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METHODS AND COMPOSITIONS FOR TREATMENT OF CONCRETE WASH
WATER

CROSS-REFERENCE
[0001] This application is a continuation-in-part of PCT Application No.
PCT/CA2017/050445, filed April 11, 2017 (Attorney Docket Number 44131-715.601),
which claims priority to U.S. Provisional Patent Application No. 62/321,013, filed April 11,
2016 (Attorney Docket Number 44131-715.101). This application also claims priority to
U.S. Provisional Patent Application No. 62/522,510 filed June 20, 2017 (Attomey Docket
Number 44131-715.103), to U.S. Provisional Patent Application No. 62/554,830 filed
September 6, 2017 (Attorney Docket Number 44131-715.104), to U.S. Provisional Patent
Application No. 62/558,173 filed September 13, 2017 (Attorney Docket Number 44131-
715.105), to U.S. Provisional Patent Application No. 62/559,771 filed September 18, 2017
(Attomey Docket Number 44131-715.106), to U.S. Provisional Patent Application No.
62/560,311 filed September 19, 2017 (Attorney Docket Number 44131-715.107), to U.S.
Provisional Patent Application No. 62/570,452 filed October 10, 2017 (Attorney Docket
Number 44131-715.108), to U.S. Provisional Patent Application No. 62/675,615 filed May
23, 2018 (Attorney Docket Number 44131-715.109), to U.S. Provisional Patent Application
No. 62/652 385 filed April 4, 2018 (Attorney Docket Number 44131-719.101), and to U.S.
Provisional Patent Application No. 62/573,109 filed October 16, 2017 (Attorney Docket
Number 44131-717.101) all of which are incorporated herein by reference in their entirety.

BACKGROUND OF THE INVENTION
[0002] Wash water, produced in the making of concrete, poses a significant problem in terms
of use and/or disposal. Methods and compositions to better manage concrete wash water are

needed.

SUMMARY OF THE INVENTION
[0003] In one aspect the invention provides methods.
[0004] In certain embodiments, the invention provides a method of preparing a concrete mix
comprising (i) adding concrete materials to a mixer; (ii) adding mix water to the mixer,
wherein the mix water comprises carbonated concrete wash water; and (ii1) mixing the water

and the concrete materials to produce a concrete mix. In certain embodiments, the
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carbonated concrete wash water comprises at least 10% of the total mix water. In certain
embodiments, the carbonated concrete mix water comprises at least 40% of the total mix
water. In certain embodiments, the mix water comprises a first portion of water that is not
carbonated mix water and a second portion of mix water that comprises carbonated mix
water, wherein the first batch of mix water 1s added to the concrete materials before the
second batch of mix water. The first portion of water can added at a first location and the
second portion of water can added at a second location, e.g., the drum of a ready-mix truck,
wherein the first and second locations are different. In certain embodiments, the second
portion of mix water is added at least 2 minutes after the first portion. In certain
embodiments, the carbonated concrete wash water has a density of at least 1.10 g/cm®. In
certain embodiments, the carbonated concrete wash water has been held for at least 1 day. In
certain embodiments, the carbonated concrete wash water has been held for at least 3 days.

In certain embodiments, the concrete mix is sufficiently workable for its intended use, and the
carbonated wash water is of an age that the same mix made with the wash water of the same
age in the same proportions would not be sufficiently workable for its intended use. In
certain embodiments, the mix water comprises carbonated wash water in an amount that
results in a concrete mix thatis atleast 1,2, 3,4, 5,6, 7, 8,9, 10, 12, 15, 20, 25, 30, 40, or
50%, for example 5%, stronger at a time after pouring—e.g., 1 day, 7 days, 28 days, or any
combination thereof--than the same concrete mix made without carbonated wash water. In
certain embodiments, the mix water comprises carbonated wash water in an amount that
allows the concrete mix to contain at least 1, 2, 3,4, 5,6,7, 8,9, 10, 11, 12, 13, 14, 15, 16,
17,18, 19, 20, 22, 25, 30, 40, or 50%, for example at least 5%, less cement than, and retain a
compressive strength after pouring of within 1,2, 3,4, 5,6, 7, 8,9, 10, 12, 15, 20, 25, 30, 40,
or 50%, for example at least 5%, of the same concrete mix made without carbonated wash
water and with the extra (normal mix) percentage cement.

[0005] In certain embodiments, presented is a method comprising (1) exposing a concrete mix
to one or more set retarders; (i1) after the concrete has been exposed to the set retarder,
exposing the concrete mix to carbon dioxide. The concrete mix can include, e.g., a concrete
wash water. In certain embodiments, the concrete mix is exposed to the set retarder in the
drum of a ready-mix truck.

[0006] In certain embodiments, presented is a method comprising (i) exposing concrete wash
water to carbon dioxide to produce carbonated wash water; (i1) exposing the carbonated wash
water to an admixture, wherein the admixture is such that after exposure, the solids in the

carbonated wash water remain suspended with little or no agitation.
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[0007] In certain embodiments, provided is a method comprising (i) exposing concrete wash
water to carbon dioxide to produce carbonated wash water; (ii) mixing said carbonated wash
water with cement powder to produce a wet cement mix; and (ii1) exposing the wet cement
mix to carbon dioxide to produce a carbonated wet cement mix. The method can further
comprise mixing aggregate with the cement powder and water to produce a wet concrete mix.
[0008] In another aspect, the invention provides apparatus.

[0009] In certain embodiments, the invention provides an apparatus for carbonating wash
water produced in the production of concrete in a wash water operation wherein the wash
water comprises cement and/or supplementary cementitious materials (SCM), comprising (i)
a source of carbon dioxide; (i1) a first conduit operably connected to the source of carbon
dioxide that runs to a wash water container, wherein (a) the wash water container contains
wash water from a concrete production site; (b) the conduit has one or more openings
positioned to deliver carbon dioxide at or under the surface of the wash water in the container
to produce carbonated wash water; (iii) a system to transport the carbonated wash water to a
concrete mix operation where the carbonated wash water is used as mix water in a concrete
mix. The apparatus can further include (iv) a controller that determines whether or not,
and/or how, to modify delivery of carbon dioxide to the wash water, or another characteristic
of the wash water operation, or both, based on the one or more characteristics of the wash
water or wash water operation. The characteristic can be, e.g., at least one, at least two, at
least three, at least four, at least five, or at least six, of pH of the wash water, rate of delivery
of carbon dioxide to the wash water, total amount of wash water in the wash water container,
temperature of the wash water, specific gravity of the wash water, concentration of one or
more ions in the wash water, age of the wash water, circulation rate of the wash water, timing
of circulation of the wash water, appearance of bubbles at surface of wash water, carbon
dioxide concentration of the air above the wash water, electrical conductivity of the wash
water, optical characteristics of the wash water, or any combination thereof. In certain
embodiments, the apparatus may further include (v) one or more sensors that monitor one or
more characteristics of the wash water and/or the carbonation of the wash water in the
container, wherein the one or more sensors is operably connected to the controller and
delivers information regarding the characteristic of the wash water and/or wash water
operation to the controller. In certain embodiments, the apparatus includes at least one, two,
three, four, five, or six of sensors for (a) pH of the wash water, (b) rate of delivery of carbon
dioxide to the wash water, (c) total amount of wash water in the wash water container, (d)

temperature of the wash water, (e) specific gravity of the wash water, (f) concentration of
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one or more ions in the wash water, (g) age of the wash water, (h) circulation rate of the
wash water, (i) timing of circulation of the wash water, (j) appearance of bubbles at surface
of wash water, (k) carbon dioxide concentration of the air above the wash water, (1) electrical
conductivity of the wash water, (m) optical characteristics of the wash water, or any
combination thereof. The apparatus may further include (ii1) one or more actuators operably
connected to the controller to modify delivery of carbon dioxide to the wash water, or another
characteristic of the wash water operation, or both.

[0010] In certain embodiments, the invention provides an apparatus for preparing a concrete
mix comprising (1) a first mixer for mixing concrete materials and water; (i1) a second mixer
for mixing concrete materials and water; (iii) a first water container holding water that
comprises carbonated concrete wash water; (iv) a second water container, different from the
first, holding water that is not carbonated concrete wash water; (iv) a first system fluidly
connecting the first water container with the second mixer and a second system fluidly
connecting the second water container with the first mixer. The first and second mixers can
be the same mixer; in certain embodiments, they are different mixers. In certain
embodiments, the first mixer is the drum of a ready-mix truck. In certain embodiments, the
apparatus further includes a controller configured to add a first amount of the water in the
second water container to the first mixer at a first time and to add a second amount of the
water in the first water container to the second mixer at a second time, wherein the first and
second times are different and wherein the first time is before the second time.

[0011] In certain embodiments, the invention provides an apparatus for preparing a concrete
mix comprising (1) a mixer for mixing concrete materials and water; (i1) a first water
container holding water that comprises carbonated concrete wash water; (iii) a second water
container, different from the first, holding water that is not carbonated concrete wash water;
(iv) a third container, fluid connected to the first and second water containers and to the
mixer, for receiving a first portion of the water in the first container and a second portion of
the water in the second container, mixing them to form mixed waters, and sending a third
portion of the mixed waters to the mixer.

[0012] In certain embodiments, provided is apparatus comprising (i) a holding tank for
holding concrete wash water; (ii) a first conduit operably connected to the holding tank,
wherein the conduit (a) comprises an inlet from the holding tank to admit wash water to the
conduit and an outlet to replace wash water back in the holding tank after it has circulated
through the conduit, and (b) comprises one or more openings for introducing carbon dioxide

into wash water pumped through the conduit. In certain embodiments the apparatus further
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comprises a second conduit operably connected to the holding tank, wherein the second
conduit is configured to transport concrete wash water to the holding tank. The second
conduit can, e.g., transport concrete wash water from a sedimentation pond to the holding
tank.

[0013] In certain embodiments, provided is a composition comprising (i) a hydraulic cement;
(1) mix water for the hydraulic cement, wherein the mix water comprises carbonated concrete

wash water.

INCORPORATION BY REFERENCE
[0014] All publications, patents, and patent applications mentioned in this specification are
herein incorporated by reference to the same extent as if each individual publication, patent,
or patent application was specifically and individually indicated to be incorporated by

reference.

BRIEF DESCRIPTION OF THE DRAWINGS
[0015] The novel features of the invention are set forth with particularity in the appended
claims. A better understanding of the features and advantages of the present invention will be
obtained by reference to the following detailed description that sets forth illustrative
embodiments, in which the principles of the invention are utilized, and the accompanying
drawings of which:
[0016] Figure 1 shows set acceleration in concrete produced with wash (grey) water at
various specific gravities and ages, where the water was with and without carbon dioxide
treatment. See Example 1.
[0017] Figure 2 shows set acceleration in concrete produced with wash (grey) water
produced with Ordinary Portland Cement (OPC, 50%) and supplementary cementitious
matenials (SCM, 50%), where the water was treated and untreated with carbon dioxide, and
aged 1 or 6 days.
[0018] Figure 3 shows workability (slump) in concrete produced with wash (grey) water
produced with Ordinary Portland Cement (OPC, 50%) and supplementary cementitious
matenals (SCM, 50%), where the water was treated and untreated with carbon dioxide, and

aged 1 or 6 days.
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[0019] Figure 4 shows set acceleration in concrete produced with wash (grey) water
produced with Ordinary Portland Cement (OPC, 100%), where the water was treated and
untreated with carbon dioxide, and aged 1 or 6 days.

[0020] Figure 5 shows workability (slump) in concrete produced with wash (grey) water
produced with Ordinary Portland Cement (OPC, 100%), where the water was treated and
untreated with carbon dioxide, and aged 1 or 6 days.

[0021] Figure 6 shows set acceleration in concrete produced with wash (grey) water
produced with Ordinary Portland Cement (OPC, 100%), where the water was treated and
untreated with carbon dioxide, and aged 1 or 6 days, in a large number of different specific
gravities.

[0022] Figure 7 shows calorimetry, as power vs. time, for concrete produced with wash
(grey) water produced with Ordinary Portland Cement (OPC, 100%), where the water was
treated and untreated with carbon dioxide, and for concrete prepared with potable water.
[0023] Figure 8 shows calorimetry, as energy vs. time, for concrete produced with wash
(grey) water produced with Ordinary Portland Cement (OPC, 100%), where the water was
treated and untreated with carbon dioxide, and for concrete prepared with potable water.
[0024] Figure 9 shows set acceleration in concrete produced with wash (grey) water
produced with Ordinary Portland Cement (OPC, 100%), where the wash water was treated
with carbon dioxide continuously, at 2 hours after preparation of wash water, or just prior to
use in the concrete.

[0025] Figure 10 shows workability (slumpP in concrete produced with wash (grey) water
produced with Ordinary Portland Cement (OPC, 100%), where the wash water was treated
with carbon dioxide continuously, at 2 hours after preparation of wash water, or just prior to
use in the concrete.

[0026] Figure 11 shows 24-hour compressive strengths for concrete produced with various
wash waters, where the wash water was treated or not treated with carbon dioxide.

[0027] Figure 12 shows set acceleration in concrete prepared with wash water treated or not
treated with carbon dioxide and held at two different temperatures.

[0028] Figure 13 shows strength enhancement at 7 days for concrete produced with various
wash waters, where the wash water was treated or not treated with carbon dioxide.

[0029] Figure 14 shows strength enhancement at 28 days for concrete produced with various
wash waters, where the wash water was treated or not treated with carbon dioxide.

[0030] Figure 15 shows set times for mortar cubes made with wash water treated or

untreated with carbon dioxide, and sitting for 1 day or 7 days.
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[0031] Figure 16 shows set times at 1 day relative to 7 days.

[0032] Figure 17 shows set mortar slump mortar cubes made with wash water treated or
untreated with carbon dioxide, and sitting for 1 day or 7 days.

[0033] Figure 18 shows mortar slump for water held at 7 days relative to slump for water
held at 1 day.

[0034] Figure 19 shows carbon dioxide uptake of solids in wash water relative to time of
treatment with carbon dioxide.

[0035] Figure 20 shows pH of wash water relative to time of treatment with carbon dioxide.
[0036] Figure 21 shows one-day strength of mortar cubes made with wash water treated with
carbon dioxide for various times and aged 1 day.

[0037] Figure 22 shows 7-day strength of mortar cubes made with wash water treated with
carbon dioxide for various times and aged 1 day.

[0038] Figure 23 shows 28-day strength of mortar cubes made with wash water treated with
carbon dioxide for various times and aged 1 day.

[0039] Figure 24 shows one-day strength of mortar cubes made with wash water treated with
carbon dioxide for various times and aged 7 days.

[0040] Figure 25 shows 7-day strength of mortar cubes made with wash water treated with
carbon dioxide for various times and aged 7 days.

[0041] Figure 26 shows 28-day strength of mortar cubes made with wash water treated with
carbon dioxide for various times and aged 7 days.

[0042] Figure 27 shows slump in mortar cubes made with wash waters treated or untreated
with carbon dioxide.

[0043] Figure 28 shows 1-day compressive in mortar cubes made with wash waters treated
or untreated with carbon dioxide.

[0044] Figure 29 shows 7-day compressive in mortar cubes made with wash waters treated
or untreated with carbon dioxide.

[0045] Figure 30 shows 28-day compressive in mortar cubes made with wash waters treated
or untreated with carbon dioxide.

[0046] Figure 31 shows calcium ICP-OES analysis of filtrate of wash waters treated or
untreated with carbon dioxide

[0047] Figure 32 shows potassium ICP-OES analysis of filtrate of wash waters treated or
untreated with carbon dioxide

[0048] Figure 33 shows sodium ICP-OES analysis of filtrate of wash waters treated or

untreated with carbon dioxide
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[0049] Figure 34 shows strontium ICP-OES analysis of filtrate of wash waters treated or
untreated with carbon dioxide

[0050] Figure 35 shows sulfur ICP-OES analysis of filtrate of wash waters treated or
untreated with carbon dioxide

[0051] Figure 36 shows silicon ICP-OES analysis of filtrate of wash waters treated or
untreated with carbon dioxide

[0052] Figure 37 shows CO2 treatment decreased pH of filtrate of wash waters.

[0053] Figure 38 shows data of Figures 31-36 in Tabular form.

[0054] Figure 39 shows data of Figures 31-36 in Tabular form.

[0055] Figure 40 shows scanning electron micrographs (SEM) for particles in wash waters
(100% OPC) treated or untreated with carbon dioxide, 250X magnification.

[0056] Figure 41 shows scanning electron micrographs (SEM) for particles in wash waters
(100% OPC) treated or untreated with carbon dioxide, 1000X magnification.

[0057] Figure 42 shows scanning electron micrographs (SEM) for particles in wash waters
(100% OPC) treated or untreated with carbon dioxide, 25,000X magnification.

[0058] Figure 43 shows scanning electron micrographs (SEM) for particles in wash waters
(75% OPC/25% slag) treated or untreated with carbon dioxide, 250X magnification.

[0059] Figure 44 shows scanning electron micrographs (SEM) for particles in wash waters
(75% OPC/25% slag) treated or untreated with carbon dioxide, 3500X magnification.
[0060] Figure 45 shows scanning electron micrographs (SEM) for particles in wash waters
(75% OPC/25% slag) treated or untreated with carbon dioxide, 25,000X magnification
[0061] Figure 46 shows X-ray diffraction (XRD) patterns from wash waters treated or
untreated with carbon dioxide.

[0062] Figure 47 shows X-ray diffraction (XRD) patterns from wash waters treated or
untreated with carbon dioxide.

[0063] Figure 48 shows nuclear magnetic resonance (NMR) patterns from wash waters
treated or untreated with carbon dioxide.

[0064] Figure 49 shows nuclear magnetic resonance (NMR) patterns from wash waters
treated or untreated with carbon dioxide.

[0065] Figure 50 shows the results for compressive strength of mortar cubes made with one-
day old wash water subject to continuous agitation, wash water solids and mortar at 25%

slag/75% OPC (Cemex Cemopolis cement).
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[0066] Figure 51 shows the results for compressive strength of mortar cubes made with one-
day old wash water subject to continuous agitation, wash water solids and mortar at 25%
class C fly ash/75% OPC (Cemex Cemopolis cement).

[0067] Figure 52 shows the results for compressive strength of mortar cubes made with one-
day old wash water subject to continuous agitation, wash water solids and mortar at 25%
class F fly ash/75% OPC (Cemex Cemopolis cement).

[0068] Figure 53 shows the results for compressive strength of mortar cubes made with one-
day old wash water subject to continuous agitation, wash water solids and mortar at 100%
OPC (Cemex Cemopolis cement).

[0069] Figure 54 shows the results for compressive strength of mortar cubes made with
seven-day old wash water subject to continuous agitation, wash water solids and mortar at
100% OPC (Cemex Cemopolis cement).

[0070] Figure 55 shows effects of untreated and carbon dioxide-treated wash water used in
mortar cubes on set times of the mortar cubes.

[0071] Figure 56 shows the effects of untreated and carbon dioxide-treated wash water aged
one day used in mortar cubes on compressive strengths of the mortar cubes.

[0072] Figure 57 shows the effects of untreated and carbon dioxide-treated wash water aged
five day used in mortar cubes on compressive strengths of the mortar cubes.

[0073] Figure 58 shows the effects of untreated and carbon dioxide-treated wash water aged
one to five day used in mortar cubes on compressive strengths of the mortar cubes.

[0074] Figure 59 shows particle distribution in untreated wash water with age.

[0075] Figure 60 shows particle distribution in carbon dioxide treated wash water with age.
[0076] Figure 61 shows median particle size (Dv50) in untreated and carbon dioxide treated
wash water.

[0077] Figure 62 shows finest fraction of particles (Dv10) in untreated and carbon dioxide
treated wash water.

[0078] Figure 63 shows Dv90 in untreated and carbon dioxide treated wash water.

[0079] Figure 64 shows a bar graph of the 10", 50™, and 90™ percentiles of particle sizes in
untreated and treated wash water.

[0080] Figure 65 shows Sauter mean diameters for untreated and carbon dioxide treated
wash water.

[0081] Figure 66 shows the De Brouckere diameter for particles in untreated and carbon
dioxide treated wash water.

[0082] Figure 67 shows specific surface area (SSA) in untreated wash water with age.

9-
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[0083] Figure 68 shows specific surface area (SSA) in carbon dioxide treated wash water
with age.

[0084] Figure 69 shows pH decrease over time in wash waters of various specific gravities
exposed to carbon dioxide at a medium flow rate.

[0085] Figure 70 shows pH decrease over time in wash waters of various specific gravities
exposed to carbon dioxide at a high flow rate.

[0086] Figure 71 shows pH decrease over time in wash water of constant specific gravity
(solids content), in wash waters of two different cement contents.

[0087] Figure 72 shows pH decrease over time in wash water of constant specific gravity
(solids content) of 1.05, in wash waters exposed to two different rates of carbon dioxide
addition.

[0088] Figure 73 shows pH decrease over time in wash water of constant specific gravity
(solids content) of 1.075, in wash waters exposed to two different rates of carbon dioxide
addition.

[0089] Figure 74 shows carbon content of solids over time in carbon dioxide-treated wash
water at three different specific gravities and medium flow rate of carbon dioxide.

[0090] Figure 75 shows carbon content of solids over time in carbon dioxide-treated wash
water at two different specific gravities and high flow rate of carbon dioxide.

[0091] Figure 76 shows carbon content of solids over time in carbon dioxide-treated wash
water at two different cement contents of water.

[0092] Figure 77 shows carbon content of solids over time in carbon dioxide-treated wash
water of constant specific gravity of 1.05 over time at two different flow rates of carbon
dioxide.

[0093] Figure 78 shows carbon content of solids over time in carbon dioxide-treated wash
water of constant specific gravity of 1.075 over time at two different flow rates of carbon
dioxide.

[0094] Figure 79 shows pH vs. carbon content for wash waters of various specific gravities
treated with carbon dioxide at a medium flow rate.

[0095] Figure 80 shows pH vs. carbon content for wash waters of various specific gravities
treated with carbon dioxide at a high flow rate.

[0096] Figure 81 shows pH vs. carbon content for wash waters of various cement content
treated with carbon dioxide at a high flow rate.

[0097] Figure 82 shows pH vs. carbon content for wash waters of the same specific gravity

of 1.05 treated with carbon dioxide at medium and high flow rate.
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[0098] Figure 83 shows pH vs. carbon content for wash waters of the same specific gravity
of 1.075 treated with carbon dioxide at medium and high flow rate.

[0099] Figure 84 shows exemplary control logic for treatment of wash water with carbon
dioxide.

[00100] Figure 85 shows pH and temperature over time for wash water treated with
carbon dioxide, during and after carbon dioxide flow.

[00101] Figure 86 shows pH and specific gravity over time of wash water from the
drum of ready-mix truck treated with carbon dioxide.

[00102] Figure 87 shows specific gravity and carbon content of solids over time of
wash water from the drum of ready-mix truck treated with carbon dioxide.

[00103] Figure 88 shows pH and carbon content of solids over time of wash water
from the drum of ready-mix truck treated with carbon dioxide.

[00104] Figure 89 shows exemplary control logic for treatment of wash water with

carbon dioxide.

DETAILED DESCRIPTION OF THE INVENTION
[00105] Wash water, also called grey water herein, is produced as a byproduct of the
concrete industry. This water, which may contain suspended solids in the form of sand,
aggregate and/or cementitious materials, is generated through various steps in the cycle of
producing concrete structures. Generally a large volume of concrete wash water is produced
by the washing-out of concrete mixer trucks following the delivery of concrete. This water is
alkaline in nature and requires specialized treatment, handling and disposal. As used herein,
“wash water” includes waters that are primarily composed of concrete drum wash water; such
water may contain water from other parts of the concrete production process, rain runoff
water, etc., as is known in the art. As will be clear from context, “wash water” includes water
used to clean the drum of a ready-mix truck and/or other mixers, which contains cement and
aggregate, as well as such water after aggregate has been removed, e.g., in a reclaimer, but
still containing solids, such as cementitious solids. Typically at least a portion of such solids
are retained in the wash water for re-use in subsequent concrete batches.
[00106] While this water can be suitable for reuse in the production of concrete, it has
been documented that the wash water can result in negative impacts on the properties of
concrete, for example, set acceleration and loss of workability. Wash water is mainly a
mixture of cement and, in many cases, supplementary cementitious materials (SCMs) in

water. It becomes problematic as a mix water because as the cement hydrates it changes the
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chemistry of the water. These changes in chemistry, along with the hydration products, cause
a host of issues when the water is used as mix water, such as acceleration, increased water
demand, reduced 7-day strength, and the like. These issues generally worsen as the amount
of cement in the water increases, and/or the water ages.

[00107] The methods and compositions of the invention utilize the application of CO2
to concrete wash water to improve its properties for reuse in the production of concrete.
Thus, wash water that has a cement content (e.g., specific gravity) and/or that has aged to a
degree that would normally not allow its use as mix water can, after application of carbon
dioxide, be so used.

[00108] Without being bound by theory, it is thought that by carbonating wash water,
several results may be achieved that are beneficial in terms of using the water as part or all of
mix water for subsequent batches of concrete:

[00109] 1) Maintain a pH of ~7: This effectively dissolves the cement due to the
acidity of CO». This helps deliver a grey water of consistent chemistry and removes the
"ageing effects". In certain embodiments, a pH of less than or greater than 7 may be
maintained, as described elsewhere herein.

[00110] 2) Precipitate any insoluble carbonates: CO: actively forms

carbonate reaction products with many 1ons. This removes certain species from solution,
such as calcium, aluminum, magnesium and others. This is another step that helps provide
a grey water of consistent chemistry.

[00111] 3) Change solubility of cement 1ons: The solubilities of many 1ons depend
on pH. By maintaining the pH at ~7 with CO, the nature of the water chemistry is
changed, potentially in a favorable direction. In certain embodiments, a pH of less than
or greater than 7 may be maintained, as described elsewhere herein.

[00112] 4) Shut down pozzolanic reactions: By maintaining the pH around 7 no
Ca(OH): 1s available to react with slag and/or fly ash in the grey water. This can mean
that these SCMs are unaltered through the treatment and reuse of the grey water, thus
reducing the impact of the grey water substantially. In certain embodiments, a pH of less
than or greater than 7 may be maintained, as described elsewhere herein.

[00113]5) Reduce amount of anions left behind: The formation of carbonate precipitates
using CO; 1s advantageous over other common acids, like HCI or H,SO4 whose anions, if
left soluble in the treated water, can adversely impact the chemistry of the grey water for

concrete batching.
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[00114]6) Cause retardation: By saturating the grey water with CO2/HCOj3" retardation
can be achieved when used as batch water.

[00115]7) Nature of precipitates: The process may potentially be altered to form
precipitates that have less effects on the water demand of concrete prepared with grey
water. In particular, conditions of carbonation may be used that produce nanocrystalline
carbonates, such as nanocrystalline calcium carbonate, that are known to be beneficial
when used in concrete products.

[00116] In certain embodiments, the invention provides a method of providing a mix water
for a batch of concrete, where the mix water comprises wash water from one or more
previous batches of concrete that has be exposed to carbon dioxide in an amount above
atmospheric concentrations of carbon dioxide, to carbonate the wash water (“carbonated
wash water”). The mix water may contain at least 10, 20, 30, 40, 50, 60, 70, 80, 90, 95, 99,
or 99.5% carbonated wash water. Altematively or additionally, the mix water may contain
no more than 20, 30, 40, 50, 60, 70, 80, 90, 95, 99, 99.5, or 100% carbonated wash water. In
certain embodiments, the mix water is 100% carbonated wash water. In certain
embodiments, the mix water is 1-100% carbonated wash water. In certain embodiments, the
mix water 1s 1-80% carbonated wash water. In certain embodiments, the mix water is 1-50%
carbonated wash water. In certain embodiments, the mix water is 1-30% carbonated wash
water. In certain embodiments, the mix water is 10-100% carbonated wash water. In certain
embodiments, the mix water is 20-100% carbonated wash water. In certain embodiments, the
mix water 1s 50-100% carbonated wash water. In certain embodiments, the mix water is 70-
100% carbonated wash water. In certain embodiments, the mix water is 90-100% carbonated
wash water.

[00117] In certain embodiments, a first portion of mix water that is plain water, e.g., not wash
or other water that has been carbonated, such as plain water as normally used in concrete
mixes, is mixed with concrete materials, such as cement, aggregate, and the like, and then a
second portion of mix water that comprises carbonated water, which can be carbonated plain
water or, e.g., carbonated wash water is added. The first portion of water may be such that an
acceptable level of mixing is achieved, e.g., mixing without clumps or without substantial
amounts of clumps. For example, the first portion of mix water that is plain water may be
more than 1, 2, 5, 10, 20, 30, 40, 50, 60, 70, 80, or 90%, and/or less than 2, 5, 10, 20, 30, 40,
50, 60, 70, 80, 90 or 95%, such as % 1-90%, or 1-80%, or 1-75%, or 1-70%, or 1-65%, or 1-
60%, or 1-55%, or 1-50%, or 1-45%, or 1-40%, or 1-30%, or 1-20%, or 1-10% of the total
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mix water used in the concrete mix, while the remainder of the mix water used in the concrete
mix is the second portion, i.e., carbonated mix water. The first portion of water may be
added at one location and the second portion at a second location. For example, in a ready
mix operation, the first portion may be added to concrete materials which are mixed, then the
mixed materials are transferred to a drum of a ready-mix truck, where the second portion of
water is added to the concrete in the drum of the ready-mix truck. However, it is also
possible that both the first and the second locations are the same location, e.g., a mixer prior
to deposit into a ready-mix truck, or the drum of the ready-mix truck. The second portion of
water may be added at any suitable time after the addition of the first portion. In general, the
second portion of water is added at least after the first portion and the concrete materials have
mixed sufficiently to achieve mixing without clumps or without substantial amounts of
clumps. In certain embodiments, the second portion of water is added at least 1, 2, 3, 4, 5, 6,
7,8,9,10, 12, 15, 20, 25, 30, 40, 50, or 60 minutes after the first portion of water, and/or not
more than , 2, 3,4, 5,6,7,8,9,10, 12, 15, 20, 25, 30, 40, 50, or 60 minutes, or 1, 2, 3, 4, 5,
or 6 hours after the first portion of water.

[00118] The wash water may be carbonated at any suitable time, for example, right after its
production, at some time after production, or just before use in the concrete, or any
combination thereof. Without being bound by theory, it is probable that at time 0
(immediately after formation of the wash water), added carbon dioxide will react with
unhydrated cement phases (C3S, C2S, C3A, etc.) while at later ages added carbon dioxide
will react with hydrated cement phases (CSH, ettringite, etc.). Providing dosage later can
result in different properties than when the dosage is applied earlier, potentially leading to
different properties when the wash water is reused in concrete production. In addition, the
phases reacting in wash water at later ages can be generally more thermodynamically stable
and thus have lower heats of reaction when reacting with carbon dioxide; the inventors have
observed that the exothermic heat rise (e.g., as measured by temperature) can be greater when
treating fresh wash water with carbon dioxide than when treating aged wash water. It can be
advantageous to have a lower heat rise because a treated water that becomes heated may have
to be cooled before it can be used as a mix water. Hence, certain embodiments provide
methods and apparatus that cause a cooling of the wash water due to production of gaseous
carbon dioxide for treatment of the wash water from liquid carbon dioxide, e.g., piping or
conduits that contact the wash water and absorb heat necessary to convert liquid to gaseous
carbon dioxide and thus cooling the wash water. These are described in more detail

elsewhere herein. In addition, when treating an aged wash water with carbon dioxide, it can
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be possible that less carbon dioxide is required to achieve a stable wash water than with wash
water that is fresh. The amount of carbon dioxide to create a stable wash water (e.g.,
properties are relatively unchanged after further aging) can depend on the relative
contributions of Ca(OH)., ettringite, CSH, and/or unreacted cement (e.g., unreacted Ordinary
Portland Cement, OPC) to the undesirable properties of wash water. In addition, different
phases can have different carbon dioxide reaction kinetics, which in turn can influence
choices of carbon dioxide delivery settings, approaches (e.g., type of delivery system or
adjustments to delivery system), and the like.

[00119] Thus, for example, in certain embodiments, carbonation of wash water can
commence no later than 1, 2, 5, 10, 20, 30, 40, 60, 80, 100, 120, 150, 180, 240, 300, 360, 420,
or 480 minutes, or 7, 8,9, 10, 11, 12, 14, 16, 18, or 24 hours, or 1.5, 2, 3, 4, or 5 days after
formation of the wash water, and/or no sooner than 0, 0.5, 1, 2, 5, 10, 20, 30, 40, 60, 80, 100,
120, 150, 180, 240, 300, 360, 420, 480, or 540 minutes or 8, 9, 10, 11, 12, 14, 16, 18, or 24
hours, or 1.5, 2, 3, 4, 5, or 6 days after formation of the wash water. The carbonation can
continue for any suitable period of time, for example, in certain embodiments wash water is
continuously exposed to carbon dioxide for a period of time after carbonation commences.
Altemnatively or additionally, wash water can be carbonated just before its use as mix water,
for example, no more than 1, 2, 5, 10, 20, 30, 40, 60, 80, 100, 120, 150, 180, 240, 300, 360,
420, or 480 minutes before its use as mix water (e.g., before contacting the concrete mixture),
and/or no sooner than 0, 0.5, 1, 2, 5, 10, 20, 30, 40, 60, 80, 100, 120, 150, 180, 240, 300,
360, 420, 480, or 540 minutes before its use as mix water. Additionally or alternatively, the
wash water may be aged for some amount of time after addition of carbon dioxide before it is
used as wash water, for example, carbonated wash water can be used as mix water no later
than 1,2, 5, 10, 20, 30, 40, 60, 80, 100, 120, 150, 180, 240, 300, 360, 420, or 480 minutes, or,
7,8,9,10, 12, 18, or 24 hours, or 1.5, 2, 3, 4, 5, or six days after carbonation of the wash
water, and/or no sooner than 0, 0.5, 1, 2, 5, 10, 20, 30, 40, 60, 80, 100, 120, 150, 180, 240,
300, 360, 420, 480, or 540 minutes or 8, 10, 12, 18, 24 hours, or 1.5, 2,3, 4,5,6,7. 8. 10, 12,
or 14 days after carbonation of the wash water; for example, at least 3 hours, at least 6 hours,
at least 12 hours, at least one day, at least 3 days, or at least 5 days after carbonation of the
wash water.

[00120] The water used for washing may be clean water or recycled wash water. In certain
embodiments, the water that is used to wash out trucks may be carbonated before and/or
during the wash process, i.e., before the wash water enters a reclamation tank. Concrete

trucks typically have 10-15 min of mixing when washing out. Carbon dioxide can be, e.g.,
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injected into the water pump line on its way to the truck (fresh water input), or from the
settlement pond/reclamation system pump (recycled water input).

[00121] Additionally or alternatively, after a truck is emptied and water is added to the truck
for washing, carbon dioxide can be added to the truck. The carbon dioxide reacts with the
slurry, and the carbon dioxide can “put the cement to sleep” (e.g., halt or retard most or all
deleterious reactions, and react with most or all deleterious materials, as outlined herein). In
certain embodiments, the slurry can be reused in a new batch. In certain embodiments, the
slurry need not even leave the truck. Carbon dioxide can be added as a solid, liquid, or gas,
or combination thereof. For example, carbon dioxide may be added as a solid. In certain
embodiments, carbon dioxide is added as a mixture of solid and gas, produced when liquid
carbon dioxide is released to atmospheric pressure. A conduit carries liquid carbon dioxide
from a container to an injector, which is configured so as to cause a desired conversion to gas
and solid. The mixture of gaseous and solid carbon dioxide is directed into the drum of a
ready mix truck. The amount of carbon dioxide added may be a predetermined amount,
based, e.g., on typical residual amounts of concrete left in the truck. The amount of carbon
dioxide added may also be regulated according to the condition of the wash water, e.g.,
according to pH as the carbon dioxide mixes and reacts with components of the wash water.
Using this method, it is possible to eliminate the need to discharge wash water from the
mixer. This allows the wash water to be used as mix water in the next batch of concrete
produced and prevents the residual plastic concrete from hardening. In certain embodiments,
the treatment allows stabilization of the wash water, so that it can be used as mix water for
the next batch, after at least 0.5, 1,2, 3, 4,5, 6, 12, 18, 24, 30, 36, 42, 48, 54, 60, 66, 72, 78,
86, or 92 hours and/or not more than 12, 18, 24, 30, 36, 42, 48, 54, 60, 66, 72, 78, 86, 92, or
104 hours. The carbon dioxide treatment may be used alone or used with other treatments
that are designed to stabilize wash water and allow reuse, such as Recover, GCP Applied
Technologies, Inc., Cambridge, Mass., or similar admixture.

[00122] In certain embodiments, the wash water is circulated before its use as a mix water.
For example, part or all of the wash water that is carbonated may be circulated (e.g., run
through one or more loops to, e.g., aid in mixing and/or reactions, or agitated, or stirred, or
the like). This circulation may occur continuously or intermittently as the water is held prior
to use. In certain embodiments the wash water is circulated for at least 5, 10, 20, 50, 70, 80,
90, 95, or 99% and/or not more than 10, 20, 50, 70, 80, 90, 95, 99 or 100% of the time it is

held prior to use as mix water.
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[00123] It will be appreciated that many different wash waters are typically combined and
held, for example, in a holding tank, until use or disposal. Carbonation of wash water may
occur before, during, or after its placement in a holding tank, or any combination thereof.
Some or all of the wash water from a given operation may be carbonated. It is also possible
that wash water from one batch of concrete may be carbonated then used directly in a
subsequent batch, without storage. In general, the tank will be outfitted or retrofitted to allow
circulation of the water in such a way that sedimentation does not occur, to allow reuse of
materials in the wash water as it is carbonated.

[00124] Any suitable method or combination of methods may be used to carbonate the wash
water. The wash water may be held in a container and exposed to a carbon dioxide
atmosphere while mixing. Carbon dioxide may be bubbled through mix water by any
suitable method; for example, by use of bubbling mats, or alternatively or additionally, by
introduction of carbon dioxide via one or more conduits with one or a plurality of openings
beneath the surface of the wash water. The conduit may be positioned to be above the sludge
that settles in the tank and, in certain embodiments, regulated so as to not significantly
impede settling. Catalysts may also be used to accelerate one or more reactions in the
carbonating wash water. In certain embodiments, liquid carbon dioxide injection is used. A
vaporizer can be set inside the tank and converts liquid carbon dioxide to gas, drawing heat
from the water to do so, and thereby cooling the water. For example, a series of metal tubes
may be submerged in the water that are configured to ensure gas rises to the top and is pushed
out of a nozzle. Pipes run vertically, but with the heat capacity and transfer rate in water
being so much higher than air, fins that are normally be present in a cryogenic carbon dioxide
heat exchanger that operates in air may not be needed.

[00125] Impeller blades

[00126] In certain embodiments, carbon dioxide is added to a slurry tank by injecting it
through a specially designed agitator blade. As known in the water treatment industry, a flash
mixing style blade can be used that is designed to create turbulence, vortices, vacuum pockets
and high shear behind the mixer blades to promote rapid mixing action. See, e.g., blades
supplied by Dynamix Inc., 14480 River Road, Unit 150, Richmond, British Columbia,
Canada V6V 114, such as the P4 Pitch Impeller Blade. This is merely exemplary and those
of skill in the art will recognize that various types, such as pitch-blade impellers or airfoil
impellers may be used.

[00127] Injection of carbon dioxide at a particular location along the blade edge can increase

mixing action and contact time. The blade action forces the carbon dioxide bubbles to
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undergo more mixing rather than being buoyantly forced towards the surface. Fine dispersed
bubbles can be assured through selecting the proper hole size. It is important to ensure that
the holes remain unplugged. Whereas a perforated hose in the bottom of a tank with have
solids settle upon it when the slurry is unagitated, the agitator blade holes will not be at the
bottom of a tank and get covered by the settling solids. Further the holes can be placed on the
sides or bottom of the agitator element to avoid vertical settlement buildup.

[00128] Augur

[00129] In a pond where an auger is used for mixing, injection can be through the central axis
of the auger shaft. In certain embodiments, to ensure serviceability and possibly to reduce
the occurrence of buildup, a retractable injection pipe with a gas distribution nozzle at the end
can be routed through the central axis of the mixing auger shaft. The carbon dioxide can be
injected, e.g., when a control system calls for it and then the injector can retract out of the
water when the system has determined that the amount of carbon dioxide is sufficient.
Alternately, a retractable injector is not routed through the shaft, but the shaft is simply
hollow. Carbon dioxide can be injected down the center of the mixing auger shaft. An
orifice at the injection point can promote the formation of finely dispersed bubbles. Either
way, the injector nozzle positioning, direction, and injection speed are such that they do not
interfere with normal mixing, so that sedimentation does not occur.

[00130] Submersible pump

[00131] A suitably efficient or powerful pump can both circulate the slurry and also, in some
cases, send the slurry to the concrete batching process. Carbon dioxide can be integrated
with the pump via, for example, injection into the impeller housing at a location chosen to
maximize mixing, or, for example, just under the intake to allow the suction to bring the gas
into the housing. The impeller blades mix up and pressurize the carbon dioxide/wastewater
mix, providing better uptake of carbon dioxide, and pump the slurry through a long hose. The
transport in the hose provides additional time to promote uptake. The slurry can be directed
back into the tank or pumped directly into the batch process.

[00132] The CO: injection rate can be tied to the flow rate/density of the slurry. If one cycle
through the loop is insufficient to provide the desired degree of carbon dioxide uptake, then it
can be recirculated through the same loop or through another loop, e.g., via a secondary,
smaller pump, until the desired amount of CO> has been absorbed.

[00133] Carbon dioxide injection can take place near an impeller. Carbon dioxide injection
can also take place in a discharge pipe line, near the pump itself or at any point in the pipe

line. Carbon dioxide injection can be achieved with single or multiple injection points and
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carbon dioxide can be injected at 90 degrees or any suitable angle relative to the direction of
flow. Directing the carbon dioxide exit parallel to the rising liquid flow will increase liquid
flow as the buoyancy of the carbon dioxide displaces the wash water upwards.

[00134] Eductor nozzles

[00135] In certain embodiments, one or more eductor nozzles are used. Eductor nozzles are
well-known in the art. An eductor nozzle mixes and agitates, and increases overall water
flow, thus allowing a smaller pump to move sufficient water to ensure adequate mixing to
prevent sedimentation. The nozzle allows high pressure into a first stage nozzle to increase
velocity, then the eductor provides a venturi effect of high velocity flow which creates low
pressure, pulling added liquid into the stream of flow, and allowing higher volume lower
velocity output. Such nozzles are supplied by, e.g., Bete Ltd., P.O. Box 2748, Lewes, East
Sussex, United Kingdom. Such a nozzle can incorporate carbon dioxide injection into its
operation. If carbon dioxide is injected as nanobubbles in solution (supersaturated carbon
dioxide water, see elsewhere in this application, e.g., systems supplied by Gaia USA Inc.,
Scottsdale, Arizona) then the buoyancy that acts upon coarse bubbles may be avoided.
Pumps can be used for mixing, provided they are placed strategically and provide sufficient
flow.

[00136] In certain embodiments, a combination of mixing blades and sump pump with
eductor may be used, so long as the pump or pumps is in a non-intrusive location and does
not impede the mixing action required. The discharge of water and carbon dioxide (eductor)
is in a location that does not disturb the blade mixing action. Most reclaimer blades push
material downward so it is preferred to discharge the pump water/carbon dioxide near the
axis of the blades to help promote mixing. In certain embodiments, an integrated mixing and
injection process is used: Strategically placed eductor nozzles can be used to carbonate water
and maintain sufficient fluid flow. The eductors are fed by a pump or pumps which can
incorporate carbon dioxide in several ways, as described herein. For retrofitting of existing
wash water settlement ponds, a series of eductors can be configured to mix the pond. Itis
important to ensure the eductor configuration keeps the water flow throughout the tank above
the settlement velocity of suspended solids.

[00137] Head space integration

[00138] If the treatment vessel is a closed container then increased efficiency can be had by
recycling gas from the headspace into the injection hardware. As bubbles rise through the
liquid to join the headspace such an approach allows the carbon dioxide molecules another

chance to dissolve and react. The process can monitor the headspace gas for carbon dioxide
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and pressure. For a given fixed mass of carbon dioxide injected the carbon dioxide content
and pressure will initially increase. As reaction proceeds the carbon dioxide concentration
and pressure will decrease. This can be a signal that causes another dose of carbon dioxide.
The dosing efficiency of the dose is in direct response to the absorption.

[00139] Super-saturated carbon dioxide

[00140] In certain cases, mix water, e.g., wash water may be treated with carbon dioxide in
such a manner that the carbon dioxide content of the water increases beyond normal
saturation, for example, at least 10, 20, 30, 40, 50, 70, 100, 150, 200, or 300% , or not more
than 10, 20, 30, 40, 50, 70, 100, 150, 200, 300, 400, or 500% beyond normal saturation,
compared to the same water under the same conditions that is normally saturated with carbon
dioxide. Normal saturation is, e.g., the saturation achieved by, e.g., bubbling carbon dioxide
through the water, e.g., wash water, until saturation is achieved, without using manipulation
of the water beyond the contact with the carbon dioxide gas. For methods of treating water to
increase carbon dioxide concentration beyond normal saturation levels, see, e.g., U.S. Patent
Application Publication No. 2015/0202579.

[00141] In certain embodiments, the invention allows the use of wash water substantially “as
is,” that is, without settling to remove solids. Carbonation of the wash water permits its use
as mix water, even at high specific gravities.

[00142] This technology can allow the use of grey (wash) water as mix water, where the grey
(wash) water is at specific gravities of at least 1.01, 1.02, 1.03, 1.04, 1.05, 1.06, 1.07, 1.08,
1.09,1.10, 1.11, 1.12, 1.13, 1.14, 1.15, 1.16, 1.17, 1.18, 1.19, 1.20, 1.22, 1.25, 1.30, 1.35,
1.40, or 1.50, and/or not more than 1.02, 1.03, 1.04, 1.05, 1.06, 1.07, 1.08, 1.09, 1.10, 1.11,
1.12,1.13, 1.14, 1.15, 1.16, 1.17, 1.18, 1.19, 1.20, 1.22, 1.25, 1.30, 1.35, 1.40, 1.50 or 1.60;
eg,10-1.2, 0or1.0to1.3,0or1.0to 1.18, 0or1.0to 1.16,0or 1.0to 1.15,0or 1.0to 1.14, or 1.0 to
1.13,0or1.0to 1.12, or 1.0t0 1.10, or 1.0 t0 1.09, or 1.0 t0 1.08, or 1.0 to 1.07, or 1.0 to 1.06,
orl1.0to1.05,0r1.0to 1.04, 0or 1.0to 1.03, or 1.0 to 1.02, 1.01-1.2, or 1.01 to 1.3, or 1.01 to
1.18,0or 1.0l to 1.16, 0or 1.01 to 1.15, 0r 1.01 to 1.14, or 1.01 to 1.13, or 1.01 to 1.12, or 1.01
to 1.10, or 1.01 to 1.09, or 1.01 to 1.08, or 1.01 to 1.07, or 1.01 to 1.06, or 1.01 to 1.05, or
1.01to 1.04, or 1.01 to 1.03, or 1.01 to 1.02, or 1.02-1.2, or 1.02t0 1.3, or 1.02t0 1.18, or
1.02to 1.16,0r 1.02to 1.15, 0or 1.02 to 1.14, or 1.02to 1.13, or 1.02t0 1.12, or 1.02 to 1.10,
or 1.02t0 1.09, or 1.02 to 1.08, or 1.02 to 1.07, or 1.02 to 1.06, or 1.02 to 1.05, or 1.02 to
1.04,0or 1.02t0 1.03, 0or 1.03-1.2, 0or 1.03to 1.3, or 1.03 to 1.18, or 1.03 to 1.16, or 1.03 to
1.15,0or1.03t0 1.14,0or 1.03to 1.13, 0r 1.03to 1.12, or 1.03 to 1.10, or 1.03 to 1.09, or 1.03
to 1.08, or 1.03 to 1.07, or 1.03 to 1.06, or 1.03 to 1.05, or 1.03 to 1.04, or 1.05-1.2, or 1.05 to
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1.3,or1.05t01.18,0or 1.05t0 1.16, or 1.05to 1.15, 0r 1.05to 1.14, or 1.05to 1.13, or 1.05 to
1.12,0or 1.05t0 1.10, or 1.05to 1.09, or 1.05 to 1.08, or 1.05 to 1.07, or 1.05 to 1.06. In
certain embodiments the methods and compositions of the invention allow the use of grey
(wash) water as mix water, where the grey water has a specific gravity of at least 1.01, 1.02,
1.03,1.04, 1.05,1.06, 1.07,1.08, 1.09, 1.10, 1.11, 1.12, 1.13, 1.14, 1.15, 1.16, 1.17, 1.18,
1.19, or 1.20. The methods and compositions of the invention can reduce or even eliminate
the need to further treat wash water, beyond carbonation, for the wash water to be suitable for
use as mix water in a subsequent batch. In certain embodiments, after grey (wash) water is
carbonated, it is used in subsequent batches of concrete with no more than 5, 10, 15, 20, 30,
40, 50, 60, 70, 80, 90, or 95% of remaining solids removed. In certain embodiments, none of
the remain solids are removed. The carbonated wash water may be combined with non-wash
water, e.g., normal mix water, before or during use in a subsequent concrete batch, to provide
a total amount of water used in the batch; in certain embodiments, the carbonated wash water
comprises at least 5, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90, 95, or 99% of the total amount of
water used in the batch; in certain embodiments, 100% of the total amount of water used in
the batch is carbonated wash water, excluding water used to wash down equipment and, in
some cases, excluding water added at the job before or during pouring of the concrete mix.
[00143] The use of wash water in a concrete mix, especially carbonated wash water, often
results in enhanced strength of the resulting concrete composition at one or more times after
pouring, for example, an increase in compressive strength, when compared to the same
concrete mix without carbonated wash water, of atleast 1, 2, 3,4, 5, 6,7, 8,9, 10, 12, 14, 16,
18, 20, 22, or 25% at 1-day, 7-days, and/or 28-days. This increase in early strength, as well
as additionally or alternatively the presence of cementitious materials in the carbonated wash
water that can replace some of the cementitious materials in a subsequent mix, often allows
the use of less cement in a mix that incorporates carbonated wash water than would be used
in the same mix that did not incorporate carbonated wash water; for example, the use of at
least 1,2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 20, 22, 25, 30, 35, or 40% less
cement in the mix where the mix retains a compressive strength at a time after pouring, e.g.,
at 1, 7, and/or 28-days, thatis within 1, 2, 3,4,5, 6,7, 8,9, 10, 12, 15, 20, 30, 40, or 50% of
the compressive strength of the mix that did not incorporate carbonated wash water, e.g.,
within 5%, or within 7%, or within 10%.

[00144] In addition, the carbonation of wash water can allow the use of wash water at certain
ages that would otherwise not be feasible, e.g., wash water that has aged at least 1, 2, 3,4, 5,

6,7,8,9,10, 12, or 15 days. Wash water that has been carbonated may be used in concrete
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at an age where it would otherwise produce a concrete mix without sufficient workability to
be used.

[00145] The CO, treatment produces carbonate reaction products that likely contain some
amount of nano-structured material. Of the carbonated products in the wash water, e.g.,
calcium carbonate, at least 1, 2, 5, 7, 10, 12, 15, 20, 25, 30, 25, 40, 45, 50, 60, 70, 80, or 90%
may be present as nano-structured materials, and/or not more than 5, 7, 10, 12, 15, 20, 25, 30,
25, 40, 45, 50, 60, 70, 80, 90, 95, or 100% may be present as nano-structured material. A
“nano-structured material,” as that term used herein, includes a solid product of reaction of a
wash water component with carbon dioxide whose longest dimension is no more than 500
nm, in certain embodiments no more than 400 nm, in certain embodiment no more than 300
nm, and in certain embodiments no more than 100 nm.

[00146] Carbon dioxide treatment of wash water can result in a solid material that is distinct
from untreated wash water in terms of the coordination environment of aluminum and silicon
crosslinking, e.g., as measured by NMR. Without being bound by theory, it is thought that
carbon dioxide treatment of the wash water can create a carbonate shell around the particle,
and that this shell can have an inhibiting effect on the phases contained therein, perhaps
physically inhibiting dissolution.

[00147] The CO; treatment has the further benefit of sequestering carbon dioxide, as the
carbon dioxide reacts with components of the wash water (typically cement or supplementary
cementitious material), as well as being present as dissolved carbon dioxide/carbonic
acid/bicarbonate which, when the wash water is added to a fresh concrete mix, further reacts
with the cement in the mix to produce further carbon dioxide-sequestering products. In
certain embodiments, the carbon dioxide added to the wash water results in products in the
wash water that account for at least 1, 2, 5, 7, 10, 12, 15, 20, 25, 30, 25, 40, 45, 50, 60, 70, 80,
or 90% carbon dioxide by weight cement (bwc) in the wash water, and/or not more than 2, 5,
7,10, 12, 15, 20, 25, 30, 25, 40, 45, 50, 60, 70, 80, 90, 95, or 100% carbon dioxide by weigh
cement (bwc) in the wash water.

[00148] Embodiments include applying CO2 immediately after the wash water is generated,
in a tank, and/or as the grey water is being loaded for batching.

[00149] Alternatively or additionally, carbonation of grey (wash) water can allow use of aged
wash water as mix water, for example, wash water that has aged atleast 1, 2, 3,4, 5, 6, 7, 8,
9, or 10 days.

[00150] The source of the carbon dioxide can be any suitable source. In certain

embodiments, some or all of the carbon dioxide is recovered from a cement kiln operation,
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for example, one or more cement kiln operations in proximity to the concrete production
facility, e.g., one or more cement kiln operations that produce cement used in the concrete
production facility. In certain embodiments, wash water is transported from a concrete wash
station or similar facility where concrete wash water is produced, to a cement kiln, or a power
plant and flue gas from the cement kiln or power plant is used to carbonate the wash water.
Carbon dioxide concentrations in cement kiln flue gas or power plant flue gas may be
sufficient that no additional carbon dioxide is needed to carbonate the wash water; it is also
possible that the flue gas need not be completely treated before exposure to wash water; i.e.,
it will be appreciated that cement kiln and power plant flue gas, in addition to containing
carbon dioxide, may also contain SOx, NOx, mercury, volatile organics, and other substances
required to be removed, or brought to an acceptable level, before the flue gas is released to
the atmosphere. In certain embodiments, the flue gas is treated to remove one or more of
these substances, or bring them to acceptable levels, before it is exposed to the wash water.
In certain embodiments, one or more of these substances is left in the flue gas as it contacts
the wash water, and after contacting the wash water the amount of the substance in the flue
gas is reduced, so that further treatment for that substance is decreased or eliminated. For
example, in certain embodiments, the flue gas comprises SOx, and treatment of the wash
water with the flue gas decreases the amount of SOx in the flue gas (e.g., by formation of
insoluble sulfates) so that the flue gas after wash water treatment requires decreased
treatment to remove SOX, or no treatment. Additionally or altemnatively, one or more of
NOx, volatile organics, acids, and/or mercury may be decreased in the flue gas by contact
with wash water so that the need for treatment of the flue gas for the substance is reduced or
eliminated. After treatment with the flue gas, the carbonated wash water may be transported
to a concrete production facility, either the same one where it was produced and/or a different
one, and used in producing concrete at the facility, e.g., used as an admixture, e.g., to reduce
cement requirements in the concrete due to the cement in the wash water.

[00151] The wash water may be monitored, e.g., as it is being carbonated. Any suitable
characteristic, as described herein, may be used to determine whether to modify carbon
dioxide delivery to the wash water. One convenient measurement is pH. For example, in
certain embodiments, a carbonated wash water of pH less than 8.0, 7.9, 7.8, 7.7, 7.6, 7.5, 7.4,
7.3,7.2,7.1,0r 7.0 is desired, e.g., to be used as a mix water. The pH may be monitored and
brought to a suitable pH or within a suitable range of pHs before, e.g., its use as a mix water.
For example, the pH can be at least 6.0, 6.1, 6.2, 6.3, 6.4, 6.5,6.6,6.7,6.8,6.9,7.0,7.1, 7.2,
7.3,74,75,76,7.7,78,79,8.0,8.1,8.2, 8.3, 8.4, or 8.5, and/or not more than 6.1, 6.2, 6.3,
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6.4,6.5,66,6.7,68,69,7.0,7.1,7.2,73,7.4,7.5,7.6,7.7,7.8,7.9,8.0,8.1,82, 8.3, 84,
8.5,8.7,9.0,9.3,9.5,9.7, 10, 10.3, 10.5, 10.7, 11.0, 12.0, or 13.0.

[00152] In addition, it is desirable that gas flow in a wash water, e.g., in a holding tank, not
be increased to a level high enough that the rate of supply exceeds the rate of
absorption/reaction; if this occurs, typically, bubbles will be observed at the surface of the
wash water. If the rate of supply is equal to or less than the rate of absorption/reaction, then
no bubbles are observed at the surface of the wash water. The rate of absorption and reaction
may change with time, for example, decreasing as more of particles react or become coated
with reaction products. Thus, appearance of bubbles may be used as an indicator to adjust
carbon dioxide flow rate, and an appropriate sensor or sensors may be used to determine
whether or not bubbles are appearing. Altematively, or additionally, carbon dioxide content
of the air above the surface of the wash water may be monitored using appropriate sensor or
sensors and be used as a signal to modulate delivery of carbon dioxide to the wash water,
e.g., slow or stop delivery when a certain threshold concentration of carbon dioxide in the air
above the surface is reached. Rate of change of concentration can also be used as an
indicator to modulate flow rate of carbon dioxide.

[00153] Bubble formation, in particular, is to be minimized or avoided, because in a tank
where water is agitated to prevent settling of solids, it is desired to use the minimum amount
of energy to cause the water to move in a pattern with sufficient motion that solids remain
suspended; bubbles, which automatically rise to the surface no matter where they are in the
overall flow pattern of the tank, can disrupt the flow, and cause more energy to be required
for sufficient agitation. In a holding tank in which, e.g., an augur is used for agitation,
systems of the invention may pull water from the tank into a recirculation loop where carbon
dioxide is introduced. The rate of introduction, length of the loop, and other relevant factors
are manipulated so that carbon dioxide is absorbed into the water and/or reacts with
constituents of the water before it’s released back into the tank. The carbon dioxide can be
input into the loop near or at the start of the loop, so that there is maximum distance for the
carbon dioxide to be absorbed and/or react. It is also advantageous to inject the carbonated
water at a downward location in the tank.

[00154] Additional characteristics that can be useful to monitor include temperature of the
wash water (reaction of carbon dioxide with cement products is typically exothermic), ionic
concentration of the wash water, electrical conductivity of the wash water, and/or optical
properties of the wash water (e.g., it has been observed that carbon dioxide can change the

color of the wash water). Appropriate sensors for one or more of these characteristics may be
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included in an apparatus of the invention. Other characteristics and sensors are also
appropriate as described herein.

[00155] Compositions include an apparatus for carbonating concrete wash water in a wash
water operation that includes a source of carbon dioxide operably connected to a conduit that
runs to a wash water container containing wash water from a concrete production site, where
one or more openings of the conduit are positioned to deliver carbon dioxide at or under the
surface of wash water in the container, or both, and a system to transport the carbonated wash
water to a concrete mix operation where the carbonated wash water is used as mix water in a
concrete mix, e.g. a second conduit that can be positioned to remove carbonated wash water
from the wash water container and transport it to a concrete mix operation, where the
carbonated wash water is used as part or all of mix water for concrete batches. Generally, the
carbon dioxide will be delivered directly to the wash water tank as described elsewhere
herein, though in some embodiments carbonation may occur outside the tank and the
carbonated water returned to the tank. The apparatus may further include a controller that
determines whether or not to modify the delivery of carbon dioxide based at least in part on
one or more characteristics of the wash water or wash water operation. The characteristics
may include one or more of pH of the wash water, rate of delivery of carbon dioxide to the
wash water, total amount of wash water in the wash water container, temperature of the wash
water, specific gravity of the wash water, concentration of one or more ions in the wash
water, age of the wash water, circulation rate of the wash water, timing of circulation of the
wash water, bubbles on surface, carbon dioxide concentration of air above surface, optical
properties, electrical properties, e.g., conductivity, or any combination thereof. One or more
sensors may be used for monitoring one or more characteristics of the wash water;
additionally, or alternatively, manual measurements may be made periodically, e.g., manual
measurements of specific gravity, pH, or the like. The apparatus may further comprise one or
more actuators operably connected to the controller to modify delivery of carbon dioxide to
the wash water, or another characteristic of the wash water, or both. The apparatus may
include a system for moving the wash water, such as by circulating or agitating the wash
water, either continuously or intermittently. The composition may further include a delivery
system for delivering carbon dioxide to the source of carbon dioxide, where some or all of the
carbon dioxide is derived from a cement kiln operation in proximity to the concrete
production site, for example, a cement kiln operation that produces some or all of cement

used in the concrete production site.
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[00156] In certain embodiments, solids are removed from the carbonated wash water, for
example, by filtration. These solids, which mostly comprise carbonated cement particles, can
be further treated, e.g., dried. The dried solids can then be, e.g., re-used in new concrete
batches.

Carbonation of wash water in readv-mix truck. reclaimer, and/or lines.

[00157] In certain embodiments, concrete wash water is carbonated directly in the drum of a
ready-mix truck and/or before it reaches a holding tank, e.g., during cycling in a reclaimer, or
in the line between a reclaimer and a holding tank.

[00158] In a typical operation, a ready-mix truck is loaded at a batching facility; the load may
be a partial load or a full load. A full load may be several cubic meters, e.g., 8 m’, depending
on the size of the truck. However, regardless of the size of the load, a large portion, in some
cases virtually all, of the drum and interior components of the drum (e.g., fins, etc.), come in
contact with the wet cement. The load is then released at the job site and the truck returns to
a wash facility, usually at the batching facility, where it is cleaned prior to further batching.
After the load is released at the job site, a certain amount of water that is carried in containers
on the truck (typically called saddlebags) can be released into the truck and mixed in the
truck at the site and during the trip back to the wash station, to prevent the wet concrete from
hardening during the time before the truck is cleaned at the wash station. Additional water is
then introduced into the drum at the wash station, with spraying and mixing to thoroughly
clean the interior of the drum, and the resultant wash water is then either dumped, or, more
commonly, sent to one or more tanks to be treated prior to disposal and/or reuse.

[00159] Typically, around 100-160 (e.g., 120) L wash water/m® of concrete is used to wash
the truck; however, as stated, since partial loads result in a coating of the empty truck that is a
greater part of the truck than the proportion of the load to a full load, and in some cases result
in a completely coated empty truck drum, in some cases in which there has been a partial load
a more realistic estimate of the amount of water needed is larger than the 120L/m? of
concrete. For example, if the total capacity of the truck is 8 m? and a 4 m® load is delivered,
it is possible that the amount of wash water will be greater than 4 x 120 L, perhaps as much
as that used for a full load, e.g., 8 x 120 L or 960 L. For any particular operation, the amount
of water needed for a particular size load and mix type is generally known and can be used in
any calculations required.

[00160] In some facilities, a reclaimer is used to separate out aggregate (e.g., sand and gravel)
from the wash water, generally for reuse in further concrete batches. The remainder of the

wash water is generally sent to a settlement pond to settle out further solids, or, alternatively,
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it is pumped into a slurry tank where it is kept suspended with paddles and diluted to a
specific gravity and otherwise treated so that at least some of the water may be used again in
concrete production. In a conventional reclaimer process, not all of the treated wash water
produced can be reused, e.g. in concrete, and the overflow is sent to a holding pond, where it
is disposed of in the conventional manner.

[00161] Introduction of carbon dioxide to the drum of the truck. In certain embodiments of

the invention, carbon dioxide is introduced into the water in the drum of the ready mix truck,
before the water leaves the drum. The carbon dioxide can be in any form, and introduced in
any suitable manner.

[00162] 1) Introduction of carbon dioxide after concrete load has been poured and before

truck reaches wash station. For example, carbonated water may be used as saddlebag water

and/or as wash water at a wash station. Supersaturated carbonated water may be used, as
described elsewhere (see, e.g., U.S. Patent Application Publication No. 2015/0202579). In
addition, or altematively, solid carbon dioxide may be introduced into the water. For
example, a certain amount of dry ice may be added at the job site, before, during, or after the
addition of saddlebag water, and mix with the saddlebag water and residual concrete in the
drum of the ready-mix truck during the drive back to the wash station; the dry ice will
sublimate in the water and provide a steady source of carbon dioxide as the cement in the
residual concrete reacts to produce reaction products, e.g., carbonates. The dry ice may be
added as one dose or as more than one dose, e.g., as 2, 3,4, 5, 6,7, 8, 9, 10, or more than 10
doses, or continuously or semi-continuously. In addition or alternatively, gaseous carbon
dioxide may be introduced into the drum, either as a single addition, or multiple additions, or
as a stream of carbon dioxide that is injected into the drum, e.g., for some or all of the
transport time from the job site. For example, carbon dioxide gas may be added as one dose
or as more than one dose, e.g., as 2, 3,4, 5, 6, 7, 8, 9, 10, or more than 10 doses, or
continuously or semi-continuously. Carbon dioxide can also be introduced as mix of gaseous
and solid carbon dioxide, e.g., by use of a snow horn; this can also be as one or more
additions or continuous addition. For example, carbon dioxide as a mix of gas and solid may
be added as one dose or as more than one dose, e.g., as 2, 3,4, 5,6, 7, 8,9, 10, or more than
10 doses, or continuously or semi-continuously. In embodiments in which dry ice is used,
there can be a further effect of cooling the wash water as cementitious materials react. It will
be appreciated that one or more of the above options may be used for any given load.
[00163] For example, it is possible to add carbon dioxide to the drum after saddlebag water

has been added, and while the truck is moving from the job site to a wash station: In one
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option, a certain amount of dry ice may be carried with the truck and introduced into the
drum at the time that the saddlebag water is introduced; this is an easy and convenient
method to get a relatively large amount of carbon dioxide into the drum. The dry ice may be
used as pieces of a certain size, or within a certain range of sizes, that may be determined by,
e.g., one or more of the volume of saddlebag water, the amount of cement in the mix, the
expected amount of concrete coating the interior of the truck, the expected transport time
back to the wash station, the desired level of carbon dioxide uptake, the efficiency of uptake,
the temperature that the truck is likely to encounter, and the like, so that the dry ice
sublimates at a rate that will match the expected rate of reaction with concrete residue and, in
particular, with cement. This will tend to keep more of the carbon dioxide in the drum of the
truck, since it will be reacting at approximately the rate that it is sublimated into gaseous
form. In a second option, the saddlebag water is carbonated, or super-saturated, with carbon
dioxide, generally at the batching facility before being loaded into its containers. The
containers may be modified as necessary to preserve the carbonation of the water for the
necessary time before use. Supersaturated solutions have been found to retain a large
percentage of introduced carbon dioxide over relatively long time periods; thus, little or no
modification of the saddlebags may be necessary if a supersaturated solution is used. See,
e.g., U.S. Patent Application Publication No. 2015/0202579. In a third option, gaseous carbon
dioxide is added to the drum of the ready-mix truck, before, after, or during the addition of
the saddlebag water. As described above, the addition may be in one dose, more than one
dose, continuous, or a combination. The total amount of carbon dioxide added may be
metered and regulated based on the same criteria as for dry ice. In a fourth option, a mixture
of solid and gaseous carbon dioxide is added to the drum, for example by use of liquid carbon
dioxide passed through a snow hom. Dosing and regulation would be as for gaseous carbon
dioxide. Any combination of these options may be used, as desired and suitable for a
particular load, truck, or operation.

[00164] Because the truck is empty, the drum provides a very large headspace for any
gaseous carbon dioxide to be retained. In certain embodiments, the opening of the drum may
be partially or completely closed in order to retain carbon dioxide within the drum, either
during transport back to the wash station, or at the wash station, or both.

[00165] 2) Addition of carbon dioxide at a wash facility. Additionally or altematively,

carbon dioxide may be added to the drum of the ready-mix truck during the washing process
at the wash station. Any or all of the options described above for addition of carbon dioxide

after the load has been poured and before the truck returns to the wash facility may also be
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used during washing at the wash station: carbonated or super-carbonated wash water, dry ice,
gaseous carbon dioxide, a mix of gaseous and solid carbon dioxide. If carbon dioxide has
already been added to the drum prior to the truck reaching the wash station, one or more
characteristics of the water can be useful to determine the extent of reaction of the carbon
dioxide. Measurements such as pH, temperature, and the like, as described elsewhere herein,
can be useful. The amount of additional carbon dioxide that would then be added can be
calculated from the measurement(s).

[00166] The washing can be done as a single wash, or it can be split into two or more washes,
one or more of which can include carbonation. Thus, the washing may be done as 1, 2, 3, or
more than 3 washes. Of these, one or more may include carbonation. It is possible that by
splitting the washes, in combination with carbonation, less water may be needed than if a
single wash is used. If saddlebag water addition is counted as a wash, then, typically, a
minimum of two washes would be used (first is saddlebag water, second is at wash station).
If more than one wash is used at the wash station, then it is 3, 4, etc. washes. Of these total
washes, one or more may include a carbonation step, e.g., there can be 2 total washes
(saddlebag and wash station) where one wash includes a carbonation step (e.g., addition of
saddlebag water at job site, or the wash step at the wash station), or both washes include a
carbonation step. As another example, there can be 3 washes (saddlebag and two separate
washes at wash station) in which one wash includes a carbonation step (e.g., saddlebag at job
site or one of the 2 washes at the wash station), or 2 washes include a carbonation step (e.g.,
saddlebag at job site and one of the 2 washes at the wash station, or both washes at the wash
station), or all three washes include a carbonation step.

[00167] The carbon dioxide may be added manually, or automatically, or a combination of
the two. If the carbon dioxide is added as carbonated wash water, typically, the usual wash
routine can be used, and some or all of the wash water is carbonated or supercarbonated. If
the concrete in the truck is already partially carbonated, e.g., if it has been carbonated during
the trip to the wash facility, a desired additional amount of carbon dioxide may be calculated,
possibly based on one or more characteristics as described above, e.g., pH, and the amount of
carbonated wash water and normal (uncarbonated) wash water adjusted accordingly. If the
concrete in the truck has not been carbonated, an amount of carbon dioxide may be calculated
as described below, and the amount of carbonated wash water and normal (uncarbonated)
wash water adjusted accordingly. Alternatively, the wash water may be used as normal,

without any particular calculations or adjustments.
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[00168] In some cases, additionally or altematively, carbon dioxide may be added as solid
carbon dioxide. Thus, dry ice, which may be adjusted to a particular size or range of sizes,
may be added to the drum in a desired amount. The addition can be a simple as a manual
addition by the truck driver or other personnel.

[00169] Additionally or alternatively, carbon dioxide may be added as gaseous carbon
dioxide, or as a mixture of gaseous and solid carbon dioxide. In this case, an injection system
is used. In these cases, in general, a delivery system for the carbon dioxide includes a source
of carbon dioxide (e.g., a tank of liquid carbon dioxide), a conduit from the source to an
injector for placing the carbon dioxide in the truck drum, and a system for positioning the
injector so that the injection of carbon dioxide directs carbon dioxide into the drum of the
truck, generally at a desired location in the drum, though in some cases very little is required
beyond aiming the injector into the drum. A system may include a plurality of injectors to
handle a plurality of trucks, e.g., simultaneously, such as at least 2, 3, 4, 5, 6,7, 8, 9, 10, or
more than 10 injectors. The injectors may all utilize the same source of carbon dioxide, with
appropriate piping and valving. Typically, the system will also include a controller.

[00170] The injector is positioned so that delivery of carbon dioxide into the drum will occur
into the opening of the drum and at a desired location of the drum. This can be as simple as
the truck driver backing the truck to a designated spot, where the delivery system is situated
so that it is properly aligned to inject carbon dioxide into the drum with little or no additional
adjustment (e.g., injector is situated to be in proximity to opening of drum when truck backed
in, then the truck driver may need to move the injector manually to the final position). In
certain embodiments, an automated system may be used to assist in positioning the injector,
or even to completely position it with no human intervention. The system further includes an
actuator to start and stop delivery of carbon dioxide to the drum, e.g., a valve, and a
connection between the valve and a controller that controls the start and stop of delivery.
Generally, the system will also include a system to measure flow rate of the carbon dioxide.
In a system that uses liquid—>gas and solid, this can be, e.g., a system as described in U.S.
Patent No. 9,376,345.

[00171] The controller can be as simple as a button or switch that the truck driver toggles
after backing the truck to the bay. It will be appreciated that such a “switch” can be any
suitable switch, such as the touchscreen of a wireless device, e.g., a smartphone. Flow can
continue for a designated time, then halted. Again, the simplest method for this is for the
truck driver to hit the switch again. However, it can be preferable to have an automatic

controller, to avoid human error and to more finely modulate delivery, so that the flow of
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carbon dioxide is halted automatically on signal from the controller. This may be after a
certain time, or a certain amount of carbon dioxide is delivered (from flow rate and time),
and/or based on one or more characteristics of the wash water which can be measured, e.g.,
by sensors, such as pH, specific gravity, temperature, etc., and communicated to the
controller, which then halts or adjusts flow based on a pre-determined algorithm. The
automatic controller can also automatically start flow when the truck and injector are
properly positioned, using appropriate positioning sensors to determine this point. The
controller can also alert the truck driver as to when the truck is properly positioned in relation
to the injector, or when the truck or injector is out of position.

[00172] An exemplary control system, which may be used for any suitable system in which
wash water is treated with carbon dioxide, and, in particular in systems in which the
carbonated wash water is re-used as mix water, utilizes input regarding one or more
conditions of a wash water holder and/or its environment, such as at least 2, 3,4, 5, or 6
conditions, processes the input, then signals one or more actuators, such as at least 2, 3, 4, 5,
or 6 actuators, e.g., a valve that regulates carbon dioxide flow, based on the processing.
Inputs can include, but are not limited to, one or more of wash water pH, wash water
temperature, carbon dioxide content of air in contact with wash water (e.g., air in a headspace
above a tank), and/or a calculated amount of carbon dioxide to be added. In the latter case,
the calculation can be based on, e.g., volume of wash water, known or estimated amount of
concrete in wash water, known or estimated percentage of cement in the concrete, known or
estimated carbon dioxide uptake required to reach an acceptable endpoint, e.g., acceptable
pH, and/or acceptable carbon dioxide uptake. Thus, one exemplary control system utilizes
inputs that include wash water pH, temperature, and/or carbon dioxide concentration directly
above the water, e.g., in a holding tank or reclaimer. In certain embodiments all three of pH,
temperature, and carbon dioxide concentration are used; in certain embodiments two of pH,
temperature, and carbon dioxide concentration are used; in certain embodiments only one of
pH, temperature, and carbon dioxide concentration are used, for example, carbon dioxide
concentration above the wash water. Additional sensors and/or information that may input to
a controller, can include a flow meter to determine carbon dioxide flow rate, a sensor to
determine the level of water in the holding tank (which level may vary depending on a variety
of conditions), and/or information from a pump or pumps, such as pumps that pump new
wash water into a holding tank, e.g., from a reclaimer, and/or such as pumps that pump water
into a recirculation loop. In the case of a pump from a reclaimer, the pump or pumps

typically have a fixed flow rate, so information regarding time that the pump is on can be
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sufficient for the controller to determine an amount of new wash water that has been added to
the system; given the typical amount of cement in a load, the controller can, e.g., adjust
carbon dioxide flow to wash water to account for the anticipated amount of material to be
carbonated, and keep ahead of the carbonation demand. Altematively, or additionally, the
controller may send signals to other sensors, e.g., pH, temperature, and/or carbon dioxide, to
read values more frequently so that the system can adjust more quickly to the added load.
[00173] Additional sensors can also include a sensor to monitor pressure behind a carbon
dioxide control valve (typically used to send an alarm signal if the pressure is outside
acceptable limits), and a sensor for the temperature of incoming gas, which indicates whether
the carbon dioxide source, e.g., tank, can keep up with demand; such a sensor can indicate
whether the source is being overwhelmed by demand, because in such case liquid carbon
dioxide droplets may form.

[00174] Exemplary general control logic is shown in Figure 89. In this logic, sensors can be
one or more suitable sensors, such as the sensors described herein. If one or more readings is
beyond a critical level, the system will shutdown. If not, the system will proceed as shown in
Figure 89.

[00175] For convenience, the system will be described in terms of using all three sensors; it
will be understood that fewer or more sensors may be used. Thus, in an exemplary
embodiment, a pH sensor/meter, a temperature sensor such as a thermocouple, and a CO>
sensor/meter are used as sensors. The sensors are operably connected to a control system,
e.g., wired connection, wireless connection, or a combination. The control system is also
connected to the carbon dioxide addition equipment for the wash water, and, optionally, a
pump or pumps. Any suitable control system can be used, such as a programmable logic
controller (PLC). The control system may be stand-alone, or integrated with an overall
control system for the wash water facility, or a combination thereof. Additional equipment
can include a first pneumatic cylinder and a second pneumatic cylinder, one or both of which
can extend and contract, a mass flow meter for CO; gas flow metering and control, and a
water line solenoid in a clean water line, to regulate flow of clean water to rinse the pH probe.
The system can include a pump; an exemplary pump is one that serves to agitate the water in
a holding tank, so that solids don’t settle. Pumps alternatively or in addition can include
reclaimer pumps.

[00176] The wash water temperature sensor, e.g., thermocouple, can be placed anywhere in
contact with the wash water in the system, but typically is submerged to ensure the mass of

the sensor does not impact the reading. A single wash water temperature sensor may be used,
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or more than one temperature sensor may be used, such as at least 2, 3, 4, 5, or 6 wash water
temperature sensors.

[00177] The CO; sensor is placed above the surface of the wash water, e.g., in a location of
upward-flowing wash water. The distance of the CO; sensor from the surface of the water
may be any suitable distance so long as the sensor can detect carbon dioxide emitted from the
wash water, 1.e., carbon dioxide that has been contacted with the wash water but that has not
been absorbed in/reacted with the wash water, so that it is escaping to the atmosphere above
the wash water (headspace). For example, the sensor may be 0.1-100, or 1-100, or 1-50, or 5-
100, or 5-50 cm above the surface of the wash water, or any other suitable distance. If the
COzsensor is in a fixed position, the distance from the surface of the water can vary as water
level varies, e.g., from additional loads, use of water, etc. Thus, the system may also include
a sensor to sense the level of the wash water in the tank. The controller may adjust the
weight given to the carbon dioxide value depending on distance from the surface, e.g., if the
sensor is further from the surface more carbon dioxide has to build up before the sensor will
read it, and the controller may adjust flow to a different degree, for example, reduce flow
more, or at a different rate, for example, more quickly, than if the sensor is closer to the
surface of the water. Additionally or altemnatively, a CO2 sensor may be configured to stay a
constant distance, or within a constant range of distances, from the surface of the wash water.
For example, a CO; sensor may be on a float, with the gas-sensing portion a certain distance
above the waterline of the float, or be provided with a mechanism to move the sensor based
on, e.g., readings of the level of the wash water. Any other suitable method and apparatus for
maintaining a constant distance from the surface of the wash water may be used. The system
may use a single CO2 sensor or more than one, such as at least 2, 3, 4, 5, or 6 CO; sensors.
[00178] Input from a sensor to signal the height of water in the tank may alternatively or
additionally be used to regulate one or more aspects of the system. For example, when the
water level is low, changes will tend to be more rapid, and the interval between samples may
be decreased, and/or carbon dioxide flow rate decreased.

[00179] The pH sensor or sensors can be used in any suitable location that allows accurate
readings of wash water pH. Any suitable sensor which can withstand the conditions typical
of concrete wash water may be used. To obtain an accurate reading and prevent fouling of
the sensor, the sensor is typically contacted with wash water in which the solids have been
allowed to settle to a sufficient degree to obtain an accurate reading and to not foul the
sensor. This may be done in any suitable manner. For example, a portion of wash water may

be removed from the tank for a pH measurement and, e.g., allowed to settle before a
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measurement is taken. In another example, a pneumatic cylinder can be extended into the
wash water at a location of downward-flowing wash water, for example, about 12 inches into
the wash water, or any other suitable distance. The water inside the cylinder will not be
exposed to the motion of the overall wash water, and solids can settle out. After an
appropriate interval to allow sufficient solids to settle, for example, at least 5, 10, 15, 20, 30,
40, 50, or 60 seconds, a second pneumatic cylinder, which includes the pH sensor, is
extended into the first cylinder to take a pH reading of the water inside the first cylinder.
After a reading is complete, the probe is retracted from the first cylinder, and is subjected to
appropriate treatment to prepare for the next reading, which can be, e.g., rinsing of the probe
with clean water released from a clean water line by action of a solenoid in the line. The first
cylinder is also retracted from the wash water at some time between samples so that a fresh
sample can be obtained for the next reading. A single pH sensor may be used, or more than
one may be used, such as at least 2, 3, 4, 5, or 6 pH sensors.

[00180] The sensor or sensors send signals to the control system. The readings from the
various sensors can be reviewed to ensure that proper sampling has occurred, for example
confirmation logic checks that the reading is in the expected range based on reading time, that
change in value between readings is reasonable, i.e., not too high or too low. If an anomaly is
detected, an error signal can be sent and standby logic to ensure continued safe operation
(e.g., for temperature, pH); in the case of CO; sensor malfunctioning, an alarm may sound
and/or the system may be shut down to ensure safety. If readings are determined to be
proper, then the control system may determine, based on one or more readings, if any
adjustment to CO> flow rate should be made.

[00181] Generally, the variable or variables will be determined to be within a suitable range,
and if within the range, at what point in the range it is; this may be any suitable form of
interpolation. The values for each variable may be combined, either as is or as weighted
variables. The suitable ranges for each value can be determined by routine testing at the site.
The range for pH may be any suitable range, such as from 6.0, 6.1, 6.2, 6.3, 6.4, 6.5, 6.6, 6.7,
6.8,69,7.0,7.1,7.2,7.3,7.4,7.5,7.6,7.7,7.8,7.9,8.0,8.1,8.2,83,84,85,86,87,8.8,
8.9,9.0,9.1,9.2,9.3,9.4,95,9.6,9.7,9.8,9.9, 10, 10.1, 10.2, 10.3, 10.4, 10.5, 10.6, 10.7,
10.8,10.9,11.0,11.2, 11.4,11.6, 11.8, 12.0, 12.2, 12.4, 12.6, 12.8, 13.0, 13.2, 13.4, 13.6,
13.8,14.0,0r 14.5t06.1,6.2,63,64,6.5,6.6,6.7,68,69,7.0,7.1,7.2,73,7.4,75,7.6,
7.7,7.8,7.9,8.0,8.1,82,83,84,85,86,8.7,88,89,9.0,9.1,92,93,94,95,9.6,9.7,
9.8,99,10,10.1,10.2,10.3, 10.4, 10.5, 10.6, 10.7, 10.8,10.9, 11.0, 11.2, 11.4,11.6, 11.8,
12.0,12.2,12.4,12.6,12.8,13.0, 13.2, 13.4, 13.6, 13.8, 14.0, 14.5, or 15.0. The range for
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temperature may be any suitable range, such as from 5, 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17,
18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28,29, or 30°C 10 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17,
18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34. 35, 36, 37. 38, 39, 40, 41, 42,
43, 44,45, 46, 47, 48, 50, 52, or 55 °C; generally tanks are run in the open and the lower limit
may be adjusted according to air temperature, while the upper limit may be determined by the
concrete production facility, which may not use mix water above a certain temperature. The
range for carbon dioxide may be any suitable range, such as from 340, 350, 360, 370, 380,
390, 400, 410, 420, 430, 440, 450, 460, 470, 480, 490, 500, 520, 540, 560, 580, 600, 620,
640, 660, 680, 700, 720, 740, 760, 780, 800, 825, 850, 875, 900, 925, 950, 975, 1000, 1050,
1100, 1150, 1200, 1250, 1300, 1350, 1400, 1450, 1500, 1550, 1600, 1700, 1800, 1900, 2000,
2100, 2200, 2400, 2600, 2800, 3000, 3200, 3400, 3600, 3800, 4000, 4200, 4400, 4600, or
4800 ppm to 350, 360, 370, 380, 390, 400, 410, 420, 430, 440, 450, 460, 470, 480, 490, 500,
520, 540, 560, 580, 600, 620, 640, 660, 680, 700, 720, 740, 760, 780, 800, 825, 850, 875,
900, 925, 950, 975, 1000, 1050, 1100, 1150, 1200, 1250, 1300, 1350, 1400, 1450, 1500,
1550, 1600, 1700, 1800, 1900, 2000, 2100, 2200, 2400, 2600, 2800, 3000, 3200, 3400, 3600,
3800, 4000, 4200, 4400, 4600, 4800, or 5000 ppm. Since tanks are generally open to the
atmosphere, the lower limit typically will not be below the atmospheric level of carbon
dioxide, which is rising, thus determined at the site or as of date. The maximum upper limit
may be constrained by regulations regarding worker safety, which vary, and can be as low as
1000 ppm, or may be, e.g., 5000 ppm. However, in general the upper limit will be lower than
worker safety limits in order to more efficiently control carbon dioxide use in the system, and
to limit waste. A separate carbon dioxide sensor may be installed at the site in worker areas
and be set to give an alarm at a certain level, or even to shut down carbon dioxide feed into
the system. This sensor is not necessarily communicating with the overall system, e.g., it
may be a standalone alarm.

[00182] Samples may be taken at any suitable interval, which may be constant or may vary
depending on conditions, e.g., as described elsewhere, sampling rate may increase when a
load from, e.g., a reclaimer is sensed. Exemplary sampling intervals are from 1, 2, 3,4, 5, 7,
10, 20, 30, 40, or 50 seconds, 1,2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 17, or 20 minutes,
102,3,4,5,7, 10, 20, 30, 40, or 50 seconds, 1,2, 3,4,5,6,7,8,9, 10,11, 12, 13, 14, 15, 17,
20, 22, or 25 minutes. In order to obtain accurate readings at each sample time, several
readings may be taken from one or more of the sensors, such as at least 2, 3,4, 5,6, 7, 8,9,

10, 12, 15, 17, or 20 readings. Such readings may be averaged, or the control system may
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contain logic that allows choice of the most likely accurate reading or readings from the
group.
[00183] Exemplary control logic to control CO flow rates, based on all three of pH,
temperature, and CO- above the surface (e.g., in headspace), is as follows, using upper and
lower limits that are merely exemplary (any suitable ranges may be used), and using linear
interpolation (an suitable interpolation may be used):

[00184] Adjustable variables

Sensor interval (min) =5

pH (Lower Limit, LL) =7
pH (Upper Limit) = 13

CO2PPM (LL) =400
CO2 PPM (UL) =1000

Temp C (LL) =20°C
Temp C (UL) =40 °C

MAX FLOW = max flow determined onsite for the configuration
used to ensure 100% uptake in new washwater. May be adjusted
according to factors that affect uptake, such as volume of water in the
tank (e.g., water level in the tank).
[00185] Below is some of the logic that can be incorporated into the logic to control flow
rates based on the condition of the wash water. This logic uses a linear interpolation between
100% and 0% of max uptake flow between expected min/max sensor readings for simplicity
but changing the CO; factor, pH factor and temperature factor equations would be relatively
simple when, e.g., data that supports the change. All variables are given equal weighting but
that can be adjusted, as well, as appropriate.
[00186] Conditions:
- if pH < pH(LL) then pH factor =0
- if pH > pH(UL) then pH factor = 1
- if pH (LL)< pH <pH(UL)then pH factor = (pH - pH(LL) / (pH(UL)-pH(LL)))

-1f CO2 < CO2 (LL), then CO2 factor =1
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-1f CO2 > CO; (UL) then CO2 factor =0
-if CO2 (LL) < CO2 < CO2 (UL) then CO2 factor =(CO, (UL)-CO2)/(Co2
(UL) - Co2 (LL)

- if Temp < Temp C (LL) then Temp factor = 1

- if Temp > Temp C (UL) then Temp factor =0

- if Temp C (LL) < Temp <Temp C (UL) then Temp factor = (Temp (UL) —
Temp) /(Temp (UL) - Temp (LL))

Flow = MAX FLOW x ((pH Factor x CO; factor x Temp factor)/3).

This flow equation is merely exemplary; it will be appreciated that any suitable
weighting of factors may be used; in the case of the example equation, a value of
0 for any factor would shut down carbon dioxide flow, as values are multiplied,
but any suitable numerical manipulation may be used to produce a desired result.
In general, the combination of factors should not be above 1.0, i.e., max flow.
Also, it may be desired, as in the example, that any one of the factors exceeding
an upper or lower limit, depending on the factor, can shut down carbon dioxide

flow.

[00187] Thus, in certain embodiments the invention provides a method of treating waste
concrete in concrete mixer comprising adding water to the mixer to wash out the mixer and
adding carbon dioxide to the mixer, to produce carbonated wash water in the mixer. At least
a portion of the carbon dioxide added to the mixer is added as carbon dioxide dissolved in
wash water for the mixer. The concentration of carbon dioxide in the wash water can be any
concentration as described herein, such as atleast 1, 2, 3, 4,5, 6,7, 8,9, or 10 g/L water. In
certain embodiments, such as when a supersaturated wash water is used, concentrations of
carbon dioxide in the wash water can exceed 10 g/L, such as at least 12, 13, 14, 15, 16, 17,
18, 19, or 20 g/L. Additionally or alternatively, at least a portion of the carbon dioxide added
to the mixer can be added as solid and/or gaseous carbon dioxide. The mixer can be any
suitable mixer. In certain embodiments, the mixer is a transportable mixer, such as a drum of
a ready-mix truck. The method can include transporting at least a portion of the carbonated
wash water to a wash water treatment system. The wash water treatment system can, e.g.,
treat wash water comprising the carbonated wash water to remove aggregates. The wash

water treatment system can additionally or alternatively add additional carbon dioxide to the
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wash water comprising carbonated wash water. Any suitable method for adding carbon
dioxide, such as methods described herein, may be used to add the carbon dioxide.

[00188] Dosing of carbon dioxide Regardless of the form of the carbon dioxide, the total

amount of carbon dioxide to be used in the truck on the drive back to the wash station and/or
at the station may be determined by the cement content of the concrete mix in the truck, the
expected amount of concrete that will be coating the inside of the truck, the expected or
desired level of carbon dioxide uptake by the cement, and the expected efficiency of uptake
(e.g., carbon dioxide loss due to leakage from the drum of the truck). For example, a truck
with a capacity of 8 m® may be carrying concrete with a cement content of 15%, and it is
known or estimated that approximately 500 pounds of concrete remains in the truck after
dumping its load, regardless of load size. A maximum uptake of 50% carbon dioxide bwc is
expected for this cement type, and an efficiency of uptake of 80% is expected. The
calculated dose of carbon dioxide for maximum carbonation would be 500 x 0.15/0.50 x
0.80 = ~188 b of carbon dioxide. In general, the amount of concrete in the empty truck will
not be precisely known; a surrogate is the specific gravity of the wash water as soon as
enough water is added to create a slurry; from the specific gravity and volume, a mass of
solids may be calculated and, from that and the proportion of cement in the concrete mix that
was carried in the truck, the amount of cement in the wash water can be calculated. Thus, in
certain embodiments, the dose of carbon dioxide to be used for wash water (either in a single
truck or in a combination of more than one truck) may be expressed as an amount by weight
solids, where a percentage of cement and other carbon-dioxide-reacting or —absorbing
materials is known or estimated, and/or efficiency of carbonation is known or estimated, e.g.,
atleast 1, 2, 5, 7, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, or 95%
carbon dioxide by weight solids, and/or not more than 2, 5, 7, 10, 15, 20, 25, 30, 35, 40, 45,
50, 55, 60, 65, 70, 75, 80, 85, 90, 95 or 100% carbon dioxide by weight solids. Higher doses
may be used, e.g., beyond 100% by weight solids, depending on the cement content of the
wash water, the expected efficiency of carbonation, etc.

[00189] Less than a complete (full) dose may be used in any embodiment of the invention.
This can be for any reason; e.g., the desired or available systems for carbon dioxide delivery
will not allow sufficient carbon dioxide to be delivered, or it is desired to keep the carbon
dioxide reactions to a certain level in the time period between dumping the load of concrete
and final washing at the batching facility, or between washing and further treatment, etc. As
described elsewhere herein, an aged wash water may require less than a complete dose (e.g.,

a dose calculated based on fresh concrete in the truck) to provide the desirable level of
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reaction. Although a full or complete dose may be calculated for a given truck, load, and mix
design, as described elsewhere herein, less than a full or complete dose of carbon dioxide
may be given, e.g., less than 95, 90, 80, 70, 60, 50, 40, 30, 20, or 10% of a complete dose,
and/or more than 5, 10, 15, 20, 30, 40, 50, 60, 70, 80, or 90% of a full dose. In certain
embodiments of the invention, the dose of carbon dioxide used to treat wash water is such
that the total amount of carbon dioxide delivered to a subsequent concrete mix using the
carbonated mix water (and calculated only from carbon dioxide in the mix water, ignoring
any other carbon dioxide added to the subsequent concrete mix), is less than 2.0, 1.5, 1.3, 1.0,
0.9,0.8,0.7,0.6,0.5,0.4, 0.3, 0.2, or 0.1% by weight cement in the subsequent mix, for
example, less than 1.0%, or less than 0.8%, or less than 0.5%, or less than 0.3%, or less than
0.1%, such as less than 0.5%. The amount of carbon dioxide in the wash water may be
determined, e.g., by multiplying the total amount of carbon dioxide delivered to the wash
water by the efficiency (measured or calculated) of absorption of carbon dioxide by the wash
water and dividing by volume of the wash water. Suitable adjustments may be made for the
typical case where a holding tank contains wash water from multiple trucks, and may be used
on an ongoing basis to provide mix water, based on truck contents and water use, and other
appropriate measurements. In certain embodiments, the carbon dioxide content the wash
water (e.g., carbonates, bicarbonate, carbonic acid, and/or dissolved carbon dioxide) may be
determined by chemical or other suitable measurements. It can be assumed that virtually all
of the carbon dioxide content of a carbonated wash water, either dissolved or as reaction
products with cementitious materials, is due to carbonation of the wash water.

[00190] It certain embodiments, a full dose, or dose that is calculated to be a full dose, may
be delivered at the job site and/or during transport to the wash station; in some cases, less
than a full dose is desired. In some cases, testing at the batching facility can show whether
carbon dioxide uptake is complete; if not, additional carbon dioxide may be added at the
batching facility, e.g., during washing of the drum or at a later step, to achieve a full dose or
the desired less than full dose. In certain embodiments, no carbon dioxide until the truck is
back at the batching facility. In certain embodiments, a partial dose is used at the job site
and/or during the drive back to the batching facility, and one or more further partial doses are
delivered at the batching facility, e.g., during washing or later, as described above.

[00191] In certain embodiments of the invention, the dose of carbon dioxide is determined
mainly or exclusively by the methods above; e.g., no further pre-testing beyond, in some
cases, specific gravity, is required. In some cases, dose is calculated simply from known or

assumed amounts of concrete left in the truck and the mix design of the truck, including the
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amount of cement in the concrete and, in some cases, the type of cement in the concrete, as
well as known or assumed efficiencies of carbonation, without the need to test wash water at
all, and in particular, no need for testing for an initial dose of carbon dioxide.

[00192] The carbon dioxide added to the wash water will initially dissolve in the water and
then form various products from reaction, such as bicarbonates, and carbonates (e.g., calcium
carbonate). Carbon dioxide in the wash water, in the form of dissolved carbon dioxide,
carbonic acid, bicarbonates, and carbonates, will be carried over into cement in which the
which the wash water is used as mix water. Thus, the cement mix will contain a certain
amount of carbon dioxide (including dissolved carbon dioxide, carbonic acid, bicarbonate,
and carbonate) contributed by the carbonated wash water, which may be expressed as percent
by weight cement in the mix. For example, a wash water may have a solids content 150,000
ppm, or 15%, which would give a specific gravity of approximately 1.10. If carbon dioxide
is added to the wash water and the uptake by the wash water is 30%, then 4.5% of the water
is carbon dioxide, mainly as carbonation products. If a concrete mix is then made using the
carbonated wash water at a water/cement ratio of 0.5, then the amount of carbon dioxide (as
dissolved carbon dioxide, carbonic acid, bicarbonate, and carbonate) in the concrete mix 1is
2.25% bwc. These numbers are merely exemplary. Wash water solids content, efficiency of
uptake, w/c ratio, amount of mix water that is wash water, and the like, can vary. Thus, the
amount of carbon dioxide provided by carbonated wash water in a concrete mix that
comprises carbonated wash water can be at least 0.01, 0.05, 0.1,0.2, 0.5, 0.7, 1.0, 1.1, 1.2,
13,14,15,1.6,1.7,1.8,1.9,2.0,2.1,2.2,23,24,25,2.6,27,28,2.9,3.0,3.1,3.2, 3.3,
3.4,35,3.6,3.7,3.8,3.9,40,42,44,46,48,5.0,55,6.0,65,7.0,7.5,8.0,85,9.0,9.5,
10.0, 10.5, 11.0, 11.5, 12, or 12.5% bwc, and/or not more than 0.05, 0.1, 0.2, 0.5, 0.7, 1.0,
11,12,13,1.4,15,1.6,1.7,1.8,1.9,2.0,2.1,22,23,24,25,2.6,2.7,2.8,2.9,3.0, 3.1,
3.2,3.3,3.4,3.5,3.6,3.7,3.8,3.9,40,42, 44,46, 48,5.0,5.5,6.0,6.5,7.0,8.0,9.0, 10.0,
10.5,11.0, 11.5, 12.0, 12.5, 13.0, 14, 15, 16, 17, 18, 19, 20, 22, 25, or 30% bwc. For
example, the invention provides a method of preparing a concrete mix comprising (i) adding
concrete materials to a mixer, wherein the concrete materials comprise cement; adding mix
water to the mixer, wherein the mix water comprises carbonated concrete wash water in an
amount such that the total carbon dioxide or carbon dioxide reaction products (expressed as
carbon dioxide) supplied by the carbonated mix water to the concrete mix is at least 0.01,
0.05,0.1,0.2,0.5,0.7,1.0,1.1,12,1.3,1.4,15,1.6,1.7,1.8,1.9,2.0,2.1,2.2, 2.3, 2.4, 2.5,
2.6,27,2.8,2.9,3.0,3.1,3.2,3.3,3.4,3.5,3.6,3.7,38,3.9,40,42,44,46,48,5.0,5.5,
6.0,6.5,7.0,7.5,8.0,85,9.0,9.5,10.0, 10.5,11.0, 11.5, 12, or 12.5% bwec, and/or not more
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than 0.05, 0.1,0.2, 0.5, 0.7,1.0,1.1,1.2,1.3,1.4,1.5,1.6,1.7,1.8,1.9,2.0,2.1,2.2, 2.3, 2.4,
25,26,2.7,2.8,29,3.0,3.1,3.2,3.3,34,3.5,3.6,3.7,3.8,39,40,42, 44 46,4850,
5.5,6.0,6.5,7.0,8.0,9.0,10.0,10.5, 11.0, 11.5, 12.0, 12.5, or 13.0% bwc, for example, at
least 0.5, 1.0, 1.5, or 2.0%, and/or not more than 2.5, 2.0, 1.5, or 1.0%, or for example, not
more than 2%, or not more than 2.5%, or not more than 3.0%, or not more than 3.5%, or not
more than 4.0%; or, for example, at least 0.01% bwc, or at least 0.05% bwc, or at least 0.1%
bwec, or at least 0.5% bwc, or at least 1.0% bwc, or at least 2.0% bwec, or at least 3.0% bwc, or
at least 4.0% bwc, or at least 5.0% bwc; or, for example, in a range of between 0.01 and
13.0%, bwc, or a range of between 0.01 and 12.0% bwc, or a range of between 0.01 and
11.0%, bwc or a range of between 0.01 and 10.0%, bwc, or a range of between 0.01 and
8.0%, bwc, or a range of between 0.01 and 6.0%, bwc or a range of between 0.01 and 4.0%,
bwc, or in a range of between 0.1 and 13.0%, bwc, or a range of between 0.1 and 12.0% bwc,
or a range of between 0.1 and 11.0%, bwc or a range of between 0.1 and 10.0%, bwc, or a
range of between 0.1 and 8.0%, bwc, or a range of between 0.1 and 6.0%, bwc or a range of
between 0.1 and 4.0%, bwc, or in a range of between 1.0 and 13.0%, bwc, or a range of
between 1.0 and 12.0% bwc, or a range of between 1.0 and 11.0%, bwc or a range of between
1.0 and 10.0%, bwc, or a range of between 1.0 and 8.0%, bwc, or a range of between 1.0 and
6.0%, bwc or a range of between 1.0 and 4.0%, bwc and (ii1) mixing the water and the
concrete materials to produce a concrete mix. It will be appreciated that the amount of
carbonated wash water in the total mix water may be any suitable amount, such as amounts
described herein.

[00193] Carbon dioxide delivery in reclaimers and piping from reclaimer to pond or slurry

tank. Some facilities utilize reclaimers to reclaim aggregate, e.g., sand and gravel, from the
wash water. The water may then further be used, generally with more processing, either as
part of mix water or as wash water; any remaining water is disposed of in the usual manner.
In a typical reclaimer, water with grit and solid components is pumped through the process,
and sand and gravel are separated out, e.g., by sieving. The water is then sent to a settlement
pond, and/or to a tank for reuse. In the case of water sent to a settlement pond, water may be
transported to a tank, where carbon dioxide is added to the water; e.g. a recirculation line
allows carbon dioxide to be added to the water in the line, then sent back to the tank; if a tank
is already present, then a carbonation apparatus may be added, for example, a recirculation
line. This water can be carbonated or super-carbonated, additionally or alternatively with
carbon dioxide added to the water during the pumping process, so that as carbon dioxide is

consumed in carbonation reactions, more carbon dioxide is supplied to the water. Carbon
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dioxide can additionally or alternatively be supplied into piping as the water is pumped to a
settlement pond or a slurry tank. In an optimum situation, sand and gravel are separated out
as usual, but the water in, e.g., a slurry tank is available for use again without further dilution,
or with less dilution than would otherwise be required. For example, the process may
produce water, e.g., water in a slurry tank, from a reclaimer that has a specific gravity that is
greater than, e.g., 1.03, 1.04 1.05, 1.06, 1.07, 1.08, 1.10, 1.11, 1.12, 1.13, 1.14, 1.15, 1.16,
1.17,1.18, 1.19, or 1.20, but that is suitable for use as mix water. This is different from
existing reclaimers, where the water in, e.g., a slurry tank, typically requires dilution to lower
the specific gravity to acceptable levels. In the present process, little or no additional
processing may be needed (though additionally or alternatively carbonation at the slurry tank
may be used, if necessary or desired) because the carbonation process halts or greatly retards
deleterious reactions of the cementitious material while leaving it available for reaction in a
second concrete batch, and also adjusts the pH of the water to more acceptable levels. For
example, in the process, filtering and/or settling of solids is generally not necessary; indeed,
an advantage of the methods and compositions of the invention is that materials from one
batch may be recycled into another batch or batches, potentially allowing less material, e.g.,
cement to be used, and decreasing or even eliminating costs associated with disposing of
wash water materials.

[00194] Retrofit of existing facility to provide reclamation: Most concrete facilities do not

include a reclaimer, but could benefit from being able to reuse wash water and, potentially,
aggregates from wash water. At present, most solid material is simply allowed to settle out in
one or more settlement ponds, and is periodically disposed of, with little or no reuse, while
the water in the settlement pond must be further treated to meet environmental standards
before disposal. If, instead, wash water is carbonated, either before placement in the pond, or
during its time in the pond, or both, then some or all of the water may be used as mix water,
reducing or eliminating the costs and equipment required to treat the water for disposal. In
addition, some or all of the aggregates may be available for reuse, instead of hardening and
becoming useless.

[00195] As an example, in one type of operation, wash waters from trucks are dumped into a
first bay, where solids settle out, harden, and are generally dumped. The top water from the
first bay goes over a weir into a second bay where, generally, solids are further allowed to
settle, top water is taken off, often sent to a third bay, and the water, now essentially free of
solids but still with a high pH, silicates, calcium etc., is treated for disposal or, in some cases,

for at least partial reuse. In presently available systems, the treatment in the third bay, where
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there are no solids present, may be with carbon dioxide. The present invention allows for a
retrofit of the first or second bay, where solids are still present, so that instead of being a
settlement pond, it is a slurry pond where carbonation occurs; the carbonated wash water is
then suitable for use as mix water, rather than merely being disposed of. This can be done by
the use of agitators, recirculating pumps, or a combination of these, where carbon dioxide is
added either directly into the pond (e.g., through bubble mats, as described elsewhere herein)
or in the lines in the recirculation pumps, or both. Other methods of adding carbon dioxide,
e.g., at impellors or eductors, etc., are as described herein. Other means of carbon dioxide
addition, such as solid carbon dioxide, or a mixture of gaseous and solid, may also be used, as
described herein.

[00196] In certain embodiments, a wall is added to the first bay, e.g., a wall with a notch to
allow water to flow through the notch (e.g., a weir) to an area of the first tank beyond the
wall. The wall can be placed to provide a division in the first tank to allow solids, such as
aggregate, to settle, but allow the remaining water, with suspended solids, to flow over the
notch into a second part of the first bay. Optionally, a second wall can be added on the other
side of the first wall, in order to reduce the volume of the area into which water flows over
the notch. The water can be pumped out of the area, e.g., with a sump pump or similar pump,
into a holding tank, where it can be carbonated, e.g., by use of a recirculation loop, where
water is pumped out of the tank into a pipe and carbon dioxide added to the water in the pipe,
then the carbonated water is led back into the tank. The carbonated water in the holding tank
can then be led back to the batching plant, for use in subsequent batches of concrete.
Addition of carbon dioxide to the water can be controlled as described elsewhere herein. In
these embodiments, it may not be necessary to have a second or third bay, or their volumes
may be reduced.

[00197] With this retrofit, some or all of the water from the first or second pond becomes
useable as mix water, often at a higher specific gravity than would otherwise be possible, for
example, at a specific gravity greater than, e.g., 1.03, 1.04 1.05, 1.06, 1.07, 1.08, 1.10, 1.11,
1.12,1.13,1.14, 1.15, 1.16, 1.17, 1.18, 1.19, or 1.20, whereas before the retrofit, little or none
of the water from the pond was reused as mix water, but instead was disposed of. With the
retrofit, cementitious materials from previous batches also become available in subsequent
batches (see calculations, below). Appropriate sensors and control systems may be used to
monitor carbon dioxide addition, as well as monitor appropriate characteristics of the water,
also as described herein, and to modify carbon dioxide delivery, as well as to control

redirection of water back into the batching system for use as mix water. In this way, as
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much as 100% of the wash water may be recycled into mix water, e.g., at least 10, 20, 30, 40,
50, 60, 70, 80, 90, or 95% of the wash water may be recycled into mix water. For a typical
truck, which uses ~120L wash water/m® of concrete carried in the truck to clean the truck,
and a typical mix, which uses ~130L water/ m® concrete, it is, indeed, possible to recycle
100% of the wash water into subsequent batches of concrete.

[00198] A retrofit may additionally or alternatively include a retrofit at the wash station, or at
the truck, or both, to carbonate wash water before it reaches the ponds. At the truck level this
includes addition of a source of carbon dioxide, which may be solid, gaseous (in solution or
free), or a system to deliver both solid and gaseous carbon dioxide, as described elsewhere
herein. For example, a truck may be retrofitted so that its saddlebags can hold carbonated
water, if necessary. The batching site may be retrofitted to include a system for carbonating
water and for supplying it to truck saddlebags (this would include a source of carbon dioxide,
appropriate piping and injection systems, optionally a system for supersaturating water with
carbon dioxide, and delivery system to deliver carbonated water to saddlebags, and
appropriate control systems). Alternatively or additionally, the truck may be retrofitted to
provide a system to carry dry ice for delivery to the drum after the load is delivered, which
can be as simple as an insulated container. The batching facility may include a storage
system for the dry ice and, optionally, a system for producing dry ice. Ifitis desired to
produce dry ice of appropriate size range for a particular mix or load, as described elsewhere
herein, the batch facility or the truck itself may further be outfitted with a system for
producing dry ice of the desired size. Additionally or alternatively, the truck may be
retrofitted with a system to deliver gaseous carbon dioxide to the drum of the truck, which
includes a source of carbon dioxide, a conduit to deliver the carbon dioxide from the source
to the drum, and, typically, a metering and control system to regulate addition of carbon
dioxide to the drum. All of these retrofits may further include appropriate control systems,
such as sensors (e.g., pH and other sensors, as described elsewhere herein, or in the simplest
case, a timer, as well as sensors to determine the flow of carbon dioxide), a processor, and
one or more actuators (e.g. valves) to control the flow of carbon dioxide according to the
desired dose/rate, or other parameters. If it is desired to provide a mixture of solid and
gaseous carbon dioxide to the drum of the truck, then the same basic setup as for gaseous is
used, except that piping must be such that it can withstand the temperature of liquid carbon
dioxide, and the injector should be a snow homn of appropriate design to produce the desired

mix of solid and gaseous carbon dioxide.
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[00199] At the wash station level, this includes equipment as described elsewhere herein for
supplying carbon dioxide at the wash station, including the appropriate source or sources of
carbon dioxide, appropriate conduits, injectors, positioning, metering, and control systems if
carbon dioxide is injected into the drum, systems for carbonating or super-carbonating water
if that method is used, and for delivering the carbonated water to the wash line.

[00200] It will be appreciated that, if a plant is retrofitted to carbonate the wash water, either
at the job site/during transport, or at the wash station, or both, sufficient carbonation of wash
water may occur so that no further carbonation at the ponds need by pursued; in some cases,
however, additional carbonation at the ponds is necessary. In addition, through carbonation
in the truck after pouring and during transport, and/or during wash, aggregate in the concrete
in the truck can become available for reuse. Using the example of a settlement system with
two ponds, if the wash station and/or truck is equipped to carbonate the leftover concrete, the
aggregate material in the first pond can remain as discrete particles and be recovered and
sieved, as appropriate, for use as aggregate in subsequent batches. The water may be ready
at this point to be used as mix water, or it may require further treatment, e.g., further
carbonation, to be so used.

[00201] Further possibilities, e.g., for retrofitting, are as follows:

[00202] Agitation of the wash water can be considered in three or more general approaches
[00203] Customer has an existing wash water tank and an agitation system: retrofit CO2
treatment system can include a pump to move the water to/through the treatment step (either
inline or in a separate tank). The pump is not the primary source of agitation and thus only
needs to start when CO2 treatment starts and is controlled based on one or all of the sensors
(Temp, pH, CO2 level in headspace)

[00204] Storage tank with no agitation: Pumps are used to keep material suspended in the
tank. Pump moves the water to/through the treatment step (either inline, the same tank or in a
separate tank). The pump is on at any time the CO2 is injected with start/stop based upon the
sensor logic.

[00205] Customer has a pond with no agitation: Retrofit CO2 treatment adapted to pond.
A pump is used to move the water to/through the treatment step (either inline or in a separate
tank). The pump would need to be on all the time while CO3 is injected. Pump and CO2
start/stop are determined by the sensor logic examining the wash water supply.

[00206] In addition, there are various possibilities for the location of addition of carbon
dioxide and/or admixture (described elsewhere herein) to wash water. In an exemplary

ready-mix operation, wash water is added initially in the truck, after its load is dumped, to

-45-



WO 2018/232507 PCT/CA2018/050750

keep the remaining concrete from hardening. At this point, admixture, e.g., a set-retarding
admixture, may be added to wash water in the drum of the truck. Altematively or
additionally, carbon dioxide may be added to wash water in the drum of the truck. The truck
then proceeds to a wash station, where further water may be added to the drum. At this point,
admixture, e.g., a set-retarding admixture, may be added to wash water in the drum of the
truck. Altematively or additionally, carbon dioxide may be added to wash water in the drum
of the truck. The wash water is typically then pumped to a holding tank, and admixture
and/or carbon dioxide can be added to the wash water in the line from the truck to the tank.
In an operation in which a reclaimer is used, admixture and/or carbon dioxide may be added
as described elsewhere herein. In some operations, additional holding tanks may be used,
and at any one or more of these, admixture and/or carbon dioxide may be added. As
described herein, the addition may occur in the tank itself or may occur in a recirculation line
in which wash water is removed from the tank and circulated through a loop; see, e.g.,
Example 14. At some point, wash water is moved from, e.g., a holding tank, back to the
drum of a ready-mix truck (or into a central mixer) to be used as part or all of the mix water
for a new batch of concrete. Carbon dioxide and/or admixture may be added in the line from
the tank to the mixer (truck drum or central mixer).

[00207] The invention also provides kits as appropriate for the various types and
combinations of retrofits, as described herein. These can be packaged at a central facility
where appropriate components and sizes are selected, according to the operation to be
retrofitted, and shipped to the operation, generally with all necessary parts and fittings so that
installation at the facility is easy and efficient.

[00208] It will be appreciated that the above discussion regarding retrofits applies equally to
the building of new facilities, though some modifications may not be necessary when a
facility is built from scratch, whereas other modifications may become necessary, as will be
apparent to one of skill in the art.

[00209] Benefits of carbonation of wash water The benefits of carbonation of wash water

include a reduction in the carbon footprint of the concrete operation, reduced water usage,
reduced waste output, and increased recycled content usage.

[00210] By use of the methods and compositions of the invention, it is possible to get back
some percentage of cementitious quality of cement, say at least 10, 20, 30, 40, 50, 60, 70, 80,
90, or 95 of cementitious quality. The producer can then reduce amount of cement in next
batch by corresponding amount. E.g., a truck with 500 Ib residual concrete, 15% cement, is

treated by process and compositions of invention and the resultant slurry contains the cement
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with 80% of its cementitious properties retained. If all the wash water can be transferred over
to the next mix as mix water, then 500 x 0.15 x 0.80 Ib, or 60 Ib less cement need be used in
the next batch. If 90% of remainder of the concrete is aggregate that can be recovered
because of the carbonation process, then an additional 450 1b of aggregate may be reduced in
the subsequent load. These improvements contribute to a lower carbon footprint, reduced
waste output, and increased recycled content usage.

[00211] In addition, as shown in the Examples and described herein, concrete made with
wash water treated as described herein exhibits greater strength, especially greater early
strength, that concrete made with untreated water. Thus, less new cement may be used in a
mix that uses carbonated wash water than in the same mix that uses normal mix water, which
further reduces carbon footprint.

[00212] Further, carbonation of a cement mix, even one using normal water, results in
strength increases in the resultant poured material, and correspondingly less need for cement
in the batch. See, e.g., U.S. Patent No. 9,388,072. When used in conjunction with carbonated
wash water, the results can be additive, or even synergistic, thus, with use of both methods
the operator can reduce carbon footprint while at the same time saving money on the most
expensive main component of concrete: cement.

[00213] Also as described herein, water reuse at a facility using the methods and
compositions of the invention can be increased dramatically, in some cases to 100% (e.g.,
reuse of wash water in subsequent mixes of at least 10, 20, 30, 40, 50, 60, 70, 80, 90, or 95%
of the wash water), with a corresponding reduction in waste output, again, in some cases, at
or near 100% (e.g., decrease of waste water from wash water of at least 10, 20, 30, 40, 50, 60,
70, 80, 90, or 95% compared to using uncarbonated wash water). This imparts significant
cost savings, as well as reducing carbon footprint further because of the reduction in energy
use that would go toward treating and disposing of the wash water.

[00214] Disposal and regulatory costs, as well as cement costs, can be reduced by using the
methods and compositions described herein. Admixtures, which normally may be needed,
e.g. when wash water is used as mix water, related to workability, can often be reduced or
eliminated when carbonated wash water is used.

[00215] In many cases, carbonated wash water may not only be used as mix water, but can be
recycled as wash water.

[00216] Mechanism of carbonation of wash water. Without being bound by theory, it is
thought that when carbon dioxide is introduced into wash water, it quickly is converted to

carbonate anion due to the high alkalinity of the wash water; the carbonate anion reacts with
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calcium and forms a coating on suspended cement particles, reducing their reactivity in the
wash water. They are thus “put to sleep” by the carbon dioxide, thus reducing/eliminating
acceleration, but contributing to later strength. Variability is also reduced when using wash
water that has been carbonated.

[00217] Sulfates The inventors have found that the methods and compositions of the
invention also can help to favorably alter sulfate content in a concrete batch made with mix
water that includes carbonated wash water. Carbon dioxide-treated wash water can be a tool
to deal with undersulfated binder. In general, a concrete mix that contains a high ratio of
aluminates to sulfates may not be a viable mix when used as is. For example, the use of
supplementary cementitious materials (SCMs) that contribute aluminates can mean that a
cement that has a proper aluminate-sulfate balance is now in a cement blend that is under-
sulfated. Carbonated wash water can contain significant concentrations of sulfates in
solution. If the sulfate content of the carbonated wash water is known, then an appropriate
amount of carbonated wash water mixes can be added to compensate for this. In this case the
wash water could have a low solids content because the sulfates are in solution.
Compositions.

[00218] Further provided herein are compositions, such as carbonated wash water
compositions. In certain embodiments, the invention provides a carbonated concrete wash
water composition comprising (i) wash water from concrete; (i1) carbon dioxide and carbon
dioxide reaction products with the wash water. The wash water can be primarily composed
of water used to rinse out a concrete mixer, e.g., a drum of a ready mix truck, or a
combination of wash waters from a plurality of mixers, e.g., a plurality of ready-mix trucks.
The amount of carbon dioxide and carbon dioxide reaction products in the carbonated
concrete wash water can be atleast 0.1, 0.2, 0.5,0.7, 1.0, 1.2, 1.5,1.7,2.0, 2.5, 3.0, 3.5, 4.0,
45,50,55,6.0,7.0,8.0,9.0,10.0,11.0, 12.0, 13.0, 14.0, 15.0, 17.0, 20.0, or 25% by weight
solids in the wash water composition; for example at least 0.5% by weight solids in the wash
water composition, in some cases at least 2% by weight solids in the wash water composition,
such at least 5% by weight solids in the wash water composition, or at least 10% by weight
solids in the wash water composition. The specific gravity of the carbonated wash water can
be at least 1.01, 1.02, 1.03, 1.04, 1.05, 1.06, 1.07, 1.08, 1.09, 1.10, 1.11, 1.12, 1.13, 1.14,
1.15, 1.17, 1.20, or any other specific gravity as described herein; for example, at least 1.03,
such as at least 1.05, or at least 1.10. The pH of the carbonated wash water composition can
be any pH or range of pHs as described herein, such as at least 6.0, 6.1, 6.2, 6.3, 6.4, 6.5, 6.6,
6.7,68,69,70,7.1,72,73,74,75,7.6,7.7,78,79,8.0,8.1,82,8.3, 84, or8.5, and/or
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not more than 6.1, 6.2, 6.3,6.4,6.5,6.6,6.7,68,69,7.0,7.1,72,73,74,75,7.6,7.7,7.28,
7.9,8.0,8.1,8.2,8.3,84,85,8.7,9.0,9.3,9.5,9.7,. 10, 10.3, 10.5, 10.7, 11.0, 12.0, or 13.0;
for example, the pH of the carbonated wash water can be less than 9.0, such as less than 8.5,
or less than 8.0. Compositions can further include (iii) additional cement, that is not cement
in the wash water, e.g., a cement mix produced from dry cement and carbonated wash water.
Such mixes can further include aggregates, admixtures, etc.

Carbon dioxide sequestration and economic advantages

[00219] A concrete production facility utilizing the methods and compositions described
herein can incur considerable yearly savings, due to reuse of solids in wash water (thus
avoiding use of a certain amount of new cement), avoided landfill costs, and other economic
benefits, such as reduced or no additional water treatment costs because some or all of wash
water is recycled. In addition, there will be considerable sequestration/offset of carbon
dioxide. Thus, in certain embodiments, the invention provides a method of sequestering
and/or offsetting carbon dioxide by treating wash water, concrete byproducts (such as
returned concrete), or a combination thereof, with carbon dioxide, and optionally re-using
some or all of the solids in the wash water as cementitious material in subsequent concrete
batches. See Example 9. In certain embodiments, at least 0.1, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4,
45,5,55,6,65,7,7.5,8,85,9,95.10, 11, 12, 13, 14, or 15% of the carbon dioxide
produced in manufacturing cement to be used at a concrete facility, transportation emissions,
other emissions associated with concrete manufacture and use, or a combination thereof, is
offset by the process. “Offset,” as that term is used herein, includes the amount of carbon
dioxide emissions avoided (e.g., through reduced cement use), as well as the amount of
carbon dioxide actually sequestered, e.g., as part of carbonated wash solids and the like. In
certain embodiments, the process provides a savings of at least 0.1, 0.5, 1, 1.5, 2, 2.5, 3, 3.5,
4,45,555,6,65,7,7.5,8,8.5,9,9.5, or 10% of the annual production costs of the
concrete facility (e.g., compared to a period of time before carbonation, adjusted as
appropriate for fluctuations in loads, costs, etc.). Further cost benefits may be realized in
areas where there is a price on carbon, e.g., cap and trade or carbon tax, where the offset
carbon dioxide may be a source of further revenue. Additional or alternative carbon dioxide
offsets can be achieved by treating concrete produced in the facility with carbon dioxide
while the concrete is being mixed, e.g., by applying gaseous carbon dioxide, or solid carbon
dioxide, or a mixture of gaseous and solid carbon dioxide, for example in a dose of less than
3,2,1.5,12,1.0,0.8,0.6,0.5,0.4,0.3, 0.2, or 0.1 bwc, to the mixing concrete mix. See,
e.g., U.S. Patent Nos. 9,108,883 and 9,738,562. This treatment can result in a concrete
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product that requires less cement than the uncarbonated product, because, in addition to the
carbon dioxide directly sequestered in the concrete, the carbonated concrete product has
greater strength after setting and hardening than uncarbonated concrete product of the same
mix design, and, consequently, a concrete product that requires at least 1, 2, 3,4, 5, 6,7, 8, 9,
10, 11,12, 13, 14,15, 16, 17, 18, 19, 20, 22, 25, or 30% less cement than the uncarbonated
product. In such a case, carbon dioxide offset merely from carbonating the concrete mix may
beatleast1,2,3,4,5,6,7,8,9,10, 11,12, 13, 14, 15, 16, 17, 18, 19, 20, 22, 25, or 30%.
When concrete wash water treatment with carbon dioxide and, e.g., re-use of some or all of
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