Application No. PCT/US09/4851 1,

filed 24 June 2009, each of which are incorporated herein by reference in their entirety.

[00108] 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., CCVcharged) solution, and a selective barrier, such as a

membrane, may separate the electrodes. Electrochemical systems and methods for removing protons may

produce by-products (e.g., hydrogen) 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 Application No. 61/081,299, filed 16 July 2008, and

U.S. Provisional Patent Application No. 61/091,729, the disclosures of which are incorporated herein by

reference. Combinations of the above mentioned sources of proton-removing agents and methods for

effecting proton removal may be employed.

Source of Divalent Cations

[00109] In some embodiments, the invention provides for contacting a volume of a liquid (e.g., an

aqueous solution) with a source of carbon dioxide to produce a composition comprising carbonates,

bicarbonates, or carbonates and bicarbonates, wherein the composition is a solution or slurry. To produce

precipitation material comprising carbonates, bicarbonates, or carbonates and bicarbonates, methods of

the invention include contacting a volume of a divalent cation-containing aqueous solution with a source

of CO2 and subjecting the resultant solution to conditions that facilitate precipitation. Divalent cations

may come from any of a number of different 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.

[00110] 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 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. Ash, cement kiln dust, and slag, collectively waste sources of

metal oxides, further described in U.S. Patent Application No. 12/486,692, filed 17 June 2009, which is



incorporated herein by reference in its entirety, may be used in any combination with material comprising

metal silicates, further described in U.S. Patent Application No. 12/501,217, filed 10 July 2009, which is

also incorporated herein by reference in its entirety. Any of the divalent cations sources described herein

may be mixed and matched for the purpose 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.

[00111] In some locations, a convenient source of divalent cations for preparation of compositions of the

invention (e.g., precipitation material comprising carbonates, bicarbonates, or carbonates and

bicarbonates) is water (e.g., an aqueous solution comprising divalent cations such as seawater or brine),

which may vary depending upon the particular location at which the invention is practiced. Suitable

aqueous solutions of divalent cations that may be used include solutions comprising one or more divalent

cations (e.g., alkaline earth metal cations such as Ca + and Mg +) . In some embodiments, the aqueous

source of divalent cations comprises alkaline earth metal cations. In some embodiments, the alkaline earth

metal cations include calcium, magnesium, or a mixture thereof. In some embodiments, the aqueous

solution of divalent cations comprises 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 comprises magnesium in amounts ranging from 50

to 40,000 ppm, 50 to 20,000 ppm, 100 to 10,000 ppm, 200 to 10,000 ppm, 500 to 5000 ppm, or 500 to

2500 ppm. In some embodiments, where Ca2+ and Mg2+ are both present, the ratio of Ca2+ to Mg2+ (i.e.,

Ca2+ :Mg2+) 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 Mg2+ 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 embodiments, the

ratio of Mg2+ to Ca2+ in the aqueous solution of divalent cations is between 1:1 and 1:10; 1:5 and 1:25;

1:10 and 1:50; 1:25 and 1:100; 1:50 and 1:500; or 1:100 and 1:1000.

[00112] The aqueous solution of divalent cations may comprise divalent cations derived from freshwater,

brackish water, seawater, or brine (e.g., naturally occurring brines or anthropogenic brines such as

geothermal plant wastewaters, desalination plant waste waters), as well as other aqueous solutions having

a salinity that is greater than that of freshwater, any of which may be naturally occurring or

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 embodiments, the

water source from which divalent cations are derived is a mineral rich (e.g., calcium-rich and/or

magnesium-rich) freshwater source. In some embodiments, the water source from which divalent cations

are 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)-

SO4-Cl; Mg-Na-(Ca)-SO 4-Cl; Na-CO 3-Cl; OrNa-CO3-SO4-Cl brine. In some embodiments, the water

source from which divalent cation are derived is an anthropogenic brine selected from a geothermal plant

wastewater or a desalination wastewater.

[00113] 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 minerals.

Mineral-rich freshwater sources may be naturally occurring, including any of a number of hard water

sources, lakes, or inland seas. Some mineral-rich freshwater sources such as alkaline lakes or inland seas

(e.g., Lake Van in Turkey) also provide a source of pH-modifying agents. Mineral-rich freshwater 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., Ca2+, Mg2+, etc.) to produce a mineral-rich

water that is suitable for methods and systems described herein. Divalent cations or precursors thereof

(e.g. salts, minerals) may be added to freshwater (or any other type of water described herein) using any

convenient protocol (e.g., addition of solids, suspensions, or solutions). In some embodiments, divalent

cations selected from Ca2+ and Mg2+ are added to freshwater. In some embodiments, monovalent cations

selected from Na+ and K+ are added to freshwater. In some embodiments, freshwater comprising Ca + is

combined with material comprising metal silicates, ash (e.g., fly ash, bottom ash, boiler slag), or products

or processed forms thereof, including combinations of the foregoing, yielding a solution comprising

calcium and magnesium cations.

[00114] In some embodiments, an aqueous solution of divalent cations may be obtained from an industrial

plant that is also providing a waste gas stream (e.g., combustion gas stream). For example, in water-

cooled industrial plants, such as seawater-cooled industrial plants, water that has been used by an

industrial plant for cooling may then be used as water for producing precipitation material. If desired, the

water may be cooled prior to entering a precipitation system of the invention. Such approaches may be

employed, for example, with once-through cooling systems. For example, a city or agricultural water

supply may be employed as a once-through cooling system for an industrial plant. Water from the

industrial plant may then be employed for producing precipitation material, wherein output water has a

reduced hardness and greater purity.



[00115] The aqueous solution of divalent cations may further 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 (Ax) may be expressed by the following

equation

Ax = [HCO3I x + 2[CO3
2I x + [B(OH)4I x + [OH ]X + 2[PO4

3I x + [HPO4
2 ]X + [SiO(OH)3 ]x - [H+]sws -

[HSO4 ],

[00116] wherein "T" indicates the total concentration of the species in the solution as measured. Other

species, depending on the source, may contribute to alkalinity as well. The total concentration of the

species in solution is in opposition to the free concentration, which takes into account the significant

amount of ion pair interactions that occur, for example, in seawater. In accordance with the equation, the

aqueous source of divalent cations may have various concentrations of bicarbonate, carbonate, borate,

hydroxide, phosphate, biphosphate, and/or silicate, which may contribute to the alkalinity of the aqueous

source of divalent cations. Any type of alkalinity 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 concentration borate may exceed the concentration of any other species in solution

including, for example, carbonate and/or bicarbonate In some embodiments, the source of divalent cations

has at least 10, 100, 500, 1000, 1500, 3000, 5000, or more than 5000 mEq of alkalinity. For example, in

some embodiments, the source of divalent cations has between 500 to 1000 mEq of alkalinity.

[00117] Like waste gas streams (e.g., various sources of CO2 described herein), liquid and solid wastes

(including multiphasic forms such as slurries of waste) such as industrial waste sources of proton-

removing agents or divalent cations are also of concern because of their potential polluting effects. Many

liquid and solid wastes from industrial sources comprise acids, bases, or other constituents that are not

suitable for discharge into the environment due to their polluting effects. In some instances, the industrial

waste may be too acidic. In some instances, the industrial waste may be too alkaline. In yet other

instances, the industrial waste may contain an unacceptable level of heavy metals (e.g., lead, mercury,

chromium, etc.) For example, in the Bayer process, an industrial process in which sodium hydroxide is

used to selectively dissolve Al2O3, a waste comprising iron, titanium, sodium, silica, and other impurities

is generated. This waste, known as red mud, is highly caustic (pH often in excess of pH 13.2) from

residual sodium hydroxide, and its disposal is an on-going environmental concern. Similarly, in coal-fired

power plants, ash such as fly ash or bottom ash is generated in combusting coal. Depending upon the

source and makeup of the coal being burned, the constituents of the ash may vary considerably and may

include substantial amounts of silicon dioxide; calcium oxide; metals including arsenic, beryllium, boron,

cadmium, chromium, cobalt, lead, manganese, mercury, molybdenum, selenium, strontium, thallium, and

vanadium; and organics such as hydrocarbons, dioxins, and polyaromatic hydrocarbons (PAHs). Although

ash (e.g., fly ash) can be contained in tailings ponds or in landfills, its disposal is also an on-going



environmental concern. Similar problems and concerns are encountered with other industrial wastes (e.g.

wood pulp and paper making wastes, metallurgical wastes, and the like).

[00118] In some embodiments, the invention provides a method of neutralizing an industrial waste stream

comprising contacting a first waste stream with a second waste stream to neutralize at least one of the

waste streams, which neutralized stream is effectively safe to release into the environment (i.e., the

neutralized waste stream comprises acceptable levels of environmental contaminants). In some

embodiments, the first waste stream is a waste gas stream comprising carbon dioxide. In some

embodiments, the first waste stream is a waste gas stream comprising carbon dioxide and one or more

additional components (e.g., SOx, NOx, Hg and/or other trace metals) in addition to carbon dioxide. In

some embodiments, the second waste stream is a liquid, solid, or a multiphasic form thereof. In some

embodiments, the first waste stream is a waste gas stream comprising carbon dioxide and the second

waste stream is a liquid, solid, or multiphasic form thereof. In some embodiments, the first waste stream is

a waste gas stream comprising carbon dioxide and one or more additional components (e.g., SOx, NOx,

Hg and/or other trace metals) in addition to carbon dioxide and the second waste stream is a liquid, solid,

or a multiphasic form thereof. In some embodiments, the invention provides a method of neutralizing

multiple industrial waste streams such as two, three, four, five, or more than five industrial waste streams,

wherein at least one waste stream comprises a waste gas stream comprising carbon dioxide, and wherein

at least one waste stream is neutralized. In some embodiments of the invention, two, three, four, five, or

more than five waste streams are neutralized. Indeed, the invention provides for neutralization of any of

the sources (e.g., industrial sources) of proton-removing agents, divalent cations, or combinations thereof

that are described herein such that the neutralized source may safely be release into the environment. For

example, in some embodiments, neutralization methods of the invention comprise contacting a first waste

stream with a second waste stream, wherein the first waste stream is a waste gas stream comprising

carbon dioxide and one or more additional components (e.g., SOx, NOx, Hg and/or other trace metals) in

addition to carbon dioxide and the second waste stream is red mud, fly ash, or a combination thereof.

Each of the systems described herein may be adapted for neutralization of two or more waste streams,

wherein at least one waste stream comprises a waste gas stream comprising carbon dioxide.

[00119] Systems of the invention such as system (200A) of Fig. 2A, which is illustrative and in no way

limits the following description to Fig. 2A, may comprise a processor (210) (e.g., reactor) adapted for

contacting a waste gas stream (230) comprising CO2 with an aqueous solution comprising divalent cations

(250) to cause removal of combustion gases and particulate matter from the waste gas stream and to form

precipitation material with the divalent cations in the solution. Causing removal of combustion gases (e.g.,

CO2, SOx, NOx, etc.) and particulate matter (e.g., metals, fly ash, etc.) from the waste gas stream, as with

other embodiments of the invention described herein, is effected by carbon dioxide and the one or more

other components exiting the waste gas stream and entering the liquid (e.g., the aqueous solution). As

above, waste streams of interest include industrial plant exhaust gas (e.g., a flue gas), which may be

obtained from the products of combustion from burning a fossil or biomass fuel that are then directed to

the smokestack, also known as the flue of an industrial plant. In addition to CO2 generated by the burning



of fuels, CO2 can also be released as a result of other industrial processing (e.g., calcination of minerals in

a cement plant). The composition of the flue gas may vary. In certain embodiments, the amount of CO2 in

the flue gas may range from 350 ppm to 400,000 ppm, such as 2000 ppm to 200,000 ppm and including

2000 ppm to 180,000 ppm. Other components as disclosed herein may also be present in the flue gas, e.g.,

water, NOx, SOx, mercury and particulate matter. The temperature of the flue gas may vary, e.g., from 0

0C to 2000 0C, such as from 60 0C to 7000 0C and including 100 0C to 400 0C.

[00120] The waste gas 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 waste gas stream from the

industrial plant to the precipitation plant. In certain embodiments, the waste stream is provided with a gas

conveyor, 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 waste gas stream may be a distal location

relative to the site of precipitation, such that the source of the waste gas 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 waste gas stream may have been transported to the site of precipitation from a remote

industrial plant via a CO2 gas conveyance system, e.g., a pipeline. The industrial plant generated CO2

containing gas may or may not be processed, e.g., remove other components, etc., before it reaches the

precipitation site (i.e., a carbonate compound precipitation plant). In yet other instances, source of the

waste gas stream is proximal to the precipitation site, where such instances may include instances where

the precipitation site is integrated with the source of the waste gas stream, such as a power plant that

integrates a carbonate compound precipitation system.

[00121] As indicated above, the waste gas 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 precipitation system

(described in greater detail below). Depending on the particular configuration of the portion of the

precipitation system at which the waste gas stream is employed, the location of the source from which the

waste gas 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 waste gas stream having a temperature ranging for

0 0C to 1800 0C, such as 60 0C to 700 0C is desired, the flue gas may be obtained at the exit point of the

boiler or gas turbine, the kiln, or at any point through the power plant or stack, that provides the desired

temperature. Where desired, the flue gas is maintained at a temperature above the dew point, e.g., 125 0C,

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.

[00122] As is in Fig. 2A, which is illustrative and in no way limits the following description to Fig. 2A,

system 200A includes a source of proton-removing agents (240) (e.g., hydroxide ions) for adjusting the

pH of the solution to promote the absorption of the combustion gases in the solution and reaction of the

components in the waste gas stream with the divalent cations in the solution. In various embodiments, the



processor (210) (e.g., reactor) is configured for interaction of the waste gas stream (230) with the solution

to form a slurry comprising particulate matter from the waste gas stream and precipitation material formed

from the gases interacting with divalent cations in the solution. In various embodiments, the processor

(2 10) is operably connected to a treatment system (220) comprising a liquid-solid separator (222)

configured to separate slurry from the processor into a wet cake of precipitation material and a

supernatant. In various embodiments, the supernatant, depleted of divalent cations, hydroxide ions, and

precipitation material, may be used as feed water for desalination as described in U.S. Patent Application

No. 12/163,205, filed 27 June 2008, which is incorporated herein by reference in it entirety. In other

embodiments, the carbon-dioxide processing system may be configured such that a portion of the

supernatant may be replenished with divalent cations (e.g., alkaline earth metal ions) and proton-removing

agents (e.g., hydroxide ions) and re-circulated to the processor (210) (e.g., reactor). Optionally, as

illustrated in Fig. 2A, systems of the invention may comprise a washer (226) configured to wash wet cake

from the liquid-solid separator (222) with clean water to remove soluble salts from the wet cake and to

produce a washed wet cake (e.g., desalinated wet cake) of precipitation material (along with spent wash

water). System 200A may further comprise a dryer (224) configured to dry wet cake to form a raw, dried

product, which, in turn, may be refined in a refinery (228) to produce a refined product. Raw, dried

product or refined product may be used to prepare building materials of the invention depending upon the

specification of the building material.

[00123] As shown in Fig. 2A, which is illustrative and in no way limits the following description to Fig.

2A, equipment that may be used to remove the gas components (e.g., CO2, SOx, NOx, etc.) and produce a

dried product from the precipitation material are commercially available but may need customization for

the system. The processor (210) (e.g., reactor) may include any of a number of different components, such

as temperature control components (e.g., configured to heat the aqueous solution to a desired

temperature), chemical additive components (e.g., for introducing chemical pH-modifying agents such as

KOH, NaOH, etc.), electrolysis components (e.g., cathodes/anodes, etc.), gas-charging components,

pressurization components (e.g., for operating under pressurized conditions such as from 50-800 psi, 100-

800 psi, 400-800 psi, or any other suitable pressure range), mechanical agitation and physical stirring

components, and components to re-circulate industrial plant flue gas through the precipitation system. The

processor 210 (e.g., reactor) may contain components that allow for the monitoring of one or more

parameters such as internal reactor pressure, pH, precipitation material particle size, metal-ion

concentration, conductivity and alkalinity of the aqueous solution, and partial pressure of the gases.

Monitoring conditions during the precipitation process can allow for corrective adjustments to be made

during processing, or if desired, to increase or decrease production of precipitation material.

[00124] Also as shown in Fig. 2A, which is illustrative and in no way limits the following description to

Fig. 2A, systems of the invention, in various embodiments, comprise a system for supplying proton-

removing agents 240 (e.g., hydroxide ions) to cause formation of precipitation material in the processor

(210) (e.g., reactor). Although any convenient source of proton-removing agents (e.g., hydroxide from

commercially available sodium hydroxide) may be used, in one embodiment, the system includes an



electrochemical system for supplying proton-removing agents (e.g., hydroxide) to the aqueous cation

solution or effecting proton removal from the aqueous solution as is illustrated in Fig. 3, and as described

in commonly assigned International Patent Application No. PCT/US08/088242, filed 23 December 2008,

which is incorporated herein by reference in its entirety.

[00125] With reference to Fig. 3, the electrochemical system (300) in one embodiment comprises anode

308 contacting first electrolyte 304; anion exchange membrane 302 separating the first electrolyte from a

third electrolyte (330); second electrolyte contacting cathode 310, and cation exchange membrane 324

separating the second electrolyte from the third electrolyte. The ion exchange membranes are positioned

in the system to prevent mixing of the first and second electrolytes. A current/voltage regulator (312) may

be adapted to increase or decrease the current or voltage across the cathode and anode in the system as

desired. On applying a voltage across the anode and cathode, proton-removing agents (e.g., hydroxide)

form in the solution in contact with the cathode without a gas (e.g., oxygen or chlorine) forming at the

anode. As with the system illustrated in Fig. 2A, which is illustrative and in no way limits the following

description to Fig. 2A, the system of Fig. 3 may be adapted for batch, semi-batch, or continuous operation

for supplying proton-removing agents (e.g., hydroxide) to systems of the invention such as that of Fig.

2A.

[00126] To provide for efficiencies, the industrial plant that generates the waste gas stream may be co-

located with the precipitation system. By "co-located" is meant that the distances between the industrial

plant and precipitation system range from 10 to 500 yards, such as 25 to 400 yards, including 30 to 350

yards. Where desired, the precipitation and industrial plants may be configured relative to each other to

minimize temperature loss and avoid condensation, as well as minimize ducting costs, e.g., where the

precipitation plant is located within 40 yards of the industrial plant.

[00127] 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 precipitation system of the invention.

In such integrated plants, conventional industrial plants and precipitation system, such as described below,

are modified to provide for the desired integrated plant. Modifications include, but are not limited to:

coordination of stacks, pumping, controls, instrumentation, monitoring, use of plant energy, e.g., steam

turbine energy to run portions of the precipitation component, e.g., mechanical press, pumps,

compressors, use of heat from cement and/or power plant obtained from steam or heat from air to air heat

exchanger and the like.

[00128] With reference to Fig. 2A, which is illustrative and in no way limits the following description to

Fig. 2A, the waste gas stream (230) comprising combustion gas (e.g., CO2) is contacted with the divalent

cation aqueous solution (250), which may be delivered to processor 210 (e.g., reactor) via a pipeline or in

some other convenient manner. Such contact may produce a combustion gas-charged aqueous solution,

wherein combustion gas molecules (e.g., CO2, HCl, NOx, SOx, etc.) have combined with water molecules

to produce new chemical species (e.g., carbonic acid, bicarbonate, carbonate, hydrochloric acid, nitric

acid, sulfuric acid, etc.), or where the combustion gas molecules have merely dissolved in the water. A

combustion gas-charged aqueous solution may also comprise particulate matter from the combustion gas



suspended in the aqueous solution. In various embodiments, as described above, combustion gas may

comprise carbon dioxide; carbon monoxide; nitrogen oxides (NOx); sulfur oxides (SOx); sulfides; halides

such as hydrogen chloride and hydrogen fluoride, which may also be considered acid gases along with,

for example, SOx (e.g., SO3, SO2); particulate matter such as fly ash; metals including, but not limited to,

arsenic, beryllium, boron, cadmium, chromium, cobalt, lead, manganese, mercury, molybdenum,

selenium, strontium, thallium, and vanadium; organics such as hydrocarbons, dioxins, and polynuclear

aromatic hydrocarbons (PAH); and radioactive materials. In various embodiments, the system (200A)

may be adapted for processing a waste gas stream 230 comprising CO2 (e.g., combustion gas) comprising

all, or one, or more than one of these components simultaneously.

[00129] Charging the divalent cation-containing aqueous solution with combustion gas in the processor

(210) (e.g., reactor) results in an increase in the combustion gas content in the aqueous solution (e.g., in

the form of carbonic acid, bicarbonate and carbonate ion) and a decrease in concentration of combustion

gas content in the gas that exits the processor (e.g., reactor). In various embodiments, the combustion gas-

charged aqueous solution may be acidic, having a pH of 6 or less, such as 5 or less, and including 4 or

less. In certain embodiments, the concentration of CO2, NOx, SOx, or a combination thereof of the gas

that is used to charge the water is 0.1%, 1%, 5%, 10% or higher, 25% or higher, including 50% or higher,

such as 75%, or even higher. Contact protocols of interest include, but are not limited to, direct contacting

protocols (e.g., bubbling the gas through the volume of the aqueous solution), concurrent contacting and

mixing (e.g., contact between unidirectional flowing gaseous and liquid phase streams), countercurrent

means (e.g., contact between oppositely flowing gaseous and liquid phase streams), and the like. Thus,

contact may be accomplished through use of infusers, bubblers, fluidic Venturi reactors, spargers, gas

filters, sprays, trays, flat streams, or packed column reactors, and the like, as may be convenient and as

described in U.S. Patent No. 7,379,487; U.S. Provisional Patent Application No. 61/158,992, filed 10

March 2009; U.S. Provisional Patent Application No. 61/228,210, filed 24 July 2009; U.S. Provisional

Patent Application No. 61/178,360, filed 14 May 2009; U.S. Provisional Patent Application No.

61/221,457, filed 29 June 2009; U.S. Provisional Patent Application No. 61/221,631, filed 30 June 2009;

U.S. Provisional Patent Application No. 61/223,657, filed 7 July 2009; U.S. Provisional Patent

Application No. 61/289,657, filed 23 December 2009, each of which is incorporated herein by reference

in its entirety. In various embodiments, the waste gas stream (e.g. combustion gas) may be processed

before being used to charge the aqueous solution. For example, as, desired, the waste gas stream may be

subjected to oxidation conditions (e.g., to convert CO to CO2, NO to NO2, and SO2 to SO3), as described

for example in US Patent No. 5,670,122, which is incorporated herein by reference in its entirety.

[00130] Amorphous or crystalline precipitation material comprising carbonates, bicarbonates, or

carbonates and bicarbonates, which may further comprise sulfates, sulfites, and/or the like, may be

precipitated in processor (210) (e.g., reactor). Precipitation conditions include those that change the

chemical and/or physical environment of the aqueous solution to produce the desired precipitation

material. For example, the temperature of the water may be raised to an amount suitable for precipitation

of a desired carbonate or sulfate compound to occur. In such embodiments, the temperature of the water



may be raised to a temperature from 5 to 70 0C, such as from 20 to 50 0C, and including from 25 to 45 0C.

As such, while a given set of precipitation conditions may have a temperature ranging from 0 to 100 0C,

the temperature may be raised in certain embodiments to produce the desired precipitation material. In

certain embodiments, the temperature may be raised using energy generated from low or zero carbon

dioxide emission sources (e.g., solar energy, wind energy, hydroelectric energy, etc.).

[00131] While the pH of the aqueous solution may range from pH 5 to pH 14 (e.g., pH 7 to pH 14) during

a given precipitation process, in certain embodiments the pH may be raised to alkaline levels in order to

drive the precipitation of carbonate and/or sulfur-based (e.g., SO4, SO3, etc.) compounds as well as other

compounds (e.g., hydroxide compounds and metal complexes) and particulate matter as desired. In certain

of these embodiments, the pH is raised to a level that minimizes if not eliminates NOx, SOx, and/or CO2

gas generation from the processor (e.g., reactor) during precipitation. Such pH levels cause dissolved

gases, in the form of, for example, carbonates, bicarbonates, sulfates, sulfites, and the like, to be trapped

in the precipitation material. In these embodiments, the pH may be raised to pH 9 or higher, such as pH 10

or higher, including pH 11 or higher. Where desired, the pH of the water is raised using any convenient

approach including the use of the electrochemical system of Fig. 3 as described herein. In certain

embodiments, a proton-removing agent (e.g., pH-modifying agent) may be employed, where examples of

such proton-removing agents include oxides, hydroxides (e.g., sodium hydroxide, potassium hydroxide,

Mg(OH) 2), carbonates (e.g. sodium carbonate), and the like. The amount of proton-removing agent (e.g.,

pH-modifying agent) that is added to the divalent cation-cation containing aqueous solution may depend

on the particular nature of the proton-removing agent and the volume of the aqueous solution being

modified, and may be sufficient to raise the pH of the divalent cation-cation containing aqueous solution

to the desired value.

[00132] Charging the aqueous solution with combustion gas and precipitation of precipitation material

(e.g., carbonates, sulfates, sulfites, and/or the like) may occur in a continuous process or in separate

process steps. As such, charging and precipitation may occur in the same processor (e.g., reactor) as

shown in Fig. 2A, which is illustrative and in no way limits the invention to Fig. 2A. In other

embodiments, these two (or more) steps may occur in separate processors or separate units within a

processor (e.g., gas-liquid contactor, gas-liquid-solid contactor, reactor, etc.). In such embodiments, for

example, the aqueous solution may first be charged in a gas-liquid or gas-liquid-solid contactor and the

resultant combustion gas-charged aqueous solution may then subjected to precipitation conditions in a

separate reactor. Similarly, it will be appreciated that one or more components of the waste gas stream

may be removed from the waste gas stream through physical trapping in the precipitation material, or

through a combination of physical trapping and precipitation. Thus, for example, mercury or other heavy

metals, particulate matter, organics, and/or other components may be trapped in the precipitation material

that renders them stable under desired conditions.

[00133] With reference to Fig. 2A, which is illustrative and in no way limits the following description to

Fig. 2A, a storage stable product may be precipitated in processor 210, which may occur in a sub-system

thereof, including, but not limited to a gas-liquid contactor, a gas-liquid-solid contactor, a reactor, or in



any combination of the foregoing. As above, precipitation conditions of interest include those that

modulate the chemical and/or physical environment of the aqueous solution to produce the desired

precipitation material. For example, the temperature of the aqueous solution may be raised to an amount

suitable for precipitation of a desired carbonate or sulfate compound to occur. In certain embodiments,

excess and/or process heat from the industrial plant carried in the waste gas stream may be employed to

raise the temperature of the aqueous solution during precipitation either as hot gases or steam. In certain

embodiments, contact of the water with the waste gas stream may have raised the aqueous solution to the

desired temperature, where in other embodiments, the aqueous solution may need to be cooled to the

desired temperature.

[00134] In various embodiments, ash is employed as a pH-modifying agent, e.g., to increase the pH of the

combustion gas-charged aqueous solution. Ash may be used 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, which coal ash may be 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.

[00135] Fly ashes are generally highly heterogeneous, and include of a mixture of glassy particles with

various identifiable crystalline phases such as quartz, mullite, and various iron oxides. Fly ashes of

interest include Type F and Type C fly ash. The Type F and Type C fly ashes referred to above are

defined by CSA Standard A23.5 and ASTM C618. The chief difference between these classes is the

amount of calcium, silica, alumina, and iron content in the coal ash. The chemical properties of the fly ash

are 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, SiC ) (both amorphous and

crystalline) and lime (calcium oxide, CaO, magnesium oxide, MgO).

[00136] Table 1 below provides the chemical makeup of various types of fly ash that find use in

embodiments of the invention.

Table 1. Chemical makeup of various types of fly ash.

[00137] The burning of harder, older anthracite and bituminous 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 sub bituminous coal, in addition to having pozzolanic properties, also has

some self-cementing properties. In the presence of water, Class C fly ash will harden and gain strength



over time. Class C fly ash generally contains more than 20% lime (CaO). Alkali and sulfate (SO4)

contents are generally higher in Class C fly ashes.

[00138] Fly ash material solidifies while suspended in exhaust gases and is collected using various

approaches, for example, by electrostatic precipitators or filter bags. Since the particles solidify while

suspended in the exhaust gases, fly ash particles are generally spherical in shape and range in size from

0.5 µm to 100 µm. Fly ashes of interest include those in which at least about 80%, by weight comprises

particles of less than 45 microns. Also of interest in certain embodiments of the invention is the use of

highly alkaline fluidized bed combustor (FBC) fly ash.

[00139] Also of interest in various embodiments 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 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 ash are silica and alumina

with lesser amounts of oxides of Fe, Ca, Mg, Mn, Na, and K, as well as sulfur and carbon.

[00140] 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 volcanic eruptions) less than 2

millimeters (0.079 in) in diameter.

[00141] In various embodiments, cement kiln dust (CKD) may be added to the composition-producing

reaction mixture as a means of modifying pH. The nature of the fuel and the means of combusting the fuel

for calcining may influence the chemical composition of the CKD, which may contain ash from the fuel..

Thus, ash and/or CKD may be used as a portion of the means for modifying pH, or the sole means, and a

variety of other components may be utilized with specific ashes and/or CKDs, based on chemical

composition of the ash and/or CKD.

[00142] In some embodiments, ash is added to the aqueous solution (e.g., precipitation reaction mixture)

as one source of these additional reactants, to produce precipitation material, which may contain one or

more components such as amorphous silica, crystalline silica, calcium silicates, calcium alumina silicates,

or any other moiety which may result from the reaction of ash in the process for producing compositions

of the invention.

[00143] The ash employed in various embodiments may be contacted with the aqueous solution to achieve

a desired pH using any convenient protocol, including, for example, placing an amount of ash into the

processor (e.g., reactor) holding the aqueous solution, where the amount of ash added is sufficient to raise

the pH to the desired level; flowing the aqueous solution through an amount of the ash, in the form of a

column or bed; etc.

[00144] In certain embodiments where the pH is not raised to a level of pH 12 or higher, the fly ash

employed may not dissolve but instead may remain as a particulate composition. Undissolved fly ash may

be separated (e.g., filtered) from the remainder of the reaction product (e.g., precipitation material) for a

subsequent use. Alternatively, the aqueous solution may be flowed through an amount of fly ash that is



provided in an immobilized configuration (e.g., in a column or analogous structure), which provides for

flow through of an aqueous solution through the fly ash but does not allow fly ash to flow out of the

structure with the aqueous solution. This embodiment does not require separation of undissolved fly ash

from the product solution. In yet other embodiments where the pH exceeds 12, the fly ash may dissolve

and provide for pozzolanic products as described in greater detail below.

[00145] In embodiments where fly ash is utilized in the producing compositions of the invention, the fly

ash 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 fly ash in some embodiments of the invention may provide reactants

such as alumina or silica in addition to raising the pH.

[00146] In certain embodiments, slag is employed as a pH-modifying agent, for example, to increase the

pH of the combustion gas-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, which is generated from the

processing of metals, may contain calcium and magnesium oxides as well as iron, silicon and aluminum

compounds. In certain embodiments, the use of slag as a pH-modifying material may provide additional

benefits via the introduction of reactive silica and alumina to the precipitation material. 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.

[00147] As indicated above, ash (or slag in certain embodiments) may be employed in certain

embodiments as the sole way to modify the pH of the aqueous solution to the desired level. In yet other

embodiments, one or more additional pH-modifying agents or methods may be employed in conjunction

with the use of ash.

[00148] Where desired, additives other than pH-modifying agents may also be introduced into the aqueous

solution in order to influence the nature of the precipitation material that is produced. As such, certain

embodiments of the methods include providing an additive in the aqueous solution before or during the

time when the aqueous solution is subjected to the precipitation conditions. Certain calcium carbonate

polymorphs may be favored by trace amounts of certain additives. For example, vaterite, a highly unstable

polymorph of CaCθ 3that precipitates in a variety of different morphologies and converts rapidly to

calcite, may 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.

[00149] Accordingly, a set of precipitation conditions to produce a desired precipitation material from a

divalent cation-containing aqueous solution includes, in certain embodiments, reaction temperature and

pH, and, in some instances, the concentrations of additives and ionic species in the aqueous solution.

Precipitation conditions may also include factors 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

precipitation material according to the invention may be batch or continuous protocols. It will be

appreciated that precipitation conditions may be different to produce a given precipitation material in a

continuous flow system compared to a batch system.

[00150] In certain embodiments, contact between the divalent cation-containing aqueous solution and the

combustion gas may be accomplished using any convenient protocol (e.g., spray gun, segmented flow-

tube reactor) to control the range of sizes of precipitation material particles. One or more additives may be

added to the source of divalent cations to control the range of sizes of precipitation material, including,

but not limited to, flocculants, dispersants, surfactants, anti-sealants, crystal growth retarders,

sequestration agents, etc.

[00151] Contact of the divalent cation-containing aqueous solution with the waste gas stream (e.g.,

combustion gas) may occur before, during, and/or after the time when the aqueous solution is subjected to

precipitation conditions. Accordingly, embodiments of the invention include methods in which the

aqueous solution is contacted with the waste gas stream prior to subjecting the solution to mineral

precipitation conditions. Embodiments of the invention also include methods in which the aqueous

solution is contacted with the waste gas stream while the aqueous solution is being subjected to

precipitation conditions. Embodiments of the invention include methods in which the aqueous solution is

contacted with the waste gas stream both prior to subjecting the aqueous solution to precipitation

conditions and while the aqueous solution is being subjected to precipitation conditions. In some

embodiments, the same aqueous solution may be cycled more than once, wherein a first cycle of

precipitation removes, for example, carbonates (e.g., calcium carbonate, magnesium carbonate) and

sulfates, and leaves remaining an aqueous solution to which other sources of divalent cations may be

added for further precipitation (i.e., more waste gas may be cycled through it to cause more precipitation

material).

[00152] In various embodiments, adjustments of the parameters described herein for precipitation may be

used to optimize the amount of a particular component that is trapped, or precipitated, or both precipitated

and trapped in precipitation material. It will be appreciated that in some embodiments it is desired not to

precipitate or trap a component of the waste gas stream or to minimize such trappings. Thus, in some

embodiments, conditions may be adjusted to decrease, minimize, or substantially eliminate the inclusion

of one or more components of the waste gas stream in the precipitation material. Such components may

include one or more of the components described herein (e.g., mercury, other heavy metals, radioactive

substances, and the like).

[00153] Regardless of when the waste gas stream is contacted with the aqueous solution, in some

instances when the waste gas stream is contacted with the aqueous solution, the aqueous solution is not

exceedingly alkaline, such that the solution may have a pH of pH 10 or lower, or pH 9.5 or lower, or pH 9

or lower, or even pH 8 or lower. In some embodiments, the aqueous solution contacted with the waste gas

stream is not a aqueous solution that has first been made basic (e.g., from the addition of proton-removing

agents or from an electrochemical protocol). In some embodiments, the aqueous solution that is contacted



with the waste gas stream is not an aqueous solution that has been made basic by addition of proton-

removing agents such as hydroxides (e.g., sodium hydroxide). In some embodiments, the aqueous

solution is one that has been made only slightly alkaline, such as by addition of an amount of proton-

removing agent such as an oxide (e.g., calcium oxide, magnesium oxide, etc.).

[00154] Following precipitation of precipitation material (e.g., carbonates, sulfates, sulfites, and/or the

like) from the aqueous solution, the resultant precipitation material may be separated. Separation of the

precipitation material may be achieved using any of a number of convenient approaches, including

draining (e.g., gravitational sedimentation of the precipitation material followed by draining), decanting,

filtering (e.g., gravity filtration, vacuum filtration, filtration using forced air), centrifuging, pressing, or

any combination thereof. For example, separation of the precipitation material may be achieved as

described in U.S. Provisional Patent Application No. 61/168,166, filed 9 April 2009, which is

incorporated herein by reference. Separation of bulk water from the precipitation material produces a

concentrated composition of precipitation material, wherein the concentrated composition is concentrated

with respect to carbonates and/or bicarbonates, and any other co-products resulting from processing an

industrial waste gas stream. The concentrated composition may also be considered dewatered

precipitation material or a wet cake of precipitation material depending upon the degree of water

removed. In some embodiments, the concentrated composition comprises at least 10%, 15%, 20%, 25%,

30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 99% precipitation

material (i.e., solids) with the balance being water or a solution thereof.

[00155] The precipitation material may also be isolated with a liquid-solid separator (222) of treatment

system 220 to produce a wet cake of precipitation material and a supernatant as shown in Fig. 2A, which

is illustrative and in no way limits the following description to Fig. 2A. (See also U.S. Provisional Patent

Application No. 61/168,166, filed 9 April 2009, which is incorporated herein by reference in its entirety.)

In some embodiments the precipitation material is not separated, or is only partially separated. In such

embodiments, the supernatant, optionally including some or all of the precipitation material, may be

disposed of by any suitable means. In some embodiments, a composition comprising the supernatant and,

optionally, some or all of the precipitation material, may be transported (e.g., by a ) to a land- or water-

based location and placed at that location. For example, in such embodiments, the composition, including

supernatant relatively fee of precipitation material, may be disposed above ground, underground, in water

(e.g., ocean), underwater, or the like, as such compositions are suitable (e.g., meet permitted discharge

limits of United States Environmental Protection Agency and/or state environmental agencies, such as

National Pollutant Discharge Elimination System (NPDES) limits, as such discharge limits exist on the

filing date of this patent application) for release into the environment. This is especially useful in

embodiments where the source of divalent cations is seawater, as the concentration of sulfates in seawater

may be far greater than the concentration of sulfates in compositions of the invention. As such, the added

sulfates would negligibly increase the concentration of sulfates in the seawater. It will be appreciated that

the carbon footprint, amount of energy used, and/or amount of combustion gases produced for



sequestering a given amount of combustion gases from an industrial exhaust gas may be minimized in a

process where no further processing beyond disposal occurs with the precipitation material.

[00156] The precipitation material resulting from separation (e.g., resultant dewatered precipitation

material) may then be dried to produce a raw, dried product using a dryer (224) as shown in Fig. 2A,

which is illustrative and in no way limits the following description to Fig. 2A. For example, drying may

be achieved by air-drying the precipitation material. In embodiments in which the precipitation material is

air dried, air-drying may be done at room or elevated temperature. In certain embodiments, the elevated

temperature is provided by the waste gas stream of the industrial plant. In these embodiments, the waste

gas stream (e.g., flue gas) from the power plant may be first used in the drying step, where the waste gas

stream may have a temperature ranging from 30 to 700 0C, such as 75 to 300 0C. The waste gas stream

may be contacted directly with wet precipitation material 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 waste gas stream

by having the gas conveyor, e.g., duct, from the industrial plant originate at a suitable 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 some embodiments, the precipitation material may be

spray dried to dry the precipitation material, wherein a slurry comprising the precipitation material may be

dried by feeding it through a hot gas (e.g., waste gas stream from the power plant). For example, the

slurry comprising the precipitation material may be pumped through an atomizer into a main drying

chamber and a hot gas may be passed as a co-current or counter-current to the atomizer direction. In

certain embodiments, drying is achieved by freeze-drying (i.e., lyophilization), where the precipitation

material 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 precipitation material to gas. Depending on the

particular drying protocol of the system, the dryer may include a filtration element, freeze-drying

structure, spray-drying structure, etc.

[00157] In some embodiments, the dewatered precipitation material or wet cake may be washed before

drying, as shown at optional washer (226) of Fig. 2A, which is illustrative and in no way limits the

following description to Fig. 2A. The dewatered precipitation material or wet cake may be washed with

freshwater to remove salts (such as NaCl) from the material. Spent wash water may be disposed of as

convenient, for example, by disposal in a tailings pond, etc. Thereafter, as illustrated, the washed

precipitation material or washed wet cake may be dried in a dryer 224 to provide for desired physical

characteristics in the raw, dried product such as particle size, surface area, etc. During drying, or

sometime thereafter, one or more components may be added to the precipitation material such as

admixtures, aggregate, supplementary cementitious materials, etc., to produce additional products.

[00158] The dried product (e.g., dried precipitation material) may be disposed of in a number of different

ways. In certain embodiments, the dried product is transported to a location for long-term storage,

effectively sequestering combustion gases (e.g., CO2, SOx, NOx, etc.) and particulate matter in a storage-

stable form (e.g., a combustion gas-sequestering material that may be stored above ground). For example,

the precipitation material may be stored at a long-term storage site adjacent to the industrial plant and



precipitation system. In yet other embodiments, the precipitation material 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 desirable in embodiments where real estate is scarce in the

vicinity of the power plant). In these embodiments, where the precipitation material 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), and the like may be employed to transport precipitation material,

and therefore sequester combustion gases from the industrial plant.

[00159] In some embodiments, compositions of the invention (e.g., solution, slurry, precipitation material,

etc.) may be disposed of in an underwater or underground location, the choice of which may vary

depending upon location and available resources. Compositions may be untreated (e.g., no water

removed), treated to remove a portion of supernatant to produce a concentrated composition, dried (e.g.,

spray-dried precipitation material), or any such form described herein, including compositions comprising

primarily supernatant. Underwater locations include, but are not limited to, inland underwater locations

(e.g., under a freshwater lake) or ocean (or sea) underwater locations. The underwater location may be

shallow including locations that are 1000 feet or less, such as 200 feet or less, including 150 feet or less,

or deep, including locations that are 200 feet or more, such as 500 feet or more, 1000 feet or more, 2000

feet or more, including 5000 feet or more. Underground locations include any subterranean site (e.g.,

geological formation) of suitable impermeability and stability for long-term storage of compositions of the

invention. A composition of the invention may be injected into an underground location that is 50 meters

or more, 100 meters or more, 200 meters or more, 500 meters of more, or 1000 meters or more below the

surface of the Earth. In some embodiments, the composition is injected into an underground location that

is less than 3000 feet, less than 2500 feet, less than 2000 feet, less than 1500 feet, less than 1000 feet, less

than 500 feet, less than 250 feet, or less than 100 feet below the surface of the Earth. In some

embodiments, the composition is injected into a geological formation from which an aqueous brine was

removed. A composition conveyor (e.g., pipe, duct, etc. configured with suitable pumps, etc.) configured

to transport compositions of the invention (e.g., solution, slurry, precipitation material, etc.) may be used

to effect disposal of compositions of the invention underwater or underground.

[00160] Where desired, the compositions made up of the precipitation material 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 to 400C, such as 20 to 25°C.

[00161] In some embodiments of the invention nearly 100% of the NOx, SOx, and/or CO2 contained in a

flue gas from a power plant is sequestered in a stable mineral; this may be done in a single precipitation

step (e.g., in a single processor) or in multiple precipitation steps (e.g., in multiple processors configured

in series, parallel, or a combination thereof), and may further involve other processes for sequestering

CO2, e.g., as the concentration of CO2 is decreased in the flue gas, more energy-intensive processes that



be prohibitive in energy consumption for removing all of the original CO2 in the gas may become

practical in removing the final CO2 in the gas. Thus, in some embodiments, the gas entering the power

plant (ordinary atmospheric air) may contain a concentration of CO2 that is greater than the concentration

ofCO 2 in the flue gas exiting the plant that 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., atmospheric air, to a power plant, where the gas comprises CO2; treating the gas in

the power plant, e.g., by combustion of fossil fuel to consume O2 and to produce CO2 then treating

exhaust gas to remove CO2; and releasing gas from the power plant, where the gas released from the

power plant has a lower CO2 content than the gas supplied to the power plant. In some embodiments, the

gas released from the power plant contains at least 10% less CO2, or at least 20% less CO2, or at least 30%

less CO2, or at least 40% less CO2, or at least 50% less CO2, or at least 60% less CO2, or at least 70% less

CO2, or at least 80% less CO2, or at least 90% less CO2, or at least 95% less CO2, or at least 99% less

CO2, or at least 99.5% less CO2, or at least 99.9% less CO2, 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.

[00162] Fig. 2B, which is illustrative and in no way limits the following description to Fig. 2B, shows an

embodiment of the system 200B configured such that a waste gas stream (e.g., combustion gas stream)

may be selectively treated with one or more emission control technologies to remove one of more of the

components (e.g., SOx, NOx, particulate matter, etc.) of the flue gas before the flue gas is introduced into

the processor 210. Thus, as illustrated in Fig. 2B, at 232, in one embodiment, nitrogen oxide gases (NOx)

may be removed from the waste gas stream before the waste gas stream is sent to the processor (2 10)

(e.g., reactor); alternatively, by utilizing 232 and 234, both NOx and fly ash may be removed from the

waste gas stream; similarly, by 232, 234, and 236, three components of the waste gas stream (NOx, fly

ash, and SOx) may be removed before the gas is introduced into the processor.

[00163] As will be appreciated, the system as illustrated in Fig. 2B, as with any system of the invention,

may accommodate optional NOx control technology (232) (e.g., selective catalytic reduction (SCR), non

selective catalytic reduction, etc.), optional particulate matter control technology (234) (e.g., electrostatic

precipitator (ESP), fabric filter, etc.), and optional SOx control technology (236) (e.g., flue gas

desulfurization (FGD), etc.), and, when present, emission control technology may be configured in any

order to remove any desired components of the waste gas stream. Systems of the invention may be further

configured to accommodate specific mercury control technologies (e.g., activated carbon injection (ACI))

as well. Systems may be built from the ground up to comprise such optional emission control technology,

or existing industrial plants with emission control technology may be retrofitted with CO2-processing

systems. Whether or not an industrial plant coupled with a CO2-processing system is built from the

ground up or retrofitted, emissions from the industrial plant, the CO2-processing system, or a combination

of the industrial plant and the CO2-processing system are designed to meet or improve upon emission

control standards selected from the group consisting of Reasonably Available Control Technology

(RACT); Best Available Control Technology (BACT); Maximum Achievable Control Technology



(MACT); Lowest Achievable Emission Rate (LAER); and/or any United States Environmental Protection

Agency (EPA) reference methods, as such emission control standards exist on the filing date of this patent

application.

[00164] In some embodiments, systems of the invention comprise no NOx, SOx, or particulate matter

control technology. For example, in such embodiments, a waste gas stream may be directly passed to a

processor, optionally after cooling the waste gas stream with a heat exchanger. In some embodiments,

systems of the invention comprise one emission control technology selected from the group consisting of

NOx, SOx, or particulate matter control technology. For example, in such embodiments, the system may

comprise NOx control technology. For example, in other embodiments, the system may comprise

particulate matter control technology. In some embodiments, systems of the invention comprise two

emission control technologies selected from the group consisting of NOx, SOx, or particulate matter

control technology. For example, in such embodiments, the system may comprise NOx and particulate

matter control technology, wherein the NOx control technology is placed before the particulate matter

control technology. For example, in other embodiments, the system may comprise NOx and particulate

matter control technology, wherein the particulate matter control technology is placed before the NOx

control technology. In some embodiments, systems of the invention comprise NOx, SOx, and particulate

matter control technologies. For example, in such embodiments, the system may comprise NOx, SOx, and

particulate matter control technologies, wherein the NOx control technology is placed before the

particulate matter control technology. For example, in other embodiments, the system may comprise NOx,

SOx, and particulate matter control technologies, wherein the particulate matter control technology is

placed before the NOx control technology. Heat exchangers may be used as appropriate in the system to

bring the temperature of the flue gas down to an appropriate temperature for the emission control

technology. For example, heat exchangers may be used to bring the temperature down to the appropriate

temperature range for efficient scrubbing of NOx in a NOx control technology or SOx in a SOx control

technology. Furthermore, any of the emission control technologies may be configured to provide material

for the purpose of processing CO2. For example, in some embodiments, a particulate matter control

technology (e.g., electrostatic precipitator, fabric filter, etc.) may be configured to provide collected

particulate matter such as fly ash (e.g., an industrial waste source of proton- removing agents and/or

divalent cations) to a processor of the invention (a front-end addition of fly ash). In some embodiments, a

particulate matter control technology (e.g., electrostatic precipitator, fabric filter, etc.) may be configured

to provide collected particulate matter such as fly ash to a composition (e.g., supplementary cementitious

material, a blend of Portland cement with a supplementary cementitious material, etc.) of the invention (a

back-end addition of fly ash). Such uses of fly ash (e.g., replacement of a portion of cement or

cementitious material) are known in the art.

[00165] Systems of the invention and systems in combination with various industrial plants may meet or

improve upon pollution control standards such as Reasonably Available Control Technology (RACT);

Best Available Control Technology (BACT); Maximum Achievable Control Technology (MACT);

Lowest Achievable Emission Rate (LAER); and/or any United States Environmental Protection Agency



(EPA) reference methods, as such pollution control standards exist on the filing date of this patent

application. Meeting or improving upon such pollution control standards are possible when a CO2-

processing system of the invention captures at least 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%,

95%, 99%, or 99.9% of the CO2 being emitted by the industrial plant (e.g., coal-fired power plant). As

systems of the invention are effective at meeting or improving upon pollution control standards, CO2-

processing systems of the invention may even be shut down for a short period of time (e.g., hours, days,

etc.) for maintenance or during periods of high demand (e.g., high energy demand) and still meet or

improve upon pollution control standards such as RACT, BACT, MACT, LAER; and/or any United

States Environmental Protection Agency (EPA) reference methods, as such pollution control standards

exist on the filing date of this patent application. For example, high energy demand at a coal-fired power

plant may require the power plant to utilize reserve capacity (e.g., 10% reserve capacity) and/or the

energy reserved for operation of a CO2-processing system of the invention. In such a scenario, the CO2-

processing system may be powered down and emissions (e.g., CO2, SOx, Hg, etc.) that would otherwise

be processed by the system would be released to the atmosphere, optionally through other emission

control technologies (e.g., NOx, particulate matter, and/or SOx control technologies), if such emission

control technologies are present. Since the coal-fired power plant might only be run for a few hours a year

without a CO2-processing system of the invention controlling emissions, the power plant may still meet or

improve upon pollution control standards. Additional money would not need to be spent for spare

capacity and increases in pollution during such spare capacity operation.

[00166] Systems of the invention, including systems such as that shown in Fig. 2, may be configured to

effect oxidation of components in the waste gas stream. Oxidation of components in the waste gas stream

comprises subjecting the waste gas stream to hydrogen peroxide (H2O2) or a H2O2/CH3OH mixture as

described above. An exemplary description of systems and methods for oxidizing a CO2-containing

gaseous stream using hydrogen peroxide may be found in U.S. Patent 5,670,122, which is incorporated

herein by reference in its entirety. A gaseous stream may be treated with hydrogen peroxide for a

sufficient time to oxidize components therein, for example, to convert one or more of nitric oxide (NO),

sulfur trioxide (SO3), light hydrocarbons (C1-C4), carbon monoxide (CO) and mercury to NO2, SO2, CO2

and HgO, respectively. The gaseous stream may be treated with a hydrogen peroxide or a H2O2/CH3OH

mixture prior to contacting the gaseous stream with an aqueous solution (e.g., an aqueous solution

comprising divalent cations, proton-removing agents, or a combination thereof). In some embodiments, a

processed waste gas stream, recovered after contacting a gaseous stream with an aqueous solution, may be

treated with a H2O2/CH3OH mixture and reprocessed in a processor of the invention to capture any

remaining components of the waste gas stream.

[00167] The reaction time of the hydrogen peroxide or H2O2/CH3OH mixture may be in the range from

about 0.01 to about 5 seconds, for example, from about 0.1 to about 2 seconds. The NO2, SO2, CO2, and

HgO (and other components of the waste gas stream) may then be removed by absorption into an aqueous

solution (e.g., an aqueous solution comprising divalent cations, proton-removing agents, or a combination

thereof). In some embodiments, CO2-charged solution may then subjected to the precipitation conditions



to form precipitation material comprising one or more of the components from the gaseous stream (e.g.,

NO2, SO2, CO2, HgO, etc. ) . As such, the invention provides a quick and efficient method for removing a

wide variety of components from a waste gas stream (e.g., CO2, criteria pollutants, and/or other toxic or

environmentally harmful components) such that the components are not emitted to the atmosphere in

dangerously high concentrations. For example, the invention may be used to remove these components

from waste gas streams (e.g., flue gases) emanating from boilers, furnaces, incinerators, stationary

engines, and other systems for combustion of various types of fuels.

[00168] As described above the molar ratio of injected H2O2 (MeOH) to total pollutants may be 0.01 to

5.0, such as 0.1 to 4.0, including 0.1 to 3.0, for example, 0.1 to 2.0, 0.1 to 1.0, or 0.1 to 0.5. Such ratios

may also be effective when aqueous H2O2 or aqueous H2O2 in methanol is used. In some embodiments,

for example, the molar ratio of injected H2O2 (MeOH or H2O) to total pollutants may be 0.5 to 2.0. In

some embodiments, for example, the molar ratio of injected H2O2 (MeOH OrH2O) to total pollutants may

be 0.9 to 1.5. Hydrogen peroxide may be injected (e.g., in the form of a methanolic or aqueous solution)

at a concentration of 1% to 50%, for example, from 10% to about 30%.

[00169] The use of hydrogen peroxide in systems and methods of the invention has many advantages. If

properly stored, hydrogen peroxide solutions 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, hydrogen peroxide can be used safely in the

invention.

[00170] Referring to Fig. 2C, which is illustrative and in no way limits the following description to Fig.

2C, in one embodiment, a system 200C comprises a processor (210) comprising a gas-liquid or gas-liquid-

solid contactor adapted for contacting a carbon dioxide-rich waste gas stream 230 with an aqueous cation

solution comprising divalent cations 250 to cause neutralization of constituents in a waste stream 240, and

to form a carbonate-containing precipitation material with the cations in the aqueous solution. As

illustrated, the system includes a source of proton-removing agents 240 (e.g., OH ) contained in the waste

source. In various embodiments the OH in the waste source is utilized to adjust the pH of the aqueous

solution to promote the absorption of the combustion gases (e.g., carbon dioxide, NOx and SOx) in the

solution, and to cause components in the waste gas stream to react with the cations in the solution to form

a carbonate-containing precipitation material in the solution. Examples of suitable waste streams include

red mud containing sodium hydroxide and fly ash containing calcium oxide.

[00171] In various embodiments, the interaction of the waste gas stream 230 with the solution 250 in the

processor 210 results in formation of a slurry comprising particulate matter from the waste gas stream and

precipitation material formed from the gases interacting with cations in the solution. In various

embodiments, the slurry is directed to a liquid-solid separator 222 where, as in shown in Figs. 2A and 2C,

which are merely illustrative of the invention described herein, it is separated into a concentrated

composition (e.g., wet cake) and a supernatant. In various embodiments, as illustrated in Fig. 2C, for

example, the supernatant, depleted of divalent cations, hydroxide ions and precipitation material, is

forwarded to desalination. In other embodiments, optionally at least a portion of the supernatant is



replenished with alkaline earth metal cations and proton-removing agents and re-circulated to the

processor 210. Optionally, as shown in Fig. 2A, which is illustrative and in no way limits the following

description to Fig. 2A, the wet cake from the liquid-solid separator 222 is washed in a washing station 226

with clean water to remove soluble salts from the wet cake to produce a desalinated wet cake and wash

water. From the washing station, the wet cake may be dried in a dryer 224 to form a raw, dried product.

As above, the raw, dried product, in turn, may be refined in a refinery to produce a refined product. Raw,

dried product or refined product may be used to prepare building materials of the invention in a

manufacturing system (228) depending upon the specification of the building material. Building materials

may include cement, fine aggregate, mortar, coarse aggregate, concrete, pozzolan, or a combination

thereof, further described in U.S. Patent Application No. 12/126,776, filed 23 May 2008; U.S. Patent

Application No. 12/344,019, filed 24 December 2008; U.S. Patent Application No. 12/475,378, filed 29

May 2009; and U.S. Patent Application No. 12/604,383, filed 22 October 2008, each of which is

incorporated herein by reference.

[00172] Systems of the invention, as shown in Fig. 2C, which is illustrative and in no way limits the

following description to Fig. 2C, equipment that can be used to neutralize the waste components and

produce a building product from the resulting precipitation material are commercially available but may

need customization. Also, as shown, the system 200C in various embodiments comprises a waste source

240 of proton-removing agents (e.g., OFf) for supplying hydroxide ions to cause formation of

precipitation material in the processor 210. Although in the embodiment of Fig. 2C source of proton-

removing agents (e.g., OFf) is available in the waste stream 240, red mud, fly ash, or any convenient

source of proton-removing agents may be used (e.g., commercially available sodium hydroxide). Thus, in

one embodiment, the system includes an electrochemical system for supplying hydroxide ions to the

aqueous cation solution as described above with reference to Fig. 2A, and as is illustrated in Fig. 3, and as

is described in commonly assigned International Patent Application No. PCT/US08/088242, filed 23

December 2008, which is incorporated herein by reference in its entirety.

[00173] With reference to Fig. 2C, which is illustrative and in no way limits the following description to

Fig. 2C, the waste gas stream 230 comprising combustion gas is contacted with the divalent cation

aqueous solution to produce a gas-charged aqueous solution. By gas-charged aqueous solution is meant an

aqueous cation solution comprising combustion gases, wherein combustion gas molecules have combined

with water molecules to produce a new chemical species, e.g., carbonic acid, hydrochloric acid, nitric

acid, sulfuric acid, bicarbonate, carbonate, or where the combustion gas molecules have merely dissolved

in the water. A gas-charged water also includes an aqueous solution comprising particulate matter

entrained in the aqueous solution from the combustion gases. In various embodiments the combustion

gases include carbon dioxide and carbon monoxide (COx); nitrogen oxides (NOx); sulfur oxides (SOx)

and sulfides; halides such as hydrogen chloride and hydrogen fluoride, which may also be considered acid

gases along with, for example, SOx (e.g., SO3, SO2); particulate matter such as fly ash, dusts and metals

including arsenic, beryllium, boron, cadmium, chromium, chromium VI, cobalt, lead, manganese,

mercury, molybdenum, selenium, strontium, thallium, and vanadium; and organics such as hydrocarbons,



radioactive materials, dioxins, and PAH compounds. In various embodiments, the invention provides a

system adaptable for treating an input combustion gas stream comprising all, or one, or more than one of

these components simultaneously.

[00174] Charging the aqueous cation solution in a processor (e.g., processor 210 of Fig. 2C) results in an

increase in the combustion gas content in the aqueous solution, e.g., in the form of carbonic acid,

bicarbonate, and/or carbonate ion, and a decrease in concentration of outlet gases that exits the processor.

In various embodiments, the combustion gas-charged aqueous solution is acidic, having a pH of 6 or less,

such as 5 or less and including 4 or less. In certain embodiments, the concentration of CO2, NOx and/or

SOx of the gas that is used to charge the water is 0.1%, 1%,5%, 10% or higher, 25 % or higher, including

50 % or higher, such as 75% or even higher. Contact protocols of interest include, but are not limited to:

direct contacting protocols, e.g., bubbling the gas through the volume of the aqueous solution, concurrent

contacting and mixing, e.g., contact between unidirectional flowing gaseous and liquid phase streams,

countercurrent means, e.g., contact between oppositely flowing gaseous and liquid phase streams, and the

like. Thus, contact may be accomplished through use of infusers, bubblers, fluidic Venturi reactor,

sparger, gas filter, spray, tray, flat stream or packed column reactors, and the like, as may be convenient

and as described in U.S. Patent No. 7,379,487, which is incorporated herein by reference in its entirety. In

various embodiments the gas may be processed before being used to charge the aqueous solution. For

example, the gas may be subjected to oxidation conditions, e.g., to convert CO to CO2, NO to NO2, and

SO2 to SO3, as desired as described for example in US Patent No. 5,670,122, which is incorporated herein

by reference in its entirety.

[00175] With reference to Fig. 2C, which is illustrative and in no way limits the following description to

Fig. 2C, at processor 210, carbonate compounds, sulfate and sulfite compounds that may be amorphous or

crystalline, are precipitated. Where the waste source 240 comprises a solid waste that does not dissolve in

the aqueous solution (e.g. red mud or fly ash), the base in the waste may be neutralized and precipitation

material may thus contain neutralized solids, e.g., neutralized red mud or fly ash as appropriate.

Precipitation conditions include those that change the physical environment of the aqueous solution to

produce the desired precipitation material. For example, the temperature of the water may be raised to an

amount suitable for precipitation of the desired carbonate or sulfate compound(s) to occur. In such

embodiments, the temperature of the water may be raised to a value from 5 to 70 0C, such as from 20 to

50 0C and including from 25 to 45 0C. As such, while a given set of precipitation conditions may have a

temperature ranging from 0 to 100 0C, the temperature may be raised in certain embodiments to produce

the desired precipitation material. In certain embodiments, the temperature is raised using energy

generated from low or zero carbon dioxide emission sources, e.g., solar energy source, wind energy

source, hydroelectric energy source, and the like.

[00176] Figs. 4-1 1 illustrate various embodiments of methods of the invention whereby a waste gas stream

may be treated to remove combustion components and form a composition (e.g., precipitation material).

In some embodiments, the method provides for trapping at least two components of an industrial waste

gas, e.g., a flue gas, in a solid form, e.g. precipitating the component or a derivative of the component



from an aqueous solution, or physically trapping the component or a derivative of the component in a

precipitation material or other solid form, or a combination of precipitation and trapping. Components

may include CO2, CO, SOx, NOx, mercury, arsenic, lead, selenium, fluorine, chlorine, hydrogen chloride,

hydrogen fluoride, particulate matter (e.g., fly ash), and hydrocarbons. In some embodiments, at least 10,

20, 30, 40, 50, 60, 70, 80, 90, 95, or 99% of the CO2, if present, is removed from the industrial waste gas.

In some embodiments, at least 10, 20, 30, 40, 50, 60, 70, 80, 90, 95, or 99% of the CO, if present, is

removed from the industrial waste gas. In some embodiments, at least 10, 20, 30, 40, 50, 60, 70, 80, 90,

95, or 99% of the SOx, if present, is removed from the industrial waste gas. In some embodiments, at least

10, 20, 30, 40, 50, 60, 70, 80, 90, 95, or 99% of the NOx, if present, is removed from the industrial waste

gas. In some embodiments, at least 10, 20, 30, 40, 50, 60, 70, 80, 90, 95, or 99% of the mercury, if

present, is removed from the industrial waste gas. In some embodiments, at least 10, 20, 30, 40, 50, 60,

70, 80, 90, 95, or 99% of the arsenic, if present, is removed from the industrial waste gas. In some

embodiments, at least 10, 20, 30, 40, 50, 60, 70, 80, 90, 95, or 99% of the lead, if present, is removed

from the industrial waste gas. In various embodiments, at least 10, 20, 30, 40, 50, 60, 70, 80, 90, 95, or

99% of the components of the combustion gas is removed from the waste gas stream.

[00177] Thus, in some embodiments the invention provides a process for treating an industrial waste gas

that contains CO2 and SOx, wherein the process removes at least 10, 20, 30, 40, 50, 60, 70, 80, 90, 95, or

99% of the CO2, and at least 10, 20, 30, 40, 50, 60, 70, 80, 90, 95, or 99% of the SOx, e.g., by trapping the

CO2 and SOx, or derivatives of one or both, in a solid form, such as a precipitation material from an

aqueous solution. In some embodiments the invention provides a method for treating an industrial waste

gas that contains CO2 and SOx, wherein the process removes at least 10% of the CO2, and at least 10, 20,

30, 40, 50, 60, 70, 80, 90, 95, or 99% of the SOx. In some embodiments the invention provides a process

for treating an industrial waste gas that contains CO2 and SOx, wherein the process removes at least 30%

of the CO2, and at least 10, 20, 30, 40, 50, 60, 70, 80, 90, 95, or 99% of the SOx. In some embodiments

the invention provides a process for treating an industrial waste gas that contains CO2 and SOx, wherein

the process removes at least 50% of the CO2, and at least 10, 20, 30, 40, 50, 60, 70, 80, 90, 95, or 99% of

the SOx. In some embodiments the invention provides a process for treating an industrial waste gas that

contains CO2 and SOx, wherein the process removes at least 70% of the CO2, and at least 10, 20, 30, 40,

50, 60, 70, 80, 90, 95, or 99% of the SOx.

[00178] In some embodiments, a waste gas stream may be pre-treated (e.g., as described in reference to

Fig. 2B) to increase the solubility, oxidation state, or other properties of one or more of the waste gas

components in order to make one or more of the components more amenable to the processes of the

invention (e.g., precipitation or otherwise entrapping the component in a stable solid form). In such

embodiments, pre-treatment may occur in one step or more than one step, for example, in 2, 3, 4, 5, 6, 7,

8, 9, 10, or more than 10 pre-treatment steps. In some embodiments of the invention, the waste gas stream

is not pre-treated. In some embodiments, the waste gas stream is pre-treated with a particulate matter

control technology (e.g., electrostatic precipitator, fabric filter, etc.) to remove particulate matter such as

fly ash.



[00179] Particulate matter, e.g. fly ash, may be removed at the stage of precipitation, or may be removed

separately from the industrial gas before the precipitation reaction, or a combination of the two, e.g., some

particulate matter is removed and the remaining particulate matter is precipitated. In some embodiments,

particulate matter may be added back to the precipitation material. For example, in some embodiments,

the precipitation material is processed to become a building material, such as cement, and particulate

matter (e.g., fly ash) may be added to the precipitation material, as is sometimes practiced in the industry.

[00180] With reference to Fig. 4, in one embodiment the method in step 400 comprises: contacting the

waste gas stream with a metal ion-containing aqueous solution, whereby at least three of the following

components are removed from the waste gas stream and contained in an insoluble stable precipitation

material: carbon dioxide; carbon monoxide; nitrogen oxides (NOx); sulfur oxides (SOx); hydrogen

sulfide; hydrogen chloride; hydrogen fluoride; fly ash; dusts; metals including arsenic, beryllium, boron,

cadmium, chromium, chromium VI, cobalt, lead, manganese, mercury, molybdenum, selenium, strontium,

thallium; hydrocarbons; radioactive materials, dioxins, and PAH.

[00181] In another embodiment as illustrated in Fig. 5, the method in step 500 comprises: contacting a

waste gas stream comprising carbon dioxide, nitrogen oxides, and sulfur oxides with a metal ion-

containing aqueous solution and causing precipitation of a precipitation material that comprises carbon

dioxide, sulfur oxide and mercury from the waste gas stream.

[00182] In another embodiment as illustrated in Fig. 6, the method in step 600 comprises contacting a flue

gas from an industrial source with a metal ion-containing aqueous solution under conditions that cause the

precipitation of carbon dioxide and at least two other components of the flue gas into an insoluble stable

precipitation material.

[00183] In another embodiment as illustrated in Fig. 7, the method in step 700 comprises treating a flue

gas from an industrial source to remove undesirable components of the flue gas, by: treating the flue gas

to remove particulate matter then treating the flue gas to remove carbon dioxide, mercury oxides and

sulfur oxides therefrom.

[00184] In another embodiment as illustrated in Fig. 8, the method in step 800 comprise treating a waste

gas stream comprising carbon dioxide, mercury and sulfur oxides, to remove at least 50% of the carbon

dioxide and at least 50% of the sulfur oxides from the waste gas stream by precipitating in a single step

the carbon dioxide and sulfur oxides in an insoluble composition.

[00185] In another embodiment as illustrated in Fig. 9, the method in step 900 comprises treating a waste

gas stream comprising carbon dioxide and mercury, to remove at least 50% of the carbon dioxide and at

least 50% of the mercury in a single process that comprises precipitating the carbon dioxide and mercury.

[00186] In another embodiment, the method comprises treating a flue gas from an industrial source to

remove undesirable components of the flue gas, comprising treating the flue gas to remove particulate

matter then treating the flue gas to remove both carbon dioxide and sulfur oxides (SOx).

[00187] With reference to Fig. 10, the method in one embodiment at step 1000 comprises: comprising

contacting a first waste stream with a second waste stream in the presence of a divalent cation-containing

aqueous solution whereby pollutants in at least one of the waste streams are neutralized. In various



embodiments, at least one of the waste streams comprises carbon dioxide and other combustion gases, and

the aqueous divalent cation solution comprises calcium and/or magnesium ions. In various embodiments,

the non-gaseous waste stream comprises an available base, e.g., hydroxide ions as in red mud, or calcium

oxide in coal ash. In various embodiments, a precipitation material comprising calcium and/or magnesium

carbonate and neutralized constituents of the waste is obtained in the divalent cation solution as described

herein. In various embodiments, the precipitation material with the neutralized waste may be disposed

and/or can be utilized with the carbonate-containing precipitation material as a building product as

described herein.

[00188] With reference to Fig. 11, in another embodiment, the method in step 1100 comprises a step of

neutralizing an industrial waste, comprising: contacting the waste with a waste gas stream comprising

carbon dioxide, and a liquid stream comprising an aqueous divalent cation solution, whereby the pH of

the waste is neutralized. As with the method of Fig. 10, the method Fig. 11 includes treating a waste

stream comprising red mud and/or fly ash, by reacting it with an aqueous divalent cation solution

comprises alkaline earth metal ions, e.g., divalent cation solution comprising calcium and/or magnesium

ions available in a saltwater such as seawater, brackish water, brine or an aqueous solution comprising

dissolved mafic minerals. In another embodiment, the method includes utilizing a waste gas stream

comprising carbon dioxide formed by combusting fossil fuels, to precipitate a carbonate in the aqueous

divalent cation solution.

[00189] In various embodiments, the carbonate-containing precipitation material may include divalent

cation carbonates such as calcium carbonate, magnesium carbonate, calcium magnesium carbonate. In

various embodiments, the precipitation material may are precipitated with one or more of the following

constituents: red mud, fly ash, dusts, metals including arsenic, beryllium, boron, cadmium, chromium,

chromium VI, cobalt, lead, manganese, mercury, molybdenum, selenium, strontium, and thallium. In one

embodiment, the waste gas stream is processed before or after contact with the solution to remove one or

more of particulate matter and nitrogen oxides. In another optional step, the method includes extracting a

supernatant liquid and a desalinated water from the aqueous solution, and circulating at least a portion of

the supernatant liquid to the aqueous solution. In various embodiments, substantially all the waste from a

particular waste stream e.g., carbon dioxide, mercury and/or sulfur oxides are removed e.g., removing 5%,

10%, 20%, 30%, 40%, 50%, 60%, 70%, 80% or more of hydroxide ions from the waste.

Compositions

[00190] Compositions of the invention may be solutions, solids, or multiphasic materials (e.g., slurries)

comprising carbonates, bicarbonates, or carbonates and bicarbonates, optionally of divalent cations such

as Ca2+, Mg2+, or combination thereof. The amount of carbon in such compositions (e.g., precipitation

material) produced by methods of the invention may vary. In some embodiments, compositions comprise

an amount of carbon (as determined by using protocols described in greater detail below) ranging from

1% to 15% (w/w), such as 5 to 15% (w/w), including 5 to 14% (w/w), 5 to 13% (w/w), 6 to 14% (w/w), 6

to 12% (w/w), and 7 to 12% (w/w), wherein a substantial amount of the carbon may be carbon that



originated (as determined by using protocols described in greater detail below) from the source of CO2.

In such embodiments, 10 to 100%, such as 50 to 100%, including 90 to 100% of the carbon present in the

composition (e.g., precipitation material) is from the source of CO2 (e.g., industrial waste gas stream

comprising carbon dioxide). In some instances, the amount of carbon present in the composition that is

traceable to the carbon dioxide source is 50% or more, 60% or more, 70% or more, 80% or more, 90% or

more, 95% or more, 99% or more, including 100%.

[00191] Compositions of the invention (e.g., precipitation material comprising carbonates, bicarbonates,

or carbonates and bicarbonates) may store 50 tons or more of CO2, such as 100 tons or more of CO2,

including 150 tons or more of CO2, for instance 200 tons or more of CO2, such as 250 tons or more of

CO2, including 300 tons or more of CO2, such as 350 tons or more of CO2, including 400 tons or more of

CO2, for instance 450 tons or more of CO2, such as 500 tons or more of CO2, including 550 tons or more

of CO2, such as 600 tons or more of CO2, including 650 tons or more of CO2, for instance 700 tons or

more of CO2, for every 1000 tons of the composition. Thus, in some embodiments, the compositions of

the invention (e.g., precipitation material comprising carbonates, bicarbonates, or carbonates and

bicarbonates) comprise 5% or more of CO2, such as 10% or more of CO2, including 25% or more of CO2,

for instance 50% or more of CO2, such as 75% or more of CO2, including 90% or more of CO2. Such

compositions, particularly precipitation material of the invention may be used in the built environment. In

some embodiments, the composition may be employed as a component of a manufactured item, such as a

building material (e.g., component of a cement, aggregate, concrete, or a combination thereof). The

composition remains a storage-stable CO2-sequestering product, as use of the composition in a

manufactured item (such as building material) does not result in re-release of sequestered CO2. In some

embodiments, compositions of the invention (e.g., precipitation material comprising carbonates,

bicarbonates, or carbonates and bicarbonates), when combined with Portland cement, may dissolve and

combine with compounds of the Portland cement without releasing CO2.

[00192] Conditions employed to convert CO2 into carbonates, bicarbonates, or carbonates and

bicarbonates may convert one or more additional waste gas stream components into co-products (i.e.,

products produced from the one or more additional components under CO2-processing conditions),

wherein such additional components include sulfur oxides (SOx); nitrogen oxides (NOx); carbon

monoxide (CO); metals such as antimony (Sb), arsenic (As), barium (Ba), beryllium (Be), boron (B),

cadmium (Cd), chromium (Cr), cobalt (Co), copper (Cu), lead (Pb), manganese (Mn), mercury (Hg),

molybdenum (Mo), nickel (Ni), radium (Ra), selenium (Se), silver (Ag), strontium (Sr), thallium (Tl),

vanadium (V), and zinc (Zn); particulate matter; halides or acid gases; organics; toxic substances;

radioactive isotopes, and the like. Co-products of such one or more additional waste gas stream

components may, for the purpose of the invention, be considered derivatives of the one or more additional

waste gas stream components. Compositions of the invention may comprise carbonates, bicarbonates, or

carbonates and bicarbonates in combination with one or more additional waste gas stream components

and/or co-products of one or more additional waste gas stream components. In some embodiments, such

one or more additional components and/or co-products may be part of a solution comprising carbonates,



bicarbonates, or carbonates and bicarbonates. In some embodiments, such one or more additional

components and/or co-products may be part of precipitation material of the invention by precipitating the

one or more additional components and/or co-products along with carbonates, bicarbonates, or carbonates

and bicarbonates, by trapping the one or more additional components and/or co-products in precipitation

material comprising carbonates, bicarbonates, or carbonates and bicarbonates, or by some combination

thereof. In some embodiments, such one or more additional components and/or co-products may be part

of a slurry comprising any combination of the foregoing solutions with precipitation material.

[00193] Compositions of the invention may comprise sulfates, sulfites, or the like in addition to carbonate

and/or bicarbonates. In some embodiments, compositions comprise 70-99.9% carbonates and/or

bicarbonates along with 0.05-30% sulfates and/or sulfites. For example, compositions may comprise at

least 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, or 99.9% carbonates and/or bicarbonates.

Such compositions may further comprise at least 0.05%, 0.1%, 0.5%, 1.0%, 5.0%, 10%, 15%, 20%, 25%,

or 30% sulfates and/or sulfites. In some embodiments, compositions of the invention comprise sulfur-

based compounds of calcium, magnesium, or combinations thereof, optionally precipitated or trapped in

precipitation material produced from waste gas streams comprising SOx (e.g., SO2, SO3, etc.). For

example, magnesium and calcium may react to form MgSθ 4 and CaSO4, respectively, as well as other

magnesium- and calcium-containing compounds (e.g., sulfites), effectively removing sulfur from the

waste gas stream (e.g., flue gas stream) without a desulfurization step such as flue gas desulfurization

("FGD"). In addition, compositions comprising CaSO4, MgSO4, and related compounds may be formed

without additional release of CO2. In instances where high levels of sulfur-based compounds (e.g., sulfate)

are present, the aqueous solution may be enriched with calcium and/or magnesium so that calcium and/or

magnesium are available to form carbonate compounds before, during, or after formation OfCaSO4,

MgSO4, and/or related compounds. In some embodiments, multiple reaction products (e.g., MgCO ,

CaCO3, CaSO4, mixtures of the foregoing, and the like) are collected at different stages, while in other

embodiments a single reaction product (e.g., precipitation material comprising carbonates, sulfates, etc.) is

collected. Figs. 12A and Fig 12B, for example, provide a comparison of morphologies between

laboratory-synthesized magnesium carbonates with brucite tailings (e.g., Mg(OH) 2) and synthetic flue gas

(15% CO2, 3.5% O2, balance N2) without SO2 (Fig. 12A) and with 400 ppm SO2 (Fig. 12B). The

compositions of Fig. 12A and Fig. 12B represent a degree of carbonation of 30.9% and 31.1%,

respectively.

[00194] Compositions of the invention may comprise nitrates, nitrites, and/or the like. In some

embodiments, compositions of the invention comprise such nitrogen-based compounds of calcium,

magnesium, or combinations thereof, optionally precipitated or trapped in precipitation material produced

from waste gas streams comprising NOx (e.g., NO2, NO3, etc.). For example, magnesium and calcium

may react to form Mg(NO 3)2 and Ca(NO3)2, respectively, as well as other magnesium- and calcium-

containing compounds (e.g., nitrates), effectively removing nitrogen from the waste gas stream (e.g., flue

gas stream) without a selective catalytic reduction ("SCR") step or non-selective catalytic reduction

("NSCR") step. In addition, compositions comprising Ca(NO3)2, Mg(NO3)2, and related compounds may



be formed without additional release of CO2. Compositions of the invention may further comprise other

components, such as trace metals (e.g., mercury). Using mercury as a non-limiting example of a trace

metal, compositions of the invention may comprise elemental mercury (Hg0), mercury salts comprising

Hg2+ (e.g., HgCl2, HgCO3, etc.), mercury salts comprising Hg+ (e.g., Hg2Cl2, Hg2CO3, etc.), mercury

compounds comprising Hg2+ (e.g., HgO, organomercury compounds, etc.), mercury compounds

comprising Hg+ (e.g., Hg2O, organomercury compounds, etc.), particulate mercury (Hg(p)), and the like.

Mercury salts comprising Hg2+, mercury salts comprising Hg+, mercury compounds comprising Hg2+,

mercury compounds comprising Hg+, may be considered mercury derivatives for the purpose of the

invention. In some embodiments, compositions of the invention comprise such mercury-based

compounds, optionally precipitated or trapped in precipitation material produced from waste gas streams

comprising trace metals such as mercury. In some embodiments, compositions comprise mercury (or

another metal) in a concentration of at least 0.1, 0.5, 1, 5, 10, 50, 100, 500, 1,000, 5,000, 10,000 ppb.

Mercury may react to form HgCO3 or Hg2CO3 as well as other mercury-containing compounds (e.g.,

chlorides, oxides), effectively removing mercury from the waste gas stream (e.g., flue gas stream) without

a specific or non-specific mercury removal technology. In addition, compositions comprising mercury and

and/or other trace metals may be formed without additional release of CO2.

[00195] Precipitation material of the invention may comprise several carbonates and/or several carbonate

mineral phases resulting from co-precipitation, wherein the precipitation material may comprise, for

example, calcium carbonate (e.g., calcite) together with magnesium carbonate (e.g., nesquehonite).

Precipitation material may also comprise a single carbonate in a single mineral phase including, but not

limited to, calcium carbonate (e.g., calcite), magnesium carbonate (e.g., nesquehonite), calcium

magnesium carbonate (e.g., dolomite), or a ferro-carbo-aluminosilicate. As different carbonates may be

precipitated in sequence, the precipitation material may be, depending upon the conditions under which it

was obtained, relatively rich (e.g., 90% to 95%) or substantially rich (e.g., 95%-99.9%) in one carbonate

and/or one mineral phase, or the precipitation material may comprise an amount of other carbonates

and/or other mineral phase (or phases), wherein the desired mineral phase is 50-90% of the precipitation

material. It will be appreciated that, in some embodiments, the precipitation material may comprise one or

more hydroxides (e.g., Ca(OH)2, Mg(OH) 2) in addition to the carbonates. It will also be appreciated that

any of the carbonates or hydroxides present in the precipitation material may be wholly or partially

amorphous. In some embodiments, the carbonates and/or hydroxides are wholly amorphous. It will also

be appreciated that any of the carbonates or hydroxides present in the precipitation material may be

wholly or partially crystalline. In some embodiments, the carbonates and/or hydroxides are wholly

crystalline.

[00196] While many different carbonate-containing salts and compounds are possible due to variability of

starting materials, precipitation material comprising magnesium carbonate, calcium carbonate, or

combinations thereof is particularly useful. Precipitation material may comprise two or more different

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

compounds, five or more different carbonate compounds, etc., including non-distinct, amorphous



carbonate compounds. Precipitation material of the invention may comprise compounds having a

molecular formulation Xm(CO3)B, wherein X is any element or combination of elements that can

chemically bond with a carbonate group or its multiple and m and n are stoichiometric positive integers.

In some embodiments, X may be an alkaline earth metal (elements found in column HA of the periodic

table of elements), an alkali metal (elements found in column IA of the periodic table of elements), or

some combination thereof. In some embodiments, the precipitation material comprises dolomite

(CaMg(CO 3)2), protodolomite, huntite (CaMg3(CO3)4), and/or sergeevite (Ca2Mg 1 1(CO3)IS-H 2O), which

are carbonate minerals comprising both calcium and magnesium. In some embodiments, the precipitation

material comprises calcium carbonate in one or more phases selected from calcite, aragonite, vaterite, or a

combination thereof. In some embodiments, the precipitation material comprises hydrated forms of

calcium carbonate (e.g., Ca(CO3)-«H2O, wherein there are one or more structural waters in the molecular

formula) selected from ikaite (CaCO3*6H2O), amorphous calcium carbonate (CaCO3*nH20),

monohydrocalcite (CaCO3 H2O), or combinations thereof. In some embodiments, the precipitation

material comprises magnesium carbonate, wherein the magnesium carbonate does not have any waters of

hydration. In some embodiments, the precipitation material comprises magnesium carbonate, wherein the

magnesium carbonate may have any of a number of different waters of hydration (e.g., Mg(CO3)-«H2O)

selected from 1, 2, 3, 4, or more than 4 waters of hydration. In some embodiments, the precipitation

material comprises 1, 2, 3, 4, or more than 4 different magnesium carbonate phases, wherein the

magnesium carbonate phases differ in the number of waters of hydration. For example, precipitation

material may comprise magnesite (MgCO3), barringtonite (MgCO3*2H2O), nesquehonite (MgCO3*3H2O),

lansfordite (MgCO3*5H2O), and amorphous magnesium carbonate. In some embodiments, precipitation

material comprises magnesium carbonates that include hydroxide and waters of hydration such as artinite

(MgCO3 Mg(OH) 2 3H2O), hydromagnesite (Mg5(CO3)4(OH)2 3H2O), or combinations thereof. As such,

precipitation material may comprise carbonates of calcium, magnesium, or combinations thereof in all or

some of the various states of hydration listed herein. Precipitation rate may also influence the nature of the

precipitation material with the most rapid precipitation rate achieved by seeding the solution with a

desired phase. Without seeding, rapid precipitation may be achieved by, for example, rapidly increasing

the pH of the precipitation reaction mixture, which results in more amorphous constituents. Furthermore,

the higher the pH, the more rapid the precipitation, which precipitation results in a more amorphous

precipitation material.

[00197] In some embodiments, the amount by weight of calcium carbonate compounds in the precipitation

material may exceed the amount by weight of magnesium carbonate compounds in the precipitation

material. In some embodiments, for example, the amount by weight of calcium carbonate compounds in

the precipitation material may exceed the amount by weight magnesium carbonate compounds in the

precipitation material by 5% or more, such as 10% or more, 15% or more, 20% or more, 25% or more,

30% or more. In some embodiments, the weight ratio of calcium carbonate compounds to magnesium

carbonate compounds in the precipitation material ranges from 1.5-5 to 1, such as 2-4 to 1, including 2-3

to 1. In some embodiments, the amount by weight of magnesium carbonate compounds in the



precipitation material may exceed the amount by weight of calcium carbonate compounds in the

precipitation material. For example, the amount by weight of magnesium carbonate compounds in the

precipitation material may exceed the amount by weight calcium carbonate compounds in the

precipitation material by 5% or more, such as 10% or more, 15% or more, 20% or more, 25% or more,

30% or more. In some embodiments, the weight ratio of magnesium carbonate compounds to calcium

carbonate compounds in the precipitation material ranges from 1.5-5 to 1, such as 2-4 to 1, including 2-3

to 1.

[00198] Precipitation material produced in certain divalent cation-containing aqueous solutions (e.g.,

seawater, brine, etc.) of the invention may comprise carbonate compounds that, upon combination with

fresh water, dissolve to produce a fresh water precipitation material comprising carbonate compounds that

is more thermodynamically stable (in fresh water). As such, carbonate compounds of the initial

precipitation material may dissolve upon combination with fresh water to produce new carbonate

compounds and a new composition (e.g., precipitation material). (CO2 gas is not liberated in significant

amounts, or in some cases, at all, in any such reaction.) The carbonate compounds of the initial

precipitation material may be compounds that are more stable in salt water than they are in fresh water,

such that the carbonate compounds of the initial precipitation material may be viewed as metastable. The

amount of carbonate compounds in precipitation material, as determined by coulometric titration, may be

40% or higher, such as 70% or higher, including 80% or higher.

[00199] Adjusting major ion ratios during precipitation may influence the nature of the precipitation

material. Major ion ratios have considerable influence on polymorph formation. For example, as the

magnesium:calcium ratio in the water increases, aragonite becomes the major polymorph of calcium

carbonate in the precipitation material over low-magnesium calcite. At low magnesium:calcium ratios,

low-magnesium calcite becomes the major polymorph. In some embodiments, where Ca + and Mg + are

both present, the ratio of Ca2+ to Mg2+ (i.e., Ca2+M g2+) in the precipitation material is between 1:1 and

1:2.5; 1:2.5 and 1:5; 1:5 and 1:10; 1:10 and 1:25; 1:25 and 1:50; 1:50 and 1:100; 1:100 and 1:150; 1:150

and 1:200; 1:200 and 1:250; 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 precipitation material is between 1:1 and 1:10; 1:5 and 1:25;

1:10 and 1:50; 1:25 and 1:100; 1:50 and 1:500; or 1:100 and 1:1000. In some embodiments, the ratio of

Mg + to Ca + (i.e., Mg +:Ca +) in the precipitation material is between 1:1 and 1:2.5; 1:2.5 and 1:5; 1:5 and

1:10; 1:10 and 1:25; 1:25 and 1:50; 1:50 and 1:100; 1:100 and 1:150; 1:150 and 1:200; 1:200 and 1:250;

1:250 and 1:500; 1:500 and 1:1000, or a range thereof. For example, in some embodiments, the ratio of

Mg2+ to Ca2+ in the precipitation material is between 1:1 and 1:10; 1:5 and 1:25; 1:10 and 1:50; 1:25 and

1:100; 1:50 and 1:500; or 1:100 and 1:1000.

[00200] Due to variability of starting materials, carbonate-containing salts and compounds comprising

counterions other than calcium or magnesium are possible. Such other counterions (e.g., As, Ag, Ba, Be,

Cd, Co, Cr, Cu, Hg, Mo, Ni, Pb, Sb, Se, Sr, Tl, V, Zn etc.) may substitute for calcium and/or magnesium

in carbonate-containing salts and compounds or occupy interstitial spaces. In some embodiments, such

other counterions, optionally as part of a salt or some other compound, may be encapsulated by carbonate -



containing salts and compounds. For example, in some embodiments, compositions of the invention (e.g.,

precipitation material) comprise calcium carbonate in the form of aragonite. In such embodiments,

calcium may be replaced by a number of different metals including, but not limited to strontium, lead, and

zinc, each of which, in one form or another, may be found in one or more starting materials (e.g., waste

gas stream, source of proton-removing agents, source of divalent cations, etc.) of the invention.

Compositions may comprise, for example, mossottite, which is aragonite rich in strontium, or

compositions may comprise a mixture of aragonite and strontianite (e.g., (Ca Sr)COs). Compositions may

comprise, for example, tarnowitzite, which is aragonite rich in lead, or compositions may comprise a

mixture of aragonite and cerussite (e.g., (Ca,Pb)CO3) . Compositions may comprise, for example,

nicholsonite, which is aragonite rich in Zn, or compositions may comprise a mixture of aragonite and

smithsonite (e.g., (Ca Zn)COs). In view of the foregoing exemplary embodiments, compositions (e.g.,

precipitation material) may comprise carbonates, bicarbonates, or carbonates and bicarbonates of As, Ag,

Ba, Be, Cd, Co, Cr, Cu, Hg, Mo, Ni, Pb, Sb, Se, Sr, Tl, V, or Zn. By way of example, compositions of the

invention may comprise carbonates of Ag, Ba, Be, Cd, Co, Cu, Ni, Pb, Sr, Tl, Zn, or combinations

thereof. Carbonates, bicarbonates, or carbonates and bicarbonates of the foregoing metals may be

independently formed (e.g., strontianite) or exist in a magnesium and/or calcium matrix (e.g., mossottite).

Metals such as As, Ag, Ba, Be, Cd, Co, Cr, Cu, Hg, Mo, Ni, Pb, Sb, Se, Sr, Tl, V, and Zn may be

provided by a waste gas stream, a source of proton-removing agents, a source of divalent cations, or a

combination thereof. Metals and other components found in such source (e.g., waste gas streams, sources

of proton-removing agents, sources of divalent cations) that do not form carbonates, bicarbonates, or

carbonates and bicarbonates may be trapped in or adsorbed on precipitation material. In some

embodiments, metals and/or other components form or become part of carbonates, bicarbonates, or

carbonates and bicarbonates and become trapped in or adsorbed on precipitation material after a

metastable transition. For example, precipitation material of the invention may comprise aragonite rich in

strontium. Such a composition, when produced from salt water, may dissolve in fresh water to produce

precipitation material comprising calcite in which the strontium no longer substitutes for calcium. Instead,

the strontium may become trapped in the precipitation material or my be adsorbed onto the precipitation

material. In some embodiments, the metals and/or other components form new compounds that become

encapsulated in the precipitation material.

[00201] A composition of the invention (e.g., precipitation material or products derived therefrom

including supplementary cementitious materials, cement, fine aggregate, coarse aggregate, and

combinations thereof such as concrete) might contain, in one form or another, metals such as As, Ag, Ba,

Be, Cd, Co, Cr, Cu, Hg, Mo, Ni, Pb, Se, Sb, Tl, V, or Zn, or combinations thereof, as well as other

chemical species that might be considered contaminants if released into the environment. Potential for

release of such contaminants into the environment may be tested by mixing the composition with an

extraction solution, agitating the resultant mixture, and filtering the agitated mixture to produce a testable

leachate. Compositions of the invention may be tested using any of a variety of tests as different tests have

been developed to simulate different environmental conditions. Such tests include, but are not limited to,



Toxicity Characteristic Leaching Procedure (TCLP; US EPA Method 131 1), Extraction Procedure

Toxicity Test (EP-Tox; US EPA Method 1310), Synthetic Precipitation Leaching Procedure (SPLP; US

EPA Method 1312), California Waste Extraction Test (WET; California Code of Regulations), Soluble

Threshold Limit Concentration (STLC; California Code of Regulations), American Society for Testing

and Materials Extraction Test (ASTM D 3987-85), and Multiple Extraction Procedure (MEP; US EPA

Method 1320), as such tests and limits defined is such tests exist on the filing date of this patent

application. Regulatory water extraction test conditions as defined by waste control regulations in, for

example, the United Kingdom, Thailand, Japan, Switzerland, Germany, Sweden, the Netherlands may

also be used. Such tests may differ in, for example, extraction solutions, liquid to solid (L/S) ratios, and/or

number and duration of extractions. Regarding extract solutions, such tests commonly use aqueous acetic

acid, aqueous citric acid, distilled water, synthetic rainwater, or carbonated water.

[00202] Tests for potential release of contaminants into the environment by a composition of the invention

may comprise modifying the chemical and/or physical environment of the composition, such as

modifying pH, temperature, pressure, time, and the like, in a repeatable manner to effect a measurable

release (e.g., in an extract or leachate) of contaminants the composition. In some embodiments, a

composition may be subjected to a solution (e.g., aqueous solution) having a pH less than pH 8.5, pH 8.0,

pH 7.5, pH 7.0, pH 6.5, pH 6.0, pH 5.5, pH 5.2, pH 5.0, pH 4.8, pH 4.6, pH 4.4, pH 4.2, pH 4.0, pH 3.8,

pH 3.6, pH 3.4, pH 3.2, pH 3.0, pH 2.8, pH 2.6, pH 2.4, pH 2.2, pH 2.0, pH 1.8, pH 1.6, pH 1.4, pH 1.2,

pH 1.0, pH 0.8, pH 0.6, pH 0.4, or pH 0.2. Such pH levels may be obtained by adding acid (e.g., HCl) to

water, or by preparing a buffered solution at a particular pH. As certain reagents commonly used to

prepare acidic solutions or buffers may react with a composition of the invention, proper selection of

reagents is important to isolate the effect of pH on the composition. For example, while phosphoric acid

may be used to prepare a buffered solution at a particular pH, phosphate may react with a composition

comprising calcium carbonate such that calcium phosphate is formed. Tests for potential release of

contaminants into the environment may make use of a depressed or an elevated temperature. For example,

in some embodiments, a temperature greater than 0 0C, 10 0C, 20 0C, 25 0C, 30 0C, 40 0C, 50 0C, 60 0C,

70 0C, 80 0C, 90 0C, or 100 0C may be used. Temperatures in such tests may range between any of the

foregoing (e.g., 60-80 0C; 20-25 0C (room temperature)) temperature. The time during which a

composition is subjected to a particular pH and/or temperature may be any suitable time to effect a

measureable release of contaminants (if present). For example, in some embodiments, a composition may

be subjected to a particular pH and/or temperature for 0.5, 1, 2, 4, 6, 8, 16, 24, 32, 40, 48, 72, 96 hours.

Time periods spanning from days (e.g., 5, 6, 7, etc), weeks (e.g., 1, 2, 3, 4, etc.), or months (e.g., 2, 3, 4, 5,

6, etc.) are also within the scope of tests for potential release of contaminants into the environment. In

some embodiments, for example, a test for potential release of contaminants into the environment by a

composition (e.g., precipitation material or compositions comprising precipitation material such as cement

or concrete) of the invention consists essentially of preparing 2 x IL of an extraction fluid consisting

essentially of an aqueous solution of acetic acid, wherein each IL of the extraction fluid consists

essentially of 5.7 mL acetic acid in deionized water; grinding the composition such that particles of



ground composition are less than 1 cm in the narrowest dimension if the particles are not already less than

1 cm in the narrowest dimension; placing lOOg of the ground composition into an extraction vessel with

2L of the extraction fluid to produce an extraction composition; rotating the extraction vessel in an end-

over-end fashion for 18 ± 2 hours at room temperature; filtering the extraction composition through

borosilicate glass fiber with a pore size of 0.6 µm to 0.8 µm to produce a leachate; and adjusting pH of the

leachate with IN nitric acid to a pH of pH 2 or less than pH 2. Any suitable test or tests for detecting and

quantifying contaminants, or lack thereof, in the leachate may be used. The foregoing test is exemplary

and those of skill in the art can design similar tests that may be used to effect detectable and quantifiable

contaminants, if such contaminants exist, from a composition of the invention. It is to be understood that,

in any of the tests for potential release of contaminants into the environment, the addition of additional

steps could affect potential release of contaminants into the environment and would necessitate

comparison to the protocols set out herein to determine if adjusted levels of contaminants released due to

the additional steps is warranted.

[00203] Compositions of the invention (e.g., precipitation material or products derived therefrom

including supplementary cementitious materials, cement, fine aggregate, coarse aggregate, and

combinations thereof such as concrete) meet or improve upon limits for metals and/or other chemical

species defined in one or more of the foregoing tests (e.g., TCLP) (as of the filing date of this application)

such that compositions of the invention are suitable for placement into the environment. Should a

composition of the invention not meet or improve upon limits for metals and/or other chemical species as

defined in one or more of the foregoing tests (e.g., TCLP), the composition may be effectively diluted to

produce a diluted composition that meets or exceed such limits. In some embodiments, for example,

precipitation material of the invention may, upon not meeting or improving upon a certain limit (e.g., 0.2

mg/L in TCLP), be used for a supplementary cementitious material in cement. In such embodiments, the

cement comprising the precipitation material may meet or improve upon the certain limit (e.g., 0.2 mg/L

in TCLP) that the precipitation material alone did not meet or improve upon. As such, precipitation

material of the invention may be used for supplementary cementitious materials, cement, fine aggregate,

coarse aggregate, concrete, or combinations thereof, wherein one or more of the precipitation material,

supplementary cementitious materials, cement, fine aggregate, coarse aggregate, concrete, or

combinations thereof meet or improve upon limits for metals and/or other chemical species defined in one

or more of the foregoing tests (e.g., TCLP) (as of the filing date of this application), and wherein such

materials are suitable for placement into the environment.

[00204] The Code of Federal Regulations (see 40 C.F.R. § 261.24) contains a list of contaminants and

their associated maximum allowable concentrations (as of the filing date of this application) in a TCLP

extract from a solid or multiphasic material (e.g., slurry) such as a composition of the invention. If a

contaminant (e.g., mercury) exceeds its maximum allowable concentration in a TCLP (Method 131 1 in

"Test Methods for Evaluating Solid Waste, Physical/Chemical Methods," EPA Publication SW-846,

which is incorporated herein by reference in its entirety) extract of a material, then the material may be

considered hazardous due to the characteristic of toxicity. For instance, material containing certain



leachable heavy metals may be classified as hazardous material if TCLP extracts have concentrations

above threshold values for those heavy metals, which threshold values range from 0.2 mg/L (or ppm) for

Hg and 100 mg/L for Ba. For example, if a TCLP analysis provides more than 0.2 mg/L mercury in an

extract, then the material may be classified as hazardous material with respect to mercury. Likewise, if a

TCLP analysis provides more than 100 mg/L barium in an extract, then the material may be classified as

hazardous material with respect to barium. The 40 C.F.R. § 261.24 includes, but is not limited to, As, Cd,

Cr, Hg, and Pb, each of which might be found in waste gas streams resulting from combustion of fossil

fuels (e.g., coal), and each of which, in one form or another, might be incorporated in compositions of the

invention. The list also includes a number of contaminants that might be present in industrial waste

sources of divalent cations and/or proton-removing agents, which contaminants, in one form or another,

might be incorporated in compositions of the invention. For example, fly ash, which may be a source of

divalent cations and/or proton-removing agents, might contain As, Ba, Cd, Cr, Se, and/or Hg, each of

which is found on the list, and each of which, in one form or another, might be incorporated in

compositions of the invention. In another non-limiting example, red mud, which may be a source of

divalent cations and/or proton-removing agents, might contain Cr, Ba, Pb, and/or Zn, each of which is

found on the list in 40 C.F.R. § 261.24, and each of which, in one form or another, might be incorporated

in compositions of the invention.

[00205] As such, in some embodiments, a composition of the invention comprises contaminants predicted

not to leach into the environment by one or more tests selected from the group consisting of Toxicity

Characteristic Leaching Procedure, Extraction Procedure Toxicity Test, Synthetic Precipitation Leaching

Procedure, California Waste Extraction Test, Soluble Threshold Limit Concentration, American Society

for Testing and Materials Extraction Test, and Multiple Extraction Procedure. Tests and combinations of

tests may be chosen depending upon likely contaminants and storage conditions of the composition. For

example, in some embodiments, the composition may comprise As, Cd, Cr, Hg, and Pb (or products

thereof), each of which might be found in a waste gas stream of a coal-fired power plant. Since TCLP

tests for As, Ba, Cd, Cr, Pb, Hg, Se, and Ag, TCLP may be an appropriate test for solid and multiphasic

compositions stored in the environment (e.g., built environment). In some embodiments, a composition of

the invention comprises As, wherein the composition is predicted not to leach As into the environment.

For example, a TCLP extract of the composition may provide less than 5.0 mg/L As indicating that the

composition is not hazardous with respect to As. In some embodiments, a composition of the invention

comprises Cd, wherein the composition is predicted not to leach Cd into the environment. For example, a

TCLP extract of the composition may provide less than 1.0 mg/L Cd indicating that the composition is not

hazardous with respect to Cd. In some embodiments, a composition of the invention comprises Cr,

wherein the composition is predicted not to leach Cr into the environment. For example, a TCLP extract

of the composition may provide less than 5.0 mg/L Cr indicating that the composition is not hazardous

with respect to Cr. In some embodiments, a composition of the invention comprises Hg, wherein the

composition is predicted not to leach Hg into the environment. For example, a TCLP extract of the

composition may provide less than 0.2 mg/L Hg indicating that the composition is not hazardous with



respect to Hg. In some embodiments, a composition of the invention comprises Pb, wherein the

composition is predicted not to leach Pb into the environment. For example, a TCLP extract of the

composition may provide less than 5.0 mg/L Pb indicating that the composition is not hazardous with

respect to Pb. In some embodiments, a composition of the invention may be non-hazardous with respect

to a combination of different contaminants in a given test. For example, the composition may be non-

hazardous with respect to all metal contaminants in a given test. A TCLP extract of a composition, for

instance, may be less than 5.0 mg/L in As, 100.0 mg/L in Ba, 1.0 mg/L in Cd, 5.0 mg/mL in Cr, 5.0 mg/L

in Pb, 0.2 mg/L in Hg, 1.0 mg/L in Se, and 5.0 mg/L in Ag. Indeed, a majority if not all of the metals

tested in a TCLP analysis on a composition of the invention may be below detection limits. In some

embodiments, a composition of the invention may be non- hazardous with respect to all (e.g., inorganic,

organic, etc.) contaminants in a given test. In some embodiments, a composition of the invention may be

non-hazardous with respect to all contaminants in any combination of tests selected from the group

consisting of Toxicity Characteristic Leaching Procedure, Extraction Procedure Toxicity Test, Synthetic

Precipitation Leaching Procedure, California Waste Extraction Test, Soluble Threshold Limit

Concentration, American Society for Testing and Materials Extraction Test, and Multiple Extraction

Procedure. As such, compositions of the invention may effectively sequester CO2 (e.g., as carbonates,

bicarbonates, or a combinations thereof) along with various chemical species (or co-products thereof)

from waste gas streams, industrial waste sources of divalent cations, industrial waste sources of proton-

removing agents, or combinations thereof that might be considered contaminants if released into the

environment. Compositions of the invention incorporate environmental contaminants (e.g., metals and co-

products of metals such as Hg, Ag, As, Ba, Be, Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb, Sb, Se, Tl, V, Zn, or

combinations thereof) in a non-leachable form.

[00206] In some embodiments, the invention provides a method of treating a waste gas stream comprising

carbon dioxide and, optionally, any of a number of solid, liquid, or multiphasic waste streams, to produce

a composition that provides a leachate in compliance with the TCLP protocol. Such compositions of the

invention may include precipitation material, supplementary cementitious materials, cement, fine

aggregate, coarse aggregate, concrete, or combinations thereof, each of which may be tested in

accordance with Example 2 or Example 3 below. In some embodiments, for example, precipitation

material, supplementary cementitious materials, cement, fine aggregate, coarse aggregate, concrete, or

combinations thereof may be tested in a TCLP procedure consisting of preparing 2 x IL of an extraction

fluid consisting essentially of an aqueous solution of acetic acid, wherein each IL of the extraction fluid

consists essentially of 5.7 mL acetic acid in deionized water; grinding the solid such that particles of

ground solid are less than 1 cm in the narrowest dimension if the particles are not already less than 1 cm

in the narrowest dimension; placing lOOg of the ground solid into an extraction vessel with 2L of the

extraction fluid to produce an extraction composition; rotating the extraction vessel in an end-over-end

fashion for 18 ± 2 hours at room temperature; filtering the extraction composition through borosilicate

glass fiber with a pore size of 0.6 µm to 0.8 µm to produce a leachate; adjusting pH of the leachate with

IN nitric acid to a pH of pH 2 or less than pH 2, and analyzing the leachate for metals and/or other



chemical species. In some embodiments, a composition of the invention provides less than 0.05 mg/L,

0.50 mg/L, 5.0 mg/L, 50 mg/L, or 500 mg/L As in the leachate provided by the TCLP procedure.

Alternatively, or in combination with the foregoing embodiment, the composition provides less than 1.00

mg/L, 10.0mg/L, 100 mg/L, 1,000 mg/L, or 10,000 mg/L Ba in the leachate provided by the TCLP

procedure. Alternatively, or in combination with any of the foregoing embodiments, the composition

provides less than 0.0 1 mg/L, 0. 10 mg/L, 1.0 mg/L, 10 mg/L, or 100 mg/L Cd in the leachate provided by

the TCLP procedure. Alternatively, or in combination with any of the foregoing embodiments, the

composition provides less than 0.05 mg/L, 0.50 mg/L, 5.0 mg/L, 50 mg/L, or 500 mg/L Pb in the leachate

provided by the TCLP procedure. Alternatively, or in combination with any of the foregoing

embodiments, the composition provides less than 0.002 mg/L, 0.02 mg/L, 0.20 mg/L, 2.0 mg/L, or 20

mg/L Hg in the leachate provided by the TCLP procedure. Alternatively, or in combination with any of

the foregoing embodiments, the composition provides less than 0.01 mg/L, 0.10 mg/L, 1.0 mg/L, 10

mg/L, or 100 mg/L Se in the leachate provided by the TCLP procedure. Alternatively, or in combination

with any of the foregoing embodiments, the composition provides less than 0.05 mg/L, 0.50 mg/L, 5.0

mg/L, 50 mg/L, or 500 mg/L Ag in the leachate provided by the TCLP procedure. In view of the forgoing,

and by way of example only, the composition provides less than 0.2 mg/L Hg and less than 1.0 mg/L

cadmium in the leachate provided by the TCLP procedure. It should be understood that the foregoing are

exemplary and that any combination of metals and levels of metals in the leachate as described herein is

within the scope of the invention. Such compositions of the invention, as described herein, are suitable for

building products and the like.

[00207] Precipitation material, which comprises one or more synthetic carbonates derived from industrial

CO2, reflects the relative carbon isotope composition ( 13 C) of the fossil fuel (e.g., coal, oil, natural gas, or

flue gas) from which the industrial CO2 (from combustion of the fossil fuel) was derived. The relative

carbon isotope composition ( 13C) value with units of %o (per mille) is a measure of the ratio of the

concentration of two stable isotopes of carbon, namely 12C and 13C, relative to a standard of fossilized

belemnite (the PDB standard).

δ13 C %o = [(13 12C sample - 13 12C PDB standard) / (13C/ 12C PDB standard)] x 1000

[00208] As such, the δ13C value of the synthetic carbonate-containing precipitation material serves as a

fingerprint for a CO2 gas source. The δ13C value may vary from source to source (i.e., fossil fuel source),

but the δ13C value for composition of the invention generally, but not necessarily, ranges between -9%o to

-35%o. In some embodiments, the δ13 C value for the synthetic carbonate-containing precipitation material

is between -l%o and -50%o, between -5%o and -40%o, between -5%o and -35%o, between -7%o and -40%o,

between -7%o and -35%o, between -9%o and -40%o, or between -9%o and -35%o. In some embodiments, the

δ13 C value for the synthetic carbonate-containing precipitation material is less than (i.e., more negative

than) -3%o, -5%o, -6%o, -7%o, -8%o, -9%o, -10%o, - l l%o, -12%o, -13%o, -14%o, -15%o, -16%o, -17%o, -18%o, -

19%o, -20%o, -21%o, -22%o, -23%o, -24%«, -25%o, -26%o, -27%o, -28%o, -29%o, -30%o, -31%o, -32%«, -33%o, -



34%o, -35%o, -36%o, -37%o, -38%o, -39%o, -40%o, -41%o, -42%o, -43%o, -44%o, or -45%o, wherein the more

negative the δ13 C value, the more rich the synthetic carbonate-containing composition is in 12C. Any

suitable method may be used for measuring the δ13 C value, methods including, but no limited to, mass

spectrometry or off-axis integrated-cavity output spectroscopy (off-axis ICOS).

[00209] In addition to magnesium- and calcium-containing products of the precipitation reaction,

compounds and materials comprising silicon, aluminum, iron, and others may also be prepared and

incorporated within precipitation material with methods and systems of the invention. Incorporation of

such compounds in precipitation material may be desired to alter the reactivity of cements comprising the

precipitation material resulting from the process, or to change the properties of cured cements and

concretes made from them. Incorporation of one or more components such as amorphous silica,

amorphous aluminosilicates, crystalline silica, calcium silicates, calcium alumina silicates, etc. may

enhance the ability of precipitation material of the invention to retain CCVprocessing co-products (e.g.,

sulfates; sulfites; metals described herein and their salts and other compounds, etc.). Retaining the CO -

processing co-products may comprise encapsulation or integration (e.g., chemical bonding of the CO2-

processing co-products to various species in the precipitation material). Material comprising metal

silicates may be added to the precipitation reaction mixture as one source of these components, to produce

carbonate-containing precipitation material which contains one or more components, such as amorphous

silica, amorphous aluminosilicates, crystalline silica, calcium silicates, calcium alumina silicates, etc. In

some embodiments, the precipitation material comprises carbonates (e.g., calcium carbonate, magnesium

carbonate) and silica in a carbonate:silica ratio between 1:1 and 1:1.5; 1:1.5 and 1:2; 1:2 and 1:2.5; 1:2.5

and 1:3; 1:3 and 1:3.5; 1:3.5 and 1:4; 1:4 and 1:4.5; 1:4.5 and 1:5; 1:5 and 1:7.5; 1:7.5 and 1:10; 1:10 and

1:15; 1:15 and 1:20, or a range thereof. For example, in some embodiments, the precipitation material

comprises carbonates and silica in a carbonate:silica ratio between 1:1 and 1:5, 1:5 and 1:10, or 1:5 and

1:20. In some embodiments, the precipitation material comprises silica and carbonates (e.g., calcium

carbonate, magnesium carbonate) in a silica:carbonate ratio between 1:1 and 1:1.5; 1:1.5 and 1:2; 1:2 and

1:2.5; 1:2.5 and 1:3; 1:3 and 1:3.5; 1:3.5 and 1:4; 1:4 and 1:4.5; 1:4.5 and 1:5; 1:5 and 1:7.5; 1:7.5 and

1:10; 1:10 and 1:15; 1:15 and 1:20, or a range thereof. For example, in some embodiments, the

precipitation material comprises silica and carbonates in a silica:carbonate ratio between 1:1 and 1:5, 1:5

and 1:10, or 1:5 and 1:20. In general, precipitation material produced by methods of the invention

comprises mixtures of silicon-based material and at least one carbonate phase. In general, the more rapid

the reaction rate, the more silica is incorporated with the carbonate-containing precipitation material,

provided silica is present in the precipitation reaction mixture (i.e., provided silica was not removed after

digestion of material comprising metal silicates).

[00210] Precipitation material may be in a storage-stable form (which may simply be air-dried

precipitation material), and may be stored above ground under exposed conditions (i.e., open to the

atmosphere) without significant, if any, degradation (e.g., loss of CO2) for extended durations. In some

embodiments, the precipitation material may be stable under exposed conditions for 1 year or longer, 5

years or longer, 10 years or longer, 25 years or longer, 50 years or longer, 100 years or longer, 250 years



or longer, 1000 years or longer, 10,000 years or longer, 1,000,000 years or longer, or even 100,000,000

years or longer. A storage-stable form of the precipitation material may be stable under a variety of

different environment conditions, for example, from temperatures ranging from -100 0C to 600 0C and

humidity ranging from 0 to 100%, where the conditions may be calm, windy, or stormy. As the storage-

stable form of the precipitation material undergoes little if any degradation while stored above ground

under normal rainwater pH, the amount of degradation, if any, as measured in terms of CO2 gas release

from the product, does not exceed 5% per year, and in certain embodiments will not exceed 1% per year

or 0.001% per year. Indeed, precipitation material provided by the invention does not release more than

1%, 5%, or 10% of its total CO2 when exposed to normal conditions of temperature and moisture,

including rainfall of normal pH for at least 1, 2, 5, 10, or 20 years, or for more than 20 years, for example,

for more than 100 years. In some embodiments, the precipitation material does not release more than 1%

of its total CO2 when exposed to normal conditions of temperature and moisture, including rainfall of

normal pH for at least 1 year. In some embodiments, the precipitation material does not release more than

5% of its total CO2 when exposed to normal conditions of temperature and moisture, including rainfall of

normal pH for at least 1 year. In some embodiments, the precipitation material does not release more than

10% of its total CO2 when exposed to normal conditions of temperature and moisture, including rainfall of

normal pH for at least 1 year. In some embodiments, the precipitation material does not release more than

1% of its total CO2 when exposed to normal conditions of temperature and moisture, including rainfall of

normal pH for at least 10 years. In some embodiments, the precipitation material does not release more

than 1% of its total CO2 when exposed to normal conditions of temperature and moisture including

rainfall of normal pH for at least 100 years. In some embodiments, the precipitation material does not

release more than 1% of its total CO2 when exposed to normal conditions of temperature and moisture,

including rainfall of normal pH for at least 1000 years.

[00211] Any suitable surrogate marker or test that is reasonably able to predict such stability may be used.

For example, an accelerated test comprising conditions of elevated temperature and/or moderate to more

extreme pH conditions is reasonably able to indicate stability over extended periods of time. For example,

depending on the intended use and environment of the precipitation material, a sample of the precipitation

material may be exposed to 50, 75, 90, 100, 120, or 150 0C for 1, 2, 5, 25, 50, 100, 200, or 500 days at

between 10% and 50% relative humidity, and a loss less than 1%, 2%, 3%, 4%, 5%, 10%, 20%, 30%, or

50% of its carbon may be considered sufficient evidence of stability of precipitation material of the

invention for a given period (e.g., 1, 10, 100, 1000, or more than 1000 years).

[00212] Any of a number of suitable methods may be used to test the stability of the precipitation material

including physical test methods and chemical test methods, wherein the methods are suitable for

determining that the compounds in the precipitation material are similar to or the same as naturally

occurring compounds known to have the above specified stability (e.g., limestone). CO2 content of the

precipitation material may be monitored by any suitable method, one such non-limiting example being

coulometry. Other conditions may be adjusted as appropriate, including pH, pressure, UV radiation, and

the like, again depending on the intended or likely environment. It will be appreciated that any suitable



conditions may be used that one of skill in the art would reasonably conclude indicate the requisite

stability over the indicated time period. In addition, if accepted chemical knowledge indicates that the

precipitation material would have the requisite stability for the indicated period this may be used as well,

in addition to or in place of actual measurements. For example, some carbonate compounds that may be

part of a precipitation material of the invention (e.g., in a given polymorphic form) may be well-known

geologically and known to have withstood normal weather for decades, centuries, or even millennia,

without appreciable breakdown, and so have the requisite stability.

[00213] Exemplary carbon dioxide release protocols for a composition of the invention may comprise

modifying the chemical and/or physical environment of the composition, such as modifying pH,

temperature, pressure, time, and the like, in a repeatable manner to effect a measurable release of carbon

dioxide from the composition. In some embodiments, a composition may be subjected to a solution (e.g.,

aqueous solution) having a pH less than pH 8.5, pH 8.0, pH 7.5, pH 7.0, pH 6.5, pH 6.0, pH 5.5, pH 5.2,

pH 5.0, pH 4.8, pH 4.6, pH 4.4, pH 4.2, pH 4.0, pH 3.8, pH 3.6, pH 3.4, pH 3.2, pH 3.0, pH 2.8, pH 2.6,

pH 2.4, pH 2.2, pH 2.0, pH 1.8, pH 1.6, pH 1.4, pH 1.2, pH 1.0, pH 0.8, pH 0.6, pH 0.4, or pH 0.2. Such

pH levels may be obtained by adding acid (e.g., HCl) to water, or by preparing a buffered solution at a

particular pH. As certain reagents commonly used to prepare acidic solutions or buffers may react with a

composition of the invention, proper selection of reagents is important to isolate the effect of pH on the

composition. For example, while phosphoric acid may be used to prepare a buffered solution at a

particular pH, phosphate may react with a composition comprising calcium carbonate such that calcium

phosphate is formed. With this in mind, additional chemical agents should not be added that may either

promote release of carbon dioxide by a reaction other than an acid-base reaction or react with the

composition to form a different composition. A carbon dioxide release protocol for a composition of the

invention may make use of a depressed or an elevated temperature. For example, in some embodiments, a

temperature greater than 0 0C, 10 0C, 20 0C, 25 0C, 30 0C, 40 0C, 50 0C, 60 0C, 70 0C, 80 0C, 90 0C, or

100 0C may be used. Temperatures in such tests may range between any of the foregoing (e.g., 60-80 0C,

20-25 0C (room temperature)). The time during which the composition is subjected to a particular pH

and/or temperature may be for any suitable time to effect release of carbon dioxide. For example, in some

embodiments, a composition may be subjected to a particular pH and/or temperature for 0.5, 1, 2, 4, 6, 8,

16, 24, 32, 40, 48, 72, 96 hours. Time periods spanning from days (e.g., 5, 6, 7, etc), weeks (e.g., 1, 2, 3,

4, etc.), or months (e.g., 2, 3, 4, 5, 6, etc.) are also within the scope of carbon dioxide release protocols of

the invention. In some embodiments, for example, a composition may be tested in a carbon dioxide

release protocol consisting essentially of grinding the composition of the invention (e.g., precipitation

material or compositions comprising precipitation material such as cement or concrete) such that particles

of ground composition are less than 1 cm in the narrowest dimension if the particles are not already less

than 1 cm in the narrowest dimension and immersing the ground composition in a solution having a pH

between pH 4.8 and pH 5.2 and a temperature between 60 and 80 0C for 48 hours. In some embodiments,

the composition produces no more than 0.25, 0.5, 1.0, 2.0, 4.0, 6.0, 8.0, 10, 20, 30, 40, or 50 grams of

carbon dioxide per lOOg of the composition. Any suitable test or tests for detecting and quantifying the



release of carbon dioxide, or lack thereof may be used. This test is exemplary and those of skill in the art

can design similar tests which may be used to effect a measureable release of carbon dioxide from a

composition. It is to be understood that in any of the carbon dioxide release protocols, the addition of

additional steps could affect CO2 release and would necessitate comparison to the protocols set out herein

to determine if adjusted levels of CO2 release due to the additional steps is warranted.

[00214] The carbonate-containing precipitation material, which serves to sequester CO2 in a form that is

stable over extended periods of time (e.g., geologic time scales), may be stored for extended durations, as

described above. The precipitation material, if needed to achieve a certain ratio of carbonates to silica,

may also be mixed with silicon-based material (e.g., from separated silicon-based material after material

comprising metal silicates digestion; commercially available Siθ 2; etc.) to form pozzolanic material.

Pozzolanic materials of the invention are siliceous or aluminosiliceous materials which, when combined

with an alkali such as calcium hydroxide (Ca(OH)2), exhibit cementitious properties by forming calcium

silicates and other cementitious materials. Siθ 2-containing materials such as volcanic ash, fly ash, silica

fume, high reactivity metakaolin, and ground granulated blast furnace slag, and the like may be used to

fortify compositions of the invention producing pozzolanic materials. In some embodiments, pozzolanic

materials of the invention are fortified with 0.5% to 1.0%, 1.0% to 2.0%; 2.0% to 4.0%, 4.0% to 6.0%,

6.0% to 8.0%, 8.0% to 10.0%, 10.0% to 15.0%, 15.0% to 20.0%, 20.0% to 30.0%, 30.0% to 40.0%,

40.0% to 50.0%, or an overlapping range thereof, an SiO2-containing material. Such SiO2-containing

material may be obtained from, for example, an electrostatic precipitator or fabric filter of the invention.

[00215] As indicated above, in some embodiments, precipitation material comprises metastable carbonate

compounds characterized in that such carbonates are more stable in salt water than in fresh water, such

that upon contact with fresh water of any pH the carbonates dissolve and re-precipitate into other fresh

water-stable minerals. In some embodiments, the carbonate compounds may be present as small particles,

for example, with particle sizes ranging from 0.1 µm to 100 µm, 1 to 100 µm, 10 to 100 µm, 50 to 100 µm

as determined by scanning electron microscopy (SEM). In some embodiments, particle sizes of the

carbonate compounds range from 0.5 to 10 µm as determined by SEM. In some embodiments, the

particle sizes exhibit a single modal distribution. In some embodiments, the particle sizes exhibit a

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

ranging from, for example, 0.5 to 100 m2/gm, 0.5 to 50 m2/gm, or 0.5 to 2.0 m2/gm as determined by

Brauner, Emmit, & Teller (BET) Surface Area Analysis. In some embodiments, precipitation material

may comprise rod-shaped crystals and/or amorphous solids. The rod-shaped crystals may vary in

structure, and in certain embodiments have a length to diameter ratio ranging from 500 to 1, 250 to 1, or

10 to 1. In certain embodiments, the length of the crystals ranges from 0.5 µm to 500 µm, 1 µm to 250

µm, or 5 µm to 100 µm. In yet other embodiments, substantially completely amorphous solids are

produced.

[00216] Spray-dried material (e.g., precipitation material, silicon-based material, pozzolanic material,

etc.), by virtue of being spray dried, may have a consistent particle size (i.e., the spray-dried material may

have a relatively narrow particle size distribution). As such, in some embodiments, at least 50%, 60%,



70%, 80%, 90%, 95%, 97%, or 99% of the spray-dried material falls within ±10 microns, ±20 microns,

±30 microns, ±40 microns, ±50 microns, ±75 microns, ±100 microns, or ±250 microns of a given mean

particle diameter. In some embodiments, the given mean particle diameter is between 5 and 500 microns.

In some embodiments, the given mean particle is between 5 and 250 microns. In some embodiments, the

given mean particle diameter is between 5 and 100 microns. In some embodiments, the given mean

particle diameter is between 5 and 50 microns. In some embodiments, the given mean particle diameter is

between 5 and 25 microns. For example, in some embodiments, at least 70% of the spray-dried material

falls within ±50 microns of a given mean particle diameter, wherein the given mean particle diameter is

between 5 and 500 microns, such as between 50 and 250 microns, or between 100 and 200 microns. Such

spray-dried material may be used to manufacture cement, fine aggregate, mortar, coarse aggregate,

concrete, and/or pozzolans of the invention; however, one of skill in the art will recognize that

manufacture of cement, fine aggregate, mortar, coarse aggregate, concrete, and/or pozzolans does not

require spray-dried precipitation material. Air-dried precipitation material, for example, may also be used

to manufacture cement, fine aggregate, mortar, coarse aggregate, concrete, and/or pozzolans of the

invention.

[00217] Generally, pozzolanic material has lower cementitious properties than ordinary Portland cement,

but in the presence of a lime-rich media like calcium hydroxide, it shows better cementitious properties

towards later day strength (> 28 days). The pozzolanic reaction may be slower than the rest of the

reactions which occur during cement hydration, and thus the short-term strength of concretes that include

pozzolanic material of the invention may not be as high as concrete made with purely cementitious

materials. The mechanism for this display of strength is the reaction of silicates with lime to form

secondary cementitious phases (calcium silicate hydrates with a lower C/S ratio), which display gradual

strengthening properties usually after 7 days. The extent of the strength development ultimately depends

upon the chemical composition of the pozzolanic material. Increasing the composition of silicon-based

material (optionally with added silica and/or alumina), especially amorphous silicon-based material,

generally produces better pozzolanic reactions and strengths. Highly reactive pozzolans, such as silica

fume and high reactivity metakaolin may produce "high early strength" concrete that increases the rate at

which concrete comprising precipitation material of the invention gains strength.

[00218] Precipitation material comprising silicates and aluminosilicates may be readily employed in the

cement and concrete industry as pozzolanic material by virtue of the presence of the finely divided

siliceous and/or alumino-siliceous material (e.g., silicon-based material). The siliceous and/or

aluminosiliceous precipitation material may be blended with Portland cement, or added as a direct mineral

admixture in a concrete mixture. In some embodiments, pozzolanic material comprises calcium and

magnesium in a ratio (as above) that perfects setting time, stiffening, and long-term stability of resultant

hydration products (e.g., concrete). Crystallinity of carbonates, concentration of chlorides, sulfates,

alkalis, etc. in the precipitation material may be controlled to better interact with Portland cement. In some

embodiments, precipitation material comprises silica in which 10-20%, 20-30%, 30-40%, 40-50%, 50-

60%, 60-70%, 70-80%, 80-90%, 90-95%, 95-98%, 98-99%, 99-99.9% of the silica has a particle size less



than 45 microns (e.g., in the longest dimension). In some embodiments, siliceous precipitation material

comprises aluminosilica in which 10-20%, 20-30%, 30-40%, 40-50%, 50-60%, 60-70%, 70-80%, 80-

90%, 90-95%, 95-98%, 98-99%, 99-99.9% of the aluminosilica has a particle size less than 45 microns. In

some embodiments, siliceous precipitation material comprises a mixture of silica and aluminosilica in

which 10-20%, 20-30%, 30-40%, 40-50%, 50-60%, 60-70%, 70-80%, 80-90%, 90-95%, 95-98%, 98-

99%, 99-99.9% of the mixture has a particle size less than 45 microns (e.g., in the biggest dimension).

[00219] Pozzolanic material produced by the methods disclosed herein may be employed as a construction

material, which material may be processed for use as a construction material or processed for use in an

existing construction material for buildings (e.g., commercial, residential, etc.) and/or infrastructure (e.g.,

pavements, roads, bridges, overpasses, walls, levees, dams, etc.). The construction material may be

incorporated into any structure, the structures further including foundations, parking structures, houses,

office buildings, commercial offices, governmental buildings, and support structures (e.g., footings for

gates, fences and poles) is considered a part of the built environment. The construction material may be a

constituent of a structural or nonstructural component of such structure. An additional benefit of using

pozzolanic material as a construction material or in a construction material is that CO2 employed in the

process (e.g., CO2 obtained from a waste gas stream) is effectively sequestered in the built environment.

[00220] In some embodiments, pozzolanic material of the invention may be employed as a component of

a hydraulic cement (e.g., ordinary Portland cement), which sets and hardens after combining with water.

Setting and hardening of the product produced by combining the precipitation material with cement and

water results from the production of hydrates that are formed from the cement upon reaction with water,

wherein the hydrates are essentially insoluble in water. Such hydraulic cements, methods for their

manufacture and use are described in co-pending U.S. Patent Application No. 12/126,776, filed on 23

May 2008, the disclosure of which application is incorporated herein by reference. In some embodiments,

pozzolanic material blended with cement is between 0.5% and 1.0%, 1.0% and 2.0%, 2.0% and 4.0%,

4.0% and 6.0%, 6.0% and 8.0%, 8.0% and 10.0%, 10.0% and 15.0%, 15.0% and 20.0%, 20.0% and

30.0%, 30.0% and 40.0%, 40.0% and 50.0%, 50% and 60%, or a range thereof, pozzolanic material by

weight. For example, in some embodiments, pozzolanic material blended with cement is between 0.5%

and 2.0%, 1.0% and 4.0%, 2.0% and 8.0%, 4.0% and 15.0%, 8.0% and 30.0%, or 15.0% and 60.0%

pozzolanic material by weight.

[00221] In some embodiments, pozzolanic material is blended with other cementitious materials or mixed

into cements as an admixture or aggregate. Mortars of the invention find use in binding construction

blocks (e.g., bricks) together and filling gaps between construction blocks. Mortars of the invention may

also be used to fix existing structure (e.g., to replace sections where the original mortar has become

compromised or eroded), among other uses.

[00222] In some embodiments, the pozzolanic material may be utilized to produce aggregates. In some

embodiments, aggregate is produced from the precipitation material by pressing and subsequent crushing.

In some embodiments, aggregate is produced from the precipitation material by extrusion and breaking

resultant extruded material. Such aggregates, methods for their manufacture and use are described in co-



pending U.S. Patent Application No. 12/475378, filed on 29 May 2009, the disclosure of which is

incorporated herein by reference in it entirety.

[00223] The following examples are put forth so as to provide those of ordinary skill in the art with a

complete disclosure and description of how to make and use the invention, and are not intended to limit

the scope of the invention. Efforts have been made to ensure accuracy with respect to numbers used (e.g.

amounts, temperature, etc.), but some experimental errors and deviations should be accounted for. Unless

indicated otherwise, parts are parts by weight, molecular weight is weight average molecular weight,

temperature is in degrees Centigrade (0C), and pressure is at or near atmospheric.

EXAMPLES

[00224] The following analytical instrumentation and methods of use thereof may be used to characterize

materials produced in accordance with the invention.

[00225] Coulometry: Liquid and solid carbon containing samples are acidified with 2.0 N perchloric acid

(HCIO4) to evolve carbon dioxide gas into a carrier gas stream, and subsequently scrubbed with 3% w/v

silver nitrate at pH 3.0 to remove any evolved sulfur gasses prior to analysis by an inorganic carbon

coulometer (UIC Inc, model CM5015). Samples of cement, fly ash, and seawater are heated after addition

of perchloric acid with a heated block to aid digestion of the sample.

[00226] Brunauer-Emmett-Teller ("BET") Specific Surface Area: Specific surface area (SSA)

measurement is by surface absorption with dinitrogen (BET method). SSA of dry samples is measured

with a Micromeritics Tristar™ II 3020 Specific Surface Area and Porosity Analyzer after preparing the

sample with a Flowprep™ 060 sample degas system. Briefly, sample preparation involves degassing

approximately 1.0 g of dry sample at an elevated temperature while exposing to a stream of dinitrogen gas

to remove residual water vapor and other adsorbants from the sample surfaces. The purge gas in the

sample holder is subsequently evacuated and the sample cooled before being exposed to dinitrogen gas at

a series of increasing pressures (related to adsorption film thickness). After the surface is blanketed, the

dinitrogen is released from the surface of the particles by systematic reduction of the pressure in the

sample holder. The desorbed gas is measured and translated to a total surface area measurement.

[00227] Particle Size Analysis ("PSA"): Particle size analysis and distribution is measured using static

light scattering. Dry particles are suspended in isopropyl alcohol and analyzed using a Horiba Particle

Size Distribution Analyzer (Model LA-950V2) in dual wavelength/laser configuration. Mie scattering

theory is used to calculate the population of particles as a function of size fraction, from 0.1 mm to 1000

mm.

[00228] Powder X-ray Diffraction ("XRD"): Powder X-ray diffraction is undertaken with a Rigaku

Miniflex™ (Rigaku) to identify crystalline phases and estimate mass fraction of different identifiable

sample phases. Dry, solid samples are hand-ground to a fine powder and loaded on sample holders. The

X-ray source is a copper anode (Cu kα), powered at 30 kV and 15 mA. The X-ray scan is run over 5-90

°2Θ, at a scan rate of 2 °2Θper min, and a step size of 0.01 °2Θper step. The X-ray diffraction profile is

analyzed by Rietveld refinement using the X-ray diffraction pattern analysis software Jade™ (version 9,

Materials Data Inc. (MDI)).



[00229] Fourier Transform Infrared ("FT-IR") spectroscopy: FT-IR analyses is performed on a Nicolet

380 equipped with the Smart Diffuse Reflectance module. All samples are weighed to 3.5±0.5 mg and

hand ground with 0.5g KBr and subsequently pressed and leveled before being inserted into the FT-IR for

a 5-minute nitrogen purge. Spectra are recorded in the range 400-4000 cm-1.

[00230] Scanning Electron Microscopy ("SEM")

[00231] SEM are performed using an Hitachi TM- 1000 tungsten filament tabletop microscope using a

fixed acceleration voltage of 15 kV at a working pressure of 30-65 Pa, and a single BSE semiconductor

detector. Solid samples are fixed to the stage using a carbon-based adhesive; wet samples are vacuum

dried to a graphite stage prior to analysis. EDS analysis is performed using an Oxford Instruments

SwiftED-TM system, the sensor for which has a detection range of 1lNa-92U with an energy resolution

of 165 eV.

[00232] Chloride: Chloride concentrations are determined with Chloride QuanTab® Test Strips (Product

No. 2751340), having a testing range between 300-6000 mg chloride per liter solution measured in 100-

200 ppm increments.

[00233] X-ray Fluorescence ("XRF"): XRF analyses of solid powder samples are performed using a

Thermo Scientific ARL QUANT'X Energy-Dispersive XRF spectrometer, equipped with a silver anode

X-ray source and a Peltier cooled Si(Li) X-ray detector. The samples are pressed into 3lmm pellets using

an aluminum sample cup. For each sample, three different spectra are gathered, each tailored for analysis

of specific elements: the first using no X-ray filter at 4 kV, the second using a thin silver filter at 18 kV,

and the third using a thick silver filter at 30 kV, all under vacuum conditions. Spectra are analyzed using

WinTrace software, using a Fundamental Parameters analysis method attained from calibration with

certified standard materials.

[00234] Thermogravimetric Analysis ("TGA"): TGA analyses of solid powder samples are performed

with a TA Instruments SDT Q600 with simultaneous TGA/DSC (Differential Scanning Calorimetry).

Samples, in an alumina crucible, are placed into a furnace heated from room temperature to 1000 0C at a

constant ramp rate of 20 0C per minute. The weight loss profile over temperature is analyzed using

Universal Analysis software.

[00235] Inductively Coupled Plasma Optical Emission Spectrometry ("ICP-OES"): ICP-OES analyses of

typical acidified, liquid samples are performed using a Thermo ICAP 6500 equipped with a CETAC

autosampler. iTEVA control software is used for data acquisition and analysis. Typical detection limits

for ICP-OES are in the ppm range. Samples that contain high concentrations of dissolved salts (Na, Ca,

Mg) may be analyzed using the ICAP 6500 equipped with an Elemental Scientific Inc. (ESI) - seaFAST

autosampler equipped with a chelation column for matrix elimination analyte pre-concentration.

[00236] Example 1. Waste gas stream processing

[00237] A. Equipment

• System of Fig. IF

o Coal-fired boiler (130)



o Gas-liquid/gas-liquid-solid contactor ( 112)

o Recirculation tank ( 116)

o Recirculation pump ( 118)

o Reactor ( 114)

o Base tank (140)

[00238] B. Materials

• Coal

o Bituminous coal (2 x 500 lbs)

o Sub-bituminous coal (500 lbs)

• 50% NaOH (90 gallons)

• CaCl2 (50 kg)

• Seawater

• Freshwater

[00239] C. Procedure

[00240] The primary feedstocks for the process were 1) coal-derived flue gas to provide CO2, SOx, NOx,

trace metals, etc., 2) a source of alkalinity to convert CO2 to aqueous carbonates and/or bicarbonates, and

3) a source of calcium cations to precipitate calcium carbonates.

[00241] The CO2-processing system was operated under conditions simulating a target commercial

process including about 70% CO2 absorption from flue gas derived from a coal-fired boiler. A two-step

process was used with gas-liquid contact and absorption occurring in one unit process to produce a CO2-

charged solution and precipitation occurring in another unit process, wherein the CO2-charged solution

was mixed with a stream of divalent cations to form a slurry comprising carbonate-containing

precipitation material.

[00242] The coal-fired boiler simulator (0.3MW 1) provided an approximately 50 SCFM slip-stream of

flue gas to the CO2-processing system. The CO2 concentration was controlled to roughly 12-14% by

volume. Three different coal types were burned in three successive runs: two bituminous coals from the

Raleigh and Dodge Hill mines, and a sub-bituminous coal from the Powder River Basin Rawhide mine.

The coals and associated ashes were assayed for trace metals in order to do a complete accounting of their

pathways and fates in the CO2-processing system.

[00243] The gas-liquid contactor/absorber was operated under conditions that modeled commercial-scale

targets of 70% CO2 absorption and high utilization of alkalinity. The source of alkalinity was about one

part in fifty of 50% sodium hydroxide diluted into fresh water.

[00244] Precipitation involved mixing a slipstream of CO2-charged solution with simulated hard brine as a

source of divalent calcium cations. In this case, the divalent cation source was calcium chloride dihydrate

dissolved into fresh water to yield a solution of approximatelyθ.2 M Ca2+.

[00245] Dewatering was performed using a vacuum filtration method to collect both the carbonate-

containing precipitation material and the supernatant. The precipitation material was then oven-dried to

removed residual moisture prior to further testing.



[00246] Table 2 below shows the various process streams that were sampled, the quantities that were

measured, and the testing methods used.

Table 2. Process streams sampled, quantities measured, and testing methods used.

[00247] D. Results

[00248] Table 3 gives results for HF digestion and subsequent ICP-MS assays of the coals used and fly

ash samples produced. Molar concentration factors were calculated using trace metal concentrations and

ash percentages for each coal and ash type. A value of "1" indicates that the same number of moles of a

metal are in the fly ash as are in the parent coal. A value of "2" indicates that twice the number of moles

of a metal exist in the fly ash relative to the parent coal. A value > 1 is contrary to conservation of mass,

which may indicate that the ash samples were taken from a non-representative portion of the overall

particle size distribution for all of the ash produced. In addition, the amount of metals concentrated in the

fly ash might be different depending upon the temperature history and residence times of the individual

ash particles, which is also an unknown. More work may need to be done to fully characterize how the

trace metals are partitioning into the fly ash stream.

Table 3. Results of trace metals assays for coal and fly ash samples. The fly ash samples were obtained

from the baghouse at the end of a 12-hour shift on coal. The concentration factors are in units of moles in

ash/moles in coal.



Bituminous coal

2 Sub-bituminous coal

[00249] Table 4 shows results of flue gas assays using EPA method 29. Combustion calculations were

used to illustrate the concentrations expected if 100% of the trace metals content of the coal went into the

flue gas stream. What these data show is that most trace metals (mercury and selenium excepted) are

refractory enough that only a minor fraction remains in the flue gas downstream of the baghouse.

Table 4. Comparison of theoretical maximum and measured values of flue gas trace metals

concentrations. Theoretical values were calculated using chemical assays of the raw coal. All ppb values

are in terms of volume. The theoretical maximum concentrations were determined on a combustion basis

of 3.5% excess oxygen. "ND" indicates that the measured value was below the detection limit. The

symbol "±" indicates one standard deviation from the mean value.



Bituminous coal

2 Sub-bituminous coal

[00250] Table 5 shows removal efficiencies calculated from the flue gas concentrations for each coal type.

Removal efficiencies across the absorber inlet and outlet gas streams were significant for most of the

metal species. An interesting feature to note is the dependence of mercury removal on coal type.

Referring to Table 7, the concentration of chlorine in the coals were -0.3 mg/kg for Dodge Hill, -0.03

mg/kg for Raleigh, and -0.003 mg/kg for Rawhide. The removal efficiency for Dodge Hill is roughly

twice that of the other, lower chlorine, coals. This observation is likely due to higher levels of water-



soluble mercury(II) chloride that would be produced during the combustion of the coal with higher

chloride content.

[00251] The overall removal efficiencies in the table show estimates of the proportion of trace metals in

the coal feedstock that never make it through the absorber and out the stack. This is greater than 99% for

most elements, with the exception of mercury, which is of special importance because it is the trace

element with the most regulatory interest. Due to its high volatility, much of the mercury remains in the

gas phase and passes through the baghouse. And since a fraction of elemental mercury is unlikely to be

processed, additional control technology such as activated carbon injection or supplemental chlorination

of the combustion flame to enhance production of oxidized mercury may be beneficial for complete

removal.

Table 5. Trace metal removal efficiencies. The first column for each coal type is the percentage of flue

gas trace metals removed from the absorber flue gas inlet stream. The second column was calculated

from the initial coal assay and the fraction of trace metals leaving the absorber in the flue gas. The

symbol "-" indicates that the measured values necessary for calculation were below the detection limit.

The symbol "±" indicates one standard deviation from the mean value.

Bituminous coal

Sub-bituminous coal



[00252] Table 6 gives the absorber inlet/outlet results for various acid gases. Due to the high aqueous

solubility and alkaline conditions of the scrubbing technology used in the absorber, very high levels of

acid gas capture were achieved. Most notable is the 99.9% removal of SO2 across the absorber. HF

removal was relatively difficult to quantify because of its concentration relative to detection limits: its

removal can only be constrained across a large range.

Table 6. Comparison of acid gas removal efficiencies for the three coal types tested. The symbol "±"

indicates one standard deviation from the mean value.

Bituminous coal

Sub-bituminous coal
3 Parenthetical value is theoretical maximum concentration of SO .

[00253] Table 7 gives results for trace metals assays for 1) process water (fresh water), 2) synthetic brine,

and 3) supernatant liquid streams. Also given are calculated theoretical maximum levels if 100% of the

coal's metals were to go into the liquid stream, which calculation assumes combustion with 3.5% excess

O2. Ca + interferes with the readings of other metals in solution. The result is that the samples needed to

be significantly diluted to eliminate the Ca2+ interference, which, in turn, caused an increase in the

detection limit.

Table 7. Liquid assay results for the different liquid streams involved in the absorption and precipitation

process. Theoretical values were calculated using chemical assays of the raw coal assuming combustion

with 3.5% O2, 100% metal capture, 50 SCFM gas flow, and 10 gpm liquid flow. "ND" indicates that the

measured value was below the detection limit. The symbol "±" indicates one standard deviation from the

mean value.



Bituminous coal

2 Sub-bituminous coal

[00254] Table 8 gives trace metals assays results for the precipitate formed. Detection limits for some

metals are comparable to theoretical maximum values making quantitation difficult when the sole source

of such trace metals is from coal-derived flue gas; however, trace metals are also likely to result from

other sources such as the fresh water source, base source (e.g., natural or industrial waste), and

corrosion/leaching from the ducts, pipes, and absorber.

Table 8. Precipitate assay results for the different coal types. Theoretical values were calculated using

chemical assays of the raw coal and assuming combustion with 3.5% O2, 100% metal capture, and 70%



CO2 capture. "ND" indicates that the measured value was below the detection limit. The symbol "±"

indicates one standard deviation from the mean value.

Bituminous coal

2 Sub-bituminous coal

[00255] Example 2. Mortar preparation and leaching

[00256] A. Equipment

• Analytical balance (with capability to measure to 0.1mg)

• Hobart mixer

• 2" x 2" x 2" cube brass mold

• 23°C/98% relative humidity room

• Compression tester

• Shatterbox and tungsten carbide grinding container

• Pipettor (5 mL and 1mL)

• pH-meter and calibration solutions for pH-=l .68, 4.0 and 7.0

• pH paper strips (pH 0-14)

• 1000 mL To-Contain (TC) graduated cylinder

• 2000 mL flask

• Magnetic stirrer and stir-plate



• Bottles (Wide-Mouth EP Tox Bottle, Teflon® Resin FEP, NALGENEVWR # 161 24-970)

• Millipore 4-position rotator/agitator

• Filter holder (polypropylene, 15 cm, VWR #30305-120)

• Erlenmeyer flask (borosilicate glass, 500 mL, VWR #89000-388)

• Glass fiber filter paper (Borosilicate 0.7 µm, Whatman GF/F 15 cm 0 , VWR # 28497-909)

• 50 mL liquid sample containers for leachate samples

[00257] B. Materials

• Portland cement (OPC4-3)

• Precipitation material (in dry powder form)

• Reagent grade acetic acid (CH3COOH, VWR #JT9508-6)

• Alconox

• Deionized water

• 18% Nitric acid (for ICP-OES sample acidification)

[00258] C. Total analysis of the solid components

[00259] The Portland cement lot used for the study as well as the precipitation material was sent out for

full digestion and analysis (CAM/CCR 17 Metals - Extraction method SW3050B - McCampbell

Analytical Lab - 1534 Willow Pass Rd, Pittsburgh, CA 94565).

[0026O]D. Preparation of extracting liquid

[00261] Extraction fluid #2 (per §5.7.2 of EPA Test Method 131 1) was prepared by diluting 5.7 mL

glacial acetic acid with deionized water to a volume of 1 L using a "To Contain" (TC) graduated cylinder.

A pH meter was calibrated using pH 1.68, pH 4.0, and pH 7.0 calibration solutions, and the pH of

extraction fluid was measured at pH 2.88 + 0.05. Two 1 L batches were prepared to match the 80-100 g of

ground solid required by the method. Note that it is necessary to prepare fresh extraction fluid for each

leaching test.

[00262] E. Preparation of paste samples

[00263] Mixing: The paste samples were prepared following the ASTM procedure C305 using a total of

650 g of cementitious materials and a deionized water to cementitious material ratio of 0.50. Three

2" x 2" x 2" cubes were subsequently cast in pre-greased brass molds.

[00264] Curing: The cube molds were kept in a 98% relative humidity chamber for 24 hrs, after which the

paste cubes were removed from their molds. The individual cubes were then placed on shelves of the 98%

relative humidity room at a 45° angle (such as to not collect water on any one of the cube surfaces) for a

period of 28 days.

[00265] Grinding: At the end of the curing period, each of the three samples was patted dry and placed in

an individual Ziploc® bag. Each cube was quickly crushed (using a compression tester) inside of its

Ziploc® bag before grinding in a shatterbox. For each sample, the shatterbox was run for 10 seconds on

about 100 mL of crushed solid to get a fine powder with some coarse/sand size grains. The particle size

distribution is much finer than the required particle size distribution by EPA, purposefully chosen in order

to test for a worst case scenario.



[00266] F. Extraction

[00267] The extraction of each sample was carried out following the Bottle Extraction method described

in §4.2.2 of EPA Test Method 131 1. The bottle was filled with 2 L of extraction liquid #2 to which 100 g

of ground solid was added. The lid was tightly closed and taped with duct tape, and the bottle was placed

in the rotator-agitator and agitated for 18 ± 2 hours. An additional bottle filled with 2 L deionized water

was placed in one of the holders and agitated for the same amount of time, to provide an aliquot for

analysis alongside the other extracted samples.

[00268] G. Filtration

[00269] Filtration of each sample was performed using a new borosilicate filter paper. The pH of filtrate

was also measured. A 30 mL aliquot of the filtrate was subsequently prepared and acidified with 18%

nitric acid to a pH of less than or equal to pH 2. A blank filtration sample was also prepared using a clean

filter and deionized water such that an aliquot could be submitted for analysis along with the other blank

sample and the leachate.

[00270] H. Analysis

[00271] The three samples (leachate, bottle blank, and filter blank) were analyzed by ICP-OES (Thermo

Scientific iCAP 6500 ICP), using QC26 and Hg methods.

[00272] I . Results

[00273] Table 9 gives the results of mortar paste leaching studies conducted with the materials produced.

The samples were prepared using a 20% Ordinary Portland Cement (OPC) replacement.

Table 9. Precipitate assay results from mortar leaching using the TCLP leaching protocol on 20% OPC

replacement mortar paste samples. The samples were ground, leached, and the leachate was analyzed at

20-days. The theoretical maximum values for TCLP measurements are based upon the previously

estimated theoretical maximum values for trace metals concentrations in the precipitate with a 100-fold

dilution and the contribution of the 80% of cement.



1 Bituminous coal

2 Sub-bituminous coal

[00274] Example 3. Alternative Mortar Leaching Analysis

[00275] In accordance with the procedure outlined in Example 2, mortar cubes are prepared, paste

samples of the mortar cubes are prepared, and the paste samples are extracted with freshly prepared

extraction liquid #2. Due to potentially high salt concentrations, filtered extract samples are either diluted

1:100 prior to analysis by ICP-OES, or filtered extract samples are processed in an ICP-OES sample

introduction system (e.g., Elemental Scientific Inc. (ESI) - seaFAST) configured with a chelation column

for salt matrix elimination and analyte pre-concentration. In this example, the ICP-OES sample

introduction system is preferred as dilution of the filtered extract samples may result in non-detection of

many of the analytes of interest.

[00276] Example 4 : Measurement of δ13C value for precipitation material and starting materials

[00277] This experiment was performed using flue gas resulting from burning propane and a magnesium-

rich industrial waste material. The procedure was conducted in a container open to the atmosphere.

[00278] The starting materials were flue gas from a propane burner, seawater (from around Santa Cruz,

CA), and brucite (Mg(OH)2) tailings as the magnesium-rich industrial waste. The brucite tailings were

approximately 85% Mg(OH)2, 12% CaCO3 and 3% SiO2 as determined by a Rietveld analysis of the X-

ray diffraction pattern of a dry aliquot of the tailings.

[00279] A container was filled with locally available seawater. Brucite tailings were added to the

seawater, providing an alkaline pH and divalent cation concentration suitable for precipitation of

carbonate-containing precipitation material without releasing CO2 into the atmosphere. Flue gas was

sparged at a rate and time suitable for precipitation of the carbonate-containing precipitation material from

the alkaline seawater solution. Sufficient time was allowed for interaction of the components of the

reaction, after which time the precipitation material was separated from the remaining seawater solution,

also known as the supernatant solution, and spray-dried. The resultant powder was suitable, with further

processing, for use as a building material such as aggregate for use in a roadbed, concrete, or the like. As

described herein, the resultant powder was also suitable for simple storage stored. Alternatively, the

precipitation material may have been left in the seawater solution and stored, optionally after equilibration

with atmospheric air.

[00280] δ13 C values for the process starting materials, resulting carbonate-containing precipitation

material and supernatant solution were measured. The analysis system used was manufactured by Los

Gatos Research and uses direct absorption spectroscopy to provide δ13C and concentration data for gases

ranging from 2% to 20% CO2. The instrument was calibrated using standard 5% CO2 gases with known

isotopic composition, and measurements of CO2 evolved from samples of travertine and IAEA marble

#20 digested in 2M perchloric acid yielded values that were within acceptable measurement error of the

values found in literature. The CO2 source gas was sampled using a syringe. The CO2 gas was passed



through a gas dryer (Perma Pure MD Gas Dryer, Model MD-1 10-48F-4 made of Naf ϊon® polymer), then

into the bench-top commercially available carbon isotope analysis system. Solid samples, such as the

brucite tailings and precipitation material, were first digested with heated perchloric acid (2M HClO 4) .

CO2 gas was evolved from the closed digestion system, and then passed into the gas dryer. From there, the

gas was collected and injected into the analysis system, resulting in δ13C data. Similarly, the supernatant

solution was digested to evolve CO2 gas that was then dried and passed to the analysis instrument

resulting in δ13 C data.

[00281] Measurements from the analysis of the flue gas, industrial waste (brucite tailings), carbonate-

containing precipitation material, and supernatant solution are as follows. The δ13C values for the

precipitation material and supernatant solution were -19.92%o and -24.8%o, respectively. The δ13 C values

of both products of the reaction reflect the incorporation of the flue gas, CO2 source, (δ13C = -25.00%o)

and the influence of the brucite tailings that included some calcium carbonate (δ13C = -6.73%o). For

reference, the δ13C value for air is accepted to be -8%o. This example illustrates that δ13 C values may be

used to confirm the primary source of carbon in a carbonate composition when the CO source for the

carbonate is combustion, as well as in a solution produced from the carbon dioxide.

[00282] Example 5. Measurement of δ13C value for precipitation material and starting materials

[00283] This experiment was performed using a bottled mixture of SO2 and CO2 gases and fly ash as an

industrial waste material. The procedure was conducted in a closed container.

[00284] The starting materials were a commercially available bottled mixture of SO2 and CO2 gas, de-

ionized water, and fly ash as the industrial waste material.

[00285] A container was filled with de-ionized water. Fly ash was slaked and added to the de-ionized

water, providing an alkaline pH and divalent cation concentration suitable for precipitation of carbonate-

containing precipitation material without releasing CO2 into the atmosphere. SO2/CO 2 gas was sparged at

a rate and time suitable for precipitation of the carbonate-containing precipitation material from the

alkaline solution. Sufficient time was allowed for interaction of the components of the reaction, after

which time the precipitation material was separated from the remaining solution, also known as the

supernatant solution, and spray-dried. The resultant powder was suitable, with further processing, for use

, e.g., as a material in the built environment, e.g., as aggregate for use in a road bed, concrete, or the like.

The resultant powder was suitable, with further processing, for use as a building material such as

aggregate for use in a roadbed, concrete, or the like. As described herein, the resultant powder was also

suitable for simple storage stored. Alternatively, the precipitation material may have been left in the

seawater solution and stored, optionally after equilibration with atmospheric air.

[00286] δ13 values for the process starting materials, carbonate-containing precipitation material and

supernatant solution were measured as detailed in Example 4.

[00287] Measurements from the analysis of the SO2/CO 2 gas, industrial waste (fly ash), carbonate-

containing precipitation material, and supernatant solution are as follows. The δ13C values for the

precipitation material and supernatant solution were -15.88%o and - 11.70%o, respectively. The δ13 C values



of both products of the reaction reflect the incorporation of the SO2/CO2 gas (δ13 C = -12.45%o) and the fly

ash that included some carbon that was not fully combusted to a gas (δ13 C = -17.46%o). Because the fly

ash, itself a product of fossil fuel combustion, had a more negative δ13 C than the CO2 used, the overall

δ13 C value of the precipitation material reflects that by being more negative than that of the CO2 itself. For

reference, the δ13C value for air is accepted to be -8%o. This example illustrates that δ13 C values may be

used to confirm the primary source of carbon in a carbonate composition, when a gas mixture that

includes a SOx (SO2) as well as CO2 is used.

[00288] While preferred embodiments of the invention have been shown and described herein, it will be

obvious to those skilled in the art that such embodiments are provided by way of example only.

Numerous variations, changes, and substitutions will now occur to those skilled in the art without

departing from the invention. It should be understood that various alternatives to the embodiments of the

invention described herein may be employed in practicing the invention. It is intended that the following

claims define the scope of the invention and that methods and structures within the scope of these claims

and their equivalents be covered thereby.



CLAIMS

What is claimed is:

1. A method of treating an industrial waste gas, wherein the gas comprises carbon dioxide and at least one

other component selected from the group consisting of

(a) SOx;

(b) NOx;

(c) a metal;

(d) a non-carbon dioxide acid gas;

(e) an organic; and

(f) particulate matter, comprising contacting the gas with a liquid under conditions adapted to

cause at least some of the carbon dioxide and the other component or components to exit the gas and enter

the liquid, wherein the method is carried out in a single processor.

2. The method of claim 1, wherein the gas is not pre-treated prior to entering the processor to remove

some or all of the carbon dioxide or any of the other components.

3. The method of claim 1, wherein the gas is pre-treated prior to entering the processor to remove

particulate matter.

4. The method of claim 1, wherein the gas comprises at least two other components, and wherein the two

other components exit the gas and enter the liquid.

5. The method of claim 4, wherein the two other components are SOx and a metal.

6. The method of claim 5 wherein the metal comprises a heavy metal.

7. The method of claim 5, wherein the metal is selected from the group consisting of antimony, arsenic,

barium, beryllium, boron, cadmium, chromium, cobalt, copper, lead, manganese, mercury, molybdenum,

nickel, radium, selenium, silver, strontium, thallium, vanadium, and zinc.

8. The method of claim 7, wherein the metal is mercury.

9. The method of claim 4, wherein the two other components are SOx and a non-carbon dioxide acid gas.

10. The method of claim 4, wherein the two other components are a metal and a non-carbon dioxide acid

gas.



11. The method of claim 4, wherein the two other components are SOx and particulate matter.

12. The method of claim 4, wherein the gas is not pre -treated prior to entering the processor to remove

some or all of the carbon dioxide or any of the other components.

13. The method of claim 1, wherein the liquid comprises an aqueous solution.

14. The method of claim 13, wherein the aqueous solution comprises divalent cations.

15. The method of claim 13, further comprising

processing the aqueous solution to produce a composition comprising carbonates, bicarbonates, or

a combination thereof, and the other component or a derivative thereof, or the other components and/or

derivatives thereof, wherein the carbonates, bicarbonates, or the combination thereof, is at least partially

derived from the carbon dioxide.

16. The method of claim 15, wherein the composition comprises a slurry comprising a solid and a

supernatant.

17. The method of claim 16, wherein the solid comprises carbonates, bicarbonates, or a combination

thereof.

18. The method of claim 17, wherein the solid further comprises the other component or a derivative

thereof, or the other components and/or derivatives thereof.

19. The method of claim 16, further comprising separating the solid from the supernatant.

20. The method of claim 17 or 19, wherein the solid, when subjected to a leaching process consisting

essentially of

preparing 2 x IL of an extraction fluid consisting essentially of an aqueous solution of acetic acid,

wherein each IL of the extraction fluid consists essentially of 5.7 mL acetic acid in deionized water;

grinding the solid such that particles of ground solid are less than 1 cm in the narrowest

dimension if the particles are not already less than 1 cm in the narrowest dimension;

placing lOOg of the ground solid into an extraction vessel with 2L of the extraction fluid to

produce an extraction composition;

rotating the extraction vessel in an end-over-end fashion for 18 ± 2 hours at room temperature;

filtering the extraction composition through borosilicate glass fiber with a pore size of 0.6 µm to

0.8 µm to produce a leachate; and

adjusting pH of the leachate with IN nitric acid to a pH of pH 2 or less than pH 2,



produces a leachate comprising less than 0.2 mg/L of mercury.

21. The method of claim 20, wherein the leaching process produces a leachate comprising less than 5.0

mg/L arsenic.

22. The method of claim 20, wherein the leaching process produces a leachate comprising less than 100

mg/L barium.

23. The method of claim 20, wherein the leaching process produces a leachate comprising less then 1.0

mg/L cadmium.

24. The method of claim 20, wherein the leaching process produces a leachate comprising less than 5.0

mg/L chromium.

25. The method of claim 20, wherein the leaching process produces a leachate comprising less than 5.0

mg/L lead.

26. The method of claim 20, wherein the leaching process produces a leachate comprising less than 1.0

mg/L selenium.

27. The method of claim 20, wherein the leaching process produces a leachate comprising less than 5.0

mg/L silver.

28. The method of claim 17 or 19, wherein the solid, when subjected to a carbon dioxide release protocol

consisting essentially of

grinding the solid such that particles of ground solid are less than 1 cm in the narrowest

dimension if the particles are not already less than 1 cm in the narrowest dimension and

immersing the solid in a solution having a pH between pH 4.8 and pH 5.2 and a temperature

between 60 and 80 0C for 48 hours,

produces no more than 5 grams carbon dioxide per 100 grams solid.

29. The method of claim 20, wherein the solid, when subjected to a carbon dioxide release protocol

consisting essentially of

grinding the solid such that particles of ground solid are less than 1 cm in the narrowest

dimension if the particles are not already less than 1 cm in the narrowest dimension and

immersing the solid in a solution having a pH between pH 4.8 and pH 5.2 and a temperature

between 60 and 80 0C for 48 hours,

produces no more than 5 grams carbon dioxide per 100 grams solid.



30. The method of claim 1, wherein the contacting is carried out under conditions adapted to cause at least

50% of the carbon dioxide and at least 50% of the other component or components to exit the gas and

enter the liquid.

31. A method comprising:

(i) contacting a gas stream with an aqueous solution, wherein the gas stream comprises carbon

dioxide and at least one other component selected from the group consisting of

(a) SOx;

(b) NOx;

(c) a metal;

(d) a non-carbon dioxide acid gas;

(e) an organic; and

(f) particulate matter, under conditions adapted to cause at least some of the carbon dioxide and

the other component or components to exit the gas stream and enter the aqueous solution; and

(ii) processing the aqueous solution to produce a composition comprising carbonates,

bicarbonates, or a combination of carbonates and bicarbonates, and the other component or a derivative

thereof, or the other components and/or derivatives thereof, wherein the carbonates, bicarbonates, or the

combination of carbonates and bicarbonates, is at least partially derived from the carbon dioxide.

32. The method of claim 31, wherein the other component is selected from the group consisting of SOx, a

metal, a non-carbon dioxide acid gas, and an organic.

33. The method of claim 31, wherein the other component is selected from the group consisting of SOx

and a metal.

34. The method of claim 31, wherein the gas stream comprises at least two other components and the

processing produces a composition comprising carbonates, bicarbonates, or a combination of carbonates

and bicarbonates, and the two other components and/or derivatives thereof.

35. The method of claim 34, wherein the two other components are SOx and a metal.

36. The method of claim 35, wherein the metal comprises a heavy metal.

37. The method of claim 35, wherein the metal is selected from the group consisting of antimony, arsenic,

barium, beryllium, boron, cadmium, chromium, cobalt, copper, lead, manganese, mercury, molybdenum,

nickel, radium, selenium, silver, strontium, thallium, vanadium, and zinc.



38. The method of claim 35, wherein the metal comprises mercury or mercury derivative.

39. The method of claim 31, wherein the gas stream comprises at least three other components and the

processing produces a composition comprising carbonates, bicarbonates, or a combination of carbonates

and bicarbonates, and the three other components and/or derivatives thereof.

40. The method of claim 39, wherein the three other components are SOx, a metal, and a non-carbon

dioxide acid gas.

4 1. The method of claim 40, wherein the metal comprises mercury or mercury derivative.

42. The method of claim 40 or 41, wherein the non-carbon dioxide acid gas is selected from the group

consisting of hydrogen chloride, hydrogen fluoride, and SO3.

43. The method of claim 39, wherein the three other components are SOx, a metal, and an organic.

44. The method of claim 43, wherein the metal comprises mercury or mercury derivative.

45. The method of claim 31, wherein the composition comprises a solution.

46. The method of claim 31, wherein the composition comprises a slurry comprising a solution and a

solid.

47. The method of claim 46, further comprising separating the solid from the solution.

48. The method of claim 47, wherein the solid, when subjected to a leaching process consisting essentially

of

preparing 2 x IL of an extraction fluid consisting essentially of an aqueous solution of acetic acid,

wherein each IL of the extraction fluid consists essentially of 5.7 mL acetic acid in deionized water;

grinding the solid such that particles of ground solid are less than 1 cm in the narrowest

dimension if the particles are not already less than 1 cm in the narrowest dimension;

placing lOOg of the ground solid into an extraction vessel with 2L of the extraction fluid to

produce an extraction composition;

rotating the extraction vessel in an end-over-end fashion for 18 ± 2 hours at room temperature;

filtering the extraction composition through borosilicate glass fiber with a pore size of 0.6 µm to

0.8 µm to produce a leachate; and

adjusting pH of the leachate with IN nitric acid to a pH of pH 2 or less than pH 2,

produces a leachate comprising less than 0.2 mg/L of mercury.



49. The method of claim 47 or 48, wherein the solid, when subjected to a carbon dioxide release protocol

consisting essentially of

grinding the solid such that particles of ground solid are less than 1 cm in the narrowest

dimension if the particles are not already less than 1 cm in the narrowest dimension and

immersing the solid in a solution having a pH between pH 4.8 and pH 5.2 and a temperature

between 60 and 80 0C for 48 hours,

produces no more than 5 grams carbon dioxide per 100 grams solid.

50. The method of claim 31, wherein the gas stream comprises gas produced in an industrial process.

51. The method of claim 50, wherein the gas stream is a waste gas stream.

52. The method of claim 51, wherein the waste gas stream is produced at a power plant, a chemical

processing plant, a mechanical processing plant, a refinery, a cement plant, or a steel plant.

53. The method of claim 31, wherein the gas stream is not processed to remove carbon dioxide or the

other component or components prior to entering the aqueous solution.

54. The method of claim 53, wherein the gas stream comprises a metal or metal derivative and wherein

the gas stream is processed to convert the metal or metal derivative to a form that is more easily taken up

by the aqueous solution.

55. The method of claim 31, wherein the non-carbon dioxide acid gas comprises a gas selected from the

group consisting of hydrogen chloride, hydrogen fluoride, and SO3.

56. The method of claim 31, wherein at least 50% of the carbon dioxide and at least 50% of the other

component exit the gas and enter the liquid.

57. The method of claim 31, wherein at least 50% of the carbon dioxide and at least 80% of the other

component exit the gas and enter the liquid.

58. The method of claim 31, wherein at least 70% of the carbon dioxide and at least 70% of the other

component exit the gas and enter the liquid.

59. The method of claim 31, wherein the contacting and processing are carried out sequentially.

60. The method of claim 31, wherein the contacting and processing are carried out simultaneously.



6 1. The method of claim 3 1, wherein the contacting and processing are carried out in the same unit.

62. A composition produced by any method of claims 1-61.

63. A composition comprising carbonates, bicarbonates, or a combination thereof, and a sulfur-containing

compound, wherein the carbonates, bicarbonates, or combination thereof have a relative carbon isotope

composition ( 13C) value less than -5.00%o, and wherein the composition, when subjected to a leaching

process consisting essentially of

preparing 2 x IL of an extraction fluid consisting essentially of an aqueous solution of acetic acid,

wherein each IL of the extraction fluid consists essentially of 5.7 mL acetic acid in deionized water;

grinding the solid such that particles of ground solid are less than 1 cm in the narrowest

dimension if the particles are not already less than 1 cm in the narrowest dimension;

placing lOOg of the ground solid into an extraction vessel with 2L of the extraction fluid to

produce an extraction composition;

rotating the extraction vessel in an end-over-end fashion for 18 ± 2 hours at room temperature;

filtering the extraction composition through borosilicate glass fiber with a pore size of 0.6 µm to

0.8 µm to produce a leachate; and

adjusting pH of the leachate with IN nitric acid to a pH of pH 2 or less than pH 2,

produces a leachate comprising less than 2.0 mg/L of mercury.

64. The composition of claim 63, wherein the leachate comprises less than 1.5 mg/L of mercury.

65. The composition of claim 64, wherein the leachate comprises less than 1.0 mg/L of mercury.

66. The composition of claim 65, wherein the leachate comprises less than 0.5 mg/L of mercury.

67. The composition of claim 66, wherein the leachate comprises less than 0.2 mg/L of mercury.

68. The composition of claim 67, wherein the leachate comprises less than 0.05 mg/L of mercury.

69. The composition of claim 63, wherein the composition comprises mercury, a mercury derivative, or a

combination thereof.

70. The composition of claims 69, wherein the relative carbon isotope composition value is less than

10.00%«.



71. The composition of claim 70, wherein the composition relative carbon isotope composition ( 13 C)

value less than -15.00%o.

72. The composition of claim 71, wherein the composition relative carbon isotope composition ( 13 C)

value less than -20.00%o.

73. The composition of claim 63, wherein the composition comprises at least 90% carbonates.

74. The composition of claim 73, wherein the composition comprises a calcium:magnesium ratio of 5:1.

75. The composition of claim 63, wherein the solid, when subjected to a carbon dioxide release protocol

consisting essentially of

grinding the solid such that particles of ground solid are less than 1 cm in the narrowest

dimension if the particles are not already less than 1 cm in the narrowest dimension and

immersing the solid in a solution having a pH between pH 4.8 and pH 5.2 and a temperature

between 60 and 80 0C for 48 hours,

produces no more than 5 grams carbon dioxide per 100 grams solid.

76. A composition comprising carbonates, bicarbonates, or a combination thereof, and mercury, a

mercury derivative, or a combination thereof, wherein the carbonates, bicarbonates, or the combination

thereof have a relative carbon isotope composition ( 13 C) value less than -5.00%o, and wherein the

composition, when subjected to a leaching process consisting essentially of

preparing 2 x IL of an extraction fluid consisting essentially of an aqueous solution of acetic acid,

wherein each IL of the extraction fluid consists essentially of 5.7 mL acetic acid in deionized water;

grinding the solid such that particles of ground solid are less than 1 cm in the narrowest

dimension if the particles are not already less than 1 cm in the narrowest dimension;

placing lOOg of the ground solid into an extraction vessel with 2L of the extraction fluid to

produce an extraction composition;

rotating the extraction vessel in an end-over-end fashion for 18 ± 2 hours at room temperature;

filtering the extraction composition through borosilicate glass fiber with a pore size of 0.6 µm to

0.8 µm to produce a leachate; and

adjusting pH of the leachate with IN nitric acid to a pH of pH 2 or less than pH 2

produces a leachate comprising less than 2.0 mg/L of mercury.

77. The composition of claim 76, wherein the leachate comprises less than 1.5 mg/L of mercury.

78. The composition of claim 77, wherein the leachate comprises less than 1.0 mg/L of mercury.



79. The composition of claim 78, wherein the leachate comprises less than 0.5 mg/L of mercury.

80. The composition of claim 79, wherein the leachate comprises less than 0.2 mg/L of mercury.

81. The composition of claim 80, wherein the leachate comprises less than 0.05 mg/L of mercury.

82. The composition of claim 76, wherein the composition, when subjected to a carbon dioxide release

protocol consisting essentially of

grinding the composition such that particles of ground composition are less than 1 cm in the

narrowest dimension if the particles are not already less than 1 cm in the narrowest dimension and

immersing the ground composition in a solution having a pH between pH 4.8 and pH 5.2 and a

temperature between 60 and 80 0C for 48 hours,

produces no more than 5 grams carbon dioxide per 100 grams composition.

83. A composition comprising carbonates, bicarbonates, or a combination thereof, mercury, a mercury

derivative, or a combination thereof, and sulfur-containing compound, wherein the composition,

(i) when subjected to a leaching process consisting essentially of

preparing 2 x IL of an extraction fluid consisting essentially of an aqueous solution of acetic acid,

wherein each IL of the extraction fluid consists essentially of 5.7 mL acetic acid in deionized water;

grinding the solid such that particles of ground solid are less than 1 cm in the narrowest

dimension if the particles are not already less than 1 cm in the narrowest dimension;

placing lOOg of the ground solid into an extraction vessel with 2L of the extraction fluid to

produce an extraction composition;

rotating the extraction vessel in an end-over-end fashion for 18 ± 2 hours at room temperature;

filtering the extraction composition through borosilicate glass fiber with a pore size of 0.6 µm to

0.8 µm to produce a leachate; and

adjusting pH of the leachate with IN nitric acid to a pH of pH 2 or less than pH 2,

produces a leachate comprising less than 0.2 mg/L of mercury; and

(ii) when subjected to a carbon dioxide release protocol consisting essentially of

grinding the composition such that particles of ground composition are less than 1 cm in the

narrowest dimension if the particles are not already less than 1 cm in the narrowest dimension and

immersing the ground composition in a solution having a pH between pH 4.8 and pH 5.2 and a

temperature between 60 and 80 0C for 48 hours,

produces no more than 5 grams carbon dioxide per 100 grams composition.

84. A system comprising

(i) a source of an industrial waste gas operably connected to

(ii) a processor configured to



(a) process the gas to at least partially remove carbon dioxide from the gas and also to at

least partially remove at least one other component from the gas, wherein the other component is selected

from the group consisting of SOx, NOx, a metal, particulate matter, a non-carbon dioxide acid gas, and an

organic and

(b) produce a composition comprising a product comprising at least a portion of the

carbon dioxide, or one or more derivatives thereof, in combination with at least a portion of the other

component or one or more derivatives thereof, wherein the composition is suitable for placement in the

environment.

85. The system of claim 84, wherein the composition comprises carbonates, bicarbonates, or a

combination thereof.

86. The system of claim 84 or 85, wherein the other component is SOx or a metal selected from the group

consisting of antimony, arsenic, barium, beryllium, boron, cadmium, chromium, cobalt, copper, lead,

manganese, mercury, molybdenum, nickel, radium, selenium, silver, strontium, thallium, thorium,

uranium vanadium, and zinc; particulate matter; or a combination thereof.

87. The system of claim 86, wherein the composition is suitable for placement in the environment in

compliance with Toxicity Characteristic Leaching Procedure, Extraction Procedure Toxicity Test,

Synthetic Precipitation Leaching Procedure, California Waste Extraction Test, Soluble Threshold Limit

Concentration, American Society for Testing and Materials Extraction Test, Multiple Extraction

Procedure, or a combination thereof.

88. The system of claim 87, wherein the composition is suitable for placement in the environment in

compliance with Toxicity Characteristic Leaching Procedure.

89. The system of claim 84, wherein the system further comprises a composition conveyor for disposal of

at least a portion of the composition.

90. The system of claim 89, wherein the composition conveyor is configured to dispose of at least a

portion of the composition underground.

91. The system of claim 84, wherein the processor comprises a gas-liquid contactor, a gas-liquid-solid

contactor, a reactor, a settling tank, or a combination thereof.

92. The system of claim 91, wherein the processor is further configured to produce a processed waste gas

stream.



93. The system of claim 92, wherein the processed waste gas stream is suitable for placement in the

environment in compliance with Reasonably Available Control Technology; Best Available Control

Technology; Maximum Achievable Control Technology; Lowest Achievable Emission Rate, or a

combination thereof.

94. The system of claim 84, wherein the system further comprises a treatment system.

95. The system of claim 94, wherein the treatment system comprises a liquid-solid separator for

concentrating at least a portion of the composition and producing a concentrated composition and a

supernatant.

96. The system of claim 95, wherein the supernatant is suitable for placement in the environment.

97. The system of claim 95, wherein the treatment system is configured to recirculate at least a portion of

the supernatant back to the processor.

98. The system of claim 95, wherein the concentrated composition is suitable for placement in the

environment in compliance with Toxicity Characteristic Leaching Procedure, Extraction Procedure

Toxicity Test, Synthetic Precipitation Leaching Procedure, California Waste Extraction Test, Soluble

Threshold Limit Concentration, American Society for Testing and Materials Extraction Test, Multiple

Extraction Procedure, or a combination thereof.

99. The system of claim 95, wherein the system further comprises a manufacturing system for

manufacturing a building material from at least a portion of the concentrated composition.

100. The system of claim 99, wherein the manufacturing system is configured for manufacturing cement,

supplementary cementitious material, fine aggregate, mortar, coarse aggregate, concrete, pozzolan, or a

combination thereof from the concentrated composition.

101. The system of claim 95, wherein the system further comprises a concentrated composition conveyor

for disposal of at least a portion of the concentrated composition.

102. The system of claim 101, wherein the concentrated composition conveyor is configured to dispose of

the concentrated composition underground.

103. The system of claim 84, wherein the system further comprises an electrochemical system for

producing hydroxide for processing the gas in the processor.



104. The system of claim 103, wherein the electrochemical system comprises an anode and a cathode.

105. The system of claim 104, wherein the hydroxide is produced at the cathode.

106. The system of claim 105, wherein chlorine is not formed at the anode.

107. The system of claim 105, wherein oxygen is not formed at the anode.

108. The system of claim 84, wherein the processor is operably connected to an industrial plant

comprising a power plant, a chemical processing plant, a mechanical processing plant, a refinery, a

cement plant, or a steel plant.

109. The system of claim 108, wherein a gas conveyor operably connects the processor to the industrial

plant.

110. The system of claim 109, wherein the system is configured to be powered down during a period of

high demand on the industrial plant.

111. The system of claim 110, wherein the system, the industrial plant, or a combination of the system

and the industrial plant remain in compliance with Reasonably Available Control Technology; Best

Available Control Technology; Maximum Achievable Control Technology; Lowest Achievable Emission

Rate, or a combination thereof.

112. A system comprising:

(i) a source of an industrial waste gas comprising carbon dioxide and one or more other

components selected from the group consisting of SOx, NOx, a metal, a non-carbon dioxide acid gas, an

organic, and particulate matter;

(ii) a processor configured to remove at least a portion of the carbon dioxide and the other

component or components from the gas in a single processing unit; and

(iii) a conduit operably connecting the source of industrial waste gas and the processor, wherein

the conduit is configured to direct at least a portion of the industrial waste gas to the processor.

113. The system of claim 112, wherein the system does not comprise a pre-processor between the source

of the industrial waste gas and the processor wherein the pre-processor is configured to remove one or

more of the other components of the gas before the gas is passed to the processor.



114. The system of claim 112, wherein the gas comprises at least two of the other components and

wherein the processor is configured to remove at least a portion of the carbon dioxide and the other

components from the gas in a single processing unit.
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