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CONCRETE ADMIXTURES

CROSS-REFERENCE
{6001 ] This application is related to the following co-pending patent applications:
Application Serial No. 15/650.524, filed July 14, 2017 Application Serial No. 15/703,522, filed
September 13, 2017 and Application Serial No. 63/573,109, filed October 16, 2017, which are
incorporated herein by reference. This application claims priority to U.S. Provisional Patent
Application No.: 63/394,554, filed on August 2, 2022, which is incorporated by reference herein

i its entirety.

BACKGROUND
FOO02] Admixtures have been used in concrete and mortar since at least the Roman Empire.
The Romans found that certain materials such as milk, blood and lard, as well as organic
materials such as molasses, eggs and rice paste allow greater workability in comentitious
mixtures. While the first patent for calerum chloride in concrete goes all the way back to 1873 in
Germany, modern admixture technology started with basic air-entraining agents, retarders,
accelerators and water reducers in the 1930s in North America. Recently there has been great
advancements i the use of water reducers and other types of admixtures to produce coment
nuxes, e.g, concrete, that are easier to place and/or of greater strength. In addition, addition of
carbon dioxide to concrete mixes at low doses, essentially using carbon dioxide as an admixture,
has also produced concrete mixes with improved characteristics. I 15 desirable to produce cement
1aiXes, e.g., concrete, using carbonation and one or more additional admixtures to produce

cement mixes, e.g., concrete, with improved charactenistics,

INCORPORATION BY REFERENCE
{3003] Al publications, patents, and patent applications mentioned in this specification are
herem incorporated by reference to the same extent as if cach individual publication, patent, or

patent application was specifically and individually indicated to be incorporated by reference.

BRIEF DESCRIPTION OF THE DRAWINGS
[0004] The novel features of the invention are set forth with particulanity in the appended
claims. A better understanding of the features and advantages of the present invention will be

obtained by reference to the following detailed description that sets forth illustrative
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embodiments, in which the principles of the mvention are utilized, and the accompanying

drawings of which:

{0005} Figure 1 shows power curves for cement with various carbon dioxide concentrations

{Example 2).

{0006} Figure 2 shows energy curves for cement with various carbon dioxide concentrations

>

with energies at 16 hours highlighted (Example 2).
{0007] Figure 3 shows encrgy at 16 hours vs. the CO2 dose (Example 2).

{0008] Figure 4 shows power curves for cement with various carbon dioxide concentrations,

Exshaw GUL cement (Exarmple 3).

[0009] Figure 5 shows energy curves for cement with various carbon dioxide concentrations,

Exshaw GUL cement (Example 3.

{0016] Figure 6 shows plot of energy at 20 hours vs the CO2 dose, Exshaw GUL cement

{(Example 3).

6011} Figure 7 shows power curves for coment with various carbon dioxide concentrations,
Exshaw GUL cement and an admuxture (PAANa, sodium polyacrvlate}, a dispersant, at 0.08%.

{Example 4).

{0012} Figure 8 shows energy curves for cement with vanous carbon dioxade concentrations,
Exshaw GUL cement and an admixtore (PAANa, sodiam polvacrylate}, a dispersant, at 0.08%.

(Example 4.

001 3] Figure @ shows plot of encrgy at 20 hours for cement with various carbon dioxide
concentrations, Exshaw GUL cement and an admixture (PAANa, sodium polvacrylate), a

dispersant, at 0.08%. (Example 4).

{0014] Figure 16 shows power curves for cement with various carbon dioxide
concendrations, Exshaw GUL cement and an admixture (PAANa, sodium polvacrviate), a

dispersant, at 0.16%. {(Example 5).

{0015} Figure 11 shows encrgy curves for cement with various carbon dioxide
concentrations, Exshaw GUL cement and an admixture {PAANg, sodium polvacrylate), a
dispersant, at 0.16%. {Example 5).

{001 6] Figure 12 shows plot of energy at 20 hours for cement with varions carbon dioxide
concentrations, Exshaw GUL cement and an admixture (PAANa, sodium polyacrylate), a

dispersant, at 0.16%. {(Example 5).
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{6017] Figure 13 shows plot of power for cement with various carbon dioxide
concentrations, Exshaw GUL cement and an admixture, GCP Zyla 610, a polycarboxylate Ether

(PCE) based water reducer, at 0.2%. (Example 6).

{0018] Figure 14 shows plot of energy for cement with vanous carbon dioxade
concenirations, Exshaw GUL cement and an admixture, GCP Zyla 6198, a polycarboxylate Ether

(PCE} based water reducer, at 0 2%. (Exarmple 6).

[0019] Figure 15 shows plot of energy at 20 howrs for cement with various carbon dioxide
concentrations, Exshaw GUL cement and an admixture, GCP Zyla 619, a polycarboxylate Ether

(PCE) based water reducer, at 0.2%. {(Example 6}.

{0626] Figure 16 shows plot of power for cement with various carbon dicxide
concendrations, Exshaw GUL cement and an admixture, GCP Zyvla 610, a polycarboxylate Ether

(PCE]) based water reducer, at 0.8%. (Example 7).

{00211 Figure 17 shows plot of energy for cement with various carbon dioxide
concentrations, Exshaw GUL cement and an admixture, GCP Zyla 5190, a polvearboxylate Ether

(PCE} based water reducer, at 0.8%. (Example 7).

[0022] Figure 18 shows plot of energy at 20 hours for coment with various carbon dioxide
concentrations, Exshaw GUL cement and an admodure, GCP Zyla 610, a polycarboxylate Ether

(PCE) based water reducer, at (.8%. (Example 7).

{0023] Figure 19 shows plot of power for cement with various carbon dioxide

concentrations, National Lebec Type L cement (Exarmpic 8).

0024} Figure 20 shows plot of energy for coment with various carbon dioxide

concentrations, National Lebec Type IL cement {Example 8).

{0025} Figure 21 shows plot of energy at 20 hrs vs the carbon dioxide dose for cement with

various carbon dioxide concentrations, National Lebec Type IL coment (Example 8.

[026] Figure 22 shows plot of power for cement with vanous carbon dioxide
concentrations, National Lebec Type TL cement and an admixture, 0.385% Euchid Plastol 6400, a

polycarboxylate Ether (PCE) based high range water reducer {Example 9).

{0027} Figure 23 shows plot of energy for cement with various carbon dioxade
concentrations, National Lebec Type IL cement and an admixture, 0.385% Euchd Plastol 6400, a

polycarboxylate Ether {(PCE) based high range water reducer {Example 9.

[0028] Figure 24 shows plot of energy at 20 hrs vs the carbon dioxide dose for coment with
vartous carbon dioxide concentrations, National Lebec Type IL coment and an admixture,

-
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0.383% Euchid Plastol 6400, a polycarboxylate Ether (PCE) based high range water reducer

(Example 9).

{00291 Figure 25 shows plot of power for cement with vanous carbon dioxide
concentrations, National Lebec Type IL cement and an admixture, 0.385% Euchd Plastol 6400, a

polvcarboxylate Ether {PCE) based high range water reducer (Example 10}

{030] Figure 26 shows plot of energy for cement with various carbon dioxide
concentrations, National Lebec Type L cement and an admixture, 0.385% Euclid Plastol 6400, a

polycarboxylate Ether (PCE) based high range water reducer {Example 10).

{0031} Figure 27 shows plot of energy at 20 hrs vs the carbon dioxide dose for cement with
various carbon dioxide concentrations, National Lebec Type IL cement and an adnuxture,
0.385% Euchid Plastol 6400, a polvearboxylate Ether (PCE) based high range water reducer

(Example 10},

{0032} Figure 28 shows plot of power for cement with varous carbon dioxide
concentrations, National Lebec Type 1L cement and an adouxture, 0.37% Sika Plastocrete 161, a

hignin polvmer based water reducer (Example 113

[0033] Figure 29 shows plot of energy tor cement with various carbon dioxide
concentrations, National Lebec Type TL cement and an admixture, 0.37% 5Sika Plastocrete 161, a

lignin polymer based water reducer (Example 11).

{0034] Figure 30 shows plot of energy at 20 hours for cement with various carbon dioxide
concentrations, National Lebec Type IL cement and an admixture, 0.37% Sika Plastocrete 161, a

lignin polymer based water reducer (Example 1)

HEERRY Figure 31 shows plot of power for cement with various carbon dioxide
concentrations, National Lebec Type I cement and an adouxture, 0.59% MasterPolyheed 997, a
lignosuifonate triethanolamine based medmm-range water reducer (Exaraple 12).

{0036] Figure 32 shows plot of encrgy tor cement with various carbon dioxide
concendrations, National Lebec Type TE cement and an admixture, ¢.59% MasterPolvheed 997, a
lignosulfonate tricthanolamine based medium-range water reducer (Example 12).

[3037] Figure 33 shows plot of energy at 20 hours for cement with various carbon dioxide
concenirations, National Lebec Type IL cement and an admixture, 0.59% MasterPolyheed 997, a
lignosulfonate triethanciamine based medivm-range water reducer (Example 12},

[3038] Figure 34 shows effect of admixture alone and admixture with carbon dioxide on set
time {(Example 13}

..
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{039] Figure 35 shows plot of power for cement with varous carbon dioxide
concentrations, National Lebec Type TL cement and an admixture, 0.39% Euclid Eucon WR, a

lignosulphate based water reducer (Example 14).

{0044] Figure 36 shows plot of energy for cement with vanous carbon dioxade
concentrations, National Lebec Type IL cement and an admixture, 0.39% Euchid Eacon WR, a

lignosulphate based water reducer (Example 14}

[0041] Figure 37 shows plot of energy at 20 howrs for cement with various carbon dioxide
concentrations, National Lebec Type L cement and an adouxture, 0.39% Euclid Eucon WR, a

lignosulphate based water reducer (Exanmple 14).

{08421 Figure 38 shows plot of power for coment with various carbon dicxide
concendrations, National Lebec Type L coment and an admixture, 0.29% MasterGlenmum3030, a

polvearboxvlate Ether (PCE) based ugh range water reducer (Example 15).

{0043} Figure 39 shows plot of encrgy for cement with various carbon dioxide
concentrations, National Lebec Type IL cement and an adouxture, 0.29% MasterGlenium3030, a

polycarboxylate Ether {PCE) based high range water reducer (Example 15},

[0044] Figure 40 shows plot of energy at 20 hours for coment with various carbon dioxide
concentrations, National Lebec Type TL cement and an admixture, 0.29% MasterGlemom39030, a

polycarboxylate Ether (PCE) based high range water reducer {Example 15).

{0045] Figure 41 shows plot of power for cement with various carbon dioxide
coneentrations, National Lebec Type IL coment and an admixture, 0.49% Sika Viscocrete 1000,

a polycarboxylate Ether (PCE) based high range water reducer (Example 16).

[0046] Figure 42 shows plot of energy for cement with various carbon dioxide
concentrations, National Lebec Type IL cement and an adouxture, 0.49% Sika Viscocrete 1000,
a polycarboxylate Ether (PCE) based high range water reducer (Exaniple 16).

{0847} Figure 43 shows plot of energy at 20 hours for coment with various carbon dioxide
concendrations, National Lebec Type L cement and an admixture, 0.49% Sika Viscocrete 1000,
a polycarboxviate Ether (PCE) based high range water reducer (Example 16).

[0048] Figure 44 shows effect of admixture alone and admixture plus carbon dioxide on set
time {Example 17).

{0849] Figure 45 shows plot of power for cement with various carbon dioxide
concentrations, National Lebec Type TL cement and an admixture, $.26% GCP Zyla 640, a
polycarboxylate Ether (PCE} based water redacer (Example 183

5.
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{050] Figure 46 shows plot of encrgy tor cement with various carbon dioxide
R0

concentrations, National Lebec Type TL cement and an admixture, 0.26% GCP Zyla 640, a

polycarboxylate Ether (PCE) based water reducer {Example 18}

{0051] Figure 47 shows plot of energy at 20 hours for cement with various carbon dioxide
concentrations, National Lebec Type IL cement and an admixture, 0.26% GUP Zyla 640, a

polyearboxylate Ether (PCE) based water reducer (Example 18).

[0052] Figure 48 shows plot of power for cement with various carbon dioxide
concentrations, National Lebec Type L cement and an adouxture, 0.20% SikaControl Atr 160,

an air entraining adouxture (Example 19).

{30531 Figure 49 shows plot of energy for cement with various carbon dioxide
concendrations, National Lebec Type L coment and an admixture, 0.20% SikaCountrol Air 160,

an air entraining admixture (Example 19},

{0054} Figure 30 shows plot of energy at 20 hours for coment with various carbon dioxide
concentrations, National Lebec Type IL cement and an adouxture, 0.20% SikaControl Awr 160,
an air entraining admixture (Example 18},

[0085] Figure 51 shows compressive strength at 7 days for a concrete mixture comprising
carbon dioxide and a mid-range water reducing admixture (Example 20).

{00561 Figure 52 shows compressive strength at 7 and 28 days for a conerete nuxiure
comprising carbon dioxide and a water reducing admuxture (Example 20).

{60571 Figure 33 shows plot of encrgy for coment with various water to coment ratios and
carbon dioxide concentrations (Example 21).

[3038] Figure 54 shows encrgy at 16 hours vs. the CO2 dose {Example 21).

{B059] Figure 55 shows reactivity vs. the water to coment ratio (w/c} (Example 21}

DETAILED DESCRIPTION

[8050] It has been found that carbonation of wet cement mixes {i.e., a mix that comprises
cement, ¢ g, hvdraulic coment such as Portland cement, and water; mcluding mortar and
conerete mixes comprising cement, water, and aggregate} can reduce the carbon footprint of
structures made from the cement mix by re-absorbing carbon dioxide during the carbonation and,
often, by imparting greater strength to the hardened cement mix compared to uncarbonated mix,
e.g., greater strength at any or all of 1, 7, or 28 days. Because the carbonated mix has greater

strength, 1t can be possibie to use less cement and/or to replace more cement with supplementary

-3~
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cementitious material (SCM), thus further reducing the carbon footprint of the cement vux and
the structures made with such a mix. See, e.g., PCT Publication No. WO2016082030,
mcorporated herein by reference in its entirety.

{00511 Compositions and methods described herein provide for the addition of carbon
dioxide to wet cement mixes, and also addition of at least one admixture. As is known in the art,
an admixture is any material or composition, other than the hvdraulic coment, aggregate and
water, that is used as a component of the cement mix, e.g., hvdraulic cement mix, such as
concrete or mortar (o enhance some characteristic, or lower the cost, thereof. The admixture may
be added before, duning, and/or after addition of the carbon dioxide, or i divided doses added at
different times relative to addition of carbou dioxide. fn addition, the admixture may be added
before, during and/or afier the contacting of water and cement to produce a wet cement nux, or in
divided doses at different times relative to contacting of water and cement to produce a wet
cement nux; in certain embodiments, one or more admixiures may be added with mux water, or
added before or affer mix water is added. In general, the timing of addition of an admixture
relative to the time of contact of carbon dioxide with the wet cement mix, or relative to
contacting water and cement to produce a wet cement mix, is expressed herein relative to the
time of first contact of carbon dioxide with the wet cement mix or relative to the fime of first

contact of water and cement mix.

[0062] In certain embodiments the methods and compositions of the invention utihize
addition of a plurality of different admixtures, in combination with carbonation of a wet cement
nux. Two or more of the admixtures, for example 3, 4, 5. 6, 7, 8, or more than 8 admixtures, may
be combined 10 a single “cocktail,” e.g., dissolved or dispersed 1o agueous mediunt or other
appropriate medium. This cocktaill may be used alone or in combination with additional
admixtures. Typically, admixtares are used in wet mix operations, such as ready-mix or precast
operations, and the compositions and methods herein will be described in terms of a ready-mix
operation, but it will be appreciated that other types of operations involving wet cement mixes
are encompassed by the description, possibly with modifications, as will be apparent to one of
skill in the art.

{6063] Without being bound by theory, it is thought that carbonation of a wet cement mix
produces homogenously distributed nanoparticles of calcium carbonate in the wet cement nux

that can act both physically and chemically to enhance bvdration and other reactions as the wet
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cement nux reacts. Thus, admixtures may be useful m this milien i many different ways,

mcluding but not linuted to:

developing or stabilizing Ca®" in solution
preventing carbonate reaction products from coarsening or flocculating
modulating the carbonate reaction product size or geometry
promoting homogenous nucleation of CaC0s, e.g2., in solution and not on a surface
mtluencing the mieraction of the COy with sulfates, ferrtes alkalis, magnesiates, and/or
aluminates. This can be either inhibiting or promoting imteraction

¢ nflucncing the action of the sulfates, fermtes, alkals, magnesiates, and/or aluminates.
10 This can be cither inhibiting or promoting their activity

+ offsetting acceleration provided by the COn {e.g., with a retarder)

s offsetting workability loss associated with the carbonation {e.g . with a plasticizer)

= controlling, modifying or otherwise impacting the nature of the carbonate reaction

product formed

i5 ¢ controlling, modifying or otherwise impacting the development of hydration products that
develop on the carbonate product {sce, e.g., Moghaddam et al,, J. Materials Chem. A,
DOT 10 1039/c61a09389h, 2016)

A
® & & & &

[0064] Methods and compositions of the invention include the addition of carbon dioxide to

20 awet coment mix, while the mix is nuxing. To a ready~-mix operation, the mixer {e.g., drum of a
ready-mix truck, or central mixer) 1s typically first loaded with a significant portion of the mix
water, ¢.g., 60-70% of the final amount. Cement is then released 1nto the mixer and mixes with
the water. Throughout the mix process aggregates, if used, are also added; as the amount of
aggregate generally is far larger than amounts of cement or water, 1t is tnportant that its addition

25 be of sufficient duration. The addition of carbon digxade can occur at any time after the first
contact of cement with the water. The timing of addstion of carbon dioxide may depend on what
aduvuxture or admuxtures have been added to the cement nux before carbon dioxide addition {e.g.,
as part of the mix water), as in cerfain instances it can be tmportant that reactions of the

admixture or admixtures progress {0 a certain point to cusure optimal effects in combination with

i
four?

the carbonation. The form of carbon dioxide may be any suitable form, e.g., solid, gascous,
ligpud, and/or supereritical carbon dioxide. In certain embodiments, the carbon dioxide is added
as a mixture of solid and gaseous carbon dioxide formed from liquid carbon dioxide. The dose of
carbon dioxide may be any surtable dose, for examnple, as described in PCT Publication No.
W0O2016082030. In certain embodiments, the dose of carbon dioxide is 8.001-10.0% by weight

cement (bwe), for esxample 0.001-5.0% or 0.001-2.0% or 0.001-1.0% or 0.005-1.0% or 0.005-

98]
n

0.5% bwe. Use of cortain admixtures may penuit larger doses than would otherwise be possible,
e.g., by retarding early set induced by high doses of carbon dioxide n nuxes with particular types
of cement. In some applications, e.g., 3D printing with cement mixes sach as concrete, an
admixture that can control the rate of stiffening, in conjunction with a suitable dosage of carbon

40 dioxide, may be especially useful. For example, carbonated cement mix, e.g., hydranlic cement
8-
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raix for use i a wet cast operation may have workability/flow characteristics that are optinuzed
via addition of an admixture. As another example, carbonated mixes may have strength
characteristics, e.g., compressive strength at one or more time poinds, that are optimized by
addition of an admixture. In some cases, the nux design will already call for an adnuxture, whose
effect on the properties of the mix may be affected by the carbonation, requiring coordination of
the timing of the admixture in relation fo the carbon dioxide addition, or other manipulation. In
addition, an adouxture may be used to modulate one or more aspects of the carbonation itself, for

example, to increase the rate of uptake of the carbon dioxide.

[0065] In cerain cases, carbonation of the ceoment mix, e.g., hydraulic cement mix may affect
flowability of a cement mix, e.g., hydraulic cement mix, i.e., a concrete mix, to be used in a wet
cast operation, such as in a ready mix truck transporting the mix to a job site. Thus in cerfain
embodiments in which a carbonated mix is produced (such as for use with a ready mix truck),
one or more admixtures may be added to modulate the flowability of the carbonated mixture,
either before, during, or after carbonation, or any combination thereof, such that it s within a
certain percentage of the flowability of the same mixture without carbonation, or of a certain
predetermined flowability. The addition of carbon dioxide, components of the mix, e.g., concrete
ix, and/or additional components such as one or more admixiures, may be adjusted so that
fowability of the final mix is within 50, 40, 30, 20, 10, 8,5, 4, 3,2, 1, 0.5, or 0.1% of the
flowability that would be achieved without the addition of carbon dioxide, or of a certain
predetermined flowability. In certain embodiments, the addition of carbon dioxade, components
of the mix, and/or one or more admixtures, may be adjusted so that flowability of the final mix s
withinn 20% of the flowability that would be achieved without the addition of carbon dioxide, or
within 20% of a predetermined desired flowability. In certamn embodiments, the addition of
carbon dioxide, components of the mix, and/or one or more admixtures, may be adjusted so that
flowabiity of the final mix is within 10% of the flowability that would be achieved without the
addition of carbon dioxide, or within 10% of a predetermined desired tlowability. In certain
embodiments, the addition of carbon dioxide, components of the mix, and/or one or more
admixtures, may be adjusted so that flowability of the final mix s within 5% of the flowability
that would be achieved without the addition of carbon dioxide, or within 5% of a predetermined
desired flowability. In certain embodiments, the addition of carbon dioxide, components of the
mix, and/or one or more admixbures, may be adjasted so that flowability of the final mix is
within 2% of the flowability that would be achieved without the addition of carbon dioxide, or
within 2% of a predetermined desired flowability. Any suitable measurement method for
determuning flowability may be used, such as the well-known slump test. Any suitable admixture
may be used, as described herein.

9.
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[3066] In certam cmbodiments an admixture is added to the carbonated mix, either before,
during, or after carbonation, or a combination thereof, under conditions such that the carbonated
mix exhibits strength, e.g., 1-, 7-, 28 and/or 36-day compressive strength, within a desired
percentage ot the strength of the same nux without carbonation, or of a predeternuned strength,
e.g., within 50, 40,30, 20, 15,12, 14, 9,8, 7,6,5,4,3,2, 1, 0.5, or 0.1%. In certain
embodiments, the addition of carbon dioxade, components of the mix, and/or one or more
admixtures, may be adjusted so that strength at a given time pount of the final nux is within 20%
of the strength that would be achieved without the addition of carboun dioxide, or within 20% of 2
predetermined desired strength. In certain embodiments, the addition of carbon dioxide,
components of the mix, and/or one or more admixtures, may be adjusted so that strength at a
given time pomt of the final mux is within 10% of the strength that would be achieved without
the addition of carbon dioxide, or within 10% of a predetermined desired strength. In certain
embodiments, the addition of carbon dioxide, components of the mux, and/or one or more
admixtures, may be adjusted so that strength at a given time pomnt of the final nux is within 5%
of the strength that would be achieved without the addition of carbon dioxide, or within % of a
predetermined desired strength. In certain embodiments, the addition of carbon dioxade,
components of the mix, and/or one or more adroixtures, may be adjusted so that strength at a
given time point of the final mix 1s within 2% of the strength that would be achieved without the
addition of carbon dioxide, or within 2% of a predetermined desired sirength. In certain
embodiments the strength is a compressive strength. Any suitable method to test strength, such as
flexural or compressive strength, may be used so long as the same test is used for samples with

and without carbonation; such tests are well known in the art.

{8057} In certain embodiments, the use of both admixtures and carbonation lead to
compressive strengths greater than for just admixture, just carbonation, or just cement alone. It
has been found that different cements have different properties upon carbonation, and also react
differently to a given adouxture. Thus the invention includes, compositions and methods for
mcreasing the compressive strength, at one or more time points, of a carbonated cement mixes,
e.g., a concrete mix, via the use of one or more admixtores, where the compressive strength of
the carbonated coment mix plus admixture 1s greater than the compressive strength of the
carbonated cement mix alone.

[0068] In certain embodiments an admixture is added to the carbonated mix, cither before,
during, ot aficr carbonation, or a combination thereof, under conditions such that the mix
exhibits strength, e.g., 1-, 7-, 28 and/or 36-day compressive strength, greater than that of the

same carbonated mix without admixture, such asatleast 0.5, 1,2, 3,4,5,6,7, 8.9, 10, 12, 15,

-10-
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17,20, 25, 30, or 40% greater and/orno more than 1, 2, 3,4, 5,6, 7, 8,9, 10, 12, 15, 17, 20, 25,
36, 40, 60, or 80% greater, preferably at least 3% greater, more preferably at least 10% greater,
even more preferably at least 15% greater. In some cases, a coment mix, such as a concrete mix,
w which a particular cement is used, does not demonstrate a destred strength mncrease with
carbonation alone; this 1s generally due to vanations in responsiveness of various cement tvpes 1o
carbonation. Thus, addition of one or more admixtures can help achieve a desired increase in
strength that would not occur with carbonation alone (at the dose used). Carbonation m these
cases can be at any suttable level, such as a dose of at least 0.003, 0.01, 0.05,0.1,0.2. 63,04,
0.5,06,07 08,09, 1.0, 1.1, 1.2, 1.3, 1.4 1.5 1.7, or 2.0% by weight cement {bwe) and/or not
more than 0.01, 005,01, 02.03,04.05. 06,07, 08,09, 10.1.1,12,13,14,15,1.7.20,
or 2.5%, preferably 0.005-2.5%, more preferably 0.01-1.5%. ¢ven more preferably 0.01-1.0%.
The admixture or admixtures may be any suitable admixture, such as an admixture as described
herein, at any suitable dose, such as those descnbed hercin. In certain embodiments, the
admixture comprises a polyroaer, such as a polycarboxylate or polycarboxylate derivative, e.g.,
polvearboxvlate ether, such as a polvearboxylate or polycarboxvlate derivative, e.g.,
polycarboxylate ether, as described herein. The admixture can be provided in any suitable
comtposition; in certain embodinents, some or all of the admixture is provided as a mixture with
water wherein at least part of the water 1s wash water, e.g., carbonated wash water, from a
conerete operation, or treated wash water, such as wash water, ¢.g., carbonated wash water,
treated to remove particulate matter, e.g., clarified wash water, as described more fully elsewhers

herem.

[0069] Reactivity of a concrete mix can be indicative of 18 compressive strength. Reactivity
can be measured using any suifable technique, for example, calorimetry. See Examples. In
general, the energy produced by a cement mixture as it cures can be mdicative of the
compressive strength of the coment mixture after setting and hardening, e.g.. a higher rate of
energy mercase can be indicative of a higher compressive strength to be achieved after setting
and hardening. Thaus, in certain embodiments, provided is a method for increasing reactivity of a
cement mix sach as a concrete mix, e.g., as measured by calornmetry, comprising carbonating the
cement mix and adding one or more aduuxtures to the coment mix, where the increase
reactivity is shown by an increased rate of energy production as measured by calorimetry,

compared to the same mix without carbonation, admixture, or both.

{3078] Other properties, such as water absorption, shrinkage, chloride permaeability, and the
like, may also be tested and adjusted 10 a similar manner, and to similar percentages, as for

flowability and/or shrinkage.
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{30711 It has been observed that the effects of carbonation and of admixtures on carbonated
cement mix, e.g., hydraulic cement mixes is highly mix-specific. In some cases, carbonation
waproves the properties of a mux, especially in dey cast situations where flowability is not an
issue, and no admixture 1s required. In other cases, especially in wet cast sttuations where
flowability 1s an 1ssue, one or more admixtures may be required to restore one or more properties
of the mix. Whether or not admixture is added, and/or how much s added, to a given batch may
be determined by pre-tosting the mix to determine the propertics of the carbonated mix and the
effects of a given admixture. Tn some cases, the admixture and/or amount may be predicted based

on previous tests, or on properties of the cement used in the mix, or on theoretical considerations.

[0072] The timing of addition of admixture can be mmportant. At least two aspects of timing
typically need to be considered: First, timing of addition of admixture relative to the beginning of
mixing of the cement mix can be important, as some admixtures operate best when added carly
refative 1o the start of mixing and other later, after chemical and other reactions have proceeded.
Second, timing of addition of admixture relative to the addition of carbon dioxide can be
umportant, as carbonation reactions begin very quickly after addition of carbon dioxide; e.g.,
caletum carbonate particles form quickly, and the mix of metastable polymorphs mayv change
over time as reactions proceed. In some cases, one or more doses of admixture 1s used, and each
dose will have a different timing relative to start of mixing and relative to addition of carbon
dioxide. In some cases. one or more doses of carbon dioxide is used, and each dose will have a
different timing relative to start of mixing and relative to addition of adnuxtures. In some cases,

more than one dose of an admixture, and more than one dose of carbon dioxide is used.

[0073] If more than one admixture 1s used, all admixtures may be added at once, ot their
addition may be separated into two or more addition times. In cortan cases, an admixture may be
mterground or otherwise mixed with a cement mix, for example with an afkanolamine or certain
atr detratning agents, and 1o these cases admixture will be present at the very start of mixing of
cement and water, In cerfain cases, admixture may be included n the mitial mix water, and in
these cases admixture will also be present at the very start of mixing of cement and water. In
both of these cases, admixture addition to the cement mix will occur before carbon dioxide
addition, as carbon dioxide reactions require the presence of both water and cement. Tn certain
cases, e.g., if carbonated water is used as a source of carbon dioxide, admixtare addition may
occur in the water but before contact with cement. Admixture may alsc be added at any time
after cement nuxing conunences, up untt the time the cement mix is poured; for cxample, many
admixtures are prepared as standard aqueous mixes that are added nto mixing concrete untii a

desired volume of the mix, corresponding to a desired amount of the admixture, has been added
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1o the concrete mix. This can occur before, during, and/or after carbon dioxide addition. In some
cases, admixture is added at a job site, for example, after testing the slump of the concrete,

additional admixture may be added to adjust the stump.

{0074] Thus, the mnvention ncludes any of the following, where a first admixture {or mixture
of 2,3, 4,5,6,7, 8, or more than 8 admixtures) 1s Al a second admixtare (or mixture of 2, 3, 4,
3,6, 7, & or more than 8 admixtures) is A2; a third admixture {ormixtare of 2, 3,4, 5. 6,7, 8, or
more than 8 admixtures) 13 A3; and a fourth adouxture {or mixture of 2, 3, 4, 3, 6, 7, &, or more
than 8 admixtures) is A4, where any of Al, A2, A3, and A4 may be the same or different, or
parts of A1, AZ, A3, and A4 may be the same or different {(e.g., a particular admixture may be
present in both Al and A2 while a second admixture is present only m AL, or only in AZ; the
foregoing is merely exemplary and it will be appreciated that numerouns combinations and

permutations are possible):

[6075] 1) Al 1s added as part of mix water prior to addition of cement, or is mterground or
added to dry cement; cement and mix water are contacted and cement and nux water begin
nuxing; optionally additional aduwixture A2, A3, and/or A4 is added to the nuxing coment mix
after 1t begins mixing; carbon dioxide 15 added to the mixing wet cement mix. Carbon dioxide
addition may commence within 16, 20, 30, 40, 50, or 60 seconds of the commencement of

8.9, 10, 15, 20, 30, 40, 60, 90, or 120 minutes

T

mixing of cement nux, orwithin 1, 2, 3,4, 5,6, 7

of the commencement of mixing of cement mix and/or not more than 1, 2,3, 4, 5,6, 7,8, 9, 10,
15, 20, 30, 40, 60, 90, or 120 nunutes prior to final placement of the concrete {e.g., carbon
dioxide addition at the job site). In some cases, it is desirable to allow reactions in the coment
pux/admixture nuxiure to procced for a minimum time before addition of carbon dioxide; thus 1
these cases carbon dioxide addition may not begin until at least 1, 2, 5, 10, 20, 30, 40, 50, or 60
seconds after the commencement of mixing of cement mix (which will contain at least A1}, or at
feast 1, 2.3,4,5,6,7,8,9, 10, 15, 20, 30, 40, 50, 90, or 120 minutes affer the commencement of
mixsing of cement mix (which will contain Al and/ornot more than 1, 2,3, 4, 5,6, 7, 8,9, 10,
15, 20, 30, 40, 60, 90, or 120 nunutes prior to final placement of the concrete {e.g., carbon
dioxide addition at the job site}. In some cases, carbon dioxide addition may be divided into two
or more doses, and the timing of each dose relative o start of mixing {and thus contact with
products of contact of Al with the cement mix}) will be different. In cases where A2, A3, and/or
A4 s added after mixing commences, carbon dioxide addition may be added before or after
addition of the additional admixture, and/or simultancous with addition of the additional
admxture, for example, before and/or during A2 addition: during and/or after A2 addition;

before and/or during A3 addition; during and/or after A3 addition; before and/or during A4
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addition; during and/or aficr A4 addition. If carbon dioxide addition commenees before addition
of A2, A3, and/or A4, it may commence at least 1, 2, 3, 10, 20, 30, 40, 30, or 60 seconds before
the addition of AZ, A3, and/or Ad, oratleast 1,2, 3.4, 5,6, 7,4, 9, or 10 minutes before the
addition of A2, A3, or A4; in all of these cases carbon dioxide dehvery may continue during
and/or after addition of the admixture, or carbon dioxide delivery may cease before addition of
admixtare. Carbon dioxide addition may commence during the addition of A2, A3, and/or A4
and cither cease before addition of Al, AZ, and/or A4 is complete or continue aticr addition is
complete. If carbon dioxide addition commences afier addition of A2, A3, and/or A4, it may
commence at least 1, 2, §, 10, 20, 30, 40, 50, or 60 seconds afier the addition of AZ, A3, and/or
Ad oratleast 1, 2.3, 4,5, 6,7,8.9, or 10 minutes after the addition of A2, A3, or Ad. In certain
cases, carbon dioxide delivery is divided into two or more doses; 1f A2, A3, and/or Ad s added
to the cement mix, the timing of delivery of A2, A3, and/or A4 relative to cach of the doses of
carbon dioxide may be any suitable timing; e g., carbon dioxide dose 2, then A2, then carbon
dioxide dose 2, then A3; ete. The latter is for dlustrative purposes only and avy suitable dosing
scheme for carbon dioxide and, optionally, A2, A3, and/or A4 may be used. In addition, the
timing of addition of A2, A3, and/or A4 relative to the start of mixing (7.e., inttial contacting of
cement and water) can also be important; thus, addition of any or all of A2, A3, and/or Ad may
commence at least 1, 2, 5, 10, 20, 30, 40, 50, or 60 seconds after mixing commences, or at least
1,2,3,4,35,6,7,8,9, 10, 12, 15, 20, or 30 nunutes after the mixing commences and/or not more
than 2, 3, 10, 20, 30, 40, 50, or 60 seconds after mixing commences of not more than 1,2, 3, 4, 3,
6,7,8,9, 10, 12, 15, 20, or 30 minutes affer the mixing commences; in certain cases, one or
more of A2, A3, or A4 may be added at a job site, which can be hours after mixing commences.
{08751 23 Cement and mix water are contacted and cement and mix water begin mixing; Al
and, optionally, additional adwmixture A2, A3, and/or A4 1s added to the mixing cement mix after
it begins mixing; carbon dioxide is added to the mixing wet coment mix. The length of time from
start of mixing until Al is added is dependent on the composition of Al and the desired effect.
For exarople, Al addition may commence within §, 2, 5, 10, 20, 30, 40, 59, or 60 seconds of the
commencement of mixing of cement nux, orwithin 1, 2,3, 4,5, 6,7, 8,9, 10, 12, 15, 20, or 30
nunutes of the commencement of mixing of cement mix, and/or not more than 2, 5, 10, 20, 30,
40, 50, or 60 seconds after the commencement of mixing of cement mix, or not more than 1, 2, 3,
4,5,6,7,8,9, 10,12, 15, 20, or 30 minutes after the commencement of mixing of cement mix.
In cortain cases, Al will be added more than 10 minutes after the commencement of mixing of
the cement mix. The tming of addition of carbon dioxide to the mix relative to the addition of
Al 15 also dependent on composition of Al and likely interactions of carbonation on the effect of
Al and vice versa; thus, carbon dioxide can be added before, during, or after the addition of Al,
14
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ot any combination thereof. o addition, the dose of carbon dioxide can be divided 1nto two or
more doses, with cach dose added at a different time relative to addition of A1, for example, an
witial carbon dioxide dose before Al and a secound carbon dioxide dose after Al. The same
considerations apply to A2, A3, and/or A4, if added to the mux. Carbon dioxide addition may
commence within 10, 20, 30, 40, 50, or 60 seconds of the cornmencement of mixing of cement
mix, or within 1,2, 3,4, 5, 6,7, 8,9, or 10 minutes of the conmnencement of mixing of cement
mix. In certain cases, carbon dioxide will be added more than 10 nunutes after the
commencement of mixing of the cement mix. In some cases, it is desirable to allow reactions in
the cement mix/admixture mixture o proceed for a mimimum time before addition of carbon
dioxide; thus in these cases carbon dioxide addition may not begin until at least 10, 20, 30, 40,
50, or 60 seconds after the addition of Al to the coment mux, oratleast 1,2, 3,4, 5,6, 7,8, 9, or
10 minutes afier the addition of Al to the cement mix. In some cases, it is destrable to allow
carbonation reactions in the cement mix to proceed for a minimum time before addition of Al;
thus m these cases Al addition may not begin until at least 1, 3, 10, 20, 30, 40, 50, or 60 seconds
after the addition of carbon dioxide o the coment mix, oratleast 1, 2,3, 4,5, 6,7, 8,9, or 10
minutes after the addition of carbon dioxide to the cement mix. In some cases, carbon dioxide
addition will overlap with addition of Al. In addition, the dose of carbon dioxide can be divided
mto two or more doses, with cach dose added at a different time relative to addition of Al for
example, an initial carbon dioxide dose before Al and a second carbon dioxide dose after Al In
cases where A2, A3, and/or A4 is added after mixing commences, carbon dioxide addition may
be added before or after addition of the additional admixture, and/or simultancous with addition
of the additional admixture, for example, before and/or during A2 addition; during and/or after
A2 addition; before and/or during A3 addition; during and/or after A3 addition; before and/or
during A4 addition; during and/or after A4 addition. If carbon dioxide addition comamences
before addition of A2, A3, and/or A4, it may commence at least [, 2, §, 10, 20, 30, 40, 50, or 60
seconds before the addition of A2, A3, and/or Ad, oratleast 1,2, 3,4, 3,6, 7, & 9, or 10 minutes
before the addittion of A2, A3, or Ad; in all of these cases carbon dioxide delivery may continue
during and/or after addition of the admixture, or carbon dioxide delivery may cease before
addition of admixture. Carbon dioxide addition may commence during the addition of AZ, A3,
and/or A4 and either cease before addition of AT, A2, and/or A4 is complete or continue after
addition 1s complete. If carbon dioxide addition commences after addition of A2, A3, and/or A4,
it may commence at feast 1, 2, 5, 10, 20, 30, 40, 50, or 60 scconds after the addition of A2, A3,
and/or Ad oraticast 1,2, 3.4, 5,6,7. 8,9, or 10 minutes after the addition of AZ, A3, or Ad. In
certain cases, carbon dioxide delivery is divided into two or more doses; if A2, A3, and/or Ad is

added to the coment mix, the timing of delivery of A2, A3, and/or A4 relative to each of the
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doses of carbon dioxide may be any suttable timing; e.g., carbon dioxide dose 2, then AZ, then
carbon dioxide dose 2, then A3; ete. The Iatter 15 for dlustrative purposes only and any suitable
dosing scheme for carbon dioxide and, optionally, A2, A3, and/or A4 may be used. In certain
cases, Al will be added as divided doses, cach with a different timing, relative to commencement
of mixing and relative to addition of carbon dioxade. In certain cases, both Al and carbon dioxide
are added as divided doses. In addition, the timing of addition of A2, A3, and/or A4 relative to
the start of mixing (7., initial contacting of coment and water) can also be traportant; thus,
addition of any or all of A2, A3, and/or A4 may commence at feast 1, 2, 5, 10, 20, 30, 40, 530, or
60 seconds after mixing commences, oratleast 1, 2,3, 4,5,6,7,8,9, 10,12, 15, 20, or 30
nunutes after the mixing commences and/or not more than 2, 3, 10, 20, 30, 40, 50, or 60 seconds
after mixing commences ornot more than |, 2, 3,4, 5, 6,7, 8,9, 10, 12, 15, 20, or 30 minutes
after the mixing commences; in certain cases, one or more of A2, A3, or Ad may be added at a

job site, which can be hours after mixing commenses.

Compositions comprising adnuxtures and/or systems and methods for prepanng and/or using

compositions comprising admixtures

{6077] In certain embodiments, provided herein are compositions comprising one or more
admixtures. The composition can comprise any suitable admixture, sach as an admixture as
disclosed herein. The composition can comprise any suitable number of admixtures as disclosed
herem. In cerfain embodiments, the composition comprises one or more admixtures and water,
e.g., an admixture solution. In certain embodiments, the admixture comprises a dispersing
admixture, such as a water reducer, for example a high-range water reducer, e.g, PCE. In certain
erabodiments, the admixture comprises polvacrylate, such as sodum polvacrylate;
polycarboxylate, such as polycarboxviate ether; lignin, such as a lignin polymer, a Hgnosuolphate,
a lignosulfonate tricthanolamine; tricthanolamine (TEA); a nitrate, such as sodivnm nitrate; a
thiocyanate, such as sodium thiocvanate; or a combination thercof. In certain embodiments, the
admixture comprises a polvearboxylate or polvearboxylate derivate, such as a polycarboxylate
ether. In certain embodiments, the polvearboxylate or polycarboxylate derivative is present in an
amout from 0.1 10 1% bwe, preferably 0.2 to 1% bwe, even more preferably 0.2 t0 0.8% bwe. In
certain embodiments, the admixture comprises a hignin or lignin derivative, such as hignosulfate,
hignosalfonate, or a combination thereof. I certain, embodiments, the lignin or lignin derivative
is present at a concentration of is present in an amount from 0.2 to 8% bwe, preferably 0.2 to 6%
bwve, even more preforably 0.3 to 0.5%. In certam embodiments, the admixture comprises a
polyacrylate or polyacrylate derivative. In certain embodiments, the polvacrylate or polyacrylate

dertvative is present in an amount from 0.02 to 0.3% bwe, preferably 0.04 to 0.2% bwe, even
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more preferably 0.06 10 0.2%. Any suitable source of water can be used, such as a water
normally used 1 concrete production. In certain emboduments, the water comprises potable
water. In certain embodiments, the water comprises industrial water. Additionally or
alternatively, the water comprises concrete reclatmed water, such as wash water. The water can
comprise a mixture of potable and concrete reclaimed water, In this case, any suitable ratio of
potable to concrete reclaimed water can be used. In certain embodiments, the concrete reclaimed
water, e.g., wash waicr, comprises solids. fu certain embodiments, the solids are not removed
prior to combining with the one or more admuxiures. In certain embodiments, at least a portion of
the solids are removed, e.g., to produce clarified wash water, prior to combining with the one or
more admixtures. In certain embodiments, the conerete reclaimed water, e.g., wash water, is
carbonated. 1o certain cmbodiments, one or more aduuxtures, e.g., polymer admixtures such as
polycarbonate or polvcarbonate derivative admixtures, are mixed with wash water from a
conerete operation, ¢.¢., wash water that has been carbonated and, in some cases, filtered or
otherwise treated to remove solids, ¢.g., clarified wash water fn certain embodiments, the
composition can be combined with coment and/or aggregates to form a cement product as
disclosed hereim. Carbonation of wash water is further described in PCT Publication No.

WO2021/671980.

{6078] In certain embodunents, provided herein are methods for producing admixtures. In
certain cmbodiments, the method comprises adding one or more admixtures to water, e.g., 1o
produce an admixture solution. The method can comprise adding any suitable admixture to the
water, such as an admixtore as disclosed herein. The method can comprise adding any suitable
number of admixtures as disclosed herein to the water. In certain embodiments, the method
comprises adding a dispersing admixture, such as a water reducer, for example a high-range
water reducer, e.g., PCE, to water. In certain erabodiments, the admixture comprises
polyvacrylate, such as sodiom polyvacrylate; polycarboxylate, such as polycarboxvylate ether;
ligrun, such as a hgnin polymer, a lignosulphate, a hignosulfonate triethanolamine;
tricthanolamine {TEA}); a mitrate, such as sodium nifrate; a thiocvanate, such as sodium
thiocyanate; or a combination thereof. In certain embodiments, the admixture comprises a
polycarboxylate or polycarboxylaie derivate, such as a polycarboxvlate ether. In certam
embodiments, the polycarboxylate or polycarboxyvlate derivative is present in an amount from 0.1
to 1% bwe, preferably 0.2 to 1% bwe, even more preferably 0.2 to 0.8% bwe. In certan
embodiments, the admixture comprises a lignin or lignin derivative, such as Hignosulfate,
lignosulfonate, or a combination thereof. In certain, embodiments, the hignin or ligmin dervative
is present at a concentration of is present in an amount from 0.2 to 8% bwe, preferably 0.2 10 6%
bwe, even more preferably 0.3 to 0.5%. In certain embodiments, the admixture comprises a
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polyacrylate or polvacrylate derivative. In certain embodiments, the polyacrylate or polvacrylate
derivative is present in an amount from 0.02 to 0.3% bwe, preferably 0.04 t0 0.2% bwe, even
more preferably 0.06 to 0.2%. In certain embodiments, the water comprises potable water.
Additionally or alternatively, the water comprises concrete reclaimed water, such as wash water.
The water can comprise a muxture of potable and concrete reclaimed water. In certain
embodiments, the method comprising mixture potable and concrete reclaimed water prior to
adding the adouxture. In this case, any suttable ratio of potable to concrete reclatmed water can
be used. In cortain embodiments, the concrete reclaimed water comprises solids. In certan
embodiments, the method further comprises removing at least a portion of the solids from the
water, e.g., to produce clarified wash water, prior to adding the one or more admixtures to the
water. fn certain embodurnents, the method further comprises carbonating the water. In certain
embodiments, the method firther comprises combining the admixture solution with cement

and/or aggregates to form a cement product as disclosed herein.

[0079] In certain embodiments, provided herein s an apparatus for preparing an admixture,
such as an admixture solution. In cortain embodiments, the apparatus is configured to prepare an
admixture solution as disclosed herein. In certain embodiments, the apparatus comprises a source
of water, one or more sources of admixture (as disclosed heren}, and a vessel, wherein the
source of water and the one or more sources of admixture are operably connected to the vessel.
In certain embodiments, the apparatus is configured to combine water from the source of water
and one or more admixtures for the one or more sources of admixture 1o the vessel. The
apparatus can farther comprise a mixer configure to combine and/or the admixture and the water.
In certain embodiments, the apparatus further comprises a source of gas. Any suitable gas can be
used, such as ligquid nitrogen or carbon dioxide, preferably carbon dioxide. In certain
embodiments, the apparatus further comprises a first condut operably connected to the vessel at
a proximal end of the first conduit, wherein the first conduit allows the admixture sclution to
flow through it from the proximal end and out of it at a distal end, and a second condutt situated
mside the first conduit, wherein the second conduit 18 operably connected to the source of gas
and is configured to allow the gas to flow info it and to flow out of it into the admixture solution
wn the first conduit. In cortain embodiments, the distal end of the first conduit is operably
connected to the vessel, such that the adouxture solution can be circulated through the first
conduit and o the vessel for a desired period of time and/or antil the admixture solution
achieves a desired level of carbonation. In certain emnbodiments, the second conduit is perforated.
In certam embodiments, the diameter of the first condutt is 0.5-3 inches and the diameter of the
second conduit 1s 0.3-3 inches. In certain embodiments, the apparatus further comprises a control
system comprising a sensor to sense a characteristic of the admixture solution and transmit
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mformation regarding the characteristic to a controller that process the information trom the
sensor. Any suttable number of sensors can be used, suchas atleast 1,2, 3,4,5,6,7,8,9, 10,
11,12, 13,14, 15,16, 17 18, or 19 and/ornomorc than 2. 3, 4, 5,6, 7,8, 9, 10, 11, 12, 13, 14,
15, 15, 17, 18, 19 or 26 sensors, for example 1-20 sensors. The sensor can monttor any suitable
characteristic of the admixture solution, such as 1) pH of the admixture solution, {2} rate of
delivery of carbon dioxide to the admixture solution, {3} total amount of admixture sohution in
the vessel, (4) temperature of the admixture solution, (5) specific gravity of the admixture
solution, {6) concentration of one or more 1ons i the admixture solution, {7) age of the
admxture solution, (8) circulation rate of the admixture solution, (9) timing of circulation of the
admixture solution, {(10) appearance of bubbles at surface of the admixture solation, (11) carbon
dioxide concentration of the air above the admixture solution, (12} electrical conductivity of the
admixture solution, {13} optical characteristics of the admixture sohution, and {14) amount of
admixture added to the admixture solution. In certain embodiments, the control system further
comprises an actuator that receives a signal from the controller based, at least in part, on the
processed mformation from the sensor. In certam embodiments, the actuator comprises a valve.
In certain embodiments, the controller comprises at feast two sensors, wherein the seconds are
configured to monttor at least two characteristics. In certain embodiments, the controller
comprises at least three sensors, wherein the seconds are configured to monitor at least three
characteristics. In certain embodiments, the controller comprises at least four sensors, wherein
the seconds are configured to monttor at feast four characteristics. In certain embodiments, the
controller comprises at least five sensors, wherein the seconds are configured to monttor at least
five characteristics. The characteristics can be the same or different, for example, specific gravity
and amount of admixture added to the water, and/or teraperature. A second example, can include
the specific gravity in one or more location 1o the vessel. In certain embodiments, the source of
water comprises potable water. In certain embodiments, the source of water comprises concrete
reclaimed water, such as wash water. In certain embodiments, the source of water comprises
multiple sources of water, each ot which are differcunt, for example a furst source of water
comprising potable water and a second source of water comprising concrete reclaimed water, and
the apparatus is configured to provide a mixtare of potable and concrete reclaimed water to the
vessel. The apparatus can be configured to provide any suitable ratio of potable to concrete
reclaimed water as needed for the intended admixture. IN certain embodiments, the source of
water comprises a reclaimer. In other embodiments, the vessel is a reclaimer. In certain
embodiments, the apparatus is further configured to remove at feast a portion of the solids from
the concrete reclaimed water before or after combination with the one or more admixtures.

Admixiures
~10.
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TABLE 1 Admixtures for use with carbonated cement

Cement
Chemical Class  {Sub Class Fxamples
Application
Sugars Retarder Fructose, glucose, sucrose
Saccharides ) Sodium Gluconate, sodinm
Sugar Acids/bases {Retarder
slucoheptonate
Polycarboxylic o 7 ,
Plasticizer Many commercial brands
Ethers
Selfonated
Napthalene Plasticizer Many commercial brands
Organic Polvmers Formaldehyde
Sulphonated
Melamine Plasticizer Many commercial brands
formaldehyde
Ligno sulphonates  {Plasticizer Many cormamercial brands
Alkaling Earth ‘ ‘ !
] o Accelerant Ca{NGs3 ), Mg{OHR
Metal Containing
, Alkali Metal o
Tnorganic Salts o Accelerant NaCl, KOH
Contaming
Carbonate ) o
o - NaHCO:, NaxCOs
contatning
- Tertiary Accelerants/Grinding {Triethanolamine,
Alkanolamines ) . .. .
alkanolamines aids Triisopropylamine
Nitrilotri{methylphosphonic
Phosphonates - Retarders acid), 2-phosphonobutane-
1.2 4-tricarboxylic acid
Vinsol Resins, ) o
) Air Entraining )
Surfactants synthetic Many comamercial brands
X Agents
surfactants
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Chelating Agents

Yanous
o Retarders
Chemustries

EDTA, Citric Acid,

nitrilotriacetic acid

TABLE 2 Compositiens of commercially available admixtures

{Master Builder}

Name {Composition
5% THEED (tetrahvdroxyethyehtylenediamine)
, 1% TEA (tiethanolamine}
Polvheed 997

14% Sodium Nitrate
4% Sodium Thiocvanate

22% Sodium Lignosuifate

Fucon WR
(Fuclid)

33% Calcium/Sodium Lignosulfate

3% TEA

(Sika)

Plastocrete 161

20-33% Sodium hignosulfate
5% TEA

Cora Syrup

{3030) Master
Builders)

Master Glenium

21% Polycatboxyiate

Yiscocrete 1000

32% Polvecarboxylate

(Sika}
ADVACast 585
) 36% Polycarboxylate
(GCP)
3% Polycarboxylate
4% Sodium Gluconate
Zyvla 640 GCP

7% Cormn Syrup

1% TEA
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Plastol 5000 30% Polvcarboxylate
{(Euaclid) 5% THEED

Exp 950 (GCPY  [39% Polyearboxylate

[3084] In certain embodiments, provided herein are admixtures. Any suitable adnuxture can
be used. In certamn embodiments, the admixture comprises a polymer. In certam embodiments,
the admixture comprises a lincar polymer. In certain embodiments, the admixture comprises a
branched polymer, e.g., a comb polymer. In certain embodmments, the adouxture comprises a
mixture of hinear and branched polymers. The ratio of hinear to branched polymers inan
admixture composition, admixture solution, or a cement mix can be any suitable ratio, such as at
least 1:1, 1:2, 1.5, 1:10, or 1:20 and/or not more than 112, 15, 1:10, 1.20 or 1:40. Any suitable
monomer can be used to form the admixture polymer. In certain embodiments, the admexture
comprises a polymer backbone comprising acrvlic, methacrylic, maleic acids, vinyl, allvi,
jeffamine, or combinations thereof. In certain embodiments, the polymer comprises one or more
side chains, such as polyethyvlene oxide. Any suttable chemistry can be used to link the one or
more side chains to the polymer, for example ester-) ether-, and/or amide-based linkages. In
certain embodiments, the polvmer comprises one or more modifications comprising a hydroxyl
and/or carboxylic acid group. In preferred embodiments, the admixture is antonic, e.g., COMprises
anet negative charge. The polymer can have any suttable MW, for example at least 1, 5, 10, 100,
300 and/or no more than 5, 10, 100, 500, or 1,000 kDa, for exampie 1-1,000 kBa. Exemplary
polvmers include polvacrylates and polvaceyvlate derivative, and polvearboxylates, or
polvearboxvlate derivatives, such as polycarboxylate ethers.

[0081] This section summarizes some useful admixtares for use in the methods and
compositions herein. For additional listings see Report on Chemical Admixtares for Concrete,

Reported by ACI Comumittee 212, American Concrete Institute, ACI1 212.3R-16, ISBN 978-1-

942727-80-4, incorporated herein by reference in its entirety.
[0082] Admixtures useful in the methods and compositions herein include:

{30831 Aceelerators: cause inerease in the rate of hydration and thus accelerate setting and/or

early strength development. In general, accelerating admixtures for concrete use should meet the
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requirernents of ASTM C494/C494M for Type C (accelerating admixtures) or Type E (water-
reducing and accelerating admixtures). Examples imclude norganic salts, such as chlondes,
bromides, fluorides, carbonates, thiocyanates, nitrites, nitrates, thiosulfates, silicates, aluminates,

and alkali hydroxides. Of particular interest are calcium-containing compouunds, such as Ca0,

.

Caf(NGoho, Ca{OH)2, calciom stearate, or CaCly, and magnesium-containing compounds, such as
magnestum hydroxide, magnesium oxide, magnesivm chlonde, or magnesium nitrate. Without
being bound by theory, it is thought that, in the case of carbounated cement, the added calcium ot
maguesium compound may provide free calctm or magnestum to react with the carbon dioxide,
providing a sink for the carbon dioxide that spares the calciom in the cement mix, or providing a
10 different site of carbonation than that of the cement calcium, or both, thus preserving early
strength developrent. In addition, the anion, e.g., nitrate from a calciun-containing adouxture
may influence C-8-H particle structure. Other set accelerators inclade, but are not hmited to, a
nitrate salt of an alkal metal, alkaling carth metal, or aluminuny a nitrite salt of an alkali metal,

alkaline earth metal, or aluminunt; a thiocyanate of an alkah metal, alkaline carth metal or

[
L

alumimmy an alkanolammne; a thiosulfate of an alkali metal, alkahne carth metal, or aluminum; a
hydroxide of an alkali metal, alkaline earth metal, or alaminum; a carboxyvlic acid salt of an alkali
metal, alkaline carth metal, or aluminum (preferably calcium foumate); a
polvhydroxylatkylamine; a halide salt of an alkali metal or alkaline earth metal {e.g., chionde).

Stable C-5-H secds may also be used as accelerators.

20 [0084] In certain embodiments an aceelerator can include one or more soluble orgamce
compounds such as one or more alkanolamines, such as triethylamine {(TEA), and/or higher
trialkanclamines or calctum formate. The term "higher trialkanolamine” as used herein inchides
tertiary amine compounds which are trithydroxyalkyl) amines having at feast one €3 -Cs

hyvdroxyalkyl {preferably a Cs —Cy hydroxvalkyl) group theremn. The remaining, if any,

b
h

hydroxvalkyl groups of the subject tertiary amine can be selected from €y -5 hydroxyalkyl
groups {preferably Co hvdroxyalkyl). Examples of such compounds include hyvdroxyethyl
dithydroxypropvlyamine, dithydroxvethyl) hvdroxypropylamine, trithydroxvpropyljamine,
hydroxyethyl dihydroxy-n-butyDamine, tr{2-hvdroxybutyDaming, hydroxybutvi
dithydroxypropyllamine, and the hike. Accelerators can also include calcium salts of carboxylic
30 acids, including acetate, propionate, or butyrate. Other organic compounds that can act as
aceelerators include urea, oxalic acid, lactic acid, various cvelic compounds, and condensation

compounds of amines and formaldehyde.
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{3085] Quick-setting admixiures may be used in some embodiments, e.g., to produce quick-
setting mortar or conerete suitable for shotereting or for 3D printing. These nclude, e g | ferric

salts, sodium fluoride, alomimum chloride, sodiwm aluminate, and potassium carbonate,

{0086] Miscellaneous additional accelerating matenals include silicates, finely divided silica
gels, soluble quaternary ammonium silicates, silica fume, finely divided magnesiam or caleium
carbonate. Very fine materials of various composition can exhibit accelerating properties. In
certain embodiments, admixture can inchiude nucleation seeds based on caleium-silicate hydrate
{C-S-H) phases; see e.g., Thomas, §.J., et al. 2009 J. Phys Chem 113:4327-4334 and Ditter et al.

2013 BFT International, Jan, pp. 44-51, which are incorporated by reference herein in their

entireties.

{00871 In certan embodiments, a set accelerator including one, two, or three of
triisopropanolamune (FIPA)Y, N N-bis(2-hydroxyethyh-N-(2-hydroxypropyljamine (BHEHPA)
and tri{2-hydroxybutyl) amine (T2ZBA) is used, for example, a set accelerator comprising TIPA.
Any suitable dose may be used, such as 0.0001-0.5% bwe, such as 0.001-0.1%, or 0.005-0.03%

bwe. See ULS. Patent No. 5,084,103,

{0088] In certain embodiments, carbonation of a cement nmix is combined with ase of an
admixture comprising an alkanolamine set accelerator, e.g., TIPA, where the alkanolamine set
accelerator, e g, TIPA, 1s incorporated in an arnount of 0.0001-0.5% bwe, such as 0.061-0.1%,
or §.005-0.03% bwe. In some of these embodiments, the alkanolamine, e.g., TIPA ~containing
admixture is added before and/or during carbonation, e.g., as part of the initial mix water. In
some of these embodiments, the alkanolanune, e.g., TIPA -containing admixture is added after
and/or doring carbonation. In some embodiments, the alkanolamine, e.g., TIPA -containing
admixture is added as two or more doses, which may be added at different times relative to
carbonation {e.g., two doses, one before and one afier carbonation, etc.). Additionally or
alternatively, carbonation may proceed in two or more doses with, e.g., one or more doses of an
alkanolamine, e.g., TIPA ~containing admixture added before, afier, or during one or more of the
carbon dioxide doses. Other components may be present in the alkanolamme, e. g, TIPA -
containing admixture, including one or more of set/strongth controller, set balancer, hydration
seed, dispersant, air controller, theology modifier, colorant, or a combination thereof. Suitable
commercially available products include BASF Master X-8eed 55 {(BASF Corporation,
Admixture Systems, Cleveland, OH). The total dose of carbon dioxide delivered to the coment
mix in these embodiments may be any suitable dose, such as those described herein, for example,

0.001-2% bwe, such as 0.001-1.0% bwec, or 0.001-0.5% bwe
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{3083] Alr detrainers; also called defoamers or deacrators, decrease air content. Examples
imclude nomonic surfactants such as phosphates, mcluding tnibutylphosphate, dibutyl phosphate,
phihalates, including diisodecyiphthalate and dibutyl phthalate, block copolymers, mcluding
polvoxypropvlene-polyoxvethylene-block copolymers, and the like, or mixture thereof. Air
detrainers also mclude octyl alcohol, water-insoluble esters of carbonic and boric acid, and
sihicones. Further examples of air detrainers include muneral oils, vegetable oils, fatty acids, faity
acid esters, hydroxyl functional compounds, amides, phosphoric esters, metal soaps, polymers
containing propylene oxide moicties, hydrocarbons, alkoxylated bydrocarbouns, alkoxylated
polvatkylene oxddes, acetylenic diols, polyvdimethylsiloxane, dodecyl alcohol, octyl alcohol,

polypropyienc glyeols, water-soluble esters of carbonic and borie acids, and lower sulfonate oils.

[8096] Alr-entraining admixtures: The term air entramner includes any substance that will
cntrain air in comentitious compositions. Some air entrainers can also reduce the surface tension
of a composition at low concentration. Air-endraining admixtures are used to purposely entrain
microscopic air bubbles into concrete. Air-entrainment dramatically improves the durability of
concrete exposed to motisture during cyeles of freezing and thawing. In addition, entrained air
greatly improves concrete's resistance to surface scaling caused by chentical deicers. Air
entramment also increases the workability of fresh concrete while eliminating or reducing
segregation and bleeding. Materials used to achieve these desired effocts can be selected from
wood resin and their salts, natural resin and their salts, synthetic resin and their salts, solfonated
Higmin and their salts, petroleum acids and their salts, proteinaceous material and their salts, fatty
acids and their salts, resimous acids and their salts, alkylbenzene sulfonates, sulfonated
hydrocarbons, vinsol resin, anionic surfactants, cationic surfactants, nonionic surfactants, natural
rosin, synthetic rosin, an inorganic air entrainer, synthetic detergents, and their corresponding
salts, and mixtures thereof. Solid materials can also be used, such as hollow plastic spheres,
crushed brick, expanded clay or shale, or spheres of suitable diatomaceous earth. Air entrainers
are added in an amount to yicld a desired level of air in a cementitious composiiton. Examples of
air entrainers that can be otilized in the admixture system nelude, but are not limited to MB AE
90, MB VR and MICRO AIR RTM | all available from BASF Admixtures Inc. of Cleveland,
Ohio.

{6091] Alkali-agoresate reactivity inhibitors: Reduce alkali-aggregate reactivity expansion.
Examples mchude barium salts, lithium nitrate, lithiwa carbonate, and lithium hydroxide.
[6092] Antiwashout admixtures: Cohesive concrete for underwater placements. Examples

include cellulose and acrylic polymer.
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[6093] Bonding admixiures: Increase bond strength, Examples include polyvinyi chioride,

polyvinyl acetate, acrvlics, and butadiene-styrene copolymers.

[3094] Coloring admixtures: Colored concrete. Examples include modified carbon black,
ron oxide, phthalocvaning, wober, chromium oxide, tianium oxide, cobalt blue, and organic

coloring agents.

[3095] Corrosion mnhibitors: reduce steel corrosion activity n a chloride~laden environment.

Examples include caloium nitrite, sodium pitrite, sodivm benzoate, certain phosphates or

fluosilicates, fluoaluminates, and ester amines.

{6096] Bampproofing admixtures: retard moisture penetration nto dry concrete. Examples

mchude soaps of caleium or ammonmiam stearate or oleate, butyl stearate, and petroleum products.

[3097] Foaming agents: produce lightweight, foamed concrete with low density. Examples

include cationic and amonic surfactants, and hydrolyzed protein.

[3098] Fungicides, germicides, and insecticides: Inhubit or control bacterial and fungal

growth. Examples mchide polyhalogenated phenols, dieldrin emulsions, and copper compounds.

{3099} Gas formers: Gas formers, or gas-forming agents, are sometimes added to concrete
and grout 1n very small quantities to cause a slight expansion prior to hardening. The amount of
expansion is dependent upon the amount of gas-forming material used and the temperature of the
fresh mixture. Aluminur powder, rosin scap and vegetable or animal glue, saponin or

hyvdrolvzed protein can be used as gas formers,

[3108] Hydration control admixtures: Suspend and reactivate coment hydration with

stabilizer and activator. Examples include carboxvhic acids and phosphorus-containing organic

acid salts.

{0161} Permeability reducers: Becrease permeability, Examples include latex and calcium

stearate.

[3102] Punying aids: Improve pumpability. Examples inclade organic and synthetic
polymers, organic flocculants, organic emuldsions of paraffin, coal tar, asphalt, acrvhics, bentonite

and pyrogenic silicas, and hydrated lime.

{0163] Retarders: Retard setting time, and can mehude water-reducing set-retarding
admixtares, which reduce the water requirements of a conerete mixture for a given slump and
mcrease time of setiing (see water reducers), or those that merease set time of concrete without
affecting the water requirenments. Tn general, set retarders can be classified in four categories, any

of which may be ased in embodiments heretn: 1} lignosulfonic acids and their salts and

~26-
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modifications and derivatives of these; 2) hydroxylated carboxylic acids and their salts and
modifications and derivatives of these; 3) carbohvdrate-based compounds such as sugars, sugar
acids, and polysaccharides, and 4) morganic salts such as borates and phosphates. Thus, set

retarders mchude carbohydrates, 7.e., saccharides, such as sugars, e.g., fructose, glucose, and

.

sucrose, and sugar acids/bases and their salts, such as sodium gluconate and sodium
elucohepionate; phosphonates, such as nitrilotri{methyvlphosphonic acid), 2-phosphonobutane-
1.2 4-ricarboxylic acid; and chelating agents, such as EDTA, Curie Acid, and nuirtlotriacetic
acid. Other saccharndes and saccharide-contaming admixes include molasses and com syvmup. In
certain embodiments, the admixture is sodiom gluconate. Other exemplary admixtures that can
10 be of use as set retarders include sodium sulfate, citric acid, BASF Pozzolith XR, firmed silica,
colloidal sitica, bydroxyethyl cellulose, bydroxypropy! cellulose, fly ash {as defined i ASTM
{618}, mineral oils {(such as light naphthenic), hectorite clay, polvoxvalkylenes, natural gums, or
mixtures thereof, polycarboxylate superplasticizers, naphthalene HRWR (high range water

reducer). Additional set retarders that can be used nclude, but are not limited to, an oxy-boron

[
L

compound, Hignin, a polyphosphonic acid, a carboxylic acid, a hydroxycarboxyiic acid,
polycarboxylic acid, hydroxylated carboxylic acid, such as fumarie, itaconic, malonic, borax,
gluconic, and tartaric acid, lignosulfonates, ascorbic acid, isoascorbic acid, sulphonic acid-acryvhic
acid copolymer, and their corresponding salts, polvhvdroxysilane, polvacrylamide. Further
retarders mclade merotri{imethylphosphonic acidy, and 2-phosphonobutane-1,2 4-tricarboxylic
20 acid. Uhustrative examples of retarders are set forth in U 8. Pat. Nos. 5,427,617 and 5,203,919,

meorporated herein by reference

[0104] Shrinkage reducers: Reduce drying shrinkage. Examples inchide polyvoxyalkylenes

alkyl ether and propylene glyeol.

{3105] Water reducers: Water-reducing admixtures (also called dispersants, especially

i~
(¥

HRWR} are used to reduce the quantity of mixing water required to produce concrete of a certain
shump, reduce water-cement ratio, reduce cement content, or increase slamp. Typical water
reducers reduce the water content by approximately 5-10%; high range water reducers (HRWR}
reduce water content even further. Adding a water-reducing admixture to concrete without
reducing the water content can produce a mixture with a higher slump; for example, in certain

30 cases in which high doses of carbon dioxade are used to carbonate a cement mix, slump may be

reduced, and use of a water reducer may restore adequate shump/workability,

[0106] Water redacers for use in the compositions and methods herein may meet one of the
seven types of water reducers of ASTM C494/C494M, which defines seven types: 1) Type A—
water reducing admixtures; 2} Type B—retarding admixtures {(described above); 3) Type C—

=t

27w
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accelerating admixtures {also described above); 4) Tvpe D—water-reducing and retarding

admixtures; 53 Type E—water reducing and accelerating admixtures; 6} Type F—water-
reducing, high range admixtures; or 7} Type G—water-reducing, high-range, and retarding
admuxtures. Matenals gencrally available for use as water-reducing admixtures typically fall into
one of seven general categones, and formulations useful herein may include, but are not limited
to, compounds from more than one category: 1) lignosulfonic acids and theirs salis and
modifications and derivatives of these; 2) hydroxylated carboxylic acids and their salts and
modifications and derivatives of these; 3) carbohvdrate-based compounds such as sugars, sugar
acids, and polysaccharides; 4) salts of Sulfonated melamine polycondensation products; 5) salts
of sulfonated napthalene polycondensation products; 6) polvcarboxylates; 7} other materials that
can be used to modify formulations, including nonionic surface-active agents; amines and their
derivatives; organic phosphonates, including zinc salts, borates, phosphates; and certain
polymeric compounds, including cellulose-cthers, silicones, and Sulfonated hydrocarbon acryviate

denvatives.

{07} An increase in strength is generally obtained with water-reducing admixtures as the
water-cement ratio is reduced. For concretes of equal coment content, air content, and shimp, the
28-day strength of a water-reduced concrete contaning a water reducer can be 10% 10 23%
greater than concrete without the admixture. Type A water reducers can have little effect on
setting, while Type D admixtures provide water reduction with retardation (generally a retarder is
added), and Type E admuxdures provide water reduction with accelerated setting (gencrally an
accelerator is added}. Type D water-reducing admixtures vsually retard the setting time of
concrete by one to three hours. Some water-reducing admixtures may also entrain some air in

concrete.

{3108] High range water reducer (HRWR, also called superplasticizer or plasticizer}, Type F

{(water reducing) and G (water reducing and retarding), reduce water content by at least 12%.

f0109] Examples of water reducers include lignosulfonates, casein, hydroxylated carboxylic
acids, and carbohydrates. Further examples, including HRWR (superplasticizers or plasticizers)
inchude polycarboxvlic ethers, polycarboxylates, polynapthalene sulphonates (sulfonated
napthalene formaldehyde condensates (for example LOMAR D™ digpersant (Cogmis Inc.,
Cincinnati, Ohio}), polymelamine sulphonates (sulfonated melamine formaldehyde condensates},
polyoxyethviene phosphonates (phosphonates-terounated PEG brushes), vinyl copalyvmers,
Further examples include beta naphthalene sulfonates, polyaspartates, or oligomeric dispersants.
{3116 Polvcarboxyiate dispersants (water reducers which are also called polycarboxylate
ethers, polvearboxylate esters) can be used, by which 1s meant a dispersant having a carbon

D8
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backbone with pendant side chains, whercin at least a portion of the side chains are attached to
the backbone through a carboxyl group or an ether group. Examples of polycarboxylate
dispersants can be found in U.S. Pub. No. 2002/0019459 A1, US. Pat. No. 6,267,814, U S, Pat.
No. 6,290,770, U.S. Pat. No. 6,310,143, U.S. Pat. No. 6,187,841, US. Pat. No. 5,158,996, U 8.
Pat. No. 6,008,275, U.S. Pat. No. 6,136,950, U.S. Pat. No. 6,284,867, U.5. Pat. No. 5,609,681,
U8 Pat. No. 5,494 516, U.S. Pat. No. 5,674,929, U.S. Pat. No. 5,660,626, U.S. Pat. No.
5,668,195, U.S. Pat. No. 5,661,206, U.S. Pat. No. 5,358,566, U.S. Pat. No. 5,162,402, US. Pat.
No. 5,798,425, U8, Pat. No. 5,612,396, U8 Pat. No. 6,063,184, U.S. Pat. No. 5912284, US.
Pat. No. 5,840,114, U.S. Pat. No. 5,753,744, U.S. Pat. No. 5,728,207, U.S. Pat. No. 3,723,657,
U.8. Pat. No. 5,703,174, U S Pat. No. 5,665,158 U.S. Pat. No. 5,643,978, U S. Pat. No.
5,633,298, U.S. Pat. No. 5,583,183, and U.S. Pat. No. 5,393,343, The polvcarboxylate
dispersants of interest include but are not limited to dispersants or water reducers sold under the
trademarks GLENTUM RTM. 3030NS, GLENIUM.RTM. 3200 HES, GLENIUM 3000NS RTM.
(BASF Admuxtures Inc., Cleveland, Ohio), ADVA RTM. (W. R. Grace Inc., Cambrdge, Mass.),
VISCOCRETE RTM. (Sika, Zurich, Switzerland}, and SUPERFLUX.RTM. (Axim Concrete
Technologies Ine., Middlebranch, Ohio).

[B111] Viscosity and rheology modifving admixtures. Viscosityv-modifying admixtures

{(VMAs) are typieally water-soluble polymers used in concrete to modify its rheological
properties. YVMAs influence the rheology of concrete by increasing its plastic viscosity; the effect
of vield stress widelv varies with the type of VMA, from no increase to a sigmificant one. Plastic
viseosity is defined as the property of a matenal that resists change in the shape or arrangement
of its elements during flow, and the measure thereof, and vield stress is defined as the critical
shear stress value below which a viscoplastic material will not flow and, once exceed, flows like
a viscous hquid. Rheology modifving agents can be used to modulate, e.g., increase, the viscosity
of comentitioys compositions. Suitable examples of rheology modifier include firmed silica,
colloidal silica, cellulose ethers {e.g., hydroxyethy] cellulose, hydroxypropyl methvlceltulose),
fly ash {as defined in ASTM €618}, mineral oils (such as hight naphthenie), hectorite clay,
polyvoxyvatkvienes, polysaccharides, polvethylene oxides, polvacrylamides or polyvinyl aleohol,
natural and synthetic gurns, alginates (from scaweed), or mixtures thereof. Other materials
mclude finely divided solids such as starches, clavs, lime, and polymer emulsions. Rheology-
modifying admixtures (RMA} are adouxtures that affect the flow characteristics of concrete by
lowering the vield stress or force required to tutiate flow without necessarily changing the
plastic viscosity. The addition of an RMA to concrete might not alter its slumyp but will improve
workability and flow characteristics. RMAs have been used in low-shump concrete appheations,

for example, when concrete is placed using slipform paving machines to place concrete

28
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pavements, curbs, and barricrs, and potentially in 3D printing. They can also be used n self-
consohdating concrete (SCC) or hughly workable concretes. Rheologv-modifying admixtures
mnclude those reported by Bury and Bury, 2008, Concrete International, 30:42-45, incorporated

herein by reference in tts entuety.

[3112] Shrinkage reduction and compensation admixtures. The shrinkage compensation

agent which can be used in the comentitious composition can inchude but is not Hiited to
RO(AG)-10H, wherein R 15 a Ci.s alkyl or Css cycloalkyl radical and A 15 a Chz alkylene
radical, alkali metal sulfate, alkaline carth metal sulfates, alkaline earth oxides, preferably
sodium sulfate and calcium oxide. TETRAGUARD RTM. is an example of a shrinkage reducing
agent and is available from BASF Admixtures Inc. of Cleveland, Oluo. Excroplary shrinkage
reduction admixtares (SRAs) include polvoxvalkyienes alkyl ethers or similar compositions.
Exemplary shrinkage compensation adnuxtures {(SCAs) include calenim sulfoaluminate and
calcium aluminate, calcium hvdroxide, magnesium oxide, hard-bumt and dead-burnt maguesium

oxide.

[3113] Extended set-control admixtures. Extended set-control admixtures (ESCAs) or

hydration-controlimg admixtures (HCAS) are sued to stop or severely retard cement hydration
process in unhardened concrete. They may be used to shut down ongoing hydration of
cementitious products in returned/waste concrete or in wash water that has been treated in the
truck or in a concrete reclaimer system, which allows these products to be recycled back into
concrete production so that they need not be disposed of] or o stabilize freshly baitched concrete
to provide medium- to very long-term set retardation, which allows concrete to remain plastic
during very long bauls or in long-distance pumping situations that require long slamp life n a
more predictable fashion than normal retarders. These differ from conventional set control
admixtures because they stop the hydration process of both the silicate and aluminate phases in
Portland cement. Regular set-control adouxtures act only on the silicate phases. Examples

melude carboxylic acids and phosphorus-contaming organic acids and salts.

{3114] Workabiitv-retaining adouxtures. Help retain workability retention of concrete.
Examples include hydration-controlling and retarding admixtures that meet the requircuents of
ASTM C494/C494M Type B or D, or neutral set workability-retaining admixtures megting the
requirements of ASTM C494/C494M Type §. See, e.g., Daczko, 2010, Proceedings for the 6%
4t

International Symposium on Self-compacting Concrete and the 4™ North American Conference

on the Design and Use of Self-Consclidating Concrete, Sept.

-30-
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[3115] Corrosion-mnhibiting admixtures. Reduces corrosion of steel i concrete, e.g., rebar,

Examples include chromates, phosphates, hvdrophosphates, alkalis, nitrites, and fluorides; amne

carboxylate, aming-ester organic emulsion, and calcium nitrite.

[3116] Permeabilitv-reducing admixtures. Permeabihity-reducing adnuxtures (PRAs} have

been developed to mprove concrete darability though controlling water and moistare movement,
as well as by reducing chloride 1on mgress and permeability. These typically include, but are not
himited, to: 1) hvdrophobic water repellants, such as materials based on soaps and long-chain
fatty acid derivatives, vegetable oils such as tallows, sova-based matenals, and greases, and
petroloum such as mineral od and paraffin waxes, e.g., calcium, ammonium, and butyl stearates;
2} polymer products, such as organic hydrocarbons supplied erther as emulsions (latex) or m
hiquid form, such as coal tar pifches, bitumen or other resinous polvmer, or prepolymer materials;
3) finely divided solids, such as inert and chemically active fillers such as tale, bentonite,
silicious powders, clay, lime, silicates, and colloidal silica. Supplementary cernentitious materials
{(SCMs} such as fly ash, raw or caleined natural pozzolans, silica fume, or slag cement, although
not technically chemical admixtures, can contribute to reducing concrete permeability be a
complementary component; 4} hydrophobic pore blockers; 3) crystalline products, which can be

proprietary active chermicals provided in a carrier of cement and sand.
{6117] Bonding admixtures include an organic polymer dispersed in water (fatex).

[0118] Colorine admixtures include nataral or synthetic materials, in Hguid or dry forms.

Pigments include black iron oxide, carbon black, phthalocvanine blue, cobalt blue, red iron
oxide, brown iron oxide, raw burnt wmber, chromium oxide, phthalocyanine green, yellow iron

oxide, and titamium dioxide.

$119 Floceulating admixtures include svathetic polvelectrolyvtes, such as vinyl acetate-
3 POl 3 \

........................ S AN YD

maleie anhvdride copolymer.

f0120] Fungicidal, germucidal, and insecticidal admixtures include polvhalogenated phenols,

dicldrin emulsion, and copper compounds.

{0121} Lithiun admixtures 1o redusce deleterious expansion from alkali-silica reagtion.

Deleterious expansions tfrom alkali-silica reaction (ASR) can occur in concrete when susceptible
sthiceous minerals are present in the aggregate. Exemplary admixtures that prevent these
deleterious expansion reactions include solid forms (lithium hydroxide monchvdrate and Hthiom
carbonate) and bquid form (30 percent by weight lithiwm nitrate solution in water). Additional

examples include lithium nitrite.

-3%-



N

10

i5

N2

3

v

{

)

WO 2024/030519 PCT/US2023/029354

{3122] Expansive/eas foroung admixtures include metallic alunionum, zine or magnesium,
hydrogen peroxide, nitrogen and ammonium compounds, and certain forms of activated carbon

or fluidized coke.

{0123] Admixtures for cellular concrete/flowable fill include those based on protein or on

svnthetic surfactants.

[3124] Shoterete admixtures. Shoterete 1s defined as “morntar or concrete poeumatically

projected at high velocity onto a sarface.” Materials useful as shoterete admixtures inchede
accelerators, such as alkali-based accelerators, e.g., agueous silicate or alununate sohutions or
alkali-free accelerators such as those based on aluminum sulfates and aluminum hydroxysulfates;
high-range water-reducing admixtores such as those known in the ant specifically formulated for

shotcrete mixtures; and extended set-control admixtures.

[3125] Adouxtures for manufactured concrete products. These may be used to add

production efficiency, improve or modify surface texture, enhance and maintain visual appeal, or
provide value-added performance benefits. These mclude plasticizers such as scaps, surfactants,
lubricants, and cement dispersants; accelerators both caleium chioride and non-chloride-based;
and water-repeliant/efflorescence control admixtures such as calcium/alomimum stearates, fatty

acids, silicone emulsions, and wax entulsions.

[3126] Admixtures for flowing concrete. Flowing concrete is defined as “concrete that 1s
characterized as having a shump greater than 7-1/2 in (190 mm} while mamtaining a cohesive
nature.” Various admixtures may be used, such as nud-range water reducers and high~range
water reducers, viscosity-modifying admixtures, set retarders, set aceelerators, and workability-

retaining admixtures, as described herein.

[3127] Admuxtures for setf~consolidating concrete (SCC). Exemplary admixtures for
inclusion m SCC inchude high-range water-reducing admixtures, e.g., polycarboxylate-based

HRWRASs such as blends of different polvearboxylate polymers that have ditferent rates of

absorption on the powder substrates; and viscositv-modifymng admistures.

{3128] Aduouixtures for very cold weather congrete. These allow placement of concrete in

temperatures below freeing, and melude water reducers, accelerators, retarders, corrosion
inhibttors, and shrinkage reducers (for their added freezing point depression}.

{31291 Admixture for very-high-cady-strength concrete. VHESC s designed to achicve
extremely high carly strengths within the first few hours after placement. Admuxture systems can
inchude a high-range water reducer, set aceelerator, and optionally atr-entraining admixture. Also
mclude may be workabilitv-retaming adnuxtures.
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{3138] Aduuxtures for previgus songele. Pervious concrete is a low-slump, open-graded

material consisting of Portland cement, uniform-sized aggregate, hittle or no fine aggregate,
chemical admixtures, and water, which, when combined, produces hardened concrete with
uterconnected pores, or voids, that allow water to pass through the conerete easily. Exemplary
admixtures include arr-entraming admixtures, extended set-control admixtures, water-reducing

admixtures, intemal curing admixtures, viscosity-modifving admixtures, and latex admixtures.

[0131] Adoixtures for 3D printing concrete. These inchude admixtures that allow the printed

concrete to stand without forms and other admixtares suited to the requirements of 3D printing.

[3132] In certain embodiments, an admixture can comprise a commercially available
admixture. In certain embodiments, an admixture can comprise one or more components of a
commercially available admixture. See Table 2 for a non-inelusive list of commercially available
admixtures and their formulations. It 1s to be understood that any suitable admixture or
component of an admixture can be used. In certain embodiments, an adouxture solution
comprises a component of a commercially available admixture at a different concentration
refative to one or more other components i the conunercially available admixture. In certain
embodiments, an admixture solution comprises a component of a commercially available
admixture and one or more additional components. In these embodiments, the admixture

crmonstrates taproved performance when used with carbonated cements.

[0133] Meodification or influence on calcium carbonate In certain embodiments, an admixtare

is used that modulates the formation of calcium carbonate, e.g., so that one or more polymorphic
forras 1s favored compared to the nuxture without the admixture, e. g, modulates the formation of
amorphous calcium carbonate, e.g., aragonite, or caleite. Exemplary adoixtures of this type
mclude organic polymers such as polyacrylate and polycarboxylate cther, phosphate esters such
as hydroxvamino phosphate ester, phosphonate and phosphonic acids such as
mitrilotrifmethylphosphomie acid), 2-phosphonobutane-~ 1,2 4-tricarboxyhic acid, chelators, such as
sodium gluconate, ethylenediaminetetraacetic acid (EDTA), and citric acid, or surfactants, such

as calcium stearate,

{3134] Farther admixtures of mterest include those that influence calcium carbonate
formation, reactions, and other aspects of caleum carbonate. For example, magnesium can be a
strong tnhibitor to calcite growth, and the Mg/Ca ratio maay affect the lifetime of amorphous
calcium carbonate, e.g., high ratios may increase lifetime, and may influence the type of
crystalline polymorph that forms as the initial and long-term product. C0O5*/Ca®" may also affect
these, as may physical mixing, etther or both of which may be manipulated. Sce, e. g, sce Blue,
CR., Guuffre, A, Mergelsberg, S., Han, N, Dde Yoreo, 1.1, Dove, PM,, 2017, Chemical and
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physical controls on the transformation of amorphous calcium carbonate into ervstalime CaCOs
polymorphs. Geochimica et Cosmochimica Acta 196, 179-196,

https://dol.org/10.1016/1 gea 2016.09.004, imcorporated herein by reference in is entirety.

{0135] In certain embodiments, admixture can include one or more 2D substrates terminated
with fimetional groups, which may also influence crystal phase, size, shape, and/or orientation.
Exemplary strategics for preparing functional group substrates mchide Langmuir monolaver,
surface carbonylation, and alkanethiol self-assembling monolayver (SAM). For example, a stearic
acid monolayer has been used to direct CallOs crystallization. Various functional groups can be
micro-patterned on a substrate to guide CaCO3 crystallization. Thus, in certain embodiments 2D
substrates with -COOH, -NHs, -OH, SGsH, -CHzs, -SH, and/or or PO4Hs, can be used to control
CaCOs: mineralization. The physical and/or chemical properties of the substrate may be
manipulated as suitable for desired outcome. These include chentical character, hydrophilicity,
charge {or coordination number} and geomwetry {or spatial structure) of terminated functional
groups, substrate metals and length of alkanethiol molecule. Additionally or altematively,
environmental factors such as temperature and/or initial concentration of Ca™ may be
manipulated. ACC formation and transformation may be preferred on strong hydrophilic
surfaces, for example, on ~OH or -SH ternunated SAMs, Without being bound by theory, it is
thought that CaCOs nucleates via the same mechanism on ~OH, NHz, and —-CH; terminated
SAMs. Double-hydrophilic block copolymers based on poly{ethyleneglveol PEG), carboxylated
polvanilines {c-PANIs} can be used to mediate CaCOs crystallization, and can provide control
over crystal size, shape, and modification, e.g., promote production of purely crystalline calcite
and/or vaterite. Addition of —~OH and ~COOH tailored functional polymer can potentially
stabilize ACC precursor phase, which may gradually transtorm to caleites, if desired.
Additionally or alternatively, charged functional groups can be coupled with Ca?! ions to
facilitate CaCOs crystallization. See, e.g., Deng, H., Shen, X -C, Wang, X -M., Dy, €, 2013,
Calcium carbonate crystallization controlied by functional groups: A mmni-review. Fronticrs of
Maierials Science 7, 62-68. https:/doi.org/10.1007/311706-013-0191 -y, incorporated herein by
reference in its entivety; in particular, see Table 1 for potential influences of various admixtures

on morphologies.

{3136] In certain ermabodiments admixture may nchude one or more complexing agents, such

as Ethviencdiamingtetraaceticacid (EDTA) and/or 1-hvdroxvethy- lidene-1. 1-diphosphonic acid

(HEDP). For example, without being bound by theory, EDTA 1s reported 1o retard the crystal
growth of calette and aragonite. Aquasoft 330, a commercial grade HEDP s reported to control

the morphology of CaCOs and caleum oxalate. See, e.g., Gopi, S.F., Subramanian, V.X,
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Palantsamy, K, 2015, Synergistic Effect of EDTA and HEDP on the Crystal Growth,
Polvmorphism, and Morphology of CaC0s. Industrial & Engincering Chemistrv Research 54,
3618-3625. https://doi.org/10.1021/1e5034039, mcorporated herein by reference in its entirety.
f3137] In certain embodiments, admixture may melude tow molecular weight and polymeric

additives, such as block copolvmers, polviethviene glveol} (PEG), polvelectrolyte,

polvacrviamide and cellulose, which can exhibit large influence on the crystallization of CaCOs.

See, e.g, Xie etal., 2006; Xu et al,, 2008; Xuetal,, 2011, Sadowski et al., 2010; Suet al, 2010,
all of which are incorporated by reference herein n their entirgties. Among various templates,
PEG is of particular interest because its molecules contain hydrophilic groups, which can actas a
donor to metal jons to form metal complexes with diverse conformation. CaCOs mineralized
without PEG polvmer formed rhombohedral calcite erystals of an average size of 125 and 21.5
um after 3 min and 24 h of incubation, respectively. In contrast, CaC(: precipitates obtained in
the presence of PEG but collected aftor 24 hours of incubation exhibited particles with diameters
ranging from 13.4 to 159 um. The slight merease n the particle size observed at a high polymer
concentration may be caused by the flocculation effect. Thus, without being bound by theory, it
is thought that the presence of polv{ethylene glvcol} mhibits the growth of CalOs particles in the
svstem. K 1s known that low and high molecular weight additives can stabilize nonequilibrium
morphologies by changing the relative growth rates of different crystal faces through molecular,
specific interactions with certain surfaces that modify the swrface energy or growth mechanism,
or both. Further without being bound by theory, it is also thought that in aqueous solution, Ca®*
and CO3% firstly form ACC, which quickly transforms into vaterite and calcite within minutes,
but at the same time the polymer molecules adsorb on the surface of the particles, which can
mhibit the growth of crvstal during the process resulting in formation small particles. See, e.g.,
Polowezyk, 1, Bastrzvk, A., Kozlecki, T., Sadowski, 7., 2013, Calcium carbonate
mineralization. Part 1: The effect of poly{ethviene glycol) concentration on the formation of
precipitate. Faculty of Geoenginecring, Mining and Geology, Wrockaw University of
Technology, Wroclaw. https://doi.org/10.5277/ppmp130222, which 1s incorporated by reference
herein in its entirety.

[3138] In certain embodiments, admixture may nclude water-soluble macro-molecules as
solable additives which may, e g, affect the crystallization of CaCOs; such additives may be
present with insoluble matrices. Exemplary soluble additives include polv(acrylic acid) (PAA);
PAAm: Poly{allylamine); PGA: Poly(glutanic acid} sodium salt; DNA: deoxyribonucieic acid,
such as sodium salf from salmon sperm (DNA); these admixtares can be used with one or more

substrates, when suitable, such as glass, Poly{ethylene- co-acrvlic acid) (PEAA) (20wt% acrylic
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acid}, or chitosan. PEAA and chitosan contain carboxyhic acid and anune groups, respectively.
These polymers can be spin-coated on glass substrates. In the absence of soluble additives,
rhombohedral calcite crystals can grow on all three substrates. Different substrate/macro-
molecule combinations can have different effects. For example, for glass, there may be no
crystallization with PAA or PAAm, whereas sphenical erystals may be obtained with PGA
additive {vaicrite and calcite) or DNA (calcite). The same effects can be seen with additives on
PEAA. With clutosan, PAA and PGA may give thin film states of CaC0;. Without being bound
by theory, the carboxyvlic acid of PAA and PGA and the amine group of chitosan may cause
iteractions, which resolis in the formation of thin film erystals. Spherical particles sporadically
grow on the surfaces in the presence of DNA. For further discussion of these potential
advuxtures see, e.g., Kato, T., Suzuka, T, Amanuva, T, Irie, T., Komivama, M., Yui, H,, 1998,
Effects of macromolecules on the erystallization of CaC(ys the Formation of Organic/Inorganic
Composites. Supramolecular Science 5, 411-415. https://doi.org/10.1016/50968-5677(9830004 1 -

8, incorporated by reference herein in its entirety .

f0139] The admixtare (or each admixture} may be added to any suitable final percentage {bwc),
such as i the range of 0.01-0.5%, or 0.01-0.3%, or 0.01-0.2%, or 0.01-0.1%, or 0.01-1.0%, or
0.01-0.05%, or 0.05% to 5%, or 0.053% t0 19, or 0.05% 10 0.5%, or 0.1% 10 1%, or 0.1% 1o
(.8%, or 0.1% to 0.7% per weight of coment. The admixture {or each admixture in a combination
of admixtures) may be added to a final percentage of greater than 0.0001, 0.0002, 0.0005, 0.001,
(0.002, 0.005,0.01,0.02,0.03, 0.04,0.05,0.06, 6.07, 0.08, 0.09, 0.1, 0.15,0.2,03, 04, 0.5%,
0.6%, 0.7%, 0.8%, 0.9, or 1.0% bwe; in certain cases also less than 10,5, 4,3, 2. 1,09, 0.8, 0.7,
0.6,035,04,03,02,0.1,0.09, 008 007,006,005, 0.04,0.03, 0.02,0.01, 0.003, 0.002, 0.001,

0.0005, or 0.002% bwe. Other ranges and quantities are as deseribed herein.

{3140] In certain erubodiments, use of carbonation and admixture, as described herein,
results in increased strongth, e g, compressive strength as measured by standard tests 1o the art,
at one or more times, such asat 1, 7, or 28 davs. In certain embodiments, the use of carbonation
and an admixtare containing an accelerant results in increased strength at least two of the times
of 1, 7, or 28 days; in certain erabodiments, the use of carbonation and an admixture containing
an accelerant results in increased strength at all three of the times of 1, 7, or 28 days. The
increase 1 strength, at any of the times, may be at least 0.5, 1.0, 1.5,2.0,2.5,3.0,3.5,4.0,45,
5.0,6,7.8,9,10, 11, 12, 13, 14, 15, 17,20, 22, 25,27, 30, 32, 35, 40, 30, 60, 70, 80, 90 or
100%, compared to the same coment mix without carbonation and without the accelerant-

coptaining admixture.
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{3141} Other advantages, when compared to the same mix without carbonation or admixture, can
mclude providing a strength safety factor and/or expanded performance space, reducing in-place
concrete costs, permitiing higher replacement levels of supplementary cementitious materials

(SCMs), carlier stripping and reuse of forms, and reduction of carbon dioxide cmissions

.

associated with concrete, both because of the absorbed carbon dioxade and because of reduction
in the amount of cement required for a given strength. Further advantages include reduced water
content for a given level of workability, or improved workability at equal water content when
compared to non-treated, reference concrete, normal setting charactedistics, high early strength,
superior shimp retention, high ultimate strengths, optimum sething time, consistent aiy

{0  entrainment, dosage flexibility, reduced drying shrinkage {e.g., as much as 80% at 28 days, and
up to 50% at one year and beyond), reduced stresses mduced from one-dimensional surface
drying in conciete slabs and floors, reduced carbonation (from atmosphere) after pouring,
superior pumpability and/or finishability, increased flexural strength at one more ages, retarded

setting {can be controlled retardation depending on, e.g., addition rate), dead-load deflection can

L

take place (before conerete sets) m extended pours for bridge decks, cantilevers, nonshored
structural elements, ete., mimimal bleed water, cohesive and non-segregating, extended plasticity
range, extended shump retention, optimized cement and pigment dispersion. Benefits can include
fagter concrete placement, superplasticizing effect for high-shump applications, rapid strength
gain for energy savings and earlier stripping {for precast/prestressed concrete applications},

20 cartier structural use of concrete, consistency in placement operations, optimized mixture costs,
reduction m patching costs, ability to attain difficolt combinations of high-early and late-age
compressive strengths, mercased productivity, improved operational efficiencigs, less QC
support, fewer rejected loads, faster form turnover, workability retention without retardation,
reduced dryving shrinkage cracking and nucrocracking therchy imaproving acsthetics,
waterfightness and durability, reduced prestress loss, reduced curling, improved resistance to
damage from cvyelic freezing and thawing, improved resistance to scaling from deicing salts,
reduced permeability—increased watertightness, reduced segregation and bleeding, increased
service life, superior finishing charactenistics of flatwork and cast surfaces, flexibility in
scheduling of placing and finishing operations, offsets effects of early stiffening during extended
30 delays between mixing and placing, belps eliminate cold joinds, lowered peak temperature and/or
rate of temperature rise in mass concrete thereby reducing thermal cracking, higher modulus of
elasticity, improved bond strength to steel, improved visual appeal, potentially reduced cement
and color requirements, extends life of mold and other machine parts {e.g., when making blocks,

pavers, dry cast), increased tolerance to variation of moisture content in the mix and consequent

W

more homogeneous mix properties at higher w/c. In addition, structures made with a
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carbonated/admixture mix can have imereased durability, decreasing/delaving mamicnance and

replacement costs and further reducing carbon footprint due to longer useful hife.

[3142] In certain embodiments, the methods and compositions include a cement nux, e.g.. a
conerete mix, wherein carbon dioxade is added to the nux and at least one accelerator is added to
the mix. The carbon dioxide can be added at any suttable dose, such as the doses described
herein, ¢.g., a dose of 1.001-10.0% by weight cement (bwc), for example 0.001-5.0% or 0.001-
2.0% or 0.001-1.0% or 0.005-1.0% or 0.005-0.5% bwe. The carbon dioxide can be added as one
dose, or as two, three, four, five, or more than five divided doses. The carbon dioxide may be
added in any suitable form, such as carbon dioxide comprising solid carbon dioxide, e.g.. a
nuxture of gascous and sold carbon dioxide produced from liquid carbou dioxide. The
accelerator may be added with cement, ¢.g., as mierground with cement, with mix water, or afer
mixing has commenced, or any combination thereof, m a single dose or as two, three, four, five,
or more than five divided doses. If a dose of accelerant s added in nux water, then generally i
will be present before carbon dioxide addition. Tn this case, carbon dioxide can be added after
accelerator {i.e., afier mixing starts} at any suitable time, as described herein. Additional
accelerator may be added during or after carbon dioxide addition. As will be appreciated, any
suitable combination of doses and timing, as described herein, may be used. Suitable accelerators
include those described herem. In certain embodiments, an accelerator including one or more
alkanclamines is used, such as triethylamine {TEA), and/or higher triatkanolamines. The term
“higher tnalkanolamine” as used herem includes tertiary amine compounds which are
tri{hvdroxyalkyl) amines having at least one Cy -Us hydroxvalkyl (preferably a Cs -4
hydroxyalkyl) group thercin. The remaining, if any, hydroxyalkyl groups of the subjoct tertiary
amine can be sclected from €y - hydroxvalkyl groups {preferably C; hydroxyalkyl). Examples
of such compounds include hyvdroxyethyt dithyvdroxypropyhamine, dichvdroxyethyvl)
hydroxypropylaming, trithydroxypropyhamine, hvdroxyethyl dilhvdroxy-n-butyDamine, tri{2-
hvdroxybutyDamine, hydroxybutyl didhvdroxypropyhamine, and the like. o certain
embodiments, a set accelerator including one, two, or three of tnisopropanclamine (TIPA}, N,N-
bis(Z-hydroxyethyl}-N-(2-hydroxypropyviamine (BHEHPA) and tri{2-hydroxybutyl) amine
(T2BA) is used, for example, a set accelerator comprising TIPA. Any suitable dose may be used,
such as 0.0001-0.5% bwe, such as 0.001-0.19, or 0.005-0.03% bwe. See U.S. Patent No.
3,084,103, Additional admixtures may be used, sach as one or more set balancers, hydration
secds, dispersants, air controllers, rheology modificrs, and/or colorants. One suitable
combination of accelerant and other admixtures 1s Master X-Seed 35™ (BASF Corporation,

Cleveland, OH). In certain embodiments, one or more set retarders may be used in the mix.
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Suitable set retarders include those described herein, Composttions provided by these methods

are also included.

[3143] In certain embodiments, the methods and compositions include a cement nux, e.g.. a
conerete mix, wherein carbon dioxade is added to the mix and at least one admixture that acts to
offset acceleration provided by the COz, e.g., set retarder 1s added to the nux. The carbon dioxide
can be added at any suitable dose, such as the doses described herein, e.g., a dose of 0.001-10.0%
by weight cement (bwe), for example 0.001-5.0% or 0.001-2.0% or 6.001-1.0% or 0.005-1.0% or
0.005-0.5% bwe. The carbon dioxide can be added as one dose, or as two, three, four, five, or
more than five divided doses. The carbon dioxide may be added in any suitable form, such as
carbon dioxide comprising solid carhon dioxide, e.g., a mixture of gascous and sold carbon
dioxide produced from hquid carbon dioxade. The admuxture that acts to offset acceleration
provided by the CO», e.g., retarder may be added with the coment, e g., as interground with
cement, with mux water, or after nuxing has conunenced, or any combination thereof, in a single
dose or as two, three, four, five, or more than five divided doses. 1f a dose of admuxture that acts
to offset acceleration provided by the £0,, e.g., retarder is added in mix water, then generally it
will be present before carbon dioxide addition. In this case, carbon dioxide can be added after
admixture that acts to offset aceeleration provided by the CO,, e g, retarder (7.e., after mixing
starts) at anv suitable time, as described herein. Additional admixture that acts to offset
acceleration provided by the C(h, e.g., retarder may be added during or afier carbon dioxide
addition. As will be appreciated, any suitable combination of doses and timuing, as deseribed
herein, may be used. Suitable admixture that acts to offset acceleration provided by the C(s, e.g.,

set retarders include those described herein.

{3144] In certain embodiments, the methods and compositions include a cement mix, e.g, a
concrete mix, wherein carbon dioxide is added to the mix and at least one adouxture that acts to
develop or stabilize Ca”" in solution is added to the mix. The carbon dioxide can be added at any
suitable dose, such as the doses described herein, e.g., a dose of 0.001-10.0% by weight cement
{bwe}, for example 0.0601-5.0% or 0.001-2.0% or 0.001-1.0% or 0.005-1.0% or $.005-0.5% bwe.
The carbon dioxide can be added as one dose, or as two, three, four, five, or more than five
divided doses. The carbon dioxide may be added in any switable form, such as carbon dioxide
comprising solid carbon dioxide, e.g., a mixture of gaseouns and sold carbon dioxide prodaced
from liquid carbon dioxide. The admixture that acts to develop or stabilize Ca’" in solution may
be added with the cement, e.g., interground with cement, with nux water, or after muxing has
commenced, or any combination thereof, in a single dose or as two, three, four, five, or more

than five divided doses. If a dose of admixture that acts to develop or stabilize Ca?" in solution is
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added in mix water, then generally @ will be present before carbon dioxide addrtion. In this case,
carbon dioxide can be added after admixture that acts to develop or stabilize Ca®' in solution (i.e.,
after mixing starts) at any suttable time, as described herein. Additional admixture that acts to
develop or stabilize Ca®** in solution may be added during or after carbon dioxide addition. As
will be appreciated, any suitable combination of doses and timung, as described herein, mayv be

used.

[3145] In certam embodiments, the methods and compositions include a cement mix, e.g., a
concrete mix, wherein carbon dioxide is added to the mix and at least one admixture that acts to
prevent carbonate reaction products from coarsening or flocculating is added to the mix. The
carbon dioxide can be added at any suitable dose, such as the doses descobed heren, e.¢., a dose
of 0.001-10.0% by weight cement (bwe), for example 0.001-5.0% or 0.001-2.0% or $.001-1.0%
or 0.005-1.0% or .005-0.5% bwe. The carbon dioxide can be added as one dose, or as two,
three, four, five, or more than five divided doses. The carbon dioxide may be added 10 any
suitable form, such as carbon dioxide comprising solid carbon dioxide, e.g., a mixture of gascous
and sold carbon dioxide produced from hiquid carbon dioxide. The admixture that acts to prevent
carbonate reaction products from coarsening or flocculating may be added with cement, e.g., as
mterground with cement, with mix water, or afier mixing has commenced, or any combination
thereof, in a single dose or as two, three, four, five, or more than five divided doses. If a dose of
admixture that acts to prevent carbonate reaction products from coarsening or flocculating is
added in mix water, then generally i will be present before carbon dioxide addition. In thas case,
carbon dioxide can be added after admixture that acts (o prevent carbonate reaction products
from coarsening or floceulating (7.e., after mixing starts) at any suitable time, as described hercin.
Additional admixture that acts to prevent carbonate reaction products from coarsening or
flocculating may be added during or after carbon dioxide addition. As will be appreciated, any

suitable combination of doses and timing, as described herein, may be used.

[3146] In certam embodiments, the methods and compositions include a cement mix, e.g., a
concrete mix, wherein carbon dioxide 1s added to the mix and at least one admixture that acts to
modulate carbonate reaction product size or geometry is added to the mix. The carbon dioxide
can be added at any switable dose, such as the doses described heremn, ez, a dose of 0.001-10.0%
by weight cement (bwe), for example 0.001-5.0% or $.001-2.0% or 0.001-1.0% or 0.005-1.0% or
0.005-0.5% bwe. The carbon dioxide can be added as one dose, or as two, three, four, five, or
more than five divided doses. The carbon dioxide may be added in any suitable form, such as
carbon dioxide comprising solid carbon dioxide, e.g., a mixture of gaseous and sold carbon

dioxide produced from liquid carbon dioxide. The admixture that acts to modulate carbonate
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reaction product size or geometry may be added with cement, e.g., as interground with cerent,
with mix water, or after mixing has commenced, or any combination thereof, in a single dose or
as two, three, four, five, or more than five divided doses. If a dose of admixture that acts to
modulate carbonate reaction product size or geometry is added 10 mix water, then generally ¢
will be present before carbon dioxide addition. In this case, carbon dioxide can be added after
admixture that acts to modulate carbonate reaction product size or geometry {7.e., after mixing
starts) at any suitable time, as desceribed herem. Additional admixture that acts to modulate
carbonate reaction product size or geometry may be added duning or after carbon dioxide
addition. As will be appreciated, any suitable combination of doses and timing, as described
herein, may be used. Suitable admixture that acts to modulate carbonate reaction product size or

seometry nclude those described herein,

{31471 In certain cmbodiments, the methods and compositions include a coment mix, e g, a
concrete mix, wherein carbon dioxide 1s added to the mix and at least one adouxture that acts to
promote homogenous nucleation of CaC0s s added to the mix. The carbon dioxade can be added
at any suitable dose, such as the doses described herein, e g, a dose of 0.001-10.0% by weight
cement {bwc), tor example 0.001-5.0% or 0.001-2.0% or 0.001-1.0% or 0.003-1 0% or 0.005-
0.5% bwe. The carbon dioxide can be added as one dose, or as two, three, four, five, or more
than five divided doses. The carbon dioxide may be added in any suitable form, such as carbon
dioxide comprising solid carbon dioxide, e. g, a mixture of gascous and sold carbon dioxide
produced from hquid carbon dioxide. The admuxture that acts to promote homogenous nucleation
of CalOsmay be added with cement, e.g., as interground with cement, with mix water, or after
nuxing has commenced, or any combination thereof, in a single dose or as two, three, four, five,
or more than five divided doses. I a dose of admixture that acts to promote homogenous
nucleation of CaC0sis added in mix water, then generally 1t will be present before carbon
dioxide addition. In this case, carbon dioxide can be added after admixture that acts to promote
homogenous nucleation of CaC0s (f.e., after mixing staris) at any suitable time, as described
herein. Additional admixture that acts to promote homogenous nucleation of CaCO:may be
added during or after carbon dioxide addition. As will be appreciated, any suitable combination

of doses and tinung, as described hercin, may be used.

{3148] In certain ermbodiments, the methods and compositions inclade a coment mix, e.g, a
concrete mix, wherein carbon dioxide is added to the mix and at least one adouxture that acts to
mtluenee the micraction of the CO: with sulfates, terriics, aluminates and/or magnesiaies, e.g.,
inhibiting or promoting, is added to the mix. The carbon dioxide can be added at any suitable

dose, such as the doses descrbed hercin, e.g., a dose of 0.001-10.0% by weight cement {bwc),
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for example 0.001-3.0% or 0.001-2.0% or 0.001-1.0% or 6.005-1.0% or 0.005-0.5% bwc. The
carbon dioxide can be added as one dose, or as two, three, four, five, or more than five divide
doses. The carbon dioxide may be added in any suitable form, such as carbon dioxide comprising
solid carbon dioxide, e g, a mixture of gascous and sold carbon dioxide produced from hqud
carbon dioxide. The admixture that acts (o influence the mteraction of the CO» with sulfates,
ferrites, aluminates and/or magnesiates, e.g., inlubiting or promoting, may be added with coment,
e.g., as interground with cement, with mix water, or after mixing has commenced, or any
combination thereof, in a single dose or as two, thiee, four, five, or more than five divided doses.
If a dose of admixture that acts to influence the interaction of the €GO, with sulfates, fermtes,
aluminates and/or magnesiates, e.g.. inhibiting or promoting, is added 1o mix water, then
generally 1t will be present before carbon dioxide addition. In this case, carbon dioxide can be
added after admixture that acts to influence the interaction of the CO» with sulfates, fernites,
aluminates and/or magnesiates, e.g., inhibiting or promoting {(7.e., afler mixing starts) at any
suitable time, as described herein. Additional admixture that acts to influence the interaction of
the CO; with sulfates, ferrites aluminates and/or magnesiates, e.g., inhibiting or promoting, may
be added during or after carbon dioxide addition. As will be appreciated, any suitable

combination of doses and tining, as described herein, may be used.

{3149] In certain embodiments, the methods and compositions include a coment mix, e g, a
concrete mix, wherein carbon dioxide is added to the mix and at least one adouxture that acts to
mfluence the actions of sulfates, ferrites, aluminates and/or magnesiates, e.g., inhibiting or
promoting, is added to the mix. The carbon dioxide can be added at any suitable dose, such as the
doses described herein, e.g., a dose of 0.001-10.0% by weight cement (bwc}), for example 0.001-
3.0% or 6.001-2.0% or 0.001-1.0% or 0.005-1.0% or 0.0605-0.5% bwe. The carbon dioxide can
be added as one dose, or as two, three, four, five, or more than five divided doses. The carbon
dioxide may be added in any suitable form, such as carbon dioxide comprising solid carbon
dioxide, e.g., a mixture of gascous and sold carbon dioxide produced from Haguid carbon dioxade.
¢ adouxture that acts to infhuence the actions of sulfates, forrites, aluminates and/or
magnesiates, e.¢., inhibiting or promoting, may be added with cement, e.g., as interground with
cement, with mix water, or after mixing has coramenced, or any combination thereof, in a single
dose or as two, three, four, five, or more than five divided doses. If a dose of admixture that acts
to inflacnee the actions of selfates, ferrites and/or aluminates, e g, inhibiting or promoting, is
added in mix water, then generally i will be present before carbon dioxide addition. In this case,
carbon dioxide can be added after admixture that acts to mfluence the actions of sulfates, ferrites,
aluminates and/or magnesiates, e.g., inhibiting or promoting (7.e., after mixing starts} at any
suitable ime, as described herein. Additional admixture that acts to influence the actions of
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sulfates, ferrtes, alurninates and/or magnesiates, ¢.g., inhibiting or promoting, may be added
during or after carbon dioxide addition. As will be appreciated, any suitable combination of

doses and timing, as described herein, may be used.

{0154] In certain embodiments, the methods and compositions include a coment mix, ez, a

N

conerete mix, wherein carbon dioxade is added to the mix and at least one admixture that acts to
offset workability loss associated with the carbonation s added to the mix. The carbon dioxide
can be added at any suitable dose, such as the doses described herein, e.g., a dose of 0.001-10.0%
by weight cement (bwe}, for example 0.001-5.0% or 8.001-2.0% or 6.001-1.0% or 0.005-1.0% or
0.005-0.5% bwc. The carbon dioxide can be added as one dose, or as two, three, four, five, or
10 more than five divided doses. The carbon dioxide may be added 1o any suitable foom, such as
carbon dioxide comprising sohd carbon dioxide, e.g., a mixture of gaseous and sold carbon
dioxide produced from liquid carbon dioxide. The admixture that acts to offset workabibity loss
associated with the carbonation may be added with cement, ¢.g., as interground with coment,
with mix water, or after mixing has commenced, or any combination thereof, in a single dose or
15 astwe, three, four, five, or more than five divided doses. I a dose of admixture that acts to offset
workability loss associated with the carbonation s added in mix water, then generally 1t will be
present before carbon dioxide addition. In tlus case, carbon dioxide can be added after admixture
that acts to offset workability loss associated with the carbonation (i e., after mixing starts) at any
suitable time, as described herein. Additional admixture that acts to offset workability foss
20 associated with the carbonation may be added dunng or after carbon dioxide addition. As will be
appreciated, any suitable combination of doses and timing, as descnbed herein, may be used.
Suitable admixtures that act to offset workability loss associated with the carbonation mclude

those descnibed herem, for example, plasticizers and set retarders.

{3151} In certain erobodiments, the methods and compositions include a coment mix, eg, a

137
LA

concrete mix, wherein carbon dioxide 1s added to the mix and at least one adouxture that acts to
control, modify or otherwise tmpact the nature of the carbonate reaction product formed {e.g.,
size, chemical composition, and/or crystallinity} is added to the mix. The carbon dioxide can be
added at any suitable dose, such as the doses described herein, e g, a dose of 0.001-10.0% by
weight cement (bwe), for example 0.001-5.0% or 0.001-2.0% or 8.001-1.0% or 0.005-1 0% or
30 0.003-0.5% bwe. The carbon dioxide can be added as one dose, or as two, three, four, five, or
more than five divided doses. The carbon dioxide may be added in any suitable form, such as
carbon dioxide comprising solid carbon dioxide, e.g£., a mixture of gascous and sold carbon
dioxide produced from liquid carbon dioxide. The admixture that acts to control, modify or

otherwise impact the nature of the carbonate reaction product formed {e.g., size, chenucal
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composttion, and/or crystallinity) may be added with the cement, e. g, as mterground with
cement, with mix water, or after mixing has commenced, or any combination thereof, in a single
dose or as two, three, four, five, or more than five divided doses. If a dose of admixture that acts
to control, modify or otherwise mpact the nature of the carbonate reaction product formed (e g,
size, chemical composition, and/or crystallinity) 1s added 1 mix water, then generally it will be
present before carbon dioxide addition. In this case, carbon dioxide can be added after admixture
that acts to control, modify or otherwise impact the nature of the carbonate reaction product
formed {e.g., size, chenucal composition, and/or crystallinity) (F.e., after puxing starts} at any
suitable time, as described herein. Additional admixture that acts to control, modify or otherwise
impact the nature of the carbonate reaction product formed (e g, size, chemical composition,
and/or crystallinity) may be added during or after carbon dioxide addition. As will be

appreciated, any suitable combination of doses and timing, as described herein, may be used.

[3152] In certain crobodiments, the methods and compositions include a coment mix, e.g, a
concrete mix, wherein carbon dioxide 1s added to the mix and at least one adoixture that acts to
control, modify or otherwise impact the development of hydration products that develop on the
carbonate product is added to the mix. The carbon dioxide can be added at any suitable dose,
such as the doses described herein, e.g., a dose of 0.001-10.0% by weight cement {(bwc), for
example 0.001-5.0% or 0.001-2.0% or 0.001-1.0% or 0.005-1.0% or 0.005-0.5% bwc. The
carbon dioxide can be added as one dose, or as two, three, four, five, or more than five divided
doses. The carbon dioxide may be added in any suitable form, such as carbon dioxide comprising
solid carbon dioxide, e. g, a mixture of gaseous and sold carbon dioxide produced from liguid
carbon dioxide. The admixture that acts to control, modify or otherwise impact the development
of hydration products that develop on the carbonate product may be added with cement, e.g., as
mterground with cement, with mix water, or after mixing has commenced, or any combination
thereof, i a single dose or as two, three, four, five, or more than five divided doses. If a dose of
admixture that acts to control, modity or otherwise impact the development of hydration products
that develop on the carbonate product is added in mix water, then generally it will be present
before carbon dioxide addition. In this case, carbon dioxide can be added afier admixture that
acts to control, modiy or otherwise impact the development of hydration products that develop
on the carbonate product (7.e., after mixing starts) at any suitable time, as described herein,
Additional admixtare that acts to control, modify or otherwise impact the development of
hydration products that develop on the carbonate product may be added duning or after carbon
dioxide addition. As will be appreciated, any suitable combination of doses and timing, as
descnibed herein, mayv be used. Suitable admixtures include anionic surfactants, e.g

&

dodecyl
sulfate sodivm salt (SDS), and cationic surfactants, e.g., cetyltrimethylammonium bromide
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(CTAB), cetvipvadmm bromide ((PB) and tetra{decvlammoniom bromide (TDAB). The
presence of particular anions can also modulate development of hydration products that develop
on the carbonate product; thus, in certain embodimends, an admixture may contain nitrate,
chionide, or hydroxide, e.z., nitrate. See, e.g., Moghaddam et al., J Matenals Chem. A, DGI 10
1039/c6ta09389h, 2316,

{0153] In certamn embodiments, a method of producing a cement mix is provided, comprising
mixing a hydraulic cement, such as Portland cement, e.g., OPC with carbon dioxide and an
admixture. In certain embodiments, the admixture comprises a dispersant, a water reducer, an air
entrainer, or a combination thereof. In certain embodiments, the admixture comprises
polvacrylate, such as sodium polvacrylate; polycarboxylate, such as polvcarboxylate ether;
lignin, such as a lignin polvmer, a hgnosulphate, a lignosulfonate tricthanolamine;
tricthanclamine (TEA): a nitrate, such as sodium nitrate; a thiccvanate, such as sodium
thiocvanate; or a combination thercof. The carbon dioxide can be present 1o any suitable amount,
such as at least 0.01, 0.02, 0.03,0.04, 0.05,0.07,0.1,0.15,02,025,03,035, 04,045 05,06,
0.7, 0.8, 0.9, or 1 0% by weight cement {bwc} and/or not more than 0.02, 0.03, .04, 0.05, 0.07,
01,015, 02,025 03,035,04,045,05,06,07,08,09, 10,20, or 3% bwe, in cortain
embodiments at least 0.1%, such as 0.1-0.5%, preferably 0.1-0.4%:; in certain embodiments at
least 0.2%, such as 0.2-0.3%, preferably 0.3-0.5%. In certamn embodiments, the admixtare
comprises a polycarboxviate or polycarboxylate dertvative, such as a polycarboxylate cther; the
polyecarboxylate or polyvearboxylate denvative can be present in any suitable amount, such as
from 0.1 to 1% bwe, preferably 0.2 to 1% bwe, even more preferably 0.2 to 0.8%. In certain
embodiments, the admixture comprises a lignin or a lignio dervative, such as lignosulfate,
lingnosulfonate, or a combination thereof. The hignin or hignin derivative can be present in any
suitable amount, such as i an amount from 0.2 to 8% bwe, preferably 0.2 1o 6% bwe, even more
preferably 0.3 to 0.5%. In certain embodiments the admixture comprises a polyacrylate or
polvacrylate denvative. The polvacrylate or polvacrylate derivative can be present in any suttable
amount, such as from 0.02 to 0.3% bwe, preferably 0.04 to 0.2% bwe, even more preferably 0.06
to 0.2%. In certain embodiments, a hydranlic coment is used that, in combination with carbon
dioxide alone, and/or in combination with admixture alone, has a compressive strength at one or
more time pomts that is less than compressive strength without the carbon dioxide or without the
admixture. The carbon dioxide can be present in such an amount, such as an amount described
previously in this paragraph, and admixtare present as a type and in such an amount, such as a
type and amount described previously in this paragraph, to provide a cement mix with
compressive strength at one or more time points that is at least as great as the compressive
strength withowt carbon dioxide and admixture, and m many cases a greater CoOmMpressive
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strength. In these embodiments, the carbon dioxide and the admixture demonstirate a synergistic

effect.

[31534] In addition, compositions are provided that result from the methods of the previous
paragraph, for example, a composition comprising (1} a hydraulic coment, such as Portland
cement, . g, OPFC; (i1} water; (111} carbon dioxide and/or reaction products of carbon dioxide with
the hydraulic cement, e.g., in an amount from 0.01 to 2% bwe; and {iv} an admixture in an
amount from 0.01 to 2% bwe. In certain embodiments, the admixture compnises polyvacrylate,
such as sodium polvacrylate; polvearboxylate, such as polycarboxyvlate ether; lignin, suchas a
lignin polymer, a lignosulphate, a lignosuifonate tricthanolamine; triethanolamine (TEA); a
nitrate, such as soduwn mitrate; a thiocyanate, such as sodiwm thiocyanate; or a combination
thereof. In certain embodiments the admixture comprises a polyvearboxylate or polyearboxylate
erivative, such as a polycarboxylate ether, in any suitable amount, such as an amount from 0.1
to 1% bwe, preferably 0.2 to 1% bwe, even more preferably 0.2 to 0.8%. In ceortain embodiments
the admixture comprises a ignin or hignin denivative, such as lignosulfate, lignosulfonate, in any
suitable amount, such as an amount from 0.2 to 8% bwe, preferably 0.2 to 6% bwc, even more
preferably 0.3 t0 0.3%. In certain embodiments, the admixture comprises a polyacrylate or
polvacrylate derivative, in any suitable amount, such as an amount from 0.02 to 0.3% bwe,

preferably 0.04 to 0.2% bwe, even more preferably 0.06 to 0.2%.
EMBODIMENTS

{55] In embodiment 1 provided herein is a method for producing a coment mix comprising
nuxing water, cement, carbon dioxide, an admixture, and, optionally, aggregates, wherem the
combination of carbon dioxide and admixture results in a concrete mix with a compressive
strength at one or more time points that is greater than the same concrete mix with just

admixture, and/or the same concrete maix with just carbon dioxide.

[3156] In embodiment 2 provided herein is the method of embodiment 1 wherein the carbon
dioxide is present in an amount of at least 0.01,0.02, 0.03, 0.04, 0.05, 0.07, 0.1, 0.15,0.2, 025,
0.3,0.35,04, 043,05,06,0.7, 0.8, 0.9, or 1.0% by weight cement (bwc) and/or not more than
(.02,0.03,004,005,007,01,015,02,025,03,035,04,045,05,06,07 08,09,10,
6.

2.0, or 5% bwe, in certain embodiments at least G.1%, such as 0.1-0.53%, preferably 0.1-0.4%; in

certain crobodiments at least 0.2%, such as 6.2-0.5%, preferably ¢.3-0.5%.

[3157] In embodiment 3 provided herein is the method of embodiment 1 or embodiment 2
wherein the admixture comprises a dispersant, a water reducer, an air entrainer, or a combination

thereof,
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[3138] In embodiment 4 provided bherein is the method of any one of embodiments | through
3 wherein the admixture comprises polvacryviate, such as sodium polvacrylate; polvearboxylate,
such as polycarboxviate cther: lignin, such as a lignin polymer, a lignosulphate, a lignosulfonate
tricthanolamine; tricthanolanune (TEA); a nitrate, such as sodiwn witrate; a thiocyanate, such as

sodium thiocyanate; or a combination thereof,

{0159] In embodiment 3 provided herein is the method of anv one of embodiments 1 through
4 wherein the admixture is present in an amount of at least 0.02, .04, 0.06, 0.08, 0.1, 0.15, 0.2,
0.25,0.3,035,04,045,05,055,06,065,07 075, 08,085,05,095,1.12 14,16,18,
or 2.0% bwe and/or not more than 0.04, 0.06,0.08, 0.1, 0.15, 62, 0.25,03,035,0.4,0.45,05,
(0.55,0.6,0.65,0.7,075,08 085,09,095, 1 12,14, 16,18 2.0,3.0,40 or 5% bwe;in

certain embodiments 8.05-1%, such as 0.1 10 0.8%.

[3168] In embodiment 6 provided herein is the method of any one of embodiments | through

$ wherein the admixture comprises a polvearboxylate or polyvearboxylate derivative.

[0161] In embodiment 7 provided herein is the method of embodiment 6 wherein the

admixture comprises a polyvearboxylate ether,

{0162} In embodiment 8 provided herein is the method of embodiment 7 wherein the
polycarboxvlate or polycarboxylate dertvative is present in an amount from 0.1 to 1% bwe,
preferably 0.2 to 1% bwe, even more preferably 0.2 to 6.8%.

[3153] In embodiment 9 provided herein is the method of any one of embodiments 1 through
5 wheren the admixture comprises a ligmin or lignin derivative.

[3164] In embodiment 10 provided herein is the method of embodiment 9 wherein the
admixture comprises hgnosulfate, Hgnosulfonate, or a combination thereof.

[3165] In embodiment 11 provided herein is the method of embodument 9 or embodiment 10
wherein the admixture is present in an amount from 0.2 to 8% bwe, preferably 0.2 1o 6% bwe,
even more preferably 0.3 10 0.5%.

{166} In embodiment 12 provided herein 1s the method of any one of embodiments |
through 5 wherein the admixture comprises a polyacrylate or polvacryvlate derivative.

0167} In embodiment 13 provided herein is the method of embodiment 12 wherein the
admixture is present in an amount from 0.02 1o 0.3% bwe, preferably 0.04 to 0.2% bwe, even
more preferably 0.06 to 0.2%.

[0168] In embodiment 14 provided herein is the method of any of the previous embodiments
wheretn the combination of carbon dioxide and admixtore resulfs in a concrete mix with a setting
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tine that 1s within allowable hinuts, whercas the same congrete nux with just adnuxiure, and/or
the same concrete mix with just carbon dioxide resulis in a conerete mix with a setting time that

is not within allowable limits.

{0159] In embodiment 15 provided herein s a composition comprising (i} a hvdrauhe
cement; (11} water; (111} carbon dioxide and/or reaction products of carbon dioxide with the
hydrauhic cement, in an amount from 0.01 to 5% bwe; and (1v) an admixture in an amount from

0.01 to 2% bwe.

{0176] In embodiment 16 provided herein is the composition of embodiment 135 wherein the
admixture comprises polyacrvlate, such as sodium polvacrylate; polycarboxylate, such as
polvecarboxylate ether; lignim, such as a lignin polymer, a lignosulphate, a hignosulfonate
tricthanclamine; tricthanclamine (TEA); a nitrate, such as sodium nitrate; a thiocvanate. such as

sodium thiocyanate: or a combination thereof,

{3171} In embodiment 17 provided herein s the composition of embodiment 16 wherein the

admixture comprises a polycarboxviate or polycarboxylate denvative.

{61721 In embodiment 18 provided herein 1s the composition of embodiment 17 wherein the

admixture comprises a polyearboxvlate ether,

[3173] In embodiment 19 provided herein is the composition of embodiment 18 wherein the
polycarboxylate or polycarboxylate dertvative is present in an amount from 0.1 to 1% bwe,
preferably 0.2 to 195 bwe, even more preferably 0.2 to ¢.8%.

{3174} In embodiment 20 provided herein is the composition of embodiment 16 wherein the

admixture comprises a Hgin or ligmin denivative.

[0175] In embodiment 21 provided herein i3 the composition of embodiment 20 wherein the
adouxture comprises lignosulfate, lignosulfonate, or a combination thercof,

{0176] In embodiment 22 provided herein is the composition of embodiment 20 or
embodiment 21 wherein the admixture is present at a concentration of is present in an amount
from 0.2 to 8% bwe, preferably 0.2 to 6% bwe, even more preferably 0.3 t0 0.5%.

{0177} In embodiment 23 provided herein is the composition of embodiment 16 wherein the
admixture comprises a polyvacrylate or polvacrylate dertvative.

{3178] In embodiment 24 provided herein is the composition of embodiment 23 wherein the
admixture 18 present in an amount from 0.02 10 0.3% bwe, preferably 0.04 1o 0.2% bwe, even

more preferably 0.06 to 0.2%.
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{3179] In embodiment 25 provided herein is a method comprising adding one or more

admixtures to water to produce an admuxture solution.

[0180] In embodiment 26 provided herein is the method of embodiment 23, wherein the
admixture comprises polyacrvlate, such as sodium polvacrylate; polvearboxvlate, such as
polvearboxylate ether; lignin, such as a lignin polymer, a lignosulphate, a lignosulfonate
tricthanclamine; tricthanolamine (TEA); a nitrate, such as sodium nitrate; a thiocvanate. such as

sodium thiocvanate; or a combination thereof.

[0181] In embodiment 27 provided herein is the method of embodiment 26 wherein the

admixture comprises a polycarboxviate or polycarboxylate denivative.

{0182 In embodiment 28 provided herein 1s the method of embodiment 27 wherein the

admixture comprises a polvearboxvlate ether.

f0183] In embodiment 29 provided herein is the method of embodiment 28 wherein the
polycarboxylate or polycarboxylate dertvative is present it an amount from 10 to 80%,

preferably 20 to 80%, even mare preferably 20 to 60%.

{6184 In embodiment 30 provided herein is the method of embodiment 26 wherein the

admixture comprises a lgmn or lignin derivative.

[3185] In embodiment 31 provided herein is the method of embodiment 30 wherein the

aduuxture comprises lignosulfate, lignosulfonate, or a combination thercof.

f0186] In embodiment 32 provided herein is the method of embodiment 30 or embodiment
31 wherein the adouxture ts present at a concentration of is present v an amount from 20 to

80%, preferably 20 to 60%, even more preferably 30 to 50%.

[3187] In embodiment 33 provided herein is the method of embodiment 26 wherein the
admixture comprises a polvacrvlate or polvacrylate dervative.
{3188] In embodiment 34 provided herein 1s the method of embodiment 33 wherein the

admixture 18 present i an amount from 2 to 30%, preferably 4 to 20%, cven more preferably 6 to
P s ) s 3

20%.

[(3189] In embodiment 35 provided herein is the mothod of any one of embodiments 25-34,
wherein the water comprises potable water,

[3150] In cmbodiment 36 provided hercin is the method of any one of embodiments 25-34,
wherein the water comprises process water.

[0191] In embodiment 37 provided herein is the method of embodiment 36, wherein the

water comprises process water comprising wash water,
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{1192] In cmbodiment 38 provided herein is the method of any one of entboduments 36-37,
wheretn the water comprises solids,
[8193] In embodiment 39 provided herein is the method of embodient 38, further

comprising removing at least a portion of the solids are prior to adding the one or more

N

admixtores.
[3194] In embodiment 40 provided herein is the method of any one of embodiments 25-39,

further comprising carbonating the water.

{8195 In embodiment 41 provided herein is the method of embodiment 40, wherein the

water is carbonated prior to adding one or more admixtures.

10 [6196] In embodiment 42 provided herein is the method of erobodiment 40, wherein the

water 18 carbonated after addmmg one or more admixtores.

[0197] In embodiment 43 provided herein is the method of any one of embodiments 25-42,
further comprising adding the admixture solution to a composition comprising water, cement,

carbon dioxide, and, optionally, aggregates and/or one or more additional admixtares.

15 [6198] In embodiment 44 provided herein is the method of erobodiment 43, wherein the
combination of carbon dioxide and admixture results i a concrete nmux with a compressive
strength at one or more time points that is greater than the same concrete owx with just

advuxture, and/or the same conerete vux with just carbon dioxide.

{3199] In embodiment 45 provided herein is a composttion comprising one of more

20 admixtures and water.

{3200} In embodiment 46 provided herein i3 the composition of embodiment 45, wherein the
admixture comprises polyacrylate, such as sodium polyvacrylate: polycarboxylate, such as
polvearboxylate ether; hignm, such as a hignin polymer, a lignosulphate, a lignosulfonate

triethanclamine; tnethanclamine (TEA); a nitrate, such as sodram nitrate; a thiocyanate, such as

25 sodium thiocyanate: or a combination thereof.
[0201] In embodiment 47 provided herein is the composttion of embodiment 46 wherein the
admixture comprises a polycarboxyviate or polycarboxylate denvative.
{02021 In embodiment 48 provided herem 1s the composition of embodument 47 wherein the
admixture comprises a polvearboxylate ether.

30 j6203] In cmbodiment 49 provided herein is the composition of erabodiment 48 wherein the

polycarboxylate or polycarboxylate dertvative is present in an amount from 10 to 80%,

preferably 20 1o 80%, even more preferably 20 to 60%.
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{h204] In cmbodiment 50 provided herein is the composition of ernbodiment 46 wherein the

admixture comprises a lignin or lignin derivative.

{3205} In embodiment 51 provided herein is the composition of embodument 50 wherein the

admixture comprises lignosulfate, ignosalfonate, or a combination thereof.

{0206] In embodiment 52 provided herein is the composition of embodiment 50 or
embodiment 51 wheremn the admixture 1s present at a concentration of is present in an amount

from 20 to 80%, preferably 20 to 60%, even more preferably 30 to 50%.

{02071 In embodiment 53 provided herein is the composition of embodument 46 wherein the

admixtare comprises a polvacrviate or polvacrylate derivative.

{3208} In embodiment 54 provided herein is the composition of eabodiment 53 wherein the
admixture is present in an amount from 2 to 30%, preferably 4 to 20%, even more preferably 6 to
26%.

{02091 In embodiment 55 provided herein is the composition of any one of embodiments 45~

34, wherein the water comprises potable water.

{5210} In embodiment 56 provided herein is the composition of any one of embodunents 45-

54, wherein the water comprises conerete reclammed water.

[0211] In embodiment 57 provided herein ts the composition of embodunent 56, wherein the

water comprises concrete reclaimed water comprising wash water,

{1212] In embodiment 58 provided herein is the corapostiion of any one of emboduments 56-

57, wherein the water comprises solids.

{0213} In embodiment 59 provided herein is the composition of embodiment 58, wherein at

least a portion of the solids are removed prior to adding the one or more admixtures.

{0214} In embodiment 60 provided herein is the composition of any one of emboduments 25-

59, wherein the water is carbonated.

[0215] In embodiment 61 provided herein 18 the composition of any one of embodiments 25-
60, further coraprising water, cement, carbon dioxide, and, optionally, aggregates and/or one or
more additional admixtures.

{0216} In embodiment 62 provided herein is the composition of embodiment 61, wherein the
combination of carbon dioxide and admixture results in a concrete mix with a compressive
strength at one or more time points that is greater than the same concrete mix with just

admixture, and/or the same concrete mix with just carbon dioxide.

51
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{6217] In embodiment 63 provided herein is an apparatus for producing an admixture
solution comprising (A) a source of water, (B) one or more sources of admixture, and (C) a
vessel, wherein the source of water and the one or more sources of admixture are operably

connected to the vessel.

{6218] In embodiment 64 provided herein is the apparatus of embodiment 63, wherein the
apparatus is configured to combine water from the source of water and one or more admixtures

from the one or more sources of admixture in the vessel.

{0219 In embodiment 65 provided herein is the apparatus of embodiment 63 or 64, further
comprising: {I3) a source of gas, and/or {(E) a mixer configured to mix the water and one or more

sources of adnuxture m the vessel.

[3220] In embodiment 66 provided herein 1s the apparatus of embodiment 65, further
comprising (i) a first conduit operably connected to the vessel at a proximal end of the first
conduit, wherein the first conduit allows the admixture solution to flow through it from the
proximal end and out of it at a distal end; and (11} a second conduit sitwated inside the first
conduit, wherein the second condint s operably connected to the source of gas and 1s configured
to allow the gas to flow into 1t and to flow owt of 1t into the admixture solution in the first

conduit.

[0221] In embodiment 67 provided herein s the apparatus of embodiment 65 or 66, wherein
the gas comprises carbon dioxide.

{0222] In embodiment 68 provided herein 1s the apparatus of embodiment 66 or 67, wherein
the diameter of the first conduit is 0.5-5 inches and the diameter of the second conduit is 0.3-3

inches.

[0223] In embodiment 69 provided herein s the apparatus of any one of embodiments 66-68,
further comprising a control system comprising (a) a sensor to sens¢ a characteristic ot the
admixture solution and transmit information regarding the charactenistic to (b} a controller that
processes the information from the sensor, and (¢} an actuator that recetves a signal from the

controller based, at least in part. on the processed mformation from the sensor.

[3224] In embodiment 70 provided herein is the apparatus of embodiment 69, wherein the
characteristic comprises one or more of (1) pH of the admixture solution, (2} rate of delivery of
carbon dioxide to the adnuxiure solution, (3) total amount of admixture solution in the vessel, (4)
temperature of the admixture solution, (5} specific gravity of the admixture solution, {6}
concentration of one or more ions in the admixture solution, (7} age of the admixture solution,
(8) creulation rate of the admixture solution, (9) timing of circulation of the admuxture solution,

573



i

1397
L

L33

N

0

WO 2024/030519 PCT/US2023/029354

(10} appearance of bubbles at surface of the aduuxture solution, (1 1) carbon dioxide
concentration of the air above the admixture solution, (12} electrical conductivity of the
admixture solution, (13} optical characteristics of the admixture solution, and {14} amount of

admuxture added to the adouxture solution.

{0225] In embodiment 71 provided herein is the apparatus of embodiment 69 or 70, wherein
the controller comprises at least two sensors, wherein the seconds are configured to monitor at

feast two charactenistics.

{0226} In embodiment 72 provided herein is the apparatus of embodiment 69 or 70, wherein
the controller comprises at least three sensors, wherein the seconds are configured to monitor at
least three characteristics.

{52271 In embodiment 73 provided herein is the apparatus of embodiment 69 or 70, wherein
the controller comprises at least four sensors, wherein the seconds are configured to monitor at
least four characteristics.

[(3228] In embodiment 74 provided herein is the apparatus of embodiment 69 or 70, wherein
the controller comprises at least five sensors, wherein the seconds are configured o monitor at
least five characteristics.

[3229] In embodiment 75 provided herein is the apparatus of anv one of embodiments 63-74,
wherein the source of water comprises potable water,

{0230] In embodiment 76 provided herein is the apparatus of any one of embodiments 63-74,
wherein the source of water comprises concrete reclaimed water.

{3231} In embodiment 77 provided herein is the apparatus of embodiment 76, wherein the
concrete reclaimed water comprises wash water.

{0232] In embodiment 78 provided herein is the apparatus of embodiment 76 or 77, wherein
the vessel comprnises a reclammer.

[233] In embodiment 79 provided herein is the apparatus of embodiment 76 or 77, wherein
the vessel is operably connected to a reclammer.

[(3234] In embodiment 80 provided herein is the apparatus of any one of embodiments 76
through 79, wherein the apparatus is configared to remove at least a portion of solids from the
concrete reclaimed water.

EXAMPLES

Example §
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{3235] Unless otherwise indicated, the following protocol was used i the Examples:

[0236] 1530 g of cement and 150 g of water were weighed out. Admixture was portioned, if

needed, into a syringe. Solid C0O2 was portioned according to the desired dosage. if needed.
{6237} The water was poured into a container {e.g., a 1 hiter bottle} followed by the cement.
if appropriate, the admixture was added into the soda stream bottle using a syringe

{0238} The contents were mixed using a vortex blender for 2 nunutes.

{3239] CO2 was added and mixed for another 2 nunutes

{3240] Around 100 g of the mixture was poured into a calorimetsy cup and secured with a
1id. The sample was placed in an 1sothermal calorimeter and encrgy release was logged fora

mimun of 20 hr.

[0241] CO2 dosages used were 0.05%, 0.1%, 0.2%, 0.3% and 0.4% CO2 by mass of cement.
A dose of 0.1% was 0.15 g of solid CO2 flakes.

{0242} The reactivity calculation was made using the control containing the same admix at
the rest of the test series, if available.

{01243} Compositions and properties of coments used in Examples are shown in the Tables
below:

Chemical composition of cements

National Lebec

Unit{Monarch GU Exshaw GUL GUL
102 % {2121 18.6 18.24
Fe203 Yo {281 35 335
Al2G3 % {434 38 3.67
Ca0 Y% {6392 614 654 .45
MgO % 1181 43 PS5
S03 % i2.87 32 2.9
LOL Y% {1.59 47 g
Coz N.D 79
Insoluble residue % {0.28 (.36 0.84
Free lime Y% 1133 N.D. 0.63
Na2(d % {0.21 N.D. N.D.
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K20 % {051 N.D. N.D.

Eg. Alkalis % {055 N.D. (.52

Inorganic processing

addition % 2.1 N.D. N.D.

Potential Bogue Composition

€38 1% 585 - le22 58
28 % 16.6 14.9 7.1

{3A % 6.5 4.5 39

C4AF Yo 84 122 16.2
Limestone content % N.A. 8.5 147
CaC03 i mestone Yo N.A. N.. 98.1
Blaine fineness m2/kg {387 489 626

Physical properties of cement

325 Sieve passiﬁgb % 196 - 994  oss
Imuial ime of sctiing min}i30 112 105
Final time of setting min}240 N.D. 235
Spec. Gravity 3.13 311 N.D
Afr content {mortar) % {7 N.D &
Autoclave expansion Y% {0.03 0.05 N.D.
Compressive strength 1 Day ipst {2495 3437 2420
Compressive strength 3 Days ipsi [3704 5178 N.B.
Compressive strength 7 Days {pst {4826 5874 N.D.
Compressive strength 28

Davs pst {N.D. 6208 N.B.

Example 2
{3244] This was an exarmple of a cement response calculation. Figures 1-3 show power

curves, energy curves, with energies at 16 hours highlighted, and plot of energy at 15 hours vs.

~55.
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the CO2 dose, respectively. The slope through the points can be taken to be the reactivity of the

cement + CO2 system. A higher slope indicated a more responsive cement.
Example 3

{6245] In this example, Exshaw GUL coment was used, with various CO2 doses and no

admixture.

f3246] Figures 4-6 show Power curves, Energy curves, and plot of energy at 20 hours vs the

CO?2 dose, respectively. Reactivity score using the 20 hr data = 0

{6247} This Example demonstrates a tvpe of cement that is relatively unresponsive to carbon

dioxide alone, at lcast at lower doses.
Example 4

[3248] In this Example, the same cement as in Example 3 was used, with various CO2 doses,

and an admixture (PAANa, sodium polvacrylate), a dispersant, at .08%.

{3249] Figures 7-9 show power curve, energy curves, and plot of energy at 20 howrs vs the

CO2 dose, respectively. Reactivity score using the 20 hrdata=7

{0250] This Example demonstrates that a combination of carbon dioxide and adwuxture, in
thus case a sodium polyacrylate dispersant, leads to greater energy release (assumed to be
proportional 1o, e.g., compressive strength to be achieved) at all doses of carbon dioxide,

reaching a plateau at doses of 0.2% carbon dioxide and above.
Example 5

[0251] in this Example, the same cement as in Example 3 was used, with various C0O2 doses,

and an admixture (PAANa, sodivm polvacrylate), a dispersant, at 0.16%.

6252 Figures 18-12 show power curves, energy curves, and plot of energy at 20 hours vs
= 2. =)

the CO2 dose, respectively. Reactivity score using the 20 hr data = 176

f8253] This Example demonstrates that a combination of carbon dioxide and admixture, in
this case a sodium polyacrylate dispersant at higher dose than the previous Example, leads to
even greater encrgy release {assumed to be proportional 1o, e.g., compressive strength to be
achieved} at all doses of carbon dioxide, compared to control, with a peak over 100% greater

~G/

than control at 0.3% carbon dioxide.
Example 6

{3254} I this Example, the same cement as in Example 3 was used, with various CO2 doses,
and an admixture, GCP Zyla 610, a polycarboxylate Ether (PCE) based water reducer, at $.2%.

~56-
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[3235] Figures 13-18 show power curves, cuergy curves, and plot of energy at 20 hours vs

the CO2 dose, respectively. Reactivity score using the 20 hr data =52

[3255] This Example demonstrates that a combination of carbon dioxide and adnuxture, 10
this case a PCE based water producer, requires a higher dose of carbon dioxade, 0.3 or 0.4%, to

reach greater energy release, compared to control.
Example 7

[0257] I this Example, the same cement as in Example 3 was used, with various CO2 doses,
and an admixture, GCP Zyla 610, a polycarboxylate Ether (PCE) based water reducer, at 0.8%.
{3258] Figures 16-18 show power curves, energy curves, and plot of energy at 20 howrs vs
the CO72 dose, respectively. Reactivity score using the 20 hr data = 76.

f3259] This Example demonstrates that a combination of carbon dioxide and admixture, in
this case a PCE based water producer at a higher dose than the previous Example, allows similar
energy release to control at lower doses {0.05 and 0.1%) and greater energy release at higher
doses, 0.2, 0.3 and 0.4%.

Example 8

[3260] In this example, National Lebec Type IL cement was ased, with various CO2 doses
and no adouxture,

{0261} Figures 19-21 show power curves, energy curves, and plot of energy at 20 howrs vs
the CO2 dose, respectively. Reactivity score using the 20 br data = -10.

0262} This Example demonstrates a type of coment that i1s unrespousive to carbon dioxide
alone at afl doses, or slightly less energy release than control.

Example 9

{3263} In this Example, the same cornent as in Example 8 was used, with various CO2 doses,
and an admixture, 0.3853% Euchd Plastol 6400, a polycarboxylate Ether (PCE} based high range
water redacer.

[0254] Figures 22-24 show power curves, energy curves, and plot of energy at 20 hours vs
the CO2 dose, respectively. Reactivity score using the 20 hr datg = 25,

[3265] This Example demonstrates that a combination of carbon dioxide and admixture, in
this case a PCE based high range water reducer, allows similar energy release o control at lowest

doses (0.05%) and greater encrgy release at higher doses, 0.1, 0.2, 0.3 and 0.4%.

Example 10
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[3266] In this Example, the same cement as in Example 8 was used, with various CO2 doses,
and an admixture, 0.385% Euchd Plastol 6400, a polycarboxylate Ether (PCE} based luigh range

water reducer.

[3257] Figures 28-27 show power curves, energy curves, and plot of energy at 20 hours vs

the CO2 dose, respectively. Reactivity score using the 20 hr datg = 34

[(3268] This Example demonstrates, similar o the previous Example, that a combination of
carbon dioxide and admixture, in this case a PCE based high range water reducer, aliows similar
encrgy release to control at lowest doses (0.05 and 19} and greater energy refease at higher

doses, 0.2, 0.3 and 0.4%.
Example 10A

[3269] In this example, Monarch cement was used, with various COZ doses and no
adomuxture. The Monarch cement in the absence of an admixture was assessed to have a reactivity

of 58 {data not shown}.
Example 11

{5270} In this Example, the same cernent as in Example 8 was used, with various CO2 doses,

and an admixture, 0.37% Sika Plastocrete 161, a lignin polymer-based water reducer,

{32711 Figures 28-30 show power curves, encrgy curves, and plot of encrgy at 20 hours vs

the CO2 dose, respectively. Reactivity score using the 20 hr data = 34,

{6272] This Example demonstrates that a combination of carbon dioxide and admixture, in
this case a ignmin polvmer based water reducer, stili has lower energy release than control at

lowest doses €0.05 and 1%, but greater energy release at higher doses, 0.2, 0.3 and 0.4%.
Example 12

{0273} In this Example, the same cement as in Example § was used, with various CO2 doses,
and an admixture, 0.59% MasterPolyheed 997, a hignosulfonate tricthanolamine based medinm-

range water reducer.

[3274] Figures 31-33 show power curves, encrgy curves, and plot of energy at 20 hours vs

the CO2 dose, respectively. Reactivity score using the 20 hr data = 182,

{0275] This Example demonstrates that use of admixture alone produces an energy release
less than 273 control, but a combination of carbon dioxide and admixture, in this case a
lignosutfonate triethanclanune based mednum-range water reducer, achieves energy release close
to control at lowest doses (0.05 and 1%, and greater encrgy release at higher doses, 0.2, 0.3 and

0.4%. This Example demonstrates a synergistic effect of admixture and carbon dioxide, where
58



1

b
h

h

0

WO 2024/030519 PCT/US2023/029354

carbon dioxide alone does not produce an increase in energy release (see Example 8), adouxture
alone causes a marked decrease in energy release, but admixture and carbon dioxide together

cause, at higher doses of carbon dioxide, a marked increase in energy release.
Example 13

{0276} In this Example, the effect of admixture alone, and admixture in combination with

carbon dioxide, on setting time was explored.

{0277] Results are shown in Figure 34 - The thormal indicator of setting time. This is
defined as the hyvdration time to reach a thermal power of 50 % of the maximum value of the
main hydration peak in ASTM C1679 Standard Practice for Measuring Hydration Kinetics of
Hyvdraulic Cementitious Mixtuyres Using Isothermal Calorimetry. The use of the water reducer
caused a retardation. The addition of CO2 brought it back within the requircments of seting time

(no more that 30 minutes earlier or 60minutes later than the reference).

{0278] This Example demonstrates that, for an admixiure which produces an undesirable
wnerease in setting time, addition carbon dioxide can bring the setting time back to allowable
Limits.

Example 14

[3279] In this Example, the same cement as in Example 8 was used, with various CO2 doses,

&,

and an admixture, 0.39% Euclid Bucon WR, a lignosulphate based water reducer,

{3280] Figures 34-37 show power curves, energy curves, and plot of energy at 20 howurs vs

the CO2 dose, respectively. Reactivity score using the 20 br data = 138,

0281} This Example demonstrates that ase of admixture alone produces an encrgy release
less than 2 control, but a combination of carbon dioxide and admixture, in this case a
lignosulfonate based water reducer, achieves greater energy release, though it does not reach
control even at highest dose carbon dioxide used. This Example demonstrates a synergistic effect
of admixture and carbon dioxide, where carbon dioxide alone does not produce an increase in
encrgy release (see Example 8}, admixture alone causes a marked decrease in energy release, but
admixture and carbon dioxide together cause, at higher doses of carbon dioxide, a marked
increase in gncrgy release.

Example 15

{3282] In this Example, the same cement as in Example § was used, with various COZ doses,
and an admixture, 0.29% MasterGlenium3030, a polycarboxylate Ether (PCE) based high range

water redacer
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[{3283] Figures 38-46 show power curves, cuergy curves, and plot of energy at 20 hours vs

the CO2 dose, respectively. Reactivity score using the 20 hr data= 77,

{(284] In this Example, admixture alone produced better results than no adnuxture, but

admixture together with carbon dioxade produced even better results at doses of 0.2% and above.
Example 16

[3285] In this Example, the same cement as in Example 8 was ased, with various €02 doses,
and an admixtare, 0.49% Sika Viscocrete 1000, a polyvcarboxylate Ether (PCE) based high range

water reducer.

{3286} Figures 41-43 show power curves, energy curves, and plot of energy at 20 howurs vs

the CO?2 dose, respectively. Reactivity score using the 20 hr data = 84,

f3287] This Example demonstrates that use of admixture alone produces an energy release
less than control, but a combination of carbon dioxide and admixture, in this casc a
polvecarboxylate Ether (PCE) based high range water reducer, achieves greater energy release,

though 1t docs not reach control even at highest dose carbon dioxide used.
Example 17

f3288] In this Example, the effect of admixture alone, and admixture in combination with

carbon dioxide, on setting tine was explored.

{0289] Results are shown in Figure 44 - The thermal indicator of setting time. This i3
defined as the hydration time to reach a themmal power of 50 % of the maximum value of the
main hvdration peak in ASTM C1679 Standard Practice for Measuring Hydration Kinetics of
Hydraulic Cementitious Mixtures Using Isothermal Calorimetry. The use of the water reducer
caused a retardation. The addition of CO2 brought it back within the requirements of setting time

{no more that 30 minutes carhier or 60munites later than the reference}.

{3258] This Example demonstrates that, for an admixture which produces an undesirable
mcrease 1o setting time, addition carbon dioxide can bring the setting tiae back to allowable
fiorts. In this Example, a bigher dose of carbon dioxide was required to bring setting time into

allowable limits.
Example 18

{5291} In this Example, the same coment as in Example 8 was used, with various CO2 doses,

and an admixture, 0.26% GCP Zyla 640, a polycarboxylate Ether (PCE) based water reducer

[0292] Figures 45-47 show power curves, encrgy curves, and plot of encrgy at 20 hours vs

the CO2 dose, respectively. Reactivity score using the 20 hr data = 58,
~6{)-
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{3293] This Example demonstrates that use of admixture alone produces an energy release
less than control, and combination of fow dose carbon dioxide and admixture, 1n this case a
polycarboxylate Ether (PCE) based water reducer, can achieves comparable or greater energy

release, but the effect is dose-~-dependent.
Example 19

[3294] In this Example, the same cement as in Example 8 was used, with various CO2 doses,

and an admixtare, 0.20% SikaControl Air 160, an air entraining admixture.

F0295] Figures 48-38 show power curves, encrgy curves, and plot of energy at 20 hours vs

the CO2 dose, respectively. Reactivity score using the 20 hr data = 65

[3296] This Example demonstrates that use of admixture alone produces an energy release
less than control, and combination of low dose carbon dioxide and admixture, o this case an air
entraining admixture, can achieves comparable or greater energy release, but the effect is dose-

dependent.
Example 20

[3297] In this Example, the effects of admixture with carbon dioxide on compressive

strength at 7 and 28 davs was explored.

[(3298] Case 1

{02591 Admix Mapei KB1200

[{3300] 7-day strength

{0301 ] Count — control = 10, COZ = 10

{0362} Dose €02 - 0.2%

[3303] €02 result 1s 1% lower than the control at 7 days
[0304] Case

{0365] Admix Polychem 400NC

{3306] 7 and 28-day strength

[3307] Count — control =9, C02 =8

[0368]  COZ Dose - 0.2%

{3309] CO2 result s 5% greater than the control at 7 days and +6% greater @ 28 days

{3310} Admixture chemistries

G-
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0311} Mapet KB 1200

f0312] Mid-range water reducing admixture
f3313] (3 - 20% Sodium Nitrate

{0314} 5-10%TEA

[3315] 1 2.5% Sodnun Thiocyanate

{0316} Mapei Polychen 400 NC

{3317} Water reducing adouxture
[(3318] 25-5%TEA
{0319] The results are shown in Figures 51 and 52

f8328] This Example demonstrates that effects of carbon dioxade and admixture can be
admixture-dependent. In this case, a mind-range water reducer with sodium nitrate {optional),
TEA, and sodium thiocvanate, in combination with carbon dioxide, results in compressive
strength, at least at 7 days, lower than control, while a water reducer containing just TEA, in
combination with carbon dioxide, resuits in higher compressive strengths than control at both 7

and 28 days.
Example 21

3321 In this example, the effect of different water to cement ratios (0.6, 0.8, [ O and 1.2)
and mcreasing doses of €32 {0.05, 0.1, 0.2, 0.3 and 0.4% by weight of cement} on the reactivity
of the cement mix was explored. Samples were measured for 20 hours using isothermal
calonmetry to determune the change in released heat due to the ntroduction of CO;. An mnecrease
in heat could be corrclated to an increase in hydration reaction which would be believed to create

stronger concrete specimens, Le., result in a higher compressive strength.

0322] Cement, water, and water reducer were mixed in a vortex mixer for Z-munutes. Solid
CO; was added at the desired amount and the batch was mixed for an additional 2-minutes.
Reactivity to CO» was measured with the isothermal calormmetry. The produced encrgy curves
from all CO, doses were then compared at 16 hours {see Figure 51) to deternune the cumulative
energy at that point in time. These energy vahies were then plotted against the CO» dose added
for the given sample {sec Figure 52) to produce an approximately linear relationship, with the
slope of the best fit line going through these data points mdicating reactivity. The hugher the
slope the more reactive the cement, conversely if the line is completely horizontal the cement

would be seen as non-reactive.

FoR
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{1323] This Example demonstrates that there s a linear relationship between increasing
water to cement ratio and inereasing COs reactivity (Figure 53). Further, it shows that the more
space available for the CO» reaction, the greater the response will be, and the greater the

compressive strength of the concrete.

{0324] While preferred embodiments of the present invention have been shown and described
herein, it will be obvious to those skilled in the art that such embodiments are provided by way
of example only. Numerous variations, changes, and substitutions will now oceur to those skille
in the art without departing from the imvention. It should be understood that various alteratives
to the embodiments of the invention described hercin may be employed in practicing the

wmvention.

33
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CLAIMS

WHAT IS CLAIMED IS

i. A method for producing a coment mix comprising nuxing water, cement, carbon dioxide,
an adouxture, and, optionally, aggregates, wherein the combination of carbon dioxide and
admixture results in a concrete mix with a compressive strength at one or more time points that is
greater than the same concrete nux with just admixture, and/or the same concrete mix with just

carbon dioxide.

2. The method of claim 1 wherein the carbon dioxide is present in an amount of at least
0.01,0.02,0.03,0.04,005,007,01,0.15,02,0.25,03,0.35,04,045,05,06,07,08,09,
or §.0% by weight cement (bwe) and/or not more than $.02, 0.03, 0.04, 0.03, 0.07, 6.1, 0.15, 0.2,
0.25,03,033,04,045,05,06,07.08,09, 1.0, 2.0, or 5% bwc, in certain embodiments at
least 0.1%, such as 0.1-0.5%, preferably 0.1-0.4%; in certain embodunents at least 0.2%, such as

(.2-0.5%, preferably 0.3-0.5%.
p ;

3. The method of claim 1 or claim 2 wherein the admixture comprises a dispersant, a water

reducer, an air entrainer, or a combination thereof.

4, The method of any one of claims 1 through 3 wherein the admixture comprises
polvacrylate, such as sodium polvacrylate; polvcarboxyvlate, such as polycarboxylate ether;
lignin, such as a hignin polymer, a lignosulphate, a lignoselfonate tricthanolamine,;
triethanolamine {TEA); a nitrate, such as sodium nitrate; a thiocyanate, such as sodium

thiocyanate; or a combination thercof.

5. The method of any one of claims 1 through 4 wherein the admixture is present inan
amount of at feast 0.02, 0.04, 0.06,0.08, 0.1, 0.15,0.2,0.25, 0.3, 0.35, 0.4, 0.45,0.5, 0.55, 0.6,
0.65,07 075,08, 085 09,095, 1. 1.2, 14 16,18, or 2.0% bwe and/or not more than 0.04,
0.06, 0.08, (1.1,0.15,0.2,0.25,0.3,0.35,0.4, 045 0.5 055 0.6,0.65,0.7,0.75,0.8,0.85 0.9,
005 1. 12,14 16, 1.8 2.0,3.0, 4.0, or 3% bwc; in certain embodiments 0.05-1%, such as .1

0 0.8%.

6. The method of any one of claims 1 through 5 wherein the admixture comprises a

polycarboxylate or polycarboxylate derivative.

7. The method of claim & wherein the admixture comprises a polycarboxylate ether.
8. The method of claim 7 wheren the polvearboxvlate or polyvearboxyiate derivative 1s

present in an amount from 0.1 to 1% bwe, preferably 0.2 to 1% bwe, even more preferably 0.2 to
0.8%.
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a, The method of any one of claims 1 through 5 wherein the admixture comprises a higrun or
ligrin derivative.

10.  The method of claim 9 wherein the admixture comprises lignosulfate, lignosulfonate, or a
combination thereof.

11, The method of claim 9 or claim 10 wherein the admixture is prosent in an amount from

0.2 to 8% bwe, preferably (0.2 to 6% bwe, even more preferably 0.3 10 0.5%.

12, 'The method of any one of clatms 1 through 8 wherein the adouxture comprises a
polvacrylate or polyacrylate derivative.

13.  The method of claim 12 whercin the admixture is present in an amount from 0.02 10 0.3%

bwe, preferably 8.04 to 0.29 bwe, even more preferably 0.06 10 0.2%.
8 3 p 3

14.  The method of any of the previous claims wherein the combination of carbon dioxide and
admixture results in a concrete mix with a setting time that is within allowable limits, whereas
the same concrete mix with just admixture, and/or the same concrete mix with just carbon

dioxide results in a concrete mix with a setting time that is not within allowable limits.

18, A composition comprising
(1) a hydraulic cement;
{11} water;
(i) carbon dioxide and/or reaction products of carbon dioxide with the hydraulic
cement, in an amount from 0.01 to 5% bwe; and
{iv} an adouxture in an amount from 0.01 to 2% bwe.
16.  The composition of claim 185 wherein the admixture comprises polyacrylate, such as
sodium polvacrylate; polvearboxylate, such as polyvcarboxylate ether: lignin, such as a lignin
polyoer, a lignosulphate, a Hgnosulfonate trcthanolaming; tucthanolamine (YEA); a nitrate,

such as sodium nitrate; a thiocvanate, such as sodium thiocvanate; or a combination thercof

17, The composition of claim 16 wherein the admixture comprises a polycarboxylate or
polvearboxvlate derivative.

i8.  The composition of claim 17 wherein the admixture comprises a polycarboxylate ether.
19, The composition of claim 18 wheren the polycarboxylate or polvearboxylate derivative
is present in an amount from 0.1 to 1% bwe, preferably 0.2 to 1% bwc, even more preferably 0.2
0 0.8%.

28, The composition of claim 18 wherein the admixture comprises a lignin or lignin
destvative.
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31, The composition of claim 20 wherein the admixture comprises lignosulfate,

lignosulfonate, or a combination thereof.

22.  The composition of claim 28 or claim 21 wheren the admixture is presont at a
concentration of is present in an amount from 0.2 to 8% bwe, preferably 0.2 to 6% bwe, even
more preferably 0.3 10 0.5%.

23, The composition of claim 16 wherein the admixture comprises a polyacrylate or
polyacrylate denivative.

24.  The composition of claim 23 wherein the admuxture s present in an armount from 0.02 to
(.3% bwe, preferably 0.04 t0 0.2% bwe, even more preferably 0.06 t0 0.2%.

18, A nethod comprising adding one or more adnuxtures to water to produce an adouxture
solution.

26, The method of claim 25, wherein the admixture comprises polyacrvlate, such as sodium
polvacrylate; polycarboxylate, such as polvearboxylate ether; Higmn, such as a hgnin polymer, a
lignosulphate, a lignosudfonate tricthanolamine; tricthanolamine {TEA}, a nitrate, such as sodnum
nitrate; a thiocyanate, such as sodium thiocyanate, or a combination thereof.

7. The method of claim 26 wheremn the admixture comprises a polycarboxylate or
polycarboxylate derivative.

28.  The method of claim 27 wheren the admixture comprises a polycarboxylate ether.
39, The method of claim 28 wherein the polyearboxylate or polyvearboxyiate denvative is

present m an amount from 10 to 80%, preferably 240 to 80%, even more preferably 20 to 60%.
36, The method of claim 26 wherein the admixture comprises a lignin or lignin derivative.
31, The method of claim 3¢ wheremn the admixture comprises lignosulfate, lignosulfonate, or
a combination thercof.

32, The method of claim 36 or claim 31 wherein the admixture is present at a concentration
of is present m an amount from 20 to 80%, preferably 20 to 60%, even more preferably 30 to
30%.

33, The method of claim 26 wherein the admixture comprises a polyacrylate or polvacrylate
derivative.

34.  The method of claim 33 wherein the admixtore is present in an amount from 2 to 30%,
preferably 4 to 20%, even more preferably 6 to 20%.

35, The moethod of any one of claims 28-34, wherein the water comprises potable water.

~H6-



i

ND
<D

3]
v

30

WO 2024/030519 PCT/US2023/029354

36, The method of any one of claims 28-34, wherein the water comprises process water.

37, The method of claim 36, wherein the water comprises process water comprising wash
waier.

38.  The method of any one of claims 36-37, wherein the water comprises solids.

39, The method of clavm 38, further comprising removing at least a portion of the solids are
prior to adding the one or more admixtures.

40.  The method of any one of clatms 258-39, further comprising carbonating the water.

41.  The method of claim 46, wherein the water is carbonated prior to adding one or more
admixtures.

42.  The method of claim 48, wherein the water 1s carbonated after adding one or more
admixtures.

43.  The method of any one of claims 25-42, further comprising adding the admixture solotion
o a composition comprising water, cement, carbon dioxide, and, optionally, aggregates and/or
one or more additional admixtures.

44, The method of claim 43, wherein the combination of carbon dioxide and admixture
results m a concrete mwix with a compressive strength at one or mwore time pounts that is greater

than the same concrete mix with just admixture, and/or the same concrete mix with just carbon

dioxide.
45, A composition comprising one or more admixtures and water.

46.  The composition of claim 43, wherein the admixture comprises polyacrylate, such as
sodium polyacrylate; polvearboxvlate, such as polyvearboxylate ether; hignin, such as a hgnin
polyvmer, a hgnosulphate, a lignosulfonate tricthanolamine; tricthanolamine (TEA); a nitrate,
such as sodium nitrate; a thiocvanate, such as sodmim thiscvanate; or a combination thereof,

47.  The composition of claim 46 wherein the admixture comprises a polycarboxylate or
polycarboxylate derivative.

48.  The composition of claim 47 wherein the admixture comprises a polycarboxylate ether.
49,  The composition of claim 48 wherein the polycarboxylate or polvearboxvlate denivative
is present in an amount from 10 to 80%, preferably 20 1o 80%, even more preferably 20 to 60%.
58, The composition of claim 46 wherein the admixture comprises a lignin or lignin

denvative.
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51, The composition of clain 56 wherein the admixture comprises lignosulfate,

lignosulfonate, or a combination thereof.

52.  The composition of claim 58 or claim 51 wheremn the admixture is presont at a
concentration of is present in an amount from 20 to 80%, preferably 20 to 60%, cven more

preferably 30 to 50%.

83, The composition of claim 46 wherein the admixture comprises a polyacryvlate or

polyacrylate denivative.

54.  The composition of claim 53 wherein the adnuxture is present in an amount from 2 to

30%, preferably 4 to 20%, even more preferably 6 to 20%.

55, The composition of any one of claims 45-54, wherein the water comprises potable water.
56, The composition of any one of claims 45-84, wherein the water comprises concrete
reclaimed water.

57, The composition of claim 56, wherein the water comprises concrete reclaimed water

comprising wash water.
58.  The composition of any one of claims 56-37, wherein the water comprises solids.

59,  The composition of claim 38, wherein at least a portion of the solids are removed prior to

adding the one or more admixtures.
60,  The composition of any one of claims 25-89, wherein the water is carbonated.

61, The composition of any one of claims 25-68, further comprising water, cement, carbon

dioxide, and, optionally, aggregates and/or one or more additional admixtures.

62,  The composition of claim 61, wherein the combination of carbon dioxide and admixture
results in a concrete mux with a compressive strength at one or more time points that is greater
than the same concrete mux with just adnuxture, and/or the same concrete mix with just carbon

droxide.

63.  An apparatus for producing an admixture solution conprising

{A) a source of water,

(B} one or more sources of admixture, and

(T a vessel,

wherein the source of water and the one or more sources of admixture are operably connected {o

the vessel.
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64, The apparatus of clatm 63, wherein the apparatus is configured to combine water from
the source of water and one or more admixtures from the one or more sources of admixture in the

vessel.

65, The apparatus of claim 63 or 64, further comprnising:
(D) a source of gas, and/or

(E} a mixer configured to mix the water and one or more sources of admixture in the vessel.

66.  The apparatus of claim 65, further comprising

(1) a first conduit operably connected to the vessel at a proximal end of the first conduit, wherein
the first conduit allows the admixture solution to flow through it from the proximal end and out
of it at a distal end; and

(11} a second conduit situated inside the first condut,

wherein the second conduit is operably connected to the source of gas and 15 configured to allow

the gas to flow mto it and to flow out of it into the admixture solution in the first condut.
67.  The apparatus of claim 65 or 66, wherein the gas comprises carbon dioxide.

68.  The apparatus of claim 66 or 67, wherein the diameter of the first conduit 1s 0.5-5 inches

and the diameter of the second conduit is 0.3-3 inches.

69, The apparatus of any one of claims 66-68, further comprising a control system
comprising

{(a) a sensor to sense a characteristic of the admuxture solution and transmiut information regarding
the charactenstic to

(b} a controller that processes the information from the sensor, and

{(c} an actuator that receives a signal from the controller based, at least in part, on the processed

nformation from the sensor.

T8 'The apparatus of claim 69, wherein the characteristic comprises one or more of
{1} pH of the admixture solution,

(2) rate of delivery of carbon dioxide to the admixture sohution,

(3) total amount of adauxture solution in the vessel,

(4} teraperamure of the adouxture solution,

(5) specific gravity of the admixture sclution,

(6} concentration of one or more ions in the aduuxture solution,

(7} age of the adouxture solution,

{8} circulation rate of the admixture solution,

(9) timing of circulation of the admixture solution,
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(10} appearance of bubbles at surface of the adnuxture solution,

(1 1) carbon dioxide concentration of the air above the admixture solution,

(12) electrical conductivity of the admixture sohution,

(13) optical characteristics of the admixture solution, and

{14} amount of admixture added to the admixture solution.

71, The apparatus of claim 69 or 78, wherein the controller comprises at least two sensors,
wherein the seconds are configured fo monitor at least two charactenstics,

72.  'The apparatus of claim 69 or 78, wherein the controller comprises at least three sensors,
wherein the seconds are configured to monitor at least three characteristics.

73.  The apparatus of claim 69 or 78, wherein the controlier comprises at least four sensors,
wherein the seconds are configured to monitor at least four characteristics.

74.  The apparatus of claim 69 or 78, wherein the controller comprises at least five sensors,
wherein the scconds are configured to montior at least five characteristics.

75, The apparatus of any one of claims 63-74, wherein the source of water comprises potable
water.

76.  The apparatus of any one of claims 63-74, wheremn the source of water comprises
concrete reclaimed water.

77.  The apparatus of claim 76, wherein the conerete reclaimed water comprises wash water.
78.  The apparatus of claua 76 or 77, wheremn the vessel comprises a reclaimer,

79, The apparatus of claim 76 or 77, wherein the vessel is operably connected to a reclaimer.
808,  The apparatus of any one of clatms 76 through 79, wherein the apparatus s configured to

remove at least a portion of solids from the concrete reclaimed water.



