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ABSTRACT

Methods are provided for producing a composition compris
ing carbonates, wherein the methods comprise utilizing waste
Sources of metal oxides. An aqueous solution of divalent
cations, some or all of which are derived from a waste Source

of metal oxides, may be contacted with CO, and subjected to
precipitation conditions to provide compositions comprising
carbonates. In some embodiments, a combustion ash is the

waste source of metal oxides for the aqueous solution con
taining divalent cations. In some embodiments, a combustion
ash is used to provide a source of proton-removing agents,
divalent cations, silica, metal oxides, or other desired con
stituents or a combination thereof.
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METHODS AND SYSTEMIS FOR UTILIZING
WASTE SOURCES OF METAL OXDES
CROSS-REFERENCE

0001. This application claims the benefit of U.S. Provi
sional Patent Application Nos. 61/073,319, filed 17 Jun. 2008
and 61/079,790, filed 10 Jul. 2008, which applications are
incorporated herein by reference. This application is also a
continuation-in-part application of U.S. patent application
Ser. No. 12/344,019, filed 24 Dec. 2008, which is incorpo
rated herein by reference in its entirety and to which applica
tion we claim priority under 35 U.S.C. S 120.
BACKGROUND

0002 Carbon dioxide (CO) emissions have been identi
fied as a major contributor to the phenomenon of global
warming CO is a by-product of combustion and it creates
operational, economic, and environmental problems. It is
expected that elevated atmospheric concentrations of CO
and other greenhouse gases will facilitate greater storage of
heat within the atmosphere leading to enhanced surface tem
peratures and rapid climate change. In addition, elevated lev
els of CO in the atmosphere are also expected to further
acidify the world's oceans due to the dissolution of CO and
formation of carbonic acid. The impact of climate change and
ocean acidification will likely be economically expensive and
environmentally hazardous if not timely handled. Reducing
potential risks of climate change will require sequestration
and avoidance of CO from various anthropogenic processes.
SUMMARY

0003 Provided is a method comprising contacting an
aqueous solution with a source of metal oxides from an indus
trial process; charging the aqueous solution with carbon diox
ide from a source of carbon dioxide from an industrial pro
cess; and Subjecting the aqueous Solution to precipitation
conditions under atmospheric pressure to produce a carbon
ate-containing precipitation material. In some embodiments,
the source of metal oxides and the source of carbon dioxide

are from the same industrial process. In some embodiments,
contacting the aqueous solution with the source of metal
oxides occurs prior to charging the aqueous Solution with a
Source of carbon dioxide. In some embodiments, contacting
the aqueous solution with the Source of metal oxides occurs at
the same time as charging the aqueous solution with a source
of carbon dioxide. In some embodiments, contacting the
aqueous solution with the source of metal oxides, charging
the aqueous solution with a source of carbon dioxide, and
Subjecting the aqueous Solution to precipitation conditions
occurs at the same time. In some embodiments, the source of
metal oxides and the Source of carbon dioxide are sourced

comprise divalent cations for producing the precipitation
material. In some embodiments, the Source of metal oxides is

fly ash or cement kiln dust. In some embodiments, the aque
ous solution comprises brine, Seawater, or freshwater. In

Some embodiments, the divalent cations comprises Ca",
Mg", or a combination thereof. In some embodiments, the

Source of metal oxides provides proton-removing agents for
producing the precipitation material. In some embodiments,
the source of metal oxides provides proton-removing agents
upon hydration of CaO, MgO, or a combination thereof in the
aqueous Solution. In some embodiments, the source of metal
oxides further provides silica. In some embodiments, the
Source of metal oxides further provides alumina. In some
embodiments, the source of metal oxides further provides
ferric oxide. In some embodiments, red or brown mud from

bauxite processing also provides proton-removing agents. In
Some embodiments, electrochemical methods effecting pro
ton removal also provide for producing precipitation mate
rial.

0004. In some embodiments, the method further com
prises separating the precipitation material from the aqueous
Solution from which the precipitation material was produced.
In some embodiments, the precipitation material comprises
CaCO. In some embodiments, CaCO comprises calcite,
aragonite, Vaterite, or a combination thereof. In some
embodiments, the precipitation material further comprises
MgCOs. In some embodiments, the CaCO comprises arago
nite and the MgCO comprises nesquehonite. In some
embodiments, the method further comprises processing the
precipitation material to form a building material. In some
embodiments, the building material is a hydraulic cement. In
Some embodiments, the building material is a poZZolanic
cement. In some embodiments, the building material is aggre
gate.

0005 Also provided is a method comprising contacting an
aqueous solution with a waste stream comprising carbon
dioxide and a source comprising metal oxides and Subjecting
the aqueous Solution to precipitation conditions to produce a
carbonate-containing precipitation material. In some
embodiments, the waste stream is flue gas from a coal-fired
power plant. In some embodiments, the coal-fired power
plant is a brown coal-fired power plant. In some embodi
ments, the source of metal oxides is fly ash. In some embodi
ments, the waste stream is kiln exhaust from a cement plant.
In some embodiments, the source of metal oxides is cement
kiln dust. In some embodiments, the waste stream further

comprises SOX, NOx, mercury, or any combination thereof.
In some embodiments, divalent cations for producing the
precipitation material are provided by the source of metal
oxides, the aqueous solution, or a combination thereof. In
Some embodiments, the aqueous solution comprises brine,
seawater, or freshwater. In some embodiments, the divalent

from the same waste stream. In some embodiments, the waste

cations comprise Ca", Mg", or a combination thereof. In

stream is flue gas from a coal-fired power plant. In some
embodiments, the coal-fired powerplant is a brown coal-fired
power plant. In some embodiments, the waste stream is kiln
exhaust from a cement plant. In some embodiments, the
Source of metal oxides is fly ash. In some embodiments, the

Some embodiments, the Source of metal oxides further pro
vides proton-removing agents for producing the precipitation

Source of metal oxides is cement kiln dust. In some embodi

ments, the waste stream further comprises SOX, NOx, mer
cury, or any combination thereof. In some embodiments, the
source of metal oxides further provides divalent cations for
producing the precipitation material. In some embodiments,
the Source of metal oxides and the aqueous solution both

material. In some embodiments, the Source of metal oxides

provides proton-removing agents upon hydration of CaO.
MgO, or combinations thereof in the aqueous solution. In
Some embodiments, the Source of metal oxides further pro
vides silica. In some embodiments, the source of metal oxides

further provides alumina. In some embodiments, the Source
of metal oxides further provides ferric oxide. In some
embodiments, red or brown mud from bauxite processing
also provides proton-removing agents. In some embodi
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ments, electrochemical methods effecting proton removal
also provide for producing precipitation material. In some
embodiments, the precipitation material comprises CaCO.
In some embodiments, CaCO comprises calcite, aragonite,

further comprising a building-materials production unit con
figured to produce a building material from Solid product of
the liquid-Solid separator.

Vaterite, or a combination thereof. In some embodiments, the

DRAWINGS

method further comprises separating the precipitation mate
rial from the aqueous Solution from which the precipitation
material was produced. In some embodiments, the method
further comprises processing the precipitation material to
form a building material. In some embodiments, the building
material is a hydraulic cement. In some embodiments, the
building material is a poZZolanic cement. In some embodi
ments, the building material is aggregate.
0006. Also provided is a siliceous composition compris
ing a synthetic calcium carbonate, wherein the calcium car
bonate is present in at least two forms selected from calcite,
aragonite, and Vaterite. In some embodiments, the at least two
forms of calcium carbonate are calcite and aragonite. In some
embodiments, calcite and aragonite are present in a ratio of

0009. The novel features of the invention are set forth with
particularity in the appended claims. A better understanding
of the features and advantages of the invention will be
obtained by reference to the following detailed description
that sets forth illustrative embodiments, in which the prin
ciples of the invention are utilized, and the accompanying
drawings of which:
0010 FIG. 1 provides a schematic overview of an example
power plant flue gas treatment process that uses ESP and

20:1. In some embodiments, calcium carbonate and silica are

cation.

present in a ratio of at least 1:2, carbonate to silica. In some
embodiments, 75% of the silica is amorphous silica less than
45 microns in particle size. In some embodiments, silica
particles are wholly or partially encapsulated by the synthetic
calcium carbonate or synthetic magnesium carbonate.
0007 Also provided is a siliceous composition compris
ing synthetic calcium carbonate and synthetic magnesium
carbonate, wherein the calcium carbonate is present in at least
a form selected from calcite, aragonite, and Vaterite, and
wherein magnesium carbonate is present in at least a form
selected from nesquehonite, magnesite, and hydromagnesite.
In some embodiments, the calcium carbonate is present as
aragonite and the magnesium carbonate is present as nesque
honite. In some embodiments, silica is 20% or less of the

siliceous composition. In some embodiments, silica is 10% or
less of the siliceous composition. In some embodiments,
silica particles are wholly or partially encapsulated by the
synthetic calcium carbonate or synthetic magnesium carbon
ate.

0008 Also provided is a system comprising a slaker
adapted to slake a waste source of metal oxides, a precipita
tion reactor, and a liquid-Solid separator, wherein the precipi
tation reactor is operably connected to both the slaker and the
liquid-Solid separator, and further wherein the system is con
figured to produce carbonate-containing precipitation mate
rial in excess of 1 ton per day. In some embodiments, the
system is configured to produce carbonate-containing pre
cipitation material in excess of 10 tons per day. In some
embodiments, the system is configured to produce carbonate
containing precipitation material in excess of 100 ton per day.
In some embodiments, the system is configured to produce
carbonate-containing precipitation material in excess of 1000
tons per day. In some embodiments, the system is configured
to produce carbonate-containing precipitation material in
excess of 10,000 tons per day. In some embodiments, the
slaker is selected from a slurry detention slaker, a paste slaker,
and a ball mill slaker. In some embodiments, the system
further comprises a source of carbon dioxide. In some
embodiments, the source of carbon dioxide is from a coal

fired power plant or cement plant. In some embodiments, the
system further comprises a source of proton-removing
agents. In some embodiments, the system further comprises a
Source of divalent cations. In some embodiments, the system

FGD.

0011 FIG.2 provides a schematic overview of an example
powerplant flue gas treatment process utilizing embodiments
of the invention.

0012 FIG. 3 provides SEM images of the precipitation
material of Example 2 at 1000, 2500x, and 6000x magnifi
0013 FIG. 4 provides an XRD for the precipitation mate
rial of Example 2.
0014 FIG. 5 provides a TGA for the precipitation material
of Example 2.
0015 FIG. 6 provides an SEM image of the precipitation
material of Example 3 at 2,500x magnification.
0016 FIG. 7 provides an XRD of the precipitation mate
rial of Example 3.
(0017 FIG. 8 provides a TGA of the precipitation material
of Example 3.
(0018 FIG. 9 provides an SEM image of oven-dried pre
cipitation material of Example 4 at 2,500x magnification.
(0019 FIG. 10 provides an FT-IR of the oven-dried pre
cipitation material of Example 4.
DESCRIPTION

0020. Before the invention is described in greater detail, it
is to be understood that this invention is not limited to par
ticular embodiments described, as such may, of course, 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.
0021 Where a range of values is provided, it is understood
that each intervening value, to the tenth of the unit of the lower
limit unless the context clearly dictates otherwise, between
the upper and lower limit of that range and any other stated or
intervening value in that stated range, is encompassed within
the invention. The upper and lower limits of these smaller
ranges may independently be included in the Smaller ranges
and are also encompassed within the invention, Subject to any
specifically excluded limit in the stated range. Where the
stated range includes one or both of the limits, ranges exclud
ing either or both of those included limits are also included in
the invention.

0022. Certain ranges are presented herein with numerical
values being preceded by the term “about The term “about
is used herein to provide literal support for the exact number
that it precedes, as well as a number that is near to or approxi
mately the number that the term precedes. In determining
whether a number is near to or approximately a specifically
recited number, the near or approximating unrequited number
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may be a number, which, in the context in which it is pre
sented, provides the Substantial equivalent of the specifically

rous slag) followed by methods in which these waste sources
of metal oxides are used to produce compositions comprising

recited number.

carbonates.
0029) Carbon Dioxide

0023. Unless defined otherwise, all technical and scien
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. Although any methods and materials simi
lar or equivalent to those described herein can also be used in
the practice or testing of the invention, representative illus
trative methods and materials are now described.

0024 All publications, patents, and patent applications
cited in this specification are incorporated herein by reference
to the same extent as if each individual publication, patent, or
patent application were specifically and individually indi
cated to be incorporated by reference. Furthermore, each
cited publication, patent, or patent application is incorporated
herein by reference to disclose and describe the subject matter
in connection with which the publications are cited. The
citation of any publication is for its disclosure prior to the
filing date and should not be construed as an admission that
the invention described herein is not entitled to antedate such

publication by virtue of prior invention. Further, the dates of
publication provided may be different from the actual publi
cation dates, which may need to be independently confirmed.
0025. 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.
0026. As will be apparent to those of skill in the art upon
reading this disclosure, each of the individual embodiments
described and illustrated herein has discrete components and
features which may be readily separated from or combined
with the features of any of the other several embodiments
without departing from the scope or spirit of the invention.
Any recited method can be carried out in the order of events
recited or in any other order, which is logically possible.
0027 Materials
0028. As described in further detail below, the invention
utilizes a source of CO, a source of proton-removing agents
(and/or methods of effecting proton removal), and a source of
divalent cations. Waste sources of metal oxides (e.g., com
bustion ash Such as fly ash, bottom ash, boiler slag; cement
kiln dust; and slag such as iron slag and phosphorous slag)
may provide, in whole or in part, the Source of proton-remov
ing agents and/or the source of divalent cations. As such,
waste Sources of metal oxides such as combustion ash (e.g.,
fly ash, bottom ash, boiler slag), cement kiln dust, and slag
(e.g. iron slag, phosphorous slag) may be the sole source of
divalent metal cations and proton-removing agents for prepa
ration of the compositions described herein. Waste sources
Such as ash, cement kiln dust, slag (e.g. iron slag, phospho
rous slag) may also be used in combination with Supplemen
tal sources of divalent cations or proton-removing agents.
Carbon dioxide sources, Supplemental divalent cation
Sources, and Supplemental proton-removing sources (and
methods of effecting proton removal) will first be described to
give context to waste sources of metal oxides as Sources of
divalent cations and proton-removing agents. Waste sources
of metal oxides will then be described, for example, combus
tion ash, cement kiln dust, and slag (e.g. iron slag, phospho

0030 Methods of the invention include contacting a vol
ume of an aqueous solution of divalent cations with a source
of CO, then Subjecting the resultant solution to precipitation
conditions. There may be sufficient carbon dioxide in the
divalent cation-containing solution to precipitate significant
amounts of carbonate-containing precipitation material (e.g.,
from seawater); however, additional carbon dioxide is gener
ally used. The source of CO may be any convenient CO,
Source. The CO, Source may be a gas, a liquid, a Solid (e.g.,
dry ice), a Supercritical fluid, or CO dissolved in a liquid. In
some embodiments, the CO, source is a gaseous CO source.
The gaseous stream may be substantially pure CO or com
prise multiple components that include CO and one or more
additional gases and/or other Substances such as ash and other
particulates. In some embodiments, the gaseous CO Source
is a waste feed (i.e., a by-product of an active process of the
industrial plant) such as exhaust from an industrial plant. The
nature of the industrial plant may vary, the industrial plants of
interest including, but not limited to, power plants, chemical
processing plants, mechanical processing plants, refineries,
cement plants, steel plants, and other industrial plants that
produce CO as a by-product of fuel combustion or another
processing step (such as calcination by a cement plant).

0031 Waste gas streams comprising CO, include both

reducing (e.g., Syngas, shifted Syngas, natural gas, hydrogen
and the like) and oxidizing condition streams (e.g., flue gases
from combustion). Particular waste gas streams that may be
convenient for the invention include oxygen-containing com
bustion industrial plant flue gas (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 prod
uct gas, shifted coal gasification product gas, anaerobic
digester product gas, wellhead natural gas stream, reformed
natural gas or methanehydrates, and the like. Combustion gas
from any convenient Source may be used in methods and
systems of the invention. In some embodiments, combustion
gases in post-combustion effluent stacks of industrial plants
Such as power plants, cement plants, and coal processing
plants is used.
0032. Thus, the waste streams may be produced from a
variety of different types of industrial plants. Suitable waste
streams for the invention include waste streams produced by
industrial plants that combust fossil fuels (e.g., coal, oil, natu
ral gas) and anthropogenic fuel products of naturally occur
ring organic fuel deposits (e.g., tar sands, heavy oil, oil shale,
etc.). In some embodiments, waste streams suitable for sys
tems and methods of the invention are 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 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
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 streams from integrated gasification combined cycle
(IGCC) plants are used. In some embodiments, waste streams
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produced by Heat Recovery Steam Generator (HRSG) plants
are used to produce aggregate inaccordance with systems and
methods of the invention.

0033 Waste streams produced by cement plants are also
suitable for systems and methods of the invention. Cement
plant waste streams include waste 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.
0034 Industrial waste gas streams may contain carbon
dioxide as the primary non-air derived component, or may,
especially in the case of coal-fired power plants, contain
additional components such as nitrogen oxides (NOx), Sulfur
oxides (SOX), and one or more additional gases. Additional
gases and other components may include CO, mercury and
other heavy metals, and dust particles (e.g., from calcining
and combustion processes). Additional components in the gas
stream may also include halides such as hydrogen chloride
and hydrogen fluoride; particulate matter Such as fly ash,
dusts, and metals including arsenic, beryllium, boron, cad
mium, chromium, chromium VI, cobalt, lead, manganese,
mercury, molybdenum, selenium, strontium, thallium, and
Vanadium; and organics such as hydrocarbons, dioxins, and
PAH compounds. Suitable gaseous waste streams that may be
treated have, in some embodiments, CO present in amounts
of 200 ppm to 1,000,000 ppm, such as 200,000 ppm to 1000
ppm, including 200,000 ppm to 2000 ppm, for example 180,
000 ppm to 2000 ppm, or 180,000 ppm to 5000 ppm, also
including 180,000 ppm to 10,000 ppm. The waste streams,
particularly various waste streams of combustion gas, may
include one or more additional components, for example,
water, NOx (mononitrogen oxides: NO and NO), SOX
(monosulfur oxides: SO, SO, and SO), VOC (volatile
organic compounds), heavy metals such as mercury, and par
ticulate matter (particles of solid or liquid Suspended in a gas).
Flue gas temperature may also vary. In some embodiments,
the temperature of the flue gas is from 0°C. to 2000°C., such
as from 60° C. to 700° C., and including 100° C. to 400° C.
0035. In various embodiments, one or more additional
components are precipitated in precipitation material formed
by contacting the waste gas stream comprising these addi
tional components with an aqueous Solution comprising diva

lent cations (e.g., alkaline earth metal ions such as Ca" and
Mg"). Sulfates and/or sulfites of calcium and magnesium

may be precipitated in precipitation material (further com
prising calcium and/or magnesium carbonates) produced
from waste gas streams comprising SOX (e.g., SO). Magne
sium and calcium may react to form CaSO, MgSO4, as well
as other calcium- and magnesium-containing compounds
(e.g., Sulfites), effectively removing Sulfur from the flue gas
stream without a desulfurization step Such as flue gas desulfu
rization (“FGD). In addition, CaCO, MgCO, and related
compounds may be formed without additional release of
CO. In instances where the aqueous Solution of divalent
cations contains high levels of Sulfur compounds (e.g., Sul
fate), the aqueous solution may be enriched with calcium and
magnesium so that calcium and magnesium are available to
form carbonate compounds after, or in addition to, formation
of CaSO, MgSO, and related compounds. In some embodi
ments, a desulfurization step may be staged to coincide with
precipitation of carbonate-containing precipitation material,
or the desulfurization step may be staged to occur before
precipitation. In some embodiments, multiple reaction prod

ucts (e.g., carbonate-containing precipitation material,
CaSO, etc.) are collected at different stages, while in other
embodiments a single reaction product (e.g., precipitation
material comprising carbonates, sulfates, etc.) is collected. In
step with these embodiments, other components, such as
heavy metals (e.g., mercury, mercury salts, mercury-contain
ing compounds), may be trapped in the carbonate-containing
precipitation material or may precipitate separately.
0036) A portion of the gaseous waste stream (i.e., not the
entire gaseous waste stream) from an industrial plant may be
used to produce precipitation material. In these embodiments,
the portion of the gaseous waste stream that is employed in
precipitation of precipitation material may be 75% or less,
such as 60% or less, and including 50% and less of the
gaseous waste stream. In yet other embodiments, Substan
tially (e.g., 80% or more) the entire gaseous waste stream
produced by the industrial plant is employed in precipitation
of precipitation material. In these embodiments, 80% or
more, such as 90% or more, including 95% or more, up to
100% of the gaseous waste stream (e.g., flue gas) generated
by the source may be employed for precipitation of precipi
tation material.

0037 Although industrial waste gas offers a relatively
concentrated Source of combustion gases, methods and sys
tems of the invention are also applicable to removing com
bustion 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 pollutants in atmospheric airby produc
ing a stable precipitation material. In these cases, the concen
tration of pollutants, e.g., CO, in a portion of atmospheric air
may be decreased by 10% or more, 20% or more, 30% or
more, 40% or more, 50% or more, 60% or more, 70% or more,
80% or more, 90% or more, 95% or more, 99% or more,

99.9% or more, or 99.99%. Such decreases in atmospheric
pollutants may be accomplished with yields as described
herein, or with higher or lower yields, and may be accom
plished in one precipitation step or in a series of precipitation
steps.

0038. Divalent Cations
0039. As disclosed above, waste sources of metal oxides
Such as combustion ash (e.g., fly ash, bottomash, boilerslag),
cement kiln dust, and slag (e.g. iron slag, phosphorous slag),
each of which is described in more detail in a respective
section below, may be the sole source of divalent metal cat
ions for preparation of the compositions described herein;
however, waste sources Such as ash, cement kiln dust, slag
(e.g. iron slag, phosphorous slag) may also be used in com
bination with Supplemental sources of divalent cations as
described in this section.

0040 Methods of the invention include contacting a vol
ume of an aqueous solution of divalent cations with a source
of CO and Subjecting the resultant Solution to precipitation
conditions. In addition to waste Sources of divalent cations,

divalent cations may come from any of a number of different
divalent cation sources depending upon availability at a par
ticular location. Such sources include industrial wastes, sea

water, brines, hard waters, minerals, and any other Suitable
SOUC.

0041. In some locations, industrial waste streams from
various industrial processes provide for convenient sources of
divalent cations (as well as in Some cases other materials
useful in the process, e.g., metal hydroxide). Such waste
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streams include, but are not limited to, mining wastes; fossil
fuel burning ash (e.g., fly ash, as described in further detail
herein); slag (e.g. iron slag, phosphorous slag); cement kiln
waste (described in further detail herein); oil refinery/petro
chemical refinery waste (e.g. oil field and methane seam
brines); coal seam wastes (e.g. gas production brines and coal
seam brine); paper processing waste; water softening waste
brine (e.g., ion exchange effluent); silicon processing wastes;
agricultural waste; metal finishing waste; high pH textile
waste; and caustic sludge.
0042. In some locations, a convenient source of divalent
cations for use in Systems and methods of the invention is
water (e.g., an aqueous solution comprising divalent cations
Such as seawater or Surface brine), which may vary depending
upon the particular location at which the invention is prac
ticed. 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 cal

cium, magnesium, or a mixture thereof. In some embodi
ments, 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 Ca" and
Mg" are both present, the ratio of Ca" to Mg" (i.e., Ca":
Mg") in the aqueous solution of divalent cations is 1:1 to

1:2.5; 1:2.5 to 1:5; 1:5 to 1:10; 1:10 to 1:25; 1:25 to 1:50: 1:50
to 1:100; 1:100 to 1:150; 1:150 to 1:200; 1:200 to 1:250:
1:250 to 1:500; or 1:500 to 1:1000. In some embodiments, the

ratio of Mg" to Ca" (i.e., Mg":Ca") in the aqueous solu

tion of divalent cations is 1:1 to 1:2.5; 1:2.5 to 1:5; 1:5 to 1:10:
1:10 to 1:25; 1:25 to 1:50: 1:50 to 1:100; 1:100 to 1:150;
1:150 to 1:200; 1:200 to 1:250; 1:250 to 1:500; or 1:500 to
1:1OOO.

0043. The aqueous solution of divalent cations may com
prise divalent cations derived from freshwater, brackish
water, Seawater, or brine (e.g., naturally occurring brines or
anthropogenic brines such as geothermal plant wastewaters,
desalination plant waste waters), as well as other salines
having a salinity that is greater than that of freshwater, any of
which may be naturally occurring oranthropogenic. Brackish
water is water that is saltier than freshwater, but not as salty as
seawater. Brackish water has a salinity ranging from about 0.5
to about 35 ppt (parts per thousand). Seawater is water from a
sea, an ocean, or any other saline body of water that has a
salinity ranging from about 35 to about 50 ppt. Brine is water
saturated or nearly saturated with salt. Brine has a salinity that
is about 50 ppt or greater. In some embodiments, the saltwater
source from which divalent cations are derived is a naturally
occurring 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 saltwater source from which the divalent cations are

derived is an anthropogenic brine selected from a geothermal
plant wastewater or a desalination wastewater.
0044 Freshwater is often a convenient source of divalent

cations (e.g., cations of alkaline earth metals such as Ca" and
Mg"). Any of a number of suitable freshwater sources may

be used, including freshwater Sources ranging from Sources
relatively free of minerals to sources relatively rich in miner
als. Mineral-rich freshwater sources may be naturally occur
ring, including any of a number of hard water sources, lakes,
or inland seas. Some mineral-rich freshwater Sources such as

alkaline lakes or inland seas (e.g., Lake Van in Turkey) also
provide a source of pH-modifying agents. Mineral-rich fresh
water sources may also be anthropogenic. For example, a
mineral-poor (soft) water may be contacted with a source of
divalent cations such as alkaline earth metal cations (e.g.,

Ca", Mg", etc.) to produce a mineral-rich water that is

suitable for methods and systems described herein. Divalent
cations or precursors thereof (e.g. salts, minerals) may be
added to freshwater (or any other type of water described
herein) using any convenient protocol (e.g., addition of Sol
ids, Suspensions, or solutions). In some embodiments, diva

lent cations selected from Ca" and Mg" are added to fresh

water. In some embodiments, monovalent cations selected
from Na" and K" are added to freshwater. In some embodi

ments, freshwater comprising Ca" is combined with magne

sium silicates (e.g., olivine or serpentine), or products or
processed forms thereof, yielding a solution comprising cal
cium and magnesium cations.
0045. Many minerals provide sources of divalent cations
and, in addition, some minerals are sources of base. Mafic and

ultramafic minerals such as olivine, serpentine, and any other
Suitable mineral may be dissolved using any convenient pro
tocol. Other minerals such as wollastonite may also be used.
Dissolution may be accelerated by increasing surface area,
Such as by milling by conventional means orby, for example,
jet milling, as well as by use of for example, ultrasonic
techniques. In addition, mineral dissolution may be acceler
ated by exposure to acid or base. Metal silicates (e.g., mag
nesium silicates) and other minerals comprising cations of
interest may be dissolved, for example, in acid such as HCl
(optionally from an electrochemical process) to produce, for
example, magnesium and other metal cations for use in pre
cipitation material. In some embodiments, magnesium sili
cates and other minerals may be digested or dissolved in an
aqueous solution that has become acidic due to the addition of
carbon dioxide and other components of waste gas (e.g.,
combustion gas). Alternatively, other metal species such as
metal hydroxide (e.g., Mg(OH), Ca(OH)) may be made
available for use by dissolution of one or more metal silicates
(e.g., olivine and serpentine) with aqueous alkali hydroxide
(e.g., NaOH) or any other Suitable caustic material. Any Suit
able concentration of aqueous alkali hydroxide or other caus
tic material may be used to decompose metal silicates, includ
ing highly concentrated and very dilute solutions. The
concentration (by weight) of an alkali hydroxide (e.g.,
NaOH) in solution may be, for example, from 30% to 80%
and from 70% to 20% water. Advantageously, metal silicates
and the like digested with aqueous alkali hydroxide may be
used directly to produce precipitation material. In addition,
base value from the precipitation reaction mixture may be
recovered and reused to digest additional metal silicates and
the like.

0046. In some embodiments, an aqueous solution of diva
lent cations may be obtained from an industrial plant that is
also providing a 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
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prior to entering the precipitation system. 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 indus
trial plant. Water from the industrial plant may then be
employed for producing precipitation material, wherein out
put water has a reduced hardness and greater purity. If
desired, such systems may be modified to include security
measures (e.g., to detect tampering such as addition of poi
Sons) and coordinated with governmental agencies (e.g.,
Homeland Security or other agencies). Additional tampering
or attack safeguards may be employed in Such embodiments.
0047 Proton-Removing Agents and Methods
0.048. As disclosed above, waste sources of metal oxides
Such as combustion ash (e.g., fly ash, bottomash, boilerslag),
cement kiln dust, and slag (e.g. iron slag, phosphorous slag),
each of which is described in more detail in a respective
section below, may be the sole source of proton-removing
agents for preparation of the compositions described herein;
however, waste Sources such as ash, cement kiln dust, slag
(e.g. iron slag, phosphorous slag) may also be used in com
bination with Supplemental sources of proton-removing
agents (and methods for effecting proton removal) as
described in this section.

0049 Methods of the invention include contacting a vol
ume of an aqueous solution of divalent cations with a source
ofCO, (to dissolve CO) and subjecting the resultant solution
to precipitation conditions. The dissolution of CO into the
aqueous solution of divalent cations produces carbonic acid,
a species in equilibrium with both bicarbonate and carbonate.
In order to produce carbonate-containing precipitation mate
rial, protons are removed from various species (e.g. carbonic
acid, bicarbonate, hydronium, etc.) in the divalent cation
containing Solution to shift the equilibrium toward carbonate.
As protons are removed, more CO. goes into Solution. In
Some embodiments, proton-removing agents and/or methods
are used while contacting a divalent cation-containing aque
ous solution with CO to increase CO absorption in one
phase of the precipitation reaction, where the pH may remain
constant, increase, or even decrease, followed by a rapid
removal of protons (e.g., by addition of a base) to cause rapid
precipitation of carbonate-containing precipitation material.
Protons may be removed from the various species (e.g. car
bonic acid, bicarbonate, hydronium, etc.) by any convenient
approach, including, but not limited to use of naturally occur
ring proton-removing agents, use of microorganisms and
fungi, use of synthetic chemical proton-removing agents,
recovery of man-made waste streams, and using electro
chemical means.

0050 Naturally occurring proton-removing agents
encompass any proton-removing agents that can be 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 (i.e.,
dissolution). Such minerals include, but are not limited to
lime (CaO); periclase (MgO); volcanic ash; ultramafic rocks
and minerals such as serpentine; and iron hydroxide minerals
(e.g., goethite and limonite). Methods of dissolution of Such
rocks and minerals are provided herein. Some embodiments
provide for using naturally alkaline bodies of water as natu
rally occurring proton-removing agents. Examples of natu
rally 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).
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. In some embodiments, organ
isms 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., cyanobac
teria such as Lyngbya sp. from the Atlin wetland in British
Columbia, which increases pH from a byproduct of photo
synthesis). In some embodiments, organisms are used to pro
duce proton-removing agents, wherein the organisms (e.g.,
Bacillus pasteurizing, which hydrolyzes urea to ammonia)
metabolize a contaminant (e.g. urea) to produce proton-re
moving 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, carbonic anhydrase is used as a naturally
occurring proton-removing agent for removing protons to
invoke precipitation of precipitation material. Carbonic anhy
drase, which is an enzyme produced by plants and animals,
accelerates transformation of carbonic acid to bicarbonate in

aqueous Solution.
0051 Chemical agents for effecting proton removal gen
erally refer to synthetic chemical agents that are produced in
large quantities and are commercially available. For example,
chemical agents for removing protons include, but are not
limited to, hydroxides, organic bases, Super bases, oxides,
ammonia, and carbonates. Hydroxides include chemical spe
cies that provide hydroxide anions in solution, including, for
example, sodium hydroxide (NaOH), potassium hydroxide
(KOH), calcium hydroxide (Ca(OH)), or magnesium
hydroxide (Mg(OH)2). Organic bases are carbon-containing
molecules that are generally nitrogenous bases including pri
mary amines Such as methylamine, secondary amines such as
diisopropylamine, tertiary 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 phophaZene is used to remove protons from various
species (e.g., carbonic acid, bicarbonate, hydronium, etc.) for
precipitation of precipitation material. In some embodiments,
ammonia is used to raise pH to a level Sufficient to precipitate
precipitation material from a solution of divalent cations and
an industrial waste stream. Super bases Suitable for use as
proton-removing agents include Sodium ethoxide, Sodium
amide (NaNH), sodium hydride (NaH), butyl lithium,
lithium diisopropylamide, lithium diethylamide, and lithium
bis(trimethylsilyl)amide. Oxides including, for example, cal
cium 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. Car
bonates for use in the invention include, but are not limited to,
Sodium carbonate.

0052. In addition to comprising cations of interest and
other Suitable metal forms, waste streams from various indus

trial processes may provide proton-removing agents. Such
waste streams include, but are not limited to, mining wastes;
fossil fuel burning ash (e.g., fly ash, as described in further

US 2010/0239.467 A1

detail herein); slag (e.g. iron slag, phosphorous slag); cement
kiln waste; 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 efflu
ent); silicon processing wastes; agricultural waste; metal fin
ishing waste; high pH textile waste; and caustic sludge. Min
ing 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 extrac
tion from sea water (e.g., Mg(OH). Such as that found in Moss
Landing, Calif.); and wastes from mining processes involving
leaching. For example, red mud may be used to modify pH as
described in U.S. Provisional Patent Application 61/161.369,
filed 18 Mar. 2009, which is hereby incorporated by reference
in its entirety. Agricultural waste, either through animal waste
or excessive fertilizer use, may contain potassium hydroxide
(KOH) or ammonia (NH) or both. As such, agricultural
waste may be used in some embodiments of the invention as
a proton-removing agent. This agricultural waste is often
collected in ponds, but it may also percolate down into aqui
fers, where it can be accessed and used.
0053 Electrochemical methods are another means to

remove protons from various species in a solution, either by
removing protons from Solute (e.g., deprotonation of car
bonic acid or bicarbonate) or from Solvent (e.g., deprotona
tion of hydronium or water). Deprotonation of solvent may
result, for example, if proton production from CO dissolu
tion matches or exceeds electrochemical proton removal from
solute molecules. Alternatively, electrochemical methods
may be used to produce caustic molecules (e.g., hydroxide)
through, for example, the chlor-alkali process, or modifica
tion thereof. Electrodes (i.e., cathodes and anodes) may be
present in the apparatus containing the divalent cation-con
taining aqueous solution or gaseous waste stream-charged
(e.g., CO-charged) solution, and a selective barrier, such as a
membrane, may separate the electrodes. Electrochemical sys
tems 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. 61/081,299 and
U.S. 61/091,729, the disclosures of which are herein incor

porated by reference.
0054. In some embodiments, low-voltage electrochemical
methods are used to remove protons, for example, as CO is
dissolved in the precipitation reaction mixture or a precursor
Solution to the precipitation reaction mixture. A precursor
Solution to the precipitation mixture, for example, may or
may not contain divalent cations. In some embodiments, CO
dissolved in an aqueous Solution that does not contain diva
lent cations is treated by a low-voltage electrochemical
method to remove protons from carbonic acid, bicarbonate,
hydronium, or any species or combination thereof resulting
from the dissolution of CO. A low-voltage electrochemical
methodoperates 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, 0.4V or less, 0.3 V or less, 0.2V or

less, or 0.1 V or less. Low-voltage electrochemical methods
that do not generate chlorine gas are convenient for use in
systems and methods of the invention. Low-voltage electro
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chemical methods to remove protons that do not generate
oxygen gas are also convenient for use in systems and meth
ods of the invention. In some embodiments, low-voltage elec
trochemical methods generate hydrogen gas at the cathode
and transport it to the anode where the hydrogen gas is con
Verted to protons. Electrochemical methods that do not gen
erate hydrogen gas may also be convenient. In some
instances, electrochemical methods to remove protons do not
generate any gaseous by-byproduct. See, for example, U.S.
patent application Ser. No. 12/344,019, filed Dec. 24, 2008,
U.S. patent application Ser. No. 12/375,632, filed Dec. 23,
2008, PCT Application No. PCT/U.S.08/088,242, filed Dec.
23, 2008, and PCT Application No. PCT/U.S.09/32301, filed
Jan. 28, 2009, all of which are hereby incorporated by refer
ence in their entirety.
0055 Combustion Ash, Cement Kiln Dust, and Slag
0056. A waste source of metal oxides (e.g., combustion
ashes such as fly ash, cement kiln dust, etc.) may be the sole
Sources of proton-removing agents for preparation of com
positions described herein. In other words, a waste source of
metal oxides Such as combustion ash, cement kiln dust, or the

like may provide the sole source of proton-removing agents
used to modify the pH of the reaction mixture from which
compositions of the invention are produced. As such, in some
embodiments, the sole source of proton-removing agents is a
combustion ash selected from fly ash, bottom ash, and boiler
slag. In some embodiments, the Sole source of proton-remov
ing agent is cement kiln dust. In some embodiments, the sole
Source of proton-removing agent is slag (e.g. iron slag, phos
phorous slag). Likewise, a waste source of metal oxides (e.g.,
combustion ashes such as fly ash, cement kiln dust, etc.) may
be the sole source of divalent metal cations for preparation of
compositions described herein. In other words, a waste
Source of metal oxides such as combustion ash, cement kiln

dust, or the like may provide the sole source of divalent
cations from which compositions of the invention are pro
duced. As such, in some embodiments, the sole source of

divalent cations is a combustion ash selected from fly ash,
bottom ash, and boiler slag. In some embodiments, the sole
Source of divalent cations is cement kiln dust. In some

embodiments, the Sole source of divalent cations is slag (e.g.
iron slag, phosphorous slag). A waste source of metal oxides
(e.g., combustion ash Such as fly ash, cement kiln dust, etc.),
in some embodiments, provides the sole source of divalent
cations and proton-removing agents for precipitation of pre
cipitation material in accordance with the invention. For
example, fly ash may provide both divalent cations and pro
ton-removing agents for precipitation of precipitation mate
rial. In addition, combinations of waste Sources of metal
oxides and other sources of either divalent cations and/or

proton-removing agent are discussed in further detail herein.
0057 Carbon-based fuels such as coal generate combus
tion ash waste products such as fly ash, bottom ash, and boiler
slag which are often land filled, or utilized in low-value appli
cations as a means of disposal. These waste products often
contain leachable pollutants, which can contaminate the
groundwater when land filled. The American Coal Ash Asso
ciation reports that more than 56% of the 165,000,000 tons of
coal combustion products generated in the United States
annually are simply sent to a landfill at Substantial costs to
coal-burning entities. Combustion ash resulting from burning
fossil fuels (e.g., coal in coal-fired power plants) is often rich
in CaO or other metal oxides that create a basic environment

and provide divalent cations in Solution. Combustion prod
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ucts from coal, wood, and other sources, including Volcanic
ash released in Volcano eruptions, each of which is generally
considered a combustion ash, may also contain various
oxides such as silica (SiO2), alumina (Al2O), and oxides of
calcium, magnesium, iron, and the like, which may enhance
certain chemical reactions and resultant cements. Coal ash

(i.e., combustion ash resulting from burning coal) as
employed in this invention refers to ash materials produced in
powerplant boilers or coal burning furnaces (e.g., chain grate
boilers, dry-bottom pulverized coal boilers, slag-tap boilers,
cyclone boilers, and fluidized bed boilers) from burning pull
Verized anthracite, lignite, bituminous, Sub-bituminous, or
brown coal. Such coal ash includes fly ash, which is the finely
divided coal ash carried from the furnace by exhaust or flue
gases; bottom ash, which collects at the base of the furnace as
agglomerates (e.g., in a dry-bottom boiler); and boiler slag,
which collects in the ash hopper of a wet-bottom boiler.
0058 High-sulfur coals, which are abundant and rela
tively lower in cost than low-sulfur coals, generally require
Flue Gas Desulfurization (FGD) to remove sulfur oxides
(“SOx) from flue gas emissions. This process generally fur
ther releases CO into the atmosphere by utilizing limestone
as a reactant to produce CaSO (gypsum). This process pro
duces high calcium fly ash due to the calcium released from
the limestone in the process, where the calcium is in the form
of calcium oxide (CaO). Pretreatment of flue gas prior to
atmospheric release in normal powerplants or industrial coal
burning facilities may include processes such as electrostatic
precipitation (“ESP), wet or dry scrubbing, and a flue gas
desulfurization (“FGD). In many FGD processes, the flue
gas, after undergoing ESP is brought into an FGD absorber
tank, where it is reacted with a limestone slurry to form
CaSO and remove sulfur from the flue gas. Each molecule of
CaSO formed in this manner releases a molecule of CO.,
further exacerbating the high release of CO associated with
burning of fossil fuels such as coal.
0059 Fly ashes are generally highly heterogeneous, and
include of a mixture of glassy particles with various identifi
able crystalline phases such as quartz, mullite, hematite, mag
netite, and various iron oxides in addition. Fly ashes of inter
est include Type F and Type C fly ash. The Type F and Type C
fly ashes referred to above are defined by CSA Standard
A23.5 and ASTM C618. The chief difference between these

classes is the amount of calcium, silica, alumina, and iron

content in the ash. The chemical properties of the fly ash are
largely influenced by the chemical content of the coal burned
(e.g., anthracite, bituminous, Sub-bituminous, lignite,
brown). The properties of the fly ash may also depend upon
temperature history, the type of burner used, post-burn treat
ment, scrubber effects, and impounding time and conditions.
Fly ashes of interest include substantial amounts of silica
(silicon dioxide, SiO2) (both amorphousand crystalline) and
lime (calcium oxide, CaO, magnesium oxide, MgO). The
outer surface offly ash is generally rich in CaO and MgO with
concentrations of CaO and MgO decreasing from the outer
surface offly ash toward the center. With the decrease in CaO
and MgO, there is a concomitant increase in the concentration
of SiO. High shear mixing and wet milling, which are used in
some embodiments described below, allow for greater access
to the entire CaO and MgO stock present in fly ash. Table 1
below provides the chemical makeup of various types of fly
ash that find use in embodiments of the invention.

TABLE 1

Coal types and composition.
Sub

Component

Bituminous

bituminous

Lignite

Brown

SiO, (%)
Al2O3 (%)
FeO (%)
CaO (%)
MgO (%)

20-60
5-35
1O-40
1-12
1-5

40-60
20-30
4-10
S-30
1-10

15-45
20-25
4-15
15-40
1-10

S-30
1-20
5-50
S-30
S-30

0060. The burning of harder, older anthracite and bitumi
nous coal typically produces Class F fly ash. Class F fly ash is
poZZolanic in nature (i.e., in the presence of moisture, finely
divided silica or aluminosilicates react with Ca(OH) to form
compounds having cementitious properties, wherein the
silica or aluminosilicates alone have little to no cementitious

properties), and contains less than 10% lime (CaO). Fly ash
produced from the burning of younger lignite or Sub-bitumi
nous 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 (SO) contents are generally higher in
Class C fly ashes.
0061 Fly ash material solidifies while suspended in
exhaust gases and is collected using various approaches, for
example, by electrostatic precipitators or filterbags. 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 um to 100 um. Fly ashes of interest include those in
which at least about 80%, by weight comprises particles of
less than 45 microns.

0062 Also of interest in certain embodiments of the inven
tion is the use of highly alkaline fluidized bed combustor
(FBC) fly ash.
0063 Also of interest in embodiments of the invention is
the use of bottom ash. Bottomash is formed as agglomerates
in coal combustion boilers from the combustion of coal. The

agglomerates have a size in which 90% of the agglomerates
fall within the particle size range of 0.1 mm to 20 mm, and
where the bottom ash agglomerates have a wide distribution
of agglomerate size within this range. Combustion boilers
may be wet bottom boilers or dry bottom boilers. When
produced in a wet-bottom boiler, the bottom ash is quenched
with water producing boiler slag. The main chemical compo
nents 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.

0064. 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 diam
eter.

0065 Cement kiln dust is also useful as a waste source of
metal oxides, providing, for example, CaO and MgO that may
be used as both a divalent cation source and as a proton
removing agent Source.
0.066 Cement kiln dust, which is a fine by-product of
cement production captured in a dust collection system (e.g.,
cyclones, electrostatic precipitators, bughouses, etc.), may be
classified into one of four categories, each of which is suitable
for use as a waste source of metal oxides for the invention.
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The four categories are based upon two different cement kiln
processes and two different dust collection processes. With
this in mind, cement kiln dust from wet-process kiln pro
cesses, which accept feed materials in a slurry form, and
dry-process kiln processes, which accept feed materials in a
dry, ground form are Suitable for use in the invention. In each
type of kiln, the dust may be collected in two ways: a portion
of the dust may be separated and returned to the kiln from the
dust collection system (e.g., cyclone) closest to the kiln, or the
total quantity of dust produced may be recycled or discarded.
Cement kiln dust obtained from either type of collection
system is Suitable for use in the invention.
0067. The chemical and physical characteristics of cement
kiln dust greatly depend upon the dust collection method
employed at the cement production facility. Chemically,
cement kiln dust has a composition similar to conventional
Portland cement. The principal constituents of cement kiln
dust are compounds of lime, iron, silica, and alumina The
concentration of free lime in cement kiln dust is highest in
coarserparticles captured closest to the kiln. As such, coarser
particles with higher concentrations of free lime are particu
larly suited for methods and systems of the invention; how
ever, finer particles of cement kiln dust, which tend to exhibit
a higher concentration of Sulfates and/or alkalis are also
Suited for the invention as finer particles also contain useful
concentrations of for example, CaO. In systems in which
coarserparticles of cement kiln dust are not separated out and
returned to the kiln, the total dust will be higher in free lime
(since it will contain some coarse particles). This cement kiln
dust may also be used as a waste Source of metal oxides,
providing divalent cations and proton-removing agents. As
evidenced by Table 2 (Collins, R. J. and J. J. Emery. Kiln
Dust-Fly Ash Systems for Highway Bases and Subbases.
Federal Highway Administration, Report No. FHWA/RD-82/
167, Washington, D.C., September, 1983.), which lists typi
cal compositions for fresh and stockpiled cement kiln dust,
there is very little, if any, free lime or free magnesia contentin
cement kiln dust that has been stockpiled and exposed to the
environment for long periods. As such, cement kiln dust that
is fresh is preferred over cement kiln dust that has been
stockpiled for any significant length of time in the environ
ment.

conjunction with one or more additional proton-removing
agents (e.g., other waste Sources of metal oxides, Supplemen
tal proton-removing agents described above, etc). Likewise,
slag may be used as a sole source of divalent cations or in
conjunction with one or more additional sources of divalent
cations (e.g., other waste Sources of metal oxides, Supplemen
tal sources of divalent cations described above, etc). Slag is
generated from the processing of metal ore (i.e., Smelting
metal ors to purify metals), and may contain calcium and
magnesium oxides as well as iron, silicon, and aluminum
compounds. In some embodiments, the use of slag as a pro
ton-removing agent or divalent cation source provides addi
tional benefits through the introduction of reactive silicon and
alumina to the precipitated product. Slags that may be Suit
able for the invention 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.
0069. Additives
0070 Additives other than proton-removing agents may
be added to the precipitation reaction mixture in order to
influence the nature of the precipitation material that is pro
duced. As such, in Some embodiments, an additive is provided
to the precipitation reaction mixture before or during the time
when the precipitation reaction mixture is subjected to the
precipitation conditions. Certain calcium carbonate polymor
phs are favored by trace amounts of certain additives. For
example, Vaterite, a highly unstable polymorph of CaCO,
which precipitates in a variety of different morphologies and
rapidly converts to calcite, may be obtained in very high
yields by including trace amounts of lanthanum as, for
example, lanthanum chloride. Other transition metals and the
like may be added to produce calcium carbonate polymorphs.
For instance, the addition of ferrous or ferric iron is known to

favor the formation of disordered dolomite (protodolomite).
(0071 Methods
0072 Methods and systems of the invention provide car
bonate-containing compositions that may be prepared from
an aqueous solution comprising dissolved carbon dioxide
(e.g., forman industrial waste stream comprising CO), diva

lent cations (e.g., Ca", Mg"), and proton-removing agents

(or methods of effecting proton removal) as described in more
detail below.

TABLE 2

Typical chemical compositions of cement kiln dust.
Chemical

Stockpiled (%

0073. A waste source of metal oxides such as combustion
ash (e.g., fly ash, bottomash, boilerslag), cement kiln dust, or
slag (e.g. iron slag, phosphorous slag) may be the Sole source
of divalent metal cations for preparation of the compositions

Fresh (%)

Sample 1

Sample 2

described herein. As such, in some embodiments, the sole

CaO
Free Lime

40.5
4.4

31.4
O.O

44.2
O.O

from fly ash, bottom ash, and boiler slag. In some embodi

SiO2
Al2O3
MgO
Na2O
KO
Fe2O3
SO

14.5
4.10
1.55
0.44
4.66
2.00
6.50

11.7
3.18
0.97
O.13
1.65
2.16
8.24

11.9
3.24
1.73
0.27
2.92
1.45
240

Loss On

22.9

40.4

30.2

Species

Ignition,
1050 C.

0068 Slag may also be employed as a proton-removing
agent (as well as a source divalent cations) to increase the pH
of for example, precipitation reaction mixture charged with
CO. Slag may be used as a sole proton-removing agent or in

Source of divalent metal cations is a combustion ash selected

ments, the Sole source of divalent metal cations is cement kiln
dust. In some embodiments, the Sole source of divalent metal

cations is slag (e.g. iron slag, phosphorous slag). A waste
Source of metal oxides Such as combustion ash (e.g., fly ash,
bottom ash, boiler slag), cement kiln dust, or slag (e.g. iron
slag, phosphorous slag) may also be the sole source of proton
removing agents for preparation of the compositions
described herein. As such, in some embodiments, the sole

Source of proton-removing agents is a combustion ash
selected from fly ash, bottom ash, and boiler slag. In some
embodiments the sole source of proton-removing agents is
cement kiln dust. In some embodiments, the Sole source of

proton-removing agents is slag (e.g. iron slag, phosphorous
slag). In some embodiments, mineral content in water is
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achieved by enriching the water source with divalent cations
by adding a waste source of metal oxides Such as combustion
ash (e.g., fly ash, bottomash, boilerslag), cement kiln dust, or
slag (e.g. iron slag, phosphorous slag) to fresh or distilled
water, wherein the fresh or distilled water have low or no
mineral content. In these embodiments, the waste source of

metal oxides provides not only divalent cations, but also a
Source proton-removing agents.
0.074. In some embodiments, a waste source of metal
oxides provides a portion of the proton-removing agents,
such as 10% or less, 20% or less, 40% or less, 60% or less,

80% or less, with the remaining portion of proton-removing
agents (or methods of effecting proton removal) provided as
described herein.

0075 Water may be contacted with a waste source of
metal oxides such as combustion ash (e.g., fly ash) or cement
kiln dust to achieve a desired pH (by means of proton-remov
ing agent addition) or divalent cation concentration using any
convenient protocol. In some embodiments, flue gas from a
coal-fired power plant is passed directly into a precipitation
reactor without prior removal of the fly ash, obviating the use
of electrostatic precipitators and the like. In some embodi
ments, cement kiln dust is provided to a precipitation reactor
directly from the cement kiln. In some embodiments, previ
ously collected fly ash may be placed in a precipitation reactor
holding water, wherein the amount of fly ash added is suffi
cient to raise the pH to a desired level (e.g., a pH that induces
precipitation of carbonate-containing precipitation material)
such as pH 7-14, pH 8-14, pH 9-14, pH 10-14, pH 11-14, pH
12-14, or pH 13-14. The pH of fly ash-water mixtures, for
example, may be about pH 12.2-12.4. The pH of cement kiln
dust-water mixtures may be about pH 12 as well. In some
embodiments, the waste source of metal oxides is immobi
lized in a column or bed. In Such embodiments, water is

passed through or over an amount of the ash Sufficient to raise
the pH of the water to a desired pH or to a particular divalent
cation concentration. Immobilized waste sources of metal

oxides (e.g., fly ash) are useful in mitigating passivation of fly
ash (i.e., encapsulation of fly ash by, for example, CaCO as
CaCO forms under precipitation conditions); however, in
Some embodiments, passivation of fly ash is desirable as
precipitation material comprising passivated fly ash has a
reduced poZZolanic reactivity (i.e., reaction of silica and/or
aluminosilica with Ca(OH)), which may allow for additional
uses in which less reactivity is desired. As both cement kiln
dust and combustion ashes such as fly ash comprise signifi
cant base value, they are considered to be fairly caustic.
Additional base and or divalent cation value may be obtained
from waste Source-water mixtures by removing the base and/
or divalent cation value. For example, the waste source-water
mixture may be contacted with a CO, source (which forms
carbonic acid in Solution) to form precipitation material com
prising calcium carbonates, the formation of which allows for
additional conversion of CaO into Ca(OH) and additional
divalent cations. Likewise, the waste Source-water mixture

may be contacted with aqueous acids Such as, but not limited
to, HNO, HCl, and HF. Acid digestion of fly ash with acids
such as HNO, and HCl allows greater access (70% or more)
to CaO and MgO present in the fly ash. Acid digestion with
aqueous HF allows for greater access to CaO and MgO
through reaction with silica and dissolution of the resultant
species. Reaction time and acid strength may be varied to
increase or decrease the amount of CaO and/or MgO is
leached from fly ash.
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0076 A waste source of metal oxides such as fly ash or
cement kiln dust may also be slaked (i.e., conversion of CaO
to Ca(OH), MgO to Mg(OH), etc.) in some embodiments.
Any convenient system or method may be used to effect
slaking of combustion ashes (e.g., fly ash, bottom ash) or
cement kiln dust. Slaking waste sources of metal oxides may
be achieved with, for example, a slurry detention slacker, a
paste slaker, a ball mill slaker, or any combinations or varia
tions thereof, the choice of slaking apparatus depending upon
the waste source of metal oxides to be slaked, availability of
water, space requirements, etc. For example, if space is lim
ited and water for slaking is in limited Supply, a compact paste
slaker may be convenient for use in Systems and methods of
the invention. In some embodiments, a ball mill slaker is used.

Slaking efficiency, depending on the waste source of metal
oxides, may be affected by factors including the type of
limestone used for calcination, the particular calcination pro
cess (e.g., temperature history, type ofburner used, post-burn
treatment, Scrubber effects, impounding time and conditions,
etc.), the slaking temperature, the waste Source to water ratio,
the degree of agitation during slaking, the slurry Viscosity, the
slaking time, and the water temperature (prior to mixing with
the waste source of metal oxide). The type of water may also
have an effect on slaking efficiency. For example, freshwater,
which generally has a lower concentration of divalent cations
than in seawater, may be far more efficient at extracting CaO
and MgO from fly ash; however, the type of water will gen
erally depend on availability at the precipitation plant loca
tion. As such, methods of the invention include modification
of these factors for timely slaking (i.e., slaking on a timescale
which allows for an efficient industrial process). Slaking tem
perature, for example, may be modified. In some embodi
ments, the slaking temperature ranges from room tempera
ture (about 70°F) to about 220°F. In some embodiments, the
slaking temperature is 70-100° F., 100-220° F., 120-220° F.,
140-220°F., 160-220° F., 160-200°F., or 160-185° F. Should

auxiliary heat be needed to increase Slaking temperature (be
yond that resulting from the exothermic conversion of CaO to
Ca(OH)), waste heat from, for example, flue gas may be
used. Other external sources of heat (e.g., heated water) may
be used as well. Should slaking temperature need to be
decreased due to highly reactive waste Sources of metal
oxides (i.e., fly ash or cement kiln dust comprising high
concentrations, for example, CaO), the heat may be used to,
for example, heat an air stream for use in drying precipitation
material. Slaking pressure, for example, may be modified. In
Some embodiments, the slaking pressure is normal atmo
spheric pressure (about 1 bar) to about 50 bar. In some
embodiments, the slaking pressure is 1-2.5 bar, 1-5 bar, 1-10
bar, 10-50 bar, 20-50 bar, 30-50 bar, or 40-50 bar. In some

embodiments, slaking is performed under ambient conditions
(i.e., normal atmospheric temperature and pressure). Water to
waste source ratio may be modified. In some embodiments,
the ratio of water to the waste source of metal oxides is 1:1 to

1:1.5; 1:1.5 to 1:2:1:2 to 1:2.5; 1:2.5 to 1:3; 1:3 to 1:3.5; 1:3.5
to 1:4; 1:4 to 1:4.5; 1:4.5 to 1:5; 1:5 to 1:6; 1:6 to 1:8; 1:8 to
1:10; 1:10 to 1:25; 1:25 to 1:50; or 1:50 to 1:100. Waste source

to water ratio may also be modified. In some embodiments,
the ratio of the waste source of metal oxides to water is 1:1 to

1:1.5; 1:1.5 to 1:2:1:2 to 1:2.5; 1:2.5 to 1:3; 1:3 to 1:3.5; 1:3.5
to 1:4; 1:4 to 1:4.5; 1:4.5 to 1:5; 1:5 to 1:6; 1:6 to 1:8; 1:8 to
1:10; 1:10 to 1:25; 1:25 to 1:50; or 1:50 to 1:100. In some
embodiments, where a waste Source of metal oxides such as

fly ash is directly provided to a precipitation reactor, the waste
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Source to water ratio may be quite low. In Such embodiments,
additional waste source (e.g., fly ash) may be added to the
precipitation reactor to increase the waste source to water
ratio or slaking may be performed with the low ratio of waste
Source to water. Slaking time may also be modified as it has an
effect on slaking efficiency. In some embodiments, the slak
ing time required to complete hydration (e.g., formation of
Ca(OH) from CaO) is between 12 and 20 hours, between 20
and 30 hours, between 30 and 40 hours, between 40 and 60
hours, between 60 and 100 hours, between 100 and 160,
between 100 and 180, and between 180 and 200 hours. In

Some embodiments, the Slaking time required to complete
hydration is less than 12 hours, between 6 and 12 hours,
between 3 and 6 hours, between 1 and 3 hours, or less than 1

hour. In some embodiments, the slaking time required to
complete hydration is between 30 minutes and 1 hour. In
some embodiments, the slaking time is between 15 and 30
minutes, 15 and 25 minutes, and 15 and 20 minutes. In some

embodiments, the slaking time is between 5 and 30 minutes,
5 and 20 minutes, 5 and 15 minutes, and 5 and 10 minutes. In

Some embodiments, the slaking time is between 1 and 5
minutes, 1 and 3 minutes, and 2 and 3 minutes. Agitation may
also be used to effect Slaking efficiency, for example, by
eliminating hot and cold spots. In addition, pretreatment of
the waste source of metal oxides may be used to effect Slaking
efficiency. For example, fly ash may be jet milled or ball
milled before slaking. It will be recognized that changing any
one of the described slaking factors may change additional
slaking factors such that each slaking procedure, depending
upon available materials, will be different. As such, slaking in
accordance with the invention may result in more than 10%,
more than 20%, more than 30%, more than 40%, more than
50%, more than 60%, more than 70%, more than 80%, more
than 90%, more than 95%, more than 97%, more than 98%,
more than 99%, or more than 99.9% conversion of CaO

present in the waste source to Ca(OH). Likewise, slaking in
accordance with the invention may result in more than 10%,
more than 20%, more than 30%, more than 40%, more than
50%, more than 60%, more than 70%, more than 80%, more
than 90%, more than 95%, more than 97%, more than 98%,

more than 99%, or more than 99.9% conversion of MgO
present in the waste source to Mg(OH). The higher the
conversion, the higher the efficiency of the slaking process.
0077. A waste source of metal oxides such as combustion
ash, cement kiln dust, or slag (e.g. iron slag, phosphorous
slag), may also be used in combination with Supplemental
Sources of divalent cations, including mixtures of combustion
ash, cement kiln dust, or slag (e.g. iron slag, phosphorous
slag). As such, in some embodiments, the Source of divalent
cations is a combination of a divalent cation source and a

combustion ash selected from fly ash, bottom, ash, and boiler
slag. For example, the Source of divalent cations may be a
combination of fly ash and seawater. When a combination
(e.g., combustion ash in combination with another source of
divalent cations) is used, the combustion ash may be used in
any order. For example, a basic Solution may already contain
divalent cations (e.g., seawater) before adding a combustion
ash, or a source of divalent cations may be added to a slurry of
fly ash in water. In any of these embodiments, as described in
further detail below, CO is added before or after combustion
ash.

0078. A waste source such as combustion ash, cement kiln
dust, or slag (e.g. iron slag, phosphorous slag), may be used in
combination with Supplemental sources of proton-removing

agents, including mixtures of combustion ash, cement kiln
dust, or slag (e.g. iron slag, phosphorous slag). As such, in
Some embodiments, the source of proton-removing agents is
a combination of a proton-removing agent and a combustion
ash selected from fly ash, bottom ash, and boiler slag.
Examples of proton-removing agents that may be used
include oxides (e.g., CaO), hydroxides (e.g., KOH, NaOH,
brucite (Mg(OH), etc.), carbonates (e.g., NaCO), serpen
tine, and the like. Serpentine, which also releases silica and
magnesium into the reaction mixture, ultimately leads to
compositions comprising carbonates and silica (in addition to
that found in combustion ashes). The amount of supplemental
proton-removing agent that is used depends upon the particu
lar nature of the Supplemental proton-removing agent and the
Volume of water to which the Supplemental proton-removing
agent is being added. An alternative to Supplemental proton
removing agents is use of electrochemical methods such as
those described above to effect proton removal. Electrolysis
may also be employed. Different electrolysis processes may
be used, including the Castner-Kellner process, the dia
phragm cell process, and the membrane cell process. By
products of the hydrolysis product (e.g., H. Sodium metal)
may be collected and employed for other purposes. When a
combination of proton removing agents (e.g., combustion ash
in combination with another proton-removing agent source)
is used, the combustion ash may be used in any order. For
example, a divalent cation-containing Solution may already
be basic (e.g., seawater) before adding a combustion ash, or a
slurry of fly ash in water may be further basicified through
addition of an additional proton-removing agent. In any of
these embodiments, as described in more detail below, CO is
added before or after combustion ash.

0079. As described above, waste sources of metal oxides
Such as combustion ash, cement kiln ash, and slag (e.g. iron
slag, phosphorous slag) may be used in various combinations,
both with and without Supplemental proton-removing agents.
When Supplemental proton-removing agents (and methods
effecting proton removal) are used, the Supplemental proton
removing agents too may be used in any Suitable combina
tion. Some embodiments of the invention provide for combi
nations including use of anthropogenic waste (e.g., red mud
or brown mud from bauxite processing) in combination with
commercially available base (e.g., NaOH); anthropogenic
waste in combination with electrochemical methods (i.e.,
deprotonation of carbonic acid, bicarbonate, hydronium, etc.)
and naturally occurring proton-removing agents (e.g. serpen
tine minerals); or anthropogenic waste in combination with
commercially available base and naturally occurring proton
removing, followed by a transition to serpentine minerals
combined with electrochemical methods. The proportion of
the various methods for effecting proton removal may be
adjusted according to conditions and availability, for
example, anthropogenic waste may be used in combination
with commercially available base and naturally occurring
proton-removing agents for the first five years of a precipita
tion plant's life-time, followed by a transition to serpentine
minerals combined with electrochemical methods for remov

ing protons as these become more available.
0080. In some embodiments, proton-removing agents
(and methods for effecting proton removal) are combined
Such that 1-30% of the proton-removing agent is sourced
from fly ash, 20-80% of the proton-removing agent is sourced
from waste (e.g. red mud), minerals such as serpentine, or a
combination thereof, and 10-50% of proton removal is

US 2010/0239.467 A1

effected through electrochemical methods. For example,
Some embodiments provide for a combination of proton
removing agents and electrochemical methods such that 10%
of the proton-removing agent is sourced from fly ash, 60% of
the proton-removing agent is sourced from waste from a
mining process (e.g. red mud), and 30% of the proton removal
is effected by electrochemical methods. Some embodiments
provide for a combination of proton-removing agents and
electrochemical methods such that 10% of the proton-remov
ing agent is sourced from fly ash, 60% of the proton-removing
agent is from Sourced from naturally occurring mineral
sources (e.g. dissolved serpentine), and 30% of the proton
removal is effected by electrochemical methods. Some
embodiments provide for a combination of proton-removing
agents and electrochemical methods such that 30% of the
proton-removing agent is sourced from fly ash and 70% of the
proton-removing agent is sourced from waste from a mining
process (e.g. red mud) for the first five years of a precipita
tions plant's life-time, and from the beginning of the sixth
year onward. Such that 10% of the proton-removing agent is
sourced from fly ash, 60% of the proton-removing agent is the
result of the dissolution of a naturally occurring mineral
Source (e.g. serpentine), and 30% of proton removal is
effected by electrochemical methods.
0081. An aqueous solution comprising divalent cations

(e.g., alkaline earth metal cations such as Ca" and Mg")

may be contacted with a source of CO at any time before,
during, or after the divalent-cation containing Solution is Sub
jected to precipitation conditions (i.e., conditions allowing
for precipitation of one or more materials based on, for
example, pH). Accordingly, in Some embodiments, an aque
ous solution of divalent cations is contacted with a source of

CO prior to Subjecting the aqueous solution to precipitation
conditions that favor formation of carbonate and/or bicarbon

ate compounds. In some embodiments, an aqueous solution
of divalent cations is contacted with a source of CO while the
aqueous solution is being Subjected to precipitation condi
tions that favor formation of carbonate and/or bicarbonate

compounds. In some embodiments, an aqueous solution of
divalent cations is contacted with a source of a CO prior to
and while Subjecting the aqueous Solution to precipitation
conditions that favor formation carbonate and/or bicarbonate

compounds. In some embodiments, an aqueous solution of
divalent cations is contacted with a source of CO, after sub
jecting the aqueous solution to precipitation conditions that
favor formation of carbonate and/or bicarbonate compounds.
In some embodiments, an aqueous solution of divalent cat
ions is contacted with a source of CO before, while, and after
Subjecting the aqueous Solution to precipitation conditions
that favor formation of carbonate and/or bicarbonate com

pounds. In some embodiments, a divalent cation-containing
aqueous Solution may be cycled more than once, wherein a
first cycle of precipitation removes primarily calcium carbon
ate and magnesium carbonate minerals and leaves an alkaline
solution to which additional divalent cations may be added.
Carbon dioxide, when contacted with the recycled solution of
divalent cations, allows for the precipitation of more carbon
ate and/orbicarbonate compounds. It will be appreciated that,
in these embodiments, the aqueous solution following the
first cycle of precipitation may be contacted with the CO,
Source before, during, and/or after divalent cations have been
added. In some embodiments, an aqueous Solution having no
divalent cations or a low concentration of divalent cations is

contacted with CO. In these embodiments, the water may be
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recycled or newly introduced. As such, the order of addition
of CO, and waste sources of metal oxides may vary. For
example, a waste source of metal oxides Such as fly ash,
cement kiln dust, or slag, each of which provides divalent
cations, proton-removing agents, or both, may be added to,
for example, brine, seawater, or freshwater, followed by the
addition of CO. In another example, CO may be added to,
for example, brine, seawater, or freshwater, followed by the
addition of fly ash, cement kiln dust, or slag.
0082. A divalent cation-containing aqueous Solution may
be contacted with a CO, source using any convenient proto
col. Where the CO is a gas, contact protocols of interest
include, but are not limited to direct contacting protocols
(e.g., bubbling the CO gas through the aqueous Solution),
concurrent contacting means (i.e., contact between unidirec
tional flowing gaseous and liquid phase streams), countercur
rent means (i.e., contact between oppositely flowing gaseous
and liquid phase streams), and the like. As such, contact may
be accomplished through use of infusers, bubblers, fluidic
Venturi reactors, spargers, gas filters, sprays, trays, or packed
column reactors, and the like, as may be convenient. In some
embodiments, gas-liquid contact is accomplished by forming
a liquid sheet of solution with a flat jet nozzle, wherein the
CO gas and the liquid sheet move in countercurrent, co
current, or crosscurrent directions, or in any other Suitable
manner. See, for example, U.S. Patent Application No.
61/158.992, filed 10 Mar. 2009, which is hereby incorporated
by reference in its entirety. In some embodiments, gas-liquid
contact is accomplished by contacting liquid droplets of solu
tion having an average diameter of 500 micrometers or less,
such as 100 micrometers or less, with a CO gas source. In
Some embodiments, a catalyst is used to accelerate the disso
lution of carbon dioxide into solution by accelerating the
reaction toward equilibrium; the catalyst may be an inorganic
Substance Such as Zinc dichloride or cadmium, or an organic
Substance Such as an enzyme (e.g., carbonic anhydrase).
I0083. In methods of the invention, a volume of CO.
charged water produced as described above is subjected to
carbonate compound precipitation conditions sufficient to
produce a carbonate-containing precipitation material and a
Supernatant (i.e., the part of the precipitation reaction mixture
that is left over after precipitation of the precipitation mate
rial). Any convenient precipitation conditions may be
employed, which conditions result in production of a carbon
ate-containing precipitation material from the CO-charged
precipitation reaction mixture. Precipitation conditions
include those that modulate the physical environment of the
CO charged precipitation reaction mixture to produce the
desired precipitation material. For example, the temperature
of the CO-charged precipitation reaction mixture may be
raised to a point at which an amount Suitable for precipitation
of the desired carbonate-containing precipitation material
occurs. In such embodiments, the temperature of the CO,
charged precipitation reaction mixture may be raised to a
value from 5°C. to 70° C., such as from 20° C. to 50° C., and

including from 25°C. to 45° C. While a given set of precipi
tation conditions may have a temperature ranging from 0°C.
to 100° C., the temperature may be raised in certain embodi
ments to produce the desired precipitation material. In certain
embodiments, the temperature of the precipitation reaction
mixture is raised using energy generated from low or Zero
carbon dioxide emission sources (e.g., Solar energy source,
wind energy source, hydroelectric energy source, waste heat
from the flue gases of the carbon emitter, etc). In some
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embodiments, the temperature of the precipitation reaction
mixture may be raised utilizing heat from flue gases from coal
or other fuel combustion. The pH of the CO-charged pre
cipitation reaction mixture may also be raised to an amount
Suitable for precipitation of the desired carbonate-containing
precipitation material. In such embodiments, the pH of the
CO-charged precipitation reaction mixture is raised to alka
line levels for precipitation, whereincarbonate is favored over
bicarbonate. The pH may be raised to pH 9 or higher, such as
pH 10 or higher, including pH 11 or higher. For example,
when fly ash is used to raise the pH of the precipitation
reaction mixture or precursor of the precipitation reaction
mixture, the pH may be about pH 12.5 or higher.
0084. Accordingly, a set of precipitation conditions to pro
duce a desired precipitation material from a precipitation
reaction mixture may include, as above, the temperature and
pH, as well as, in Some instances, the concentrations of addi
tives and ionic species in the water. Precipitation conditions
may also include factors such as mixing rate, forms of agita
tion Such as ultrasonics, and the presence of seed crystals,
catalysts, membranes, or Substrates. In some embodiments,
precipitation conditions include Supersaturated conditions,
temperature, pH, and/or concentration gradients, or cycling
or changing any of these parameters. The protocols employed
to prepare carbonate-containing precipitation material
according to the invention (from start e.g., fly ash slaking to
finish e.g., drying precipitation material or forming precipi
tation material into aggregate) may be batch, semi-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 semi
batch or batch system.
0085 Carbonate-containing precipitation material, fol
lowing production from a precipitation reaction mixture, is
separated from the reaction mixture to produce separated
precipitation material (e.g., wet cake) and a Supernatant as
illustrated in FIG.1. The precipitation material may be stored
in the Supernatant for a period of time following precipitation
and prior to separation (e.g., by drying). For example, the
precipitation material may be stored in the Supernatant for a
period of time ranging from 1 to 1000 days or longer, Such as
1 to 10 days or longer, at a temperature ranging from 1° C. to
40°C., such as 20°C. to 25°C. Separation of the precipitation
material from the precipitation reaction mixture is achieved
using any of a number of convenient approaches, including
draining (e.g., gravitational sedimentation of the precipita
tion material followed by draining), decanting, filtering (e.g.,
gravity filtration, vacuum filtration, filtration using forced
air), centrifuging, pressing, or any combination thereof.
Separation of bulk water from the precipitation material pro
duces a wet cake of precipitation material, or a dewatered
precipitation material. As detailed in U.S. 61/170,086, filed
Apr. 16, 2009, which is herein incorporate by reference, a
liquid-Solid separators such as Epuramat's Extrem-Separator
(“ExSep') liquid-solid separator, Xerox PARC's spiral con
centrator, or a modification of either of Epuramat's ExSep or
Xerox PARC's spiral concentrator, is useful for separation of
the precipitation material from the precipitation reaction mix
ture.

I0086. In some embodiments, the resultant dewatered pre
cipitation material is then dried to produce a product (e.g., a
cement, a poZZolanic cement, an aggregate, or an non-reac
tive, storage-stable CO2-sequestering product). Drying may
be achieved by air-drying the precipitation material. Where
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the precipitation material is air dried, air-drying may be at a
temperature ranging from -70° C. to 120° C. In certain
embodiments, drying is achieved by freeze-drying (i.e., lyo
philization), wherein the precipitation material is frozen, the
Surrounding pressure is reduced, and enough heat is added to
allow the frozen water in the precipitation material to sublime
directly into gas. In yet another embodiment, the precipitation
material is spray-dried to dry the precipitation material,
wherein the liquid containing the precipitation material is
dried by feeding it through a hot gas (such as the gaseous
waste stream from the power plant), and wherein the liquid
feed is pumped through an atomizer into a main drying cham
ber and a hot gas is passed as a co-current or counter-current
to the atomizer direction. Depending on the particular drying
protocol of the system, the drying station (described in more
detail below) may include a filtration element, freeze-drying
structure, spray-drying structure, etc. In certain embodi
ments, waste heat from a power plant or similar operation
may be used to perform the drying step when appropriate. For
example, in some embodiments, an aggregate is produced by
the use of elevated temperature (e.g., from power plant waste
heat), pressure, or a combination thereof.
I0087. Following separation of the precipitation material
from the Supernatant, the separated precipitation material
may be further processed as desired; however, the precipita
tion material may simply be transported to a location for
long-term storage, effectively sequestering CO. For
example, the carbonate-containing precipitation material
may be transported and placed at long-term storage site, for
example, above ground (as a storage-stable CO-sequestering
material), below ground, in the deep ocean, etc.
I0088. The resultant supernatant of the precipitation pro
cess, or a slurry of precipitation material may also be pro
cessed as desired. For example, the Supernatant or slurry may
be returned to the Source of the divalent cation-containing
aqueous solution (e.g., ocean) or to another location. In some
embodiments, the Supernatant may be contacted with a source
of CO., as described above, to sequester additional CO. For
example, in embodiments in which the Supernatant is to be
returned to the ocean, the Supernatant may be contacted with
a gaseous waste source of CO in a manner Sufficient to
increase the concentration of carbonate ion present in the
Supernatant. As described above, contact may be conducted
using any convenient protocol. In some embodiments, the
Supernatant has an alkaline pH, and contact with the CO
Source is carried out in a manner Sufficient to reduce the pH to
a range between pH 5 and 9, pH 6 and 8.5, or pH 7.5 to 8.2.
I0089. The methods of the invention may be carried out at
land (e.g., at a location where a Suitable divalent cation
containing Source is present, or is easily and economically
transported in), at Sea, in the ocean, or another body compris
ing divalent cations, bit that body naturally occurring or man
made. In some embodiments, a system is employed to per
form the above methods, where such systems include those
described below in greater detail.
0090. In some embodiments of the invention, fly ash is
used as the sole or primary Source of divalent cations and/or
proton-removing agents for precipitation of carbonate-con
taining precipitation material. In Such embodiments, fly ash
may be slaked with water (e.g., freshwater, seawater, brine) to
produce a slaked fly ash mixture, wherein the pH of the slaked
fly ash mixture may be pH 7-14, pH 8-14, pH 9-14, pH 10-14.
pH 11-14, pH 12-14, or pH 13-14. In such slaked fly ash
mixtures, the concentration of fly ash in water may be
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between 1 and 10 g/L. 10 and 20 g/L, 20 and 30 g/L, 30 and
40 g/L, 40 and 80 g/L, 80 and 160 g/L, 160 and 320 g/L, 320
and 640 g/L, or 640 and 1280 g/L, and the slaking temperature
may be room temperature (about 70° F.) to about 220 F.
70-100° F., 100-220° F., 120-220° F., 140-220° F., 160-220°

F., 160-200°F., or 160-185° F. To optimize the extraction and
conversion of CaO to Ca(OH), high shear mixing, wet mill
ing, and/or Sonication may be used to break open spheres of
fly ash to access trapped CaO. High shear mixing, wet mill
ing, and/or Sonication, in addition to providing access to CaO
trapped in the fly ash matrix (e.g., SiO, matrix), provides for
stronger cements, poZZolanic cements, and related end prod
ucts. After high shear mixing and/or wet milling, the Slaked
fly ash mixture is contacted with a source of carbon dioxide
(with or without dilution of the fly ash mixture) such as flue
gas from a coal-fired power plant or exhaust from a cement
kiln. Any of a number of the gas-liquid contacting protocols
described above may be utilized. Gas-liquid contact is con
tinued until the pH of the precipitation reaction mixture is
constant, after which the precipitation reaction mixture is
allowed to stir overnight. The rate at which the pH drops may
be controlled by addition of supplemental fly ash during
gas-liquid contact. In addition, Supplemental fly ash may be
added after sparging to raise the pH back to basic levels for
precipitation of a portion or all of the precipitation material.
In any case, precipitation material may be formed upon
removing protons from certain species (e.g., carbonic acid,
bicarbonate, hydronium) in the precipitation reaction mix
ture. A precipitation material comprising carbonates and sili
ceous compounds may then be separated and, optionally,
further processed.
0091. As above, in some embodiments of the invention, fly
ash is used as the sole or primary Source of divalent cations
and/or proton-removing agents for precipitation of carbon
ate-containing precipitation material. In such embodiments,
fly ash may slaked with water (e.g., freshwater, seawater,
brine) to produce a slaked fly ash mixture, wherein the pH of
the slaked fly ash mixture may be pH 7-14, pH 8-14, pH 9-14,
pH 10-14, pH 11-14, pH 12-14, or pH 13-14. In such slaked
fly ash mixtures, the concentration of fly ash in water may be
between 1 and 10 g/L. 10 and 20 g/L, 20 and 30 g/L, 30 and
40 g/L, 40 and 80 g/L, 80 and 160 g/L, 160 and 320 g/L, 320
and 640 g/L, or 640 and 1280 g/L, and the slaking temperature
may be room temperature (about 70° F.) to about 220 F.
70-100° F., 100-220° F., 120-220° F., 140-220° F., 160-220°
F., 160-2009 F., or 160-185° F. As above, extraction and

conversion of CaO to Ca(OH) may be optimized with high
shear mixing and/or wet milling; however, after any addi
tional processing, the fly ash may be separated from the
slaked fly ash mixture to produce a fly ash sludge, which may
be dried and used as a poZZolan (as below), and a Supernatant
comprising divalent cations and proton-removing agents for
precipitation of carbonate-containing precipitation material.
The Supernatant may then be contacted with a source of
carbon dioxide (with or without dilution of the fly ash mix
ture) Such as flue gas from a coal-fired power plant or exhaust
from a cement kiln. Gas-liquid contact is continued until the
pH is constant, after which the precipitation reaction mixture
is allowed to stir overnight. The rate at which the pH drops
may be controlled by addition of Supplemental fly ash during
gas-liquid contact. In addition, Supplemental fly ash may be
added after gas-liquid contact to raise the pH back to basic
levels for precipitation of a portion or all of the precipitation
material. In any case, precipitation material may be formed
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upon removing protons from certain species (e.g., carbonic
acid, bicarbonate, hydronium) in the precipitation reaction
mixture. A precipitation material comprising carbonates may
then be separated and, optionally, further processed. For
example, the carbonate-containing precipitation material
comprising little or no siliceous material may be dried and
used in end products. The carbonate-comprising precipitation
material may instead be recombined with the separated fly
ash sludge, wherein the precipitation material and the fly ash
sludge are mixed wet, dry, or in a combination thereof, to
produce a siliceous composition comprising carbonates.
Such a material may have poZZolanic properties derived from
the addition of wet (i.e., fly ash sludge) or dry (i.e., dried fly
ash sludge) fly ash-based poZZolan.
0092. In some embodiments of the invention, fly ash is
used in combination with other sources of divalent cations

and/or proton-removing agents for precipitation of carbon
ate-containing precipitation material. In such embodiments,
fly ash may be slaked with water (e.g., freshwater, seawater,
brine) to produce a slaked fly ash mixture. Supplemental
proton-removing agents may then be added to the slaked fly
ash mixture producing a high-pH slaked fly ash mixture,
wherein the pH of the high-pH slaked fly ash mixture may be
pH 7-14, pH 8-14, pH 9-14, pH 10-14, pH 11-14, pH 12-14,
or pH 13-14, and the fly ash may be completely dissolved or
dissolved to some variable extent. For example, 75% of the fly
ash may be dissolved owing to the addition of Supplemental
proton-removing agents. In such slaked fly ash mixtures, the
concentration of fly ash in water may be between 1 and 10
g/L. 10 and 20 g/L, 20 and 30 g/L, 30 and 40 g/L, 40 and 80
g/L, 80 and 160 g/L, 160 and 320 g/L, 320 and 640 g/L, or 640
and 1280 g/L, and the slaking temperature may be room
temperature (about 70°F) to about 220° F., 70-100°F., 100
220° F., 120-220° F., 140-220° F., 160-220° F., 160-2009 F.,

or 160-185° F. To facilitate dissolution of any undissolved fly
ash, high shear mixing and/or wet milling may be used to
break open spheres of fly ash to provide for smaller fly ash
particles. After high shear mixing and/or wet milling, the
slaked fly ash mixture may be contacted with a source of
carbon dioxide (with or without dilution of the fly ash mix
ture) Such as flue gas from a coal-fired powerplant or exhaust
from a cement kiln. Any of a number of gas-liquid contacting
protocols described above may be utilized. Gas-liquid contact
is continued until the pH is constant, after which the precipi
tation reaction mixture may be allowed to stir overnight. The
rate at which the pH drops may be controlled by addition of
Supplemental fly ash or another Supplemental proton-remov
ing agent during gas-liquid contact. In addition, Supplemental
fly ash may be added after gas-liquid contact to raise the pH
back to basic levels for precipitation of a portion or all of the
precipitation material. In any case, precipitation material may
be formed upon removing protons from certain species (e.g.,
carbonic acid, bicarbonate, hydronium) in the precipitation
reaction mixture. A precipitation material comprising car
bonates and siliceous compounds may then be separated and,
optionally, further processed.
0093. As such, provided is a method comprising contact
ing an aqueous solution with a source of metal oxides from an
industrial process; charging the aqueous Solution with carbon
dioxide from a source of carbon dioxide from an industrial

process; and Subjecting the aqueous solution to precipitation
conditions under atmospheric pressure to produce a carbon
ate-containing precipitation material. In some embodiments,
the source of metal oxides and the source of carbon dioxide

US 2010/0239.467 A1

are from the same industrial process. In some embodiments,
contacting the aqueous solution with the source of metal
oxides occurs prior to charging the aqueous Solution with a
Source of carbon dioxide. In some embodiments, contacting
the aqueous solution with the Source of metal oxides occurs at
the same time as charging the aqueous solution with a source
of carbon dioxide. In some embodiments, contacting the
aqueous solution with the source of metal oxides, charging
the aqueous solution with a source of carbon dioxide, and
Subjecting the aqueous Solution to precipitation conditions
occurs at the same time. In some embodiments, the source of
metal oxides and the Source of carbon dioxide are sourced

from the same waste stream. In some embodiments, the waste

stream is flue gas from a coal-fired power plant. In some
embodiments, the coal-fired powerplant is a brown coal-fired
power plant. In some embodiments, the waste stream is kiln
exhaust from a cement plant. In some embodiments, the
Source of metal oxides is fly ash. In some embodiments, the
Source of metal oxides is cement kiln dust. In some embodi

ments, the waste stream further comprises SOX, NOx, mer
cury, or any combination thereof. In some embodiments, the
source of metal oxides further provides divalent cations for
producing the precipitation material. In some embodiments,
the Source of metal oxides and the aqueous solution both
comprise divalent cations for producing the precipitation
material. In some embodiments, the Source of metal oxides is

fly ash or cement kiln dust. In some embodiments, the aque
ous Solution comprises brine, Seawater, or freshwater. In

some embodiments, the divalent cations comprises Ca",
Mg", or a combination thereof. In some embodiments, the

Source of metal oxides provides proton-removing agents for
producing the precipitation material. In some embodiments,
the source of metal oxides provides proton-removing agents
upon hydration of CaO, MgO, or a combination thereof in the
aqueous solution. In some embodiments, the Source of metal
oxides further provides silica. In some embodiments, the
Source of metal oxides further provides alumina. In some
embodiments, the source of metal oxides further provides
ferric oxide. In some embodiments, red or brown mud from

bauxite processing also provides proton-removing agents. In
Some embodiments, electrochemical methods effecting pro
ton removal also provide for producing precipitation mate
rial.

0094. In some embodiments, the method further com
prises separating the precipitation material from the aqueous
Solution from which the precipitation material was produced.
In some embodiments, the precipitation material comprises
CaCO. In some embodiments, CaCO comprises calcite,
aragonite, Vaterite, or a combination thereof. In some
embodiments, the precipitation material further comprises
MgCO. In some embodiments, the CaCO comprises arago
nite and the MgCO comprises nesquehonite. In some
embodiments, the method further comprises processing the
precipitation material to form a building material. In some
embodiments, the building material is a hydraulic cement. In
Some embodiments, the building material is a poZZolanic
cement. In some embodiments, the building material is aggre
gate.

0095 Also provided is a method comprising contacting an
aqueous solution with a waste stream comprising carbon
dioxide and a source comprising metal oxides and Subjecting
the aqueous Solution to precipitation conditions to produce a
carbonate-containing precipitation material. In some
embodiments, the waste stream is flue gas from a coal-fired
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power plant. In some embodiments, the coal-fired power
plant is a brown coal-fired power plant. In some embodi
ments, the source of metal oxides is fly ash. In some embodi
ments, the waste stream is kiln exhaust from a cement plant.
In some embodiments, the source of metal oxides is cement
kiln dust. In some embodiments, the waste stream further

comprises SOX, NOx, mercury, or any combination thereof.
In some embodiments, divalent cations for producing the
precipitation material are provided by the source of metal
oxides, the aqueous solution, or a combination thereof. In
Some embodiments, the aqueous solution comprises brine,
seawater, or freshwater. In some embodiments, the divalent

cations comprise Ca", Mg", or a combination thereof. In
Some embodiments, the Source of metal oxides further pro
vides proton-removing agents for producing the precipitation
material. In some embodiments, the Source of metal oxides

provides proton-removing agents upon hydration of CaO.
MgO, or combinations thereof in the aqueous solution. In
Some embodiments, the Source of metal oxides further pro
vides silica. In some embodiments, the source of metal oxides

further provides alumina. In some embodiments, the Source
of metal oxides further provides ferric oxide. In some
embodiments, red or brown mud from bauxite processing
also provides proton-removing agents. In some embodi
ments, electrochemical methods effecting proton removal
also provide for producing precipitation material. In some
embodiments, the precipitation material comprises CaCO.
In some embodiments, CaCO comprises calcite, aragonite,
Vaterite, or a combination thereof. In some embodiments, the

method further comprises separating the precipitation mate
rial from the aqueous Solution from which the precipitation
material was produced. In some embodiments, the method
further comprises processing the precipitation material to
form a building material. In some embodiments, the building
material is a hydraulic cement. In some embodiments, the
building material is a poZZolanic cement. In some embodi
ments, the building material is aggregate.
0.096 Compositions and Other Products
0097. The invention provides methods and systems for
utilizing waste Sources of metal oxides to produce carbonate
containing compositions from CO2, wherein the CO may be
from a variety of different sources (e.g., an industrial waste
by-product Such as a gaseous waste stream produced by a
power plant during the combustion of carbon-based fuel). As
Such, the invention provides for removing or separating CO
from a gaseous waste source of CO, and fixing the CO into
a non-gaseous, storage-stable form (e.g., materials for the
construction of structures such as buildings and infrastruc
ture, as well as the structures themselves) such that the CO
cannot escape into the atmosphere. Furthermore, the inven
tion provides for an effective method for sequestering CO as
well as long-term storage of that CO in useable products.
0.098 Precipitation material in a storage-stable form
(which may simply be dried precipitation material) may be
stored above ground under exposed conditions (i.e., open to
the atmosphere) without significant, if any, degradation for
extended durations, e.g., 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. As the storage-stable form of the
precipitation material undergoes little if any degradation
while stored above ground under normal rain water pH, the
amount of degradation if any as measured in terms of CO gas
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release from the product will not exceed 5%/year, and in
certain embodiments will not exceed 1%/year. The above
ground storage-stable forms of the precipitation material are
stable under a variety of different environment conditions,
e.g., from temperatures ranging from -100° C. to 600° C. and
humidity ranging from 0 to 100% where the conditions may
be calm, windy or stormy. In some embodiments, the precipi
tation material produced by methods of the invention is
employed as a building material (e.g., a construction material
for Some type of man-made structure Such as buildings, roads,
bridges, dams, and the like), such that CO is effectively
sequestered in the built environment. Any man made struc
ture, such as foundations, parking structures, houses, office
buildings, commercial offices, governmental buildings, infra
structures (e.g., pavements; roads; bridges; overpasses; walls;
footings for gates, fences and poles; and the like) is consid
ered a part of the built environment. Mortars of the invention
find use in binding construction blocks (e.g., bricks) together
and filling gaps between construction blocks. Mortars can
also be used to fix existing structure (e.g., to replace sections
where the original mortar has become compromised or
eroded), among other uses.
0099. In certain embodiments, the carbonate-containing
composition is employed as a component of a hydraulic
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 carbonate compound hydraulic
cements, methods for their manufacture, and use are

described in U.S. patent application Ser. No. 12/126,776
titled “Hydraulic Cements Comprising Carbonate Com
pounds Compositions” and filed on May 23, 2008; the dis
closure of which application is herein incorporated by refer
CCC.

0100 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 cal
cium carbonate in the precipitation material over low-mag
nesium calcite. At low magnesium:calcium ratios, low-mag
nesium calcite becomes the major polymorph. In some

embodiments, where Ca" and Mg" are both present, the
ratio of Ca" to Mg" (i.e., Ca:Mg") in the precipitation
material is 1:1 to 1:2.5; 1:2.5 to 1:5; 1:5 to 1:10; 1:10 to 1:25:
1:25 to 1:50: 1:50 to 1:100; 1:100 to 1:150; 1:150 to 1:200;
1:200 to 1:250; 1:250 to 1:500; or 1:500 to 1:1000. In some

embodiments, the ratio of Mg" to Ca" (i.e., Mg":Ca") in

the precipitation material is 1:1 to 1:2.5; 1:2.5 to 1:5; 1:5 to
1:10:1:10 to 1:25; 1:25 to 1:50: 1:50 to 1:100; 1:100 to 1:150;
1:150 to 1:200; 1:200 to 1:250; 1:250 to 1:500; or 1:500 to
1:1OOO.

0101 Precipitation rate may also have a large effect on
compound phase formation, with the most rapid precipitation
rate achieved by seeding the solution with a desired phase.
Without seeding, rapid precipitation may be achieved by rap
idly increasing the pH of the precipitation reaction mixture,
which results in more amorphous constituents. 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. Furthermore,
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the higher the pH, the more rapid the precipitation, which
results in a more amorphous precipitation material.
0102. In addition to magnesium- and calcium-containing
products of the precipitation reaction, compounds and mate
rials comprising silicon, aluminum, iron, and others may also
be prepared with methods and systems of the invention. Pre
cipitation of Such compounds may be desired to alter the
reactivity of cements comprising the precipitated material
resulting from the process, or to change the properties of
cured cements and concretes made from them. In some

embodiments, combustion ash Such as fly ash is added to the
precipitation reaction mixture as one source of these compo
nents, to produce carbonate-containing precipitation material
which contains one or more components, such as amorphous
silica, amorphous alumino-silicates, crystalline silica, cal
cium silicates, calcium alumina silicates, etc. In some

embodiments, the precipitation material comprises carbon
ates (e.g., calcium carbonate, magnesium carbonate) and
silica in a carbonate:silica ratio of 1:1 to 1:1.5; 1:1.5 to 1:2:
1:2 to 1:2.5; 1:2.5 to 1:3; 1:3 to 1:3.5; 1:3.5 to 1:4; 1:4 to 1:4.5;
1:4.5 to 1:5; 1:5 to 1:7.5; 1:7.5 to 1:10; 1:10 to 1:15; or 1:15

to 1:20. In some embodiments, the precipitation material
comprises silica and carbonates (e.g., calcium carbonate,
magnesium carbonate) in a silica:carbonate ratio of 1:1 to
1:1.5; 1:1.5 to 1:2:1:2 to 1:2.5; 1:2.5 to 1:3; 1:3 to 1:3.5; 1:3.5
to 1:4; 1:4 to 1:4.5; 1:4.5 to 1:5; 1:5 to 1:7.5; 1:7.5 to 1:10:
1:10 to 1:15; or 1:15 to 1:20.

0103 Precipitation material comprising silica and alumi
nosilicates may be readily employed in the cement and con
crete industry as poZZolanic cement by virtue of the presence
of the finely divided siliceous and/or alumino-siliceous mate
rial. The siliceous and/or aluminosiliceous precipitation
material may be used with Portland cement to produce a
blended cement or as a direct mineral admixture in a concrete

mixture. In some embodiments, poZZolanic material, which
may be precipitation material alone or mixed with additional
fly ash and/or wet or dried fly ash sludge, comprises calcium
and magnesium in a ratio (as above) that perfects setting time,
stiffening, and long-term stability of resultant hydration prod
ucts. Crystallinity of carbonates, concentration of chlorides,
alkalis, etc. in the precipitation material may also be con
trolled to better interact with Portland cement. In some

embodiments, siliceous 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 biggest 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 com
prises 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).
0104 AS Such, provided is a siliceous composition com
prising a synthetic calcium carbonate, wherein the calcium
carbonate is present in at least two forms selected from cal
cite, aragonite, and Vaterite. In some embodiments, the at
least two forms of calcium carbonate are calcite and arago
nite. In some embodiments, calcite and aragonite are present
in a ratio of 20:1. In some embodiments, calcium carbonate
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and silica are present in a ratio of at least 1:2, carbonate to
silica. In some embodiments, 75% of the silica is amorphous
silica less than 45 microns in particle size. In some embodi
ments, silica particles are wholly or partially encapsulated by
the synthetic calcium carbonate or synthetic magnesium car
bonate.

0105. Also provided is a siliceous composition compris
ing synthetic calcium carbonate and synthetic magnesium
carbonate, wherein the calcium carbonate is present in at least
a form selected from calcite, aragonite, and Vaterite, and
wherein magnesium carbonate is present in at least a form
selected from nesquehonite, magnesite, and hydromagnesite.
In some embodiments, the calcium carbonate is present as
aragonite and the magnesium carbonate is present as nesque
honite. In some embodiments, silica is 20% or less of the

siliceous composition. In some embodiments, silica is 10% or
less of the siliceous composition. In some embodiments,
silica particles are wholly or partially encapsulated by the
synthetic calcium carbonate or synthetic magnesium carbon
ate.

0106. In some embodiments, an aggregate is produced
from the resultant precipitation material. In Such embodi
ments, where the drying process produces particles of the
desired size, little if any additional processing is required to
produce the aggregate. In yet other embodiments, further
processing of the precipitation material is performed in order
to produce the desired aggregate. For example, the precipita
tion material may be combined with freshwater in a manner
sufficient to cause the precipitate to form a solid product,
where the metastable carbonate compounds present in the
precipitate have converted to a form that is stable in fresh
water. By controlling the water content of the wet material,
the porosity, and eventual strength and density of the final
aggregate may be controlled. Typically a wet cake will be
40-60 volume 96 water. For denser aggregates, the wet cake
will be <50% water, for less dense cakes, the wet cake will be

>50% water. After hardening, the resultant solid product may
then be mechanically processed, e.g., crushed or otherwise
broken up and sorted to produce aggregate of the desired
characteristics, e.g., size, particular shape, etc. In these pro
cesses the setting and mechanical processing steps may be
performed in a Substantially continuous fashion or at separate
times. In certain embodiments, large Volumes of precipitate
may be stored in the open environment where the precipitate
is exposed to the atmosphere. For the setting step, the pre
cipitate may be irrigated in a convenient fashion with fresh
water, or allowed to be rained on naturally or order to produce
the set product. The set product may then be mechanically
processed as described above. Following production of the
precipitate, the precipitate is processed to produce the desired
aggregate. In some embodiment the precipitate may be left
outdoors, where rainwater can be used as the freshwater
Source, to cause the meteoric water stabilization reaction to

occur, hardening the precipitate to form aggregate.
0107. In an example of one embodiment of the invention,
the precipitate is mechanically spread in a uniform manner
using a belt conveyor and highway grader onto a compacted
earth Surface to a depth of interest, e.g., up to twelve inches,
Such as Ito 12 inches, including 6 to 12 inches. The spread
material is then irrigated with freshwaterata convenient rate,
e.g., of one/half gallon of water per cubic foot of precipitate.
The material is then compacted using multiple passes with a
steel roller, Such as those used in compacting asphalt. The
Surface is re-irrigated on a weekly basis until the material
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exhibits the desired chemical and mechanical properties, at
which point the material is mechanically processed into
aggregate by crushing.
0108. In an example of an additional embodiment of the
invention, the carbonate-containing precipitation material,
once separated from the precipitation reaction mixture, is
washed with fresh water, then placed into a filter press to
produce a filter cake with 30-60% solids. This filter cake is
then mechanically pressed in a mold, using any convenient
means, e.g., a hydraulic press, at adequate pressures, e.g.,
ranging from 5 to 5000 psi, such as 1000 to 5000 psi, to
produce a formed Solid, e.g., a rectangular brick. These result
ant solids are then cured, e.g., by placing outside and storing,
by placing in a chamber wherein they are subjected to high
levels of humidity and heat, etc. These resultant cured solids
are then used as building materials themselves or crushed to
produce aggregate. Methods of producing Such aggregate are
further described in U.S. patent application Ser. No. 12/475,
378, filed 29 May 2009, the disclosure of which is herein
incorporated by reference.
0109. In processes involving the use of temperature and
pressure, the dewatered water precipitate cake is generally
first dried. The cake is then exposed to a combination of
rewatering, and elevated temperature and/or pressure for a
certain time. The combination of the amount of water added

back, the temperature, the pressure, and the time of exposure,
as well as the thickness of the cake, can be varied according to
composition of the starting material and the desired results. A
number of different ways of exposing the material to tem
perature and pressure are described herein; it will be appre
ciated that any convenient method may be used. An exem
plary drying protocol is exposure to 40°C. for 24-48 hours,
but greater or lesser temperatures and times may be used as
convenient, e.g., 20-60° C. for 3-96 hours or even longer.
Water is added back to the desired percentage, e.g., to
1%-50%, e.g., 1% to 10%, such as 1, 2, 3, 4, 5, 6, 7, 8, 9, or
10% w/w, such as 5% w/w, or 4-6% w/w, or 3-7% w/w. In

Some cases an exact percentage of water added back is not
important, as in materials that are stored outdoors and
exposed to meteoric precipitation. Thickness and size of the
cake may be adjusted as desired; the thickness can vary in
some embodiment from 0.05 inch to 5 inches, e.g. 0.1-2
inches, or 0.3-1 inch. In some embodiments the cake may be
0.5 inch to 6 feet or even thicker. The cake is then exposed to
elevated temperature and/or pressure for a given time, by any
convenient method, for example, in a platen press using
heated platens. The heat to elevate the temperature, e.g., for
the platens, may be provided, e.g., by heat from an industrial
waste gas stream Such as a flue gas stream. The temperature
may be any Suitable temperature; in general, for a thicker cake
a higher temperature is desired; examples of temperature
ranges are 40-150°C., e.g., 60-120° C., such as 70-110°C., or
80-100° C. Similarly, the pressure may be any suitable pres
Sure to produce the desired results; exemplary pressures
include 1000-100,000 pounds per square inch (psi), including
2000-50,000 psi, or 2000-25,000 psi, or 2000-20,000 psi, or
3000-5000 psi. Finally, the time that the cake is pressed may
be any suitable time, e.g., 1-100 seconds, or 1-100 minute, or
1-50 minutes, or 2-25 minutes, or 1-10,000 days. The result
ant hard tablet may optionally then cured, e.g., by placing
outside and storing, by placing in a chamber wherein they are
subjected to high levels of humidity and heat, etc. These hard
tablets, optionally cured, are then used as building materials
themselves or crushed to produce aggregate.
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0110. One method of providing temperature and pressure
is to stack dewatered and dried slabs. For example, in Such a
method a dewatered precipitate may be dried, e.g., with flue
gas, in a slab, e.g., 1 inch to 10 feet thick, or 1 foot to 10 feet
thick. Pressure is Supplied by placing slabs on top of each
other, greater pressure is achieved by greater thicknesses of
slab layers, e.g., 10-1000 feet or even greater, such as 100
5000 feet. At an appropriate time, which may be days, weeks,
months, or even years, depending on the desired result, citi
fied slabs from a given level of the layers, e.g., from the
bottom, is removed, e.g., by quarrying, and treated as desired
to produce an aggregate or other rock material.
0111. Another method of providing temperature and pres
sure is the use of a press, as described more fully in U.S.
patent application Ser. No. 12/475,378, filed 29 May 2009. A
Suitable press, e.g., a platen press, may be used to provide
pressure at the desired temperature (using heat Supplied, e.g.,
by a flue gas or by other steps of the process to produce a
precipitate, e.g., from an electrochemical process) for a
desired time. A set of rollers may be used in similar fashion.
0112 Another way to expose the cake to elevated tempera
ture and pressure is by means of an extruder, e.g., a screw-type
extruder, also described further in U.S. patent application Ser.
No. 12/475,378, filed 29 May 2009. The barrel of the extruder
can be outfitted to achieve an elevated temperature, e.g., by
jacketing; this elevated temperature can be supplied by, e.g.,
flue gases or the like. Extrusion may be used as a means of
pre-heating and drying the feedstock prior to a pressing
operation. Such pressing can be performed by means of a
compression mold, via rollers, via rollers with shaped inden
tations (which can provide virtually any shape of aggregate
desired), between a belt which provides compression as it
travels, or any other convenient method. Alternatively, the
extruder may be used to extrude material through a die,
exposing the material to pressure as it is forced through the
die, and giving any desired shape. In some embodiments, the
carbonate mineral precipitate is mixed with fresh water and
then placed into the feed section of a rotating screw extruder.
The extruder and/or the exit die may be heated to further assist
in the process. The turning of the screw conveys the material
along its length and compresses it as the flite depth of the
screw decreases. The screw and barrel of the extruder may
further include vents in the barrel with decompression Zones
in the screw coincident with the barrel vent openings. Par
ticularly in the case of a heated extruder, these vented areas
allow for the release of steam from the conveyed mass,
removing water from the material.
0113. The screw conveyed material is then forced through
a die section which further compresses the material and
shapes it. Typical openings in the die can be circular, oval,
square, rectangular, trapezoidal, etc., although any shape
which the final aggregate is desired in could be made by
adjusting the shape of the opening. The material exiting the
die may be cut to any convenient length by any convenient
method, such as by a fly knife. A typical length can be from
0.05 inches to 6 inches, although lengths outside those ranges
are possible. Typical diameters can be 0.05 inches to 1.0
inches, though diameters outside of these ranges are possible.
0114. Use of a heated die section may further assist in the
formation of the aggregate by accelerating the transition of
the carbonate mineral to a hard, stable form. Heated dies may
also be used in the case of binders to harden or set the binder.

Temperatures of 100° C. to 600° C. are commonly used in the
heated die section. Heat for the heated die may come in whole

or in part from the flue gas or other industrial gas used in the
process of producing the precipitate, where the flue gas is first
routed to the die to transfer heat from the hot flue gas to the
die.

0.115. In yet other embodiments, the precipitate may be
employed for in situ or form-in-place structure fabrication.
For example, roads, paved areas, or other structures may be
fabricated from the precipitate by applying a layer of precipi
tate, e.g., as described above, to a Substrate, e.g., ground,
roadbed, etc., and then hydrating the precipitate, e.g., by
allowing it to be exposed to naturally applied water, Such as in
the form of rain, or by irrigation. Hydration solidifies the
precipitate into a desired in situ or form-in-place structure,
e.g., road, paved over area, etc. The process may be repeated,
e.g., where thicker layers of in-situ formed structures are
desired.

(0.116) Systems
0117. Aspects of the invention further include systems,
e.g., processing plants or factories, for practicing the methods
as described above. Systems of the invention may have any
configuration that enables practice of the particular produc
tion method of interest. In some embodiments, the system is
configured to produce carbonate-containing precipitation
material in excess of 1 ton per day. In some embodiments, the
system is configured to produce carbonate-containing pre
cipitation material in excess of 10 tons per day. In some
embodiments, the system is configured to produce carbonate
containing precipitation material in excess of 100 tons per

day. In some embodiments, the system is configured to pro
duce carbonate-containing precipitation material in excess of
1000 tons per day. In some embodiments, the system is con
figured to produce carbonate-containing precipitation mate
rial in excess of 10,000 tons per day.
0118. In certain embodiments, the systems include a
Source of divalent cation-containing aqueous Solution Such as
a structure having an input for the aqueous Solution. For
example, the systems may include a pipeline or analogous
feed of divalent cation-containing aqueous Solution, wherein
the divalent cation-containing aqueous Solution is brine, sea
water, or freshwater. In some embodiments, the system com
prises a structure having an input for water comprising no
divalent cations or a low concentration of divalent cations. In

Some embodiments, the structure and input is configured to
provide water (with divalent cations or not) sufficient to pro
duce precipitation material in excess of 1, 10, 100, 1,000, or
10,000 tons per day.
0119. In addition, the systems will include a precipitation
reactor that subjects the water introduced to the precipitation
reactor to carbonate compound precipitation conditions (as
described above) and produces precipitation material and
Supernatant. In some embodiments, the precipitation reactor
is configured to provide water (with divalent cations or not)
Sufficient to produce precipitation material in excess of 1, 10.
100, 1,000, or 10,000 tons per day. The precipitation reactor
may also be configured to include any of a number of different
elements such as temperature modulation elements (e.g., con
figured to heat the water to a desired temperature), chemical
additive elements (e.g., configured for introducing divalent
cations, proton-removing agents, etc. into the precipitation
reaction mixture), electrolysis elements (e.g., cathodes,
anodes, etc.), and the like.
0.120. The system further includes a source of CO and a
waste source of metal oxides, as well as components for
combining these sources with water (optionally a divalent
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cation containing aqueous Solution Such as brine or seawater)
at Some point before the precipitation reactor or in the pre
cipitation reactor. As such, the precipitation system may
include a separate source of CO, for example, wherein the
system is configured to be employed in embodiments where
the aqueous Solution of divalent cations and/or Supernatant is
contacted with a carbon dioxide Source at Some time during
the process. This source may be any of those described above
(e.g., a waste feed from an industrial powerplant), gas contact
being effected by, for example, a gas-liquid contactor Such as
that described in U.S. Provisional Patent Application 61/178,
475, filed 14 May 2009, which is hereby incorporated by
reference in its entirety. In some embodiments, the gas-liquid
contactor is configured to contact enough CO to produce
precipitation material in excess of 1, 10, 100, 1,000, or 10,000
tons per day.
0121. A gaseous waste stream may be provided from an
industrial plant to the site of precipitation in any convenient
manner that conveys the gaseous waste stream from the
industrial plant to the precipitation plant. In some embodi
ments, the gaseous waste stream is provided with a gas con
Veyer (e.g., a duct) that runs from a site of the industrial plant
(e.g., an industrial plant flue) to one or more locations of the
precipitation site. The source of the gaseous waste stream
may be a distal location relative to the site of precipitation
Such that the Source of the gaseous waste stream is a location
that is 1 mile or more, such as 10 miles or more, including 100
miles or more, from the precipitation location. For example,
the gaseous waste stream may have been transported to the
site of precipitation from a remote industrial plant via a CO
gas conveyance system (e.g., a pipeline). The industrial plant
generated CO containing gas may or may not be processed
(e.g., remove other components) before it reaches the precipi
tation site (i.e., the site in which precipitation and/or produc
tion of aggregate takes place). In yet other instances, the
gaseous waste stream source is proximal to the precipitation
site. For example, the precipitation site is integrated with the
gaseous waste stream source, Such as a power plant that
integrates a precipitation reactor for precipitation of precipi
tation material that may be used to produce aggregate.
0122 AS indicated above, the gaseous waste stream may
be one that is obtained from a flue or analogous structure of an
industrial plant. In these embodiments, a line (e.g., duct) is
connected to the flue so that gas leaves the flue through the
line and is conveyed to the appropriate location(s) of a pre
cipitation system. Depending upon the particular configura
tion of the precipitation system at the point at which the
gaseous waste stream is employed, the location of the Source
from which the gaseous waste stream is obtained may vary
(e.g., to provide a waste stream that has the appropriate or
desired temperature). As such, in certain embodiments,
where a gaseous waste stream having a temperature ranging
for 0°C. to 1800° C., such as 60° C. to 700° C., is desired, the

flue gas may be obtained at the exit point of the boiler or gas
turbine, the kiln, or at any point of the power plant or stack,
that provides the desired temperature. Where desired, the flue
gas is maintained at a temperature above the dew point (e.g.,
125°C.) in order to avoid condensation and related compli
cations. If it is not possible to maintain the temperature above
the dew point, steps may be taken to reduce the adverse
impact of condensation (e.g., employing ducting that is stain
less steel, fluorocarbon (such as poly(tetrafluoroethylene))
lined, diluted with water, and pH controlled, etc.) so the duct
does not rapidly deteriorate.
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I0123. Where the saltwater source that is processed by the
system to produce the carbonate compound composition is
seawater, the input is in fluid communication with a source of
sea water, e.g., Such as where the input is a pipeline or feed
from ocean water to a land based system or a inlet port in the
hull of ship, e.g., where the system is part of a ship, e.g., in an
ocean based system.
0.124. The system further includes a liquid-separator sepa
rator for separating carbonate-containing precipitation mate
rial from the reaction mixture from which it was produced. As
detailed in U.S. Provisional Patent Application 61/170,086,
filed 16 Apr. 2009, which is herein incorporate by reference,
liquid-Solid separators such as Epuramat's Extrem-Separator
(“ExSep') liquid-solid separator, Xerox PARC's spiral con
centrator, or a modification of either of Epuramat's ExSep or
Xerox PARC's spiral concentrator, is useful for separation of
the precipitation material from the precipitation reaction mix
ture. In certain embodiments, the separator is a drying station
for drying the precipitated carbonate mineral composition
produced by the carbonate mineral precipitation station.
Depending on the particular drying protocol of the system,
the drying station may include a filtration element, freeze
drying structure, spray drying structure, etc., as described
more fully below.
0.125. In certain embodiments, the system will further
include a station for preparing a building material. Such as
cement or aggregate, from the precipitate. See e.g., U.S.
patent application Ser. No. 12/126,776 titled “Hydraulic
Cements Comprising Carbonate Compounds Compositions'
and filed on May 23, 2008 and U.S. Provisional Patent Appli
cation Ser. No. 61/056.972 titled “CO, Sequestering Aggre
gate, and Methods of Making and Using the Same filed on
May 23, 2008, the disclosures of which applications are
herein incorporated by reference.
I0126. As indicated above, the system may be present on
land or sea. For example, the system may be land-based
system that is in a coastal region, e.g., close to a source of
seawater, or even an interior location, where water is piped
into the system from a salt-water source, e.g., ocean. Alter
natively, the system bay a water based system, i.e., a system
that is present on or in water. Such a system may be present on
a boat, ocean based platform etc., as desired.
I0127 FIG. 1 depicts a typical power plant process for
burning coal and removing wastes such as ash and Sulfur.
Coal 500 is burned insteam boiler 501, which produces steam
to power a turbine generator and produce electricity. The
burning of the coal produces flue gas 502, which contains
CO, SOX, NOx, Hg, etc. as well as fly ash. The burning of the
coal also produces bottom ash 510, which may be sent to a
landfill or used as a low-value aggregate. The flue gas 502 is
run through a separation device 520, generally an electro
static precipitator, which results in removal of fly ash 530
from the flue gas 502. Depending on the manner of combus
tion and the type of coal, fly ash 530 may find beneficial use
in concrete, but is more generally land filled.
I0128. A fan 540 directs the sulfur containing flue gas 521
to FGD tank 550, where it is treated by exposure to a lime
slurry 553 prepared from water 551 and calcined lime 552.
The calcination of lime releases CO into the atmosphere, so
for every mole of lime used one mole of CO is released in
producing the lime. The lime 552 combines with SOX from
the flue gas 521 t in FGD tank 5S0 to produce gypsum
(CaSO). Thus for every molecule of sulfur removed from the
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flue gas, one molecule of CO has been released into the
atmosphere from calcination of the lime.
0129 Sulfur-free flue gas 556 is piped from FGD tank 550
to stack 560, where it may be further treated to removeNOx,
Hg, etc. before being released into the atmosphere as gas 580.
Note that gas 580, which is released to the atmosphere, still
contains most if not all of the CO, which was generated by
burning of the coal 500.
0130. The reaction of calcined lime slurry 553 with sulfur
containing flue gas 521 in FGD tank 550 produces a gypsum
slurry 554 which is moved to hydrocyclone 570 by means of
pump 555. Hydrocyclone 570 removes water 571 from slurry
554, producing a more concentrated gypsum slurry 579,
which is sent to filter 580 for further dewatering. The water
removed in hydrocyclone 570 and filter 580 is sent to reclaim
water tank 572, where excess solids are settled out and sent to

landfill 511. Wastewater 574 is discharged and some reclaim
water 573 is sent back to FGD tank 550. The filter cake 581,

which is removed from filter 580, is sent to dryer 583, where
water is removed to produce dry gypsum powder 590. Gyp
sum powder 590 way be sent to landfill 511, or may be used
to produce building materials such as wallboard.
0131 FIG. 2 represents an example of one embodiment of
the invention in which CO., fly ash, NOx, SOX, Hg and other
pollutants are utilized as reactants in a carbonate compound
precipitation process to remove these moieties and sequester
them into the built environment, e.g., via their use in a hydrau
lic cement. In this example, the fly ash and bottom ash are
utilized as reactants to both lower pH and to provide benefi
cial co-reacting cations, such as silicon and aluminum.
(0132) Coal 600 is burned in steam boiler 601, which pro
duces steam to power a turbine generator and produce elec
tricity. The burning of the coal produces flue gas 602, which
contains CO, SOX, NOx, Hg, etc. as well as fly ash. In this
embodiment, the coal utilized is a high-sulfur sub-bituminous
coal, which is inexpensive to obtain but which produces larger
quantities of SOX and other pollutants. Flue gas 602, bottom
ash 610, seawater 620 and in some embodiments additional

alkali source 625 are charged into reactor 630, wherein a
carbonate mineral precipitation process takes place, produc
ing slurry 631.
0.133 Slurry 631 is pumped via pump 640 to drying sys
tem 650, which in some embodiments includes a filtration

step followed by spray drying. The water 651 separated from
the drying system 650 is discharged, along with clean gas
680, which can be released to the atmosphere. The resultant
solid or powder 660 from drying system 650 is utilized as a
hydraulic cement to produce building materials, effectively
sequestering the CO, SOX, and, in Some embodiments, other
pollutants such as mercury and/or NOx into the built environ
ment.

0134. As such, provided is a system comprising a slaker
adapted to slake a waste source of metal oxides, a precipita
tion reactor, and a liquid-Solid separator, wherein the precipi
tation reactor is operably connected to both the slaker and the
liquid-Solid separator, and further wherein the system is con
figured to produce carbonate-containing precipitation mate
rial in excess of 1 ton per day. In some embodiments, the
system is configured to produce carbonate-containing pre
cipitation material in excess of 10 tons per day. In some
embodiments, the system is configured to produce carbonate
containing precipitation material in excess of 100 ton per day.
In some embodiments, the system is configured to produce
carbonate-containing precipitation material in excess of 1000

tons per day. In some embodiments, the system is configured
to produce carbonate-containing precipitation material in
excess of 10,000 tons per day. In some embodiments, the
slaker is selected from a slurry detention slaker, a paste slaker,
and a ball mill slaker. In some embodiments, the system
further comprises a source of carbon dioxide. In some
embodiments, the source of carbon dioxide is from a coal

fired power plant or cement plant. In some embodiments, the
system further comprises a Source of proton-removing
agents. In some embodiments, the system further comprises a
Source of divalent cations. In some embodiments, the system
further comprising a building-materials production unit con
figured to produce a building material from Solid product of
the liquid-Solid separator.
0.135 The following examples are put forth so as to pro
vide those of ordinary skill in the art with a complete disclo
Sure and description of how to make and use the invention,
and are not intended to limit the scope of what the inventors
regard as their invention nor are they intended to represent
that the experiments below are all or the only experiments
performed. 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, tem
perature is in degrees Centigrade, and pressure is at or near
atmospheric.
EXAMPLES

0.136 The following analytical instrumentation and meth
ods of use thereof were used to characterize materials pro
duced in the examples below.
0.137 Coulometer: Liquid and solid carbon-containing
samples were acidified with 2.0N perchloric acid (HCIO) to
evolve carbon dioxide gas into a carrier gas stream, and Sub
sequently 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 percholoric acid with a heated block to aid diges
tion of the sample.
I0138 Brunauer-Emmett–Teller (“BET) Specific Surface
Area: Specific surface area (SSA) measurement was by Sur
face absorption with dinitrogen (BET method). SSA of dry
samples was measured with a Micromeritics TristarTM II 3020
Specific Surface Area and Porosity Analyzer after preparing
the sample with a Flow prepTM 060 sample degas system.
Briefly, sample preparation involved degassing approxi
mately 1.0 g of dry sample at an elevated temperature while
exposed to a stream of dinitrogen gas to remove residual
water vapour and other adsorbants from the sample Surfaces.
The purge gas in the sample holder was Subsequently evacu
ated and the sample cooled before being exposed to dinitro
gen gas at a series of increasing pressures (related to adsorp
tion film thickness). After the surface was blanketed, the
dinitrogen was released from the surface of the particles by
systematic reduction of the pressure in the sample holder. The
desorbed gas was measured and translated to a total Surface
area measurement.

I0139 ParticleSize Analysis (“PSA): Particle size analy
sis and distribution were measured using static light scatter
ing. Dry particles were suspended in isopropyl alcohol and
analyzed using a Horiba Particle Size Distribution Analyzer
(Model LA-950V2) in dual wavelength/laser configuration.

Sep. 23, 2010

US 2010/0239.467 A1

Mie scattering theory was used to calculate the population of
particles as a function of size fraction, from 0.1 mm to 1000
.

0140 Powder X-ray Diffraction (XRD): Powder X-ray
diffraction was undertaken with a Rigaku MiniflexTM
(Rigaku) to identify crystalline phases and estimate mass
fraction of different identifiable sample phases. Dry, solid
samples were hand-ground to a fine powder and loaded on
sample holders. The X-ray source was a copper anode (Cu
kC.), powered at 30 kV and 15 mA. The X-ray scan was run
over 5-90° 20, at a scan rate of 220 per min, and a step size
of 0.01 ° 20 per step. The X-ray diffraction profile was ana
lyzed by Rietveld refinement using the X-ray diffraction pat
tern analysis software JadeTM (version 9, Materials Data Inc.
(MDI)).
0141 Fourier Transform Infrared (“FT-IR) Spectros
copy: FT-IR analyses were performed on a Nicolet 380
equipped with the Smart Diffuse Reflectance module. All
samples were weighed to 3.5-0.5 mg and hand ground with
0.5g KBrand subsequently pressed and leveled before being
inserted into the FT-IR for a 5-minute nitrogen purge. Spectra

were recorded in the range 400-4000 cm'.

0142 Scanning Electron Microscopy (“SEM'): SEM was
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 were fixed to the stage
using a carbon-based adhesive; wet samples were vacuum
dried to a graphite stage prior to analysis.
0143 Chloride Concentration: Chloride concentrations
were determined with Chloride QuanTab(R) Test Strips (Prod
uct No. 2751340), having a testing range between 300-6000
mg chloride per liter solution measured in 100-200 ppm
increments.

Example 1
Fly Ash pH Study
0144 A. Experimental
0145 500 mL of seawater (initial pH-8.01) was continu
ously stirred in a glass beaker using a magnetic stir bar. The
pH and temperature of the reaction was continuously moni
tored. Class F fly ash (~10% CaO) was incrementally added
as a powder, allowing the pH to equilibrate in between addi
tions.

0146 B. Results and Observations:
0147 (Amounts of fly ashlisted are the cumulative totals,
i.e. the total amount added at that point in the experiment.)
0148. After the additions of 5.00 g of fly ash the pH
reached 9.00.

Fly ash (g)

pH

S.OO
34.14
168.89
219.47
25413
300.87

9.OO
9.SO
9.76
10.94
11.20
11.28

0149 Much more fly ash was needed to raise the pH of the
seawater than distilled water. The initial rise in pH (pH8 to pH
9) required much less fly ash than the subsequent rises in pH
of the same magnitude. The pH remained fairly stable around

9.7 for much of the reaction. The rate of pH increase went up
after ~10. Also of note was an initial drop in pH when the fly
ash was added. This drop in pH is quickly overcome by the
effects of the calcium hydroxide. SEM images of vacuum
dried slurry from the reaction indicated that some spheres of
the fly ash may have partially dissolved. The remaining
spheres also seemed to be embedded in a possibly cementi
tious material.

0150 C. Conclusions
0151. In fresh (distilled) water, it was found that small
amounts of class F fly ash (<1 g/L) immediately raised the pH
from 7 (neutral) to ~11. The small amount necessary to raise
the pH is most likely due to the unbuffered nature of nature of
distilled water. Seawater is highly buffered by the carbonate
system, and thus it took much more fly ash to raise the pH to
similar levels.

Example 2
Precipitation Material Using Fly Ash as Source of
Divalent Cations and Proton-Removing Agents
0152 Protocol
0153 A. Slaking
0154) 1. Fly ash (322.04 g of FAF 11-001) was
weighed into a 500 mL plastic reaction vessel.
(O155 2. Deionized water (320.92g) was added to the
reaction vessel resulting in a 1:1 ratio of fly ash to
Water.

0156 3. Resultant mixture stirred until a homoge
neous slurry.
0157 4. Reaction vessel closed and sealed with tape.
0158 5. Slurry was rotated for 24 hours.
0159 B. Precipitation
(0160) 1. Deionized water (680 ml at pH 7.13) was
added to a 2 L plastic reaction vessel equipped with a
large stir bar and stirred at 250 rpm.
0.161 2. Slaked slurry was slowly added with stirring,
resulting in a reaction mixture that was about 320 g fly
ash per liter.
0162. 3. Stirring maintained until a stable pH level
was reached (pH 12.40).
0163 4.15% CO in compressed air was added (CO:
0.4 scfh; compressed air: 2.1 scfh; total: 2.5 scfh)
using a sparger placed as low in the reaction mixture
as possible (without disturbing the stir bar).
0164. 5. Reaction vessel was covered, leaving only a
Small opening for the gas tubing and pH probe.
0.165 6. pH monitored and recorded for over 5 hours.
(0166 7. After adequate CO, was added to the reac
tion slurry (i.e. ~2x equivalents based on CaO/MgO
in fly ash as measured by XRF), CO sparging was
stopped (by removing the sparger), the reaction vessel
was sealed, and the precipitation reaction mixture was
allowed to stir overnight at 250 rpm.
(0167 Work Up
0168 1. pH of the precipitation reaction mixture was
measured at pH 8.37 after stirring overnight.
0.169 2. Stirring was stopped and the precipitation reac
tion mixture was filtered.

0170 3. Resultant precipitation material was dried
overnight at 50° C.
0171 4. Resultant supernatant was collected.
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(0172 Analysis
0173 1. Precipitation material was analyzed by SEM,
XRD TGA, coulometry, and FT-IR. FIG. 3 provides
SEM images of the precipitation material of at 1000x,
2500x, and 6000x magnification. FIG. 4 provides an
XRD of the precipitation material. FIG. 5 provides a
TGA for the precipitation material. Coulometry indi
cated that the precipitation material 1.795% carbon.
0.174 2. Supernatant was analyzed using alkalinity and
hardness.

0186 5. Continued to sparge 15% CO in com
pressed air into reaction mixture overnight.
0187 6. CO sparging was stopped (by removing the
sparger), the reaction vessel was sealed, and the pre
cipitation reaction mixture was allowed to stir over
night at 250 rpm.
0188 Work Up
0189 1. pH of the precipitation reaction mixture was
measured at pH 6.88 after stirring overnight.
0.190 2. Stirring was stopped and the precipitation reac
tion mixture was filtered.

TABLE 3

Reaction profile for Example 2.
Time (min)

pH CO. Delivered (moles) CO, (on/off) Air (on/off)

O
O
O

7.13
12.39
1240

O.OOO
O.OOO
O.OOO

Off
Off
Off

Off
Off
Off

1
2
4
5
7
9
16
42
51
55
115

12.37
12.33
12.27
1222
12.10
11.98
11.51
10.55
9.93
9.77
8.66

O.OO8
O.O15
O.O3O
O.O38
O.OS3
O.O68
O.122
O.319
O.387
O418
O.873

Oil
Oil
Oil
Oil
Oil
Oil
Oil
Oil
Oil
Oil
Oil

Oil
Oil
Oil
Oil
Oil
Oil
Oil
Oil
Oil
Oil
Oil

18O
230
285
345

8.14
7.60
7.13
7.31

1.367
1747
2.16S
2.62O

Off
Off
Off
Off

Off
Off
Off
Off

0191 3. Resultant precipitation material was dried
overnight at 50° C.
0.192 4. Resultant supernatant was collected.
(0193 Analysis
0194 1. Precipitation material was analyzed by SEM,
XRD, TGA, coulometry, and percent soluble chloride.
FIG. 6 provides an SEM image of the precipitation mate
rial at 2,500x magnification. FIG.7 provides an XRD of
the precipitation material. FIG. 8 provides a TGA of the
precipitation material. Coulometry indicated that the
precipitation material was 7.40% carbon. The percent
soluble chloride in the precipitation material was found
to be 2.91.6% soluble chloride.

0.195 2. Supernatant was analyzed using alkalinity and
hardness.
TABLE 4

Reaction profile for Example 3.
Time (min)

Example 3
Precipitation Material Using Cement Kiln Dust as
Source of Divalent Cations and Proton-Removing
Agents
(0175 Protocol
(0176 A. Slaking
0177 1. Cement kiln dust (318.01 g) was weighed
into a 500 mL plastic reaction vessel.
(0178 2. Deionized water (319.21 g) was added to the
reaction vessel resulting in a 1:1 ratio of cement kiln

O
1
2
5
65
137
177
247
298
32O
356
404
539
479
1311
2749

pH CO. Delivered (moles) CO, (on/off) Air (on/off)
12.41
12.41
12.37
12.32
12.32
12.19
11.30
10.13
9.25
8.04
6.93
6.70
6.71
6.73
6.68
6.88

O.OOO
O.OO8
O.O15
O.O38
O494
1.041
1344
1876
2.264
2.431
2.704
3.069
4.094
S.689
9.958
9.958

Off
On
On
On
On
On
On
On
On
On
On
On
On
On
Off
Off

Off
On
On
On
On
On
On
On
On
On
On
On
On
On
Off
Off

dust to water.

0179. 3. Resultant mixture stirred until a homoge
neous slurry.
0180. 4. Reaction vessel closed and sealed with tape.
0181 5. Slurry rotated for 18 hours.
0182 B. Precipitation
0183 1. Deionized water (680 mL) combined with
homogeneous slurry of cement kiln dust in a 2 L
plastic reaction vessel with large stir bar, resulting in
a reaction mixture that was about 318 g cement kiln
dust per liter.
0.184 2. The reaction mixture was stirred at 250 rpm
until a stable pH level was reached (pH 12.41) 3.15%
CO in compressed air was added (CO: 0.4 scfh;
compressed air. 2.1 Scfh; total: 2.5 Scfh) using a
sparger placed as low in the reaction mixture as pos
sible (without disturbing the stir bar).
0185. 4. Reaction vessel was covered, leaving only a
Small opening for the gas tubing and pH probe.

Example 4
Precipitation Material Using Cement Kiln Dust as
Source of Divalent Cations and Proton-Removing
Agents
(0196. Protocol
0.197 1. Cement kiln dust (80 g) was weighed into a 1.5
L plastic reaction vessel.
0198 2. Deionized water (1 L) was added to the reac
tion vessel and the resultant mixture stirred at 250 rpm
(pH 12.45). 3.15% CO in compressed air was added
(CO: 0.3 scfh; compressed air: 2.0 scfh; total: 2.3 scfh)
using a sparger placed at the bottom of the reaction
vessel using Suction cups.
0199 4. Reaction vessel was covered, leaving only a
Small opening for the gas and pH probe.
0200 5. pH monitored and recorded for about 4 hours.
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0201 6. After adequate CO was added to the precipi
tation reaction mixture (i.e., ~2x equivalents based on
CaO/MgO in cement kiln dust as measured by XRF),
CO sparging was stopped, the reaction vessel was
sealed, and the precipitation reaction mixture was
allowed to stir overnight at 250 rpm.
(0202 Sample Work Up
0203 1. pH of the precipitation reaction mixture was
measured after stirring overnight.
0204 2. Stirring was stopped and the precipitation reac
tion mixture was filtered.

0205 3. Resultant precipitation material was dried
overnight at 40°C.
0206 4. Resultant supernatant was collected.
0207 Analysis
0208 1. Precipitation material was analyzed by SEM,
FT-IR, and coulometry. FIG. 9 provides an SEM image
of oven-dried precipitation material at 2,500x magnifi
cation. FIG. 10 provides an FT-IR of the oven-dried
precipitation material. Coulometry indicated that the
precipitation material was 7.75% carbon.

gases with known isotopic composition, and measurements
of CO 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 CO, source gas was sampled using a syringe.
The CO gas was passed through a gas dryer (Perma Pure MD
Gas Dryer, Model MD-110-48F-4 made of Nafion(R) poly
mer), then into the bench-top commercially available carbon
isotope analytical system. Solid samples were first digested
with heated perchloric acid (2M HClO4). CO 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 Ó'C data. Simi

larly, the Supernatant was digested to evolve CO gas that was
then dried and passed to the analysis instrument resulting in
8'C data.

0213 Measurements from the analysis of the SO/CO,
gas, waste source of metal oxides (i.e., fly ash), carbonate
containing precipitation material, and Supernatant are listed

dioxide (SO) and bottled carbon dioxide (CO) gases and fly

in Table 5. The 8'C values for the precipitation material and
supernatant are -15.88% and -11.70%, respectively. The
o'C values of both products of the reaction reflect the incor
poration of the SO/CO, gas (Ö'C=-12.45%) and the fly ash
that included some carbon that was not fully combusted to a
gas (Ö'C=-17.46%). Because the fly ash, itself a product of
fossil fuel combustion, had a more negative 8'C than the
CO, used, the overall 8'C value of the precipitation material
reflects that by being more negative than that of the CO itself
This Example illustrates that 6'C values may be used to

conducted in a closed container.

confirm the primary source of carbon in a carbonate-contain
ing composition material.

Example 5

Measurement of 8'CValue for Precipitation Mate
rial and Starting Materials
0209. In this experiment, carbonate-containing precipita
tion material was prepared using a mixture of bottled Sulfur
ash as a waste source of metal oxides. The procedure was

TABLE 5

Values (6'C) for starting materials and products of Example S.
Atmosphere 8'C
Value (%o)

CO. Source

-8

SO/CO,
bottled gas mix

Supernatant
CO
Source 8'C
Base 8'C Solution 8'C
Value (%o) Base Source Value (%o) Value (%o)
-12.45

fly ash

0211 A container was filled with de-ionized water. Fly ash
was added to the de-ionized water after slaking, providing a
pH (alkaline) and divalent cation concentration suitable for
precipitation of carbonate-containing precipitation material
without releasing CO into the atmosphere. SO/CO gas was
sparged at a rate and time Suitable to precipitate precipitation
material from the alkaline solution. Sufficient time was

allowed for interaction of the components of the reaction,
after which the precipitation material was separated from the
remaining Solution (precipitation reaction mixture), result
ing in wet precipitation material and Supernatant.

0212 o'C values for the process starting materials, pre

cipitation material, and Supernatant were measured. The ana
lytical system used was manufactured by Los Gatos Research

and uses direct absorption spectroscopy to provide 8'C and

concentration data for dry gases ranging from 2% to 20%
CO. The instrument was calibrated using standard 5% CO

-11.70

-1588

Example 6

0210. The starting materials were a mixture of commer
cially available bottled SO and CO gas (SO/CO gas or
“simulated flue gas), de-ionized water, and fly ash as the
waste source of metal oxides.

-17.46

Precipitatoin
Material 8C
Value (%o)

Cement Production

0214

A. Cement #1

0215 1. Raw Material Precipitation
0216 1000 mL seawater (pH=8.07, T-20.3°C.) obtained
from Santa Cruz Harbor. 1 M NaOH added drop wise to
seawater. Beginning around pH 10, a precipitate formed as
evidenced by the cloudy reaction mixture. Despite continued
addition of NaOH, the pH did not rise above about pH 10.15.
When base addition was paused, pH dropped to a lower pH
value. The solution became progressively cloudy with addi
tion of bases, indicating progressive precipitation. After about
20 minutes, the pH stopped dropping when base addition was
paused. The precipitation reaction mixture was Subsequently
filtered through a Watman 4101 um filter, and filtrate is freeze
dried.

0217

2. Cement

0218 Freeze-dried powder produced as immediately
above was hydrated by drop wise addition of fresh distilled
water to form a cement paste, which was mixed for about 30
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seconds in an agate mortar and pestle until the cement paste
had a consistency of toothpaste. The pH of the paste was
measured using pH paper, and the pH was found to be
between pH 11 and pH 12. The cement paste was formed into
a sphere, left in the mortar, and sealed (with the mortar) in a
resealable plastic bag for one day. After one day, the cement
sphere was hard and shaped like an egg due to slumping while
drying.
0219

B. Cement #2

0220 A cement powder consisting of amorphous magne
sium calcium carbonate (AMCC), silica fume, Vaterite, and
brucite (magnesium hydroxide) was formulated in the follow
ing ratio by mass: 3 AMCC:5 silica fume:7 vaterite:0.2 bru
cite.

0221) The AMCC was precipitated from a seawater desali
nation plant by-product concentrated to 46,000-ppm salinity
at ambient temperature. Precipitation of AMCC was induced
by the addition of sodium hydroxide to the concentrated
aqueous by-product, increasing the pH to above 11 until
precipitation commenced, and adding sodium hydroxide to
maintain pH at pH 11. The AMCC precipitate was continu
ously filtered from the system and freeze-dried for storage.
0222 Silicafume was obtained from a commercial source.
0223 Vaterite was precipitated from seawater stabilized
with 2 umol/kg LaCl at a temperature of about 45° C. Sea
water processed by the desalination facility was already 5-10
degrees warmer than the incoming seawater. Additional heat
ing to 45° C., should it be needed, may be accomplished by
running the seawater through solar panels prior to precipita
tion of waterite.

0224

Brucite was also obtained from a commercial

SOUC.

0225. Water was added to the above mixture in a water:
cement mass ratio of 0.4:1.0 (L/S-0.4) to form a workable
paste with an alkaline pH. The paste thickens after about one
hour and is set into a hardened cement by 2 hours. The cement
attained greater than 90% of its compressive strength over the

0230 Fly ash was provided from a coal-fired power plant
SOUC.

0231 Water was added to the above mixture at a mass ratio
of 0.25:1.0 water:cement powder (L/S=0.25) to form a work
able paste with an alkaline pH. The paste thickened after
about one hour and was set into a hardened cement by about
2 hours. The cement attained greater than about 90% of its
compressive strength over the next several weeks.

Example 7
Compressive Strength of Hydraulic Cement Mortar
Cubes Comprising Precipitation Material
0232 Hydraulic cement mortar cubes were prepared and
tested for compressive strength in accordance with ASTM
C109. As indicated in Table 6 below, hydraulic cement mortar
cubes were prepared with 100% OPC, 80% OPC4-1+20% fly
ash, 80% OPC4-1+20% PPT 1, 80% OPC4-1+20% PPT 2,
and 50% OPC+50% PPT 2, wherein PPT 1 and PPT 2 are

precipitation material prepared as in Example 2. Blends of
OPC and precipitation material were mixed dry before com
bining with water (w/c=0.50). 100% OPC was also combined
with water in a waterfcement ratio of 0.50.
TABLE 6

Compressive strength and flow for hydraulic cement
mortars comprising precipitation material.

Compression Strength (psi
Time

100%

80% OPC4-1 + 20% Material

50% OPC +

(days)

OPC

Fly Ash

PPT 1

PPT 2

50% PPT 2

1
3
7
28
56
Flow

1891
2985.5
3959.8
5070.8
SOS 6.1
96%

1470.7
3128.8
3830.8
4752.S
6562.5
99%

NA
2622.S.
3674
S347.S.
6206.3
74%

NA
2790
3914.3
4148

NA
1352.7
2458.3
4148

86%

92%

next several weeks.

0226

C. Cement #3

0227. A cement powder consisting of aragonite, amor
phous magnesium calcium carbonate (AMCC), and fly ash,
was formulated in the following ratio by mass: 4 Aragonite:3
AMCC:3 silica fume:0.4. Betonies Clay
0228. The aragonite was precipitated from a seawater
desalination plant by-product concentrated to 46,000 ppm
salinity at 60° C. Seawater processed by the desalination
facility was already 5-10 degrees warmer than incoming sea
water. Additional heating to 60°C., should it be needed, may
be accomplished by running the water through Solar panels
prior to precipitation of aragonite. Precipitation was induced
by the addition of sodium hydroxide to the water, increasing
the pH to above 9 until precipitation commenced, and adding
sodium hydroxide to maintain pH at pH 9. The aragonite
precipitate was continuously filtered from the system and
freeze-dried for storage.
0229. The AMCC is precipitated from a seawater desali
nation plant by-product concentrated to 46,000-ppm salinity
at ambient temperature. Precipitation was induced by the
addition of sodium hydroxide to the water, increasing the pH
to above 11 until precipitation commenced, and adding
sodium hydroxide to maintain pH at pH 11. The AMCC
precipitate was continuously filtered from the system and
freeze-dried for storage.

0233. As evidenced by the data presented in Table 6, the
compressive strength of hydraulic cement mortar cubes com
prising precipitation material are generally equal to or better
than hydraulic cement mortar cubes of OPC alone.
Example 8
Preparation of Aggregate from Precipitation Material
0234. The steel molds of a Wabash hydraulic press (Model
No.: 75-24-2TRM; ca. 1974) were cleaned and the platens
were preheated Such that the platen Surfaces (including mold
cavity and punch) were at 90° C. for a minimum of 1 hour.
0235 Some of the precipitation material filter cake from
Example 1 was oven-dried in sheet pans at 40°C. for 48 hours
and Subsequently crushed and ground in a blender Such that
the ground material passed a No. 8 sieve. The ground material
was then mixed with water resulting in a mixture that was
90-95% solids with the remainder being the added water
(5-10%).
0236. A 4"x8" mold in the Wabash press was filled with
the wet mixture of ground precipitation material and a pres
sure of 64 tons (4000 psi) was applied to the precipitation
material for about 10 seconds. The pressure was then released
and the mold was reopened. Precipitation material that stuck
to the sides of the mold was scraped and moved toward the
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center of the mold. The mold was then closed again and a
pressure of 64 tons was applied for a total of 5 minutes. The
pressure was Subsequently released, the mold was reopened,
and the pressed precipitation material (now aggregate) was
removed from the mold and cooled under ambient conditions.

Optionally, the aggregate may be transferred from the mold to
a drying rack in a 110° C. oven and dried for 16 hours before
cooling under ambient conditions.
0237 Although the foregoing invention has been
described in some detail by way of illustration and example
for purposes of clarity of understanding, it should be readily
apparent to those of ordinary skill in the art in light of the
teachings of this invention that certain changes and modifi
cations may be made thereto without departing from the spirit
or scope of the appended claims. Accordingly, the preceding
merely illustrates the principles of the invention. It will be
appreciated that those skilled in the art will be able to devise
various arrangements, which, although not explicitly
described or shown herein, embody the principles of the
invention, and are included within its spirit and scope. Fur
thermore, all examples and conditional language recited
herein are principally intended to aid the reader in under
standing the principles of the invention and the concepts
contributed by the inventors to furthering the art, and are to be
construed as being without limitation to Such specifically
recited examples and conditions. Moreover, all statements
herein reciting principles, aspects, and embodiments of the
invention as well as specific examples thereof, are intended to
encompass both structural and functional equivalents thereof.
Additionally, it is intended that such equivalents include both
currently known equivalents and equivalents developed in the
future, i.e., any elements developed that perform the same
function, regardless of structure. The scope of the invention,
therefore, is not intended to be limited to the exemplary
embodiments shown and described herein. 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.

What is claimed is:

1. A system comprising:
a) a slaker adapted to slake a waste source of metal oxides
b) a precipitation reactor, and
c) a liquid-Solid separator, wherein the precipitation reac
tor is operably connected to both the slaker and the
liquid-Solid separator, and further wherein the system is
configured to produce carbonate-containing precipita
tion material in excess of 1 ton per day.
2. The system of claim 1, wherein the system is configured
to produce carbonate-containing precipitation material in
excess of 10 tons per day.
3. The system of claim 1, wherein the system is configured
to produce carbonate-containing precipitation material in
excess of 100 ton per day.
4. The system of claim 1, wherein the system is configured
to produce carbonate-containing precipitation material in
excess of 1000 tons per day.
5. The system of claim 1, wherein the system is configured
to produce carbonate-containing precipitation material in
excess of 10,000 tons per day.
6. The system of claim 1, wherein the slaker is selected
from a slurry detention slaker, a paste slaker, and a ball mill
slaker.

7. The system of claim 1, further comprising a source of
carbon dioxide.

8. The system of claim 7, wherein the source of carbon
dioxide is from a coal-fired power plant or cement plant.
9. The system of claim 1, further comprising a source of
proton-removing agents.
10. The system of claim 1, further comprising a source of
divalent cations.

11. The system of claim 1, further comprising a building
materials production unit configured to produce a building
material from Solid product of the liquid-Solid separator.
c

c

c

c

c

