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EFFICIENT INTEGRATION OF reduce as the reaction proceeds . This substantially impacts 
MANUFACTURING OF UPCYCLED the late stage reaction speed and restricts a final carbonation 
CONCRETE PRODUCT INTO POWER extent . 

PLANTS It is against this background that a need arose to develop 
5 the embodiments described herein . 

CROSS - REFERENCE TO RELATED 
APPLICATIONS SUMMARY 

a 

> 

a 

This application is a continuation - in - part of International In some embodiments , a manufacturing process of a 
Application No. PCT / US2017 / 058359 , now WO 2018 / 10 concrete product includes : ( 1 ) extracting calcium from sol 
081310 , filed Oct. 25 , 2017 , which claims the benefit of U.S. ids as portlandite ; ( 2 ) forming a cementitious slurry includ 
Provisional Application No. 62 / 413,365 , filed Oct 26 , 2016 , ing the portlandite ; ( 3 ) shaping the cementitious slurry into 
the contents of which are incorporated herein by reference in a structural component ; and ( 4 ) exposing the structural 
their entirety . This application also claims the benefit of U.S. component to carbon dioxide sourced from a flue gas stream , 
Provisional Application No. 62 / 566,091 , filed Sep. 29 , 2017 , 15 thereby forming the concrete product . 
the contents of which are incorporated herein by reference in In some embodiments of the manufacturing process , the 
their entirety . solids include at least one of iron slag or steel slag . 

In some embodiments of the manufacturing process , 
STATEMENT REGARDING FEDERALLY extracting the calcium includes subjecting the solids to 

SPONSORED RESEARCH OR DEVELOPMENT 20 dissolution in a reactor to yield an ion solution , and wherein 
the leaching reactor is operated using heat sourced from the 

This invention was made with Government support under flue gas stream . 
grant number 1253269 , awarded by the National Science In some embodiments of the manufacturing process , 
Foundation . The Government has certain rights in the inven- extracting the calcium further includes inducing precipita 
tion . 25 tion of the ion solution in a precipitation reactor to yield the 

portlandite , and wherein the precipitation reactor is operated 
TECHNICAL FIELD using heat sourced from the flue gas stream . 

In some embodiments of the manufacturing process , 
This disclosure generally relates to manufacturing pro- forming the cementitious slurry includes combining fly ash , 

cesses of concrete products and systems for manufacturing 30 bottom ash , economizer ash including so called off - spec 
concrete products . ashes , or other combustion residuals with the portlandite . 

In some embodiments of the manufacturing process , 
BACKGROUND shaping the cementitious slurry includes casting , extruding , 

molding , pressing , or 3D printing of the cementitious slurry . 
Electricity generation from coal - fired power plants rep- 35 In some embodiments of the manufacturing process , 

resents about 25 % of total carbon dioxide ( CO2 ) emissions exposing the structural component includes exposing , dur 
from the United States ( about 1.4 billion tons of CO2 emitted ing an initial time period , the structural component to a first 
in 2015 ) . In view of regulations that seek to restrict CO2 gas reactant having a first carbon dioxide concentration , 
emissions in support of climate change goals , it is expected followed by exposing , during a subsequent time period , the 
that such emissions will be financially penalized . The 40 structural component to a second gas reactant having a 
expected restriction is of great consequence to emission second carbon dioxide concentration that is greater than the 
intensive sectors such as coal - fired power generation , which first carbon dioxide concentration . 
are expected to be substantially burdened by such penalties . In additional embodiments , a system for manufacturing a 

Carbon capture and storage ( CCS ) has been proposed as concrete product includes : ( 1 ) a leaching reactor ; ( 2 ) a 
a solution to mitigate anthropogenic CO2 emissions . How- 45 precipitation reactor connected to the leaching reactor ; and 
ever , CCS is not always a viable solution , for : ( i ) reasons of ( 3 ) a set of heat exchangers thermally connected to the 
cost which is estimated to range from about $ 60 - to- $ 150 ( in leaching reactor and the precipitation reactor and configured 
terms of US dollars ) per ton of CO2 , ( ii ) the permanence ( or to source heat from a flue gas stream . 
lack thereof ) of a sequestration solution , and / or ( iii ) the lack In some embodiments of the system , the set of heat 
of suitable geological features in a local vicinity where CCS 50 exchangers includes a set of finned - tube heat exchangers . 
can be favorably achieved . This is further complicated by In some embodiments of the system , the system further 
increasing levels of anthropogenic CO2 emissions which includes a capacitive concentrator connected between the 
render current proposals of CCS a short - term solution . leaching reactor and the precipitation reactor . In some 

Technologies have been proposed to produce concrete embodiments , the capacitive concentrator includes a set of 
products by utilizing CO , to carbonate portlandite or wol- 55 electrodes and an electrical source connected to the set of 
lastonite . However , the proposed technologies specify the electrodes . 
use of newly mined or produced materials as precursors , and In some embodiments of the system , the system further 
involve energy - intensive processing and , hence , high costs , includes a carbonation reactor connected to the leaching 
which can impede the propagation of such technologies as a reactor and the precipitation reactor and configured to source 
viable solution to mitigate anthropogenic CO2 emissions . 60 carbon dioxide from the flue gas stream . 
Moreover , carbon capture and utilization ( CCU ) based on In some embodiments of the system , the system further 
mineralization of carbon dioxide ( CO2 ) ( carbonation ) relies includes a mixer connected between the leaching reactor , the 
on achieving a high reaction speed ( thus a high production precipitation reactor , and the carbonation reactor . 
throughput ) with a low energy input . However , in a typical In some embodiments of the system , the system further 
carbonation reaction , CO2 is consumed and removed from a 65 includes an extruder or a pressing , molding , or forming 
gas mixture continuously during the reaction . Therefore in a device connected between the mixer and the carbonation 
closed system , the CO2 concentration and its partial pressure reactor . 

a 
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In some embodiments of the system , the carbonation In some embodiments of the manufacturing process , the 
reactor includes : ( i ) a reaction chamber ; and ( ii ) a gas carbon dioxide - capturing reagent includes at least one of 
exchange mechanism connected to the reaction chamber and portlandite or brucite ( Mg ( OH ) 2 ) . 
configured to : expose , during an initial time period , contents In some embodiments of the manufacturing process , a 
of the reaction chamber to a first gas reactant having a first 5 partial pressure of carbon dioxide in the second gas reagent , 
carbon dioxide concentration , and expose , during a subse- as introduced , is in a range of about 0.004 MPa to about 0.02 
quent time period , the contents to a second gas reactant MPa , about 0.1 MPa to about 2 MPa , about 0.5 MPa to about 
having a second carbon dioxide concentration that is greater 1.5 MPa , about 0.8 MPa to about 1.2 MPa , or about 1 MPa . 
than the first carbon dioxide concentration . In some embodiments , the partial pressure of carbon dioxide 

In additional embodiments , a manufacturing process of a in the second gas reagent , as introduced , is greater than a 
concrete product includes : ( 1 ) forming a cementitious slurry remaining partial pressure of carbon dioxide in the first gas 
including fly ash ; ( 2 ) shaping the cementitious slurry into a reagent upon completion of the first stage . In some embodi 
structural component ; and ( 3 ) exposing the structural com- ments , the partial pressure of carbon dioxide in the second 
ponent to carbon dioxide sourced from a flue gas stream , 15 gas reagent , as introduced , is greater than , or substantially 
thereby forming the concrete product . the same as , a partial pressure of carbon dioxide in the first 

In some embodiments of the manufacturing process , gas reagent , as introduced . In some embodiments , the partial 
forming the cementitious slurry includes combining water pressure of carbon dioxide in the second gas reagent , as 
with the fly ash . introduced , is at least about 1.1 times greater than , at least 

In some embodiments of the manufacturing process , the 20 about 1.3 times greater than , at least about 1.5 times greater 
fly ash includes calcium in the form of one or more calcium- than , at least about 2 times greater than , at least about 2.5 
bearing compounds ( e.g. , lime ( CaO ) ) in an amount of at times greater than , or at least about 3 times greater than the 
least about 15 % by weight , at least about 18 % by weight , at partial pressure of carbon dioxide in the first gas reagent , as 
least about 20 % by weight , at least about 23 % by weight , or introduced . In some embodiments , the partial pressure of 
at least about 25 % by weight , and up to about 27 % by 25 carbon dioxide in the first gas reagent changes ( e.g. , 
weight , up to about 28 % by weight , or more , along with decreases ) over the duration of the first stage , relative to the 
silica ( SiO2 ) and oxides of metals . partial pressure of carbon dioxide in the first gas reagent , as 

In some embodiments of the manufacturing process , introduced . In some embodiments , the partial pressure of 
shaping the cementitious slurry includes casting , extruding , carbon dioxide in the second gas reagent changes ( e.g. , 
molding , pressing , or 3D printing of the cementitious slurry . decreases ) over the duration of the second stage , relative to 

In some embodiments of the manufacturing process , the the partial pressure of carbon dioxide in the second gas 
flue gas stream has a carbon dioxide concentration equal to reagent , as introduced . 
or greater than about 3 % ( v / v ) . In further embodiments , a carbonation reactor includes : 

In some embodiments of the manufacturing process , ( 1 ) a reaction chamber ; and ( 2 ) a gas exchange mechanism 
exposing the structural component includes exposing , dur- connected to the reaction chamber , wherein the gas 
ing an initial time period , the structural component to a first exchange mechanism is configured to : introduce , during a 
gas reactant having a first carbon dioxide concentration , first stage , a first gas reagent including carbon dioxide into 
followed by exposing , during a subsequent time period , the the reaction chamber to react with contents of the reaction 
structural component to a second gas reactant having a 40 chamber ; and introduce , during a second stage , a second gas 
second carbon dioxide concentration that is greater than the reagent including carbon dioxide into the reaction chamber 
first carbon dioxide concentration . to react with the contents of the reaction chamber . In some 

In additional embodiments , a manufacturing process embodiments , a partial pressure of carbon dioxide in the first 
includes : ( 1 ) introducing , during a first stage , a first gas gas reagent changes ( e.g. , decreases ) over the duration of the 
reagent including carbon dioxide to react with a carbon 45 first stage , relative to the partial pressure of carbon dioxide 
dioxide - capturing reagent , followed by ( 2 ) introducing , dur in the first gas reagent , as introduced . In some embodiments , ing a second stage , a second gas reagent including carbon a partial pressure of carbon dioxide in the second gas reagent 
dioxide to react with the carbon dioxide - capturing reagent . changes ( e.g. , decreases ) over the duration of the second 

In some embodiments of the manufacturing process , a stage , relative to the partial pressure of carbon dioxide in the 
concentration of carbon dioxide in the second gas reagent , as 50 second gas reagent , as introduced . introduced , is greater than a remaining concentration of Other aspects and embodiments of this disclosure are also carbon dioxide in the first gas reagent upon completion of contemplated . The foregoing summary and the following the first stage . 

In some embodiments of the manufacturing process , a detailed description are not meant to restrict this disclosure 
concentration of carbon dioxide in the second gas reagent , as ss to any particular embodiment but are merely meant to describe some embodiments of this disclosure . introduced , is greater than , or substantially the same as , a 
concentration of carbon dioxide in the first gas reagent , as BRIEF DESCRIPTION OF THE DRAWINGS introduced . In some embodiments , the concentration of 
carbon dioxide in the second gas reagent , as introduced , is 
at least about 1.1 times greater than , at least about 1.3 times 60 For a better understanding of the nature and objects of 
greater than , at least about 1.5 times greater than , at least some embodiments of this disclosure , reference should be 
about 2 times greater than , at least about 2.5 times greater made to the following detailed description taken in conjunc 
than , or at least about 3 times greater than the concentration tion with the accompanying drawing . 
of carbon dioxide in the first gas reagent , as introduced . FIG . 1. An illustration of a manufacturing process flow 

In some embodiments of the manufacturing process , 65 and its integration into a primary exhaust stream of a 
introducing the second gas reagent includes replacing the coal - fired power plant . 
first gas reagent with the second gas reagent . FIG . 2. An illustration of capacitive concentration . 

35 
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FIG . 3. An illustration of the integration of a process flow samples exposed to pure CO2 at different isothermal tem 
to tap a flue gas stream prior to and after desulfurization to peratures in FIG . 101. The amount of CO2 uptake was 
secure waste heat , and to provide CO2 for upcycled concrete estimated using the mass - based method . ( b ) The compres 
production . sive strength of the Ca - rich and Ca - poor fly ash samples as 

FIG . 4A . Extent of carbonation of Ca ( OH ) 2 particulates as a function of their CO2 uptake following exposure to pure 
a function of time at different CO2 pressures . CO2 at different temperatures for up to about 10 days in FIG . 
FIG . 4B . Data of the extent of carbonation after about 1 10B . The data reveals a strength gain rate of about 3.2 MPa 

hour as a function of CO2 partial pressure . per unit mass of fly ash that has reacted ( carbonated ) . The 
FIG . 4C . An illustration of a two - stage carbonation pro- amount of CO2 uptake was estimated using the mass - based 

cess . Conditions during an example setup for gas - fired flue 10 method . ( c ) The CO2 uptake of a Ca - rich fly ash formulation 
gas stream are indicated . as a function of depth in FIG . 10C . The macroscopic sample 

FIG . 5. A schematic of a carbonation reactor showing is composed of a cube ( about 50 mmxabout 50 mmxabout 
vapor streams , sample placement , and monitoring and con- 50 mm ) that was exposed to pure CO2 at about 75 ° C. for 
trol units ( e.g. , flow - meters , pressure regulators , tempera- about 10 days . Herein , CO2 uptake was assessed by thermal 
ture / relative humidity ( T / RH ) meters , and gas chromato- 15 analysis ( TGA ) . 
graph ( GC ) ) . FIG . 11. Fits of an equation for a generalized reaction 

FIG . 6. The evolution of compressive strengths of : ( a ) diffusion model to experimental carbonation data taken from 
Ca - rich and Ca - poor fly ash pastes following CO2 exposure FIG . 7A for different carbonation temperatures . 
at about 75º C. , and the control samples ( exposed to pure 
N2 ) for comparison , as a function of ( carbonation ) time in 20 DETAILED DESCRIPTION 
FIG . 6A , ( b ) hydrated OPC pastes at different ages after 
curing in limewater at about 23 ° C. , as a function of w / s in Embodiments of this disclosure are directed to an 
FIG . 6B . The dashed black line shows the compressive upcycled concrete product . In some embodiments , the use of 
strength of a Ca - rich fly ash formulation following its limestone as a cementation agent is leveraged to result in a 
exposure to CO2 at about 75 ° C. for about 7 days , ( c ) Ca - rich 25 CO2 - negative concrete product . The upcycled concrete 
fly ash pastes carbonated at different temperatures following product leverages a process to secure calcium species for 
exposure to about 99.5 % CO2 ( v / v ) and simulated flue gas carbonate mineralization using industrial wastes as precur 
( about 12 % CO2 , V / v ) , as a function of time in FIG . 6C , and , sors or reactants , thereby eliminating the need for newly 
( d ) Ca - enriched ( with added Ca ( OH ) 2 , or dissolved mined or produced materials . Also , a carbonation process 
Ca ( NO3 ) 2 ) Ca - poor ( Class F ) fly ash pastes following CO2 30 can efficiently utilize both CO2 and waste heat carried by 
exposure at about 75 ° C. , as a function of time in FIG . 6D . flue gas in a fossil fuel power plant , a cement plant , and a 
The compressive strengths of the pristine Ca - poor fly ash petrochemical facility , amongst others . In such manner , the 
with and without carbonation are also shown for compari- upcycled concrete product and process can significantly 

enhance a CO2 capturing capacity of a limestone - cement 
FIG . 7. GEMS - calculated solid phase balances as a func- 35 based concrete product , and thereby can establish a CO2 

tion of the extent of fly ash reaction for Ca - rich and Ca - poor negative process that can mitigate CO2 emission at large 
fly ash in the presence of a gas - phase composed of : ( a , d ) air scales . 
in FIG . 7A and FIG . 7D , ( b , e ) about 12 % CO2 ( simulated An upcycled concrete product is a transformative , CO2 
flue gas environment ) in FIG . 7B and FIG . 7E , and ( c , f ) negative construction material which provides a solution for 
about 100 % CO2 at T = 75 ° C. and p = 1 bar for w / s = 0.20 in 40 CO2 and industrial waste upcycling . In some embodiments , 
FIG . 7C and FIG . 7F . Here , 12FHz = Fe ( OH ) 3 , 1 / 2AH3 = A1 a manufacturing process of the upcycled concrete product is 
( OH ) 3 , and C - SH = calcium silicate hydrate . The solid designed to integrate as a bolt - on system to coal - fired power 
phase balance is calculated until the pore solution is plants . Therefore , provision is made to secure flue gas , 
exhausted , or the fly ash reactant is completely consumed . before desulfurization ( or other air pollution control opera 
FIG . 8. Representative X - ray diffraction ( XRD ) patterns 45 tions ) , as a heat transfer fluid , and post - desulfurization as a 

of Ca - rich and Ca - poor fly ash formulations before and after source of CO2 ( e.g. , equal to or greater than about 3 % CO2 
exposure to CO2 at about 75 ° C. for about 10 days . The or about 12 % CO2 , V / v ) . Thus , heat provisioned by the flue 
Ca - poor fly ash shows no noticeable change in the nature of gas is used to facilitate leaching and precipitation reactions 
compounds present following exposure to CO2 . ( e.g. , above about 20 ° C. , above about 25 ° C. , or above 
FIG . 9. Representative scanning electron microscopy 50 about 35 ° C. ) , and accelerate the carbonation kinetics ( e.g. , 

( SEM ) micrographs of : ( a ) a Ca - rich fly ash formulation above about 20 ° C. , above about 25 ° C. , or above about 35 ° 
following exposure to N , at about 75 ° C. for about 10 days C. ) . Furthermore , the CO2 present in the flue gas is system 
in FIG . 9A ; a magnified image highlighting the surface of a atically consumed by mineralization . By tapping the flue gas 
fly ash particle is shown in FIG . 9B , ( c ) a Ca - rich fly ash stream at two discrete points , extrinsic energy demands for 
formulation following exposure to pure CO , at about 75 ° C. 55 upcycled concrete processing are reduced , without imposing 
for about 10 days in FIG . 9C ; a magnified image highlight- additional demands for emissions control . 
ing the surface of a carbonated fly ash particle wherein A manufacturing process flow of some embodiments is 
carbonation products in the form of calcite are visible on the illustrated in FIG . 1. The initial stages involve leaching and 
particle surface is shown in FIG . 9D , ( e ) a Ca - poor fly ash precipitation of portlandite ( Ca ( OH ) 2 ) particulates from 
formulation following exposure to pure CO2 at about 75 ° C. 60 reclaimed solids . For example , the reclaimed solids can be 
for about 10 days in FIG . 9E , and ( f ) Ca ( OH ) 2 - enriched in the form of either , or both , crystallized iron slags or steel 
Ca - poor fly ash formulation following exposure to pure CO2 slags rich in calcium ( Ca ) and magnesium ( Mg ) . For 
at about 75 ° C. for about 10 days in FIG . 9F , wherein the example , the slags can be formed as by - products of iron and 
somewhat increased formation of calcite is noted on particle steel manufacturing , and can include calcium in the form of 
surfaces . 65 simple oxides ( e.g. , lime ( Cao ) ) in an amount of at least 
FIG . 10. ( a ) The CO2 uptake ( normalized by the mass of about 25 % by weight , at least about 30 % by weight , at least 

Ca - rich fly ash in the formulation ) as a function of time for about 35 % by weight , or at least about 40 % by weight , and 

son . 

- 
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up to about 45 % by weight , up to about 50 % by weight , or ( I ) Waste Heat Recycling 
more , along with silica ( SiO2 ) and oxides of metals , such as Referring to FIG . 3 , the flue gas of a coal - fired power 
magnesia , alumina , manganese oxide , and iron oxide . The plant typically features an outlet temperature between about 
slags can be suitably granulated in the form of granules to 120 ° C. and about 180 ° C. Thermal energy in the hot flue gas 
facilitate subsequent processing , such as through greater 5 leaving a boiler is typically recovered by an economizer 
surface area and associated interface effects . The calcium followed by an air pre - heater ( APH ) . Flue gas 
present in the slags is leached or extracted by dissolution in , in the APH is performed until the flue gas temperature drops 
or exposure to , a leaching solution ( e.g. , an aqueous solution to about 150 ° C. ( depending on the type of coal consumed ) 
optionally including one or more leaching aids ) to form a to mitigate against condensation of sulfuric acid ( H2SO4 ) on 
calcium ion solution in a leaching reactor 102 ( e.g. , a 10 a surface of the APH and downstream ducts or other 
leaching tank ) operated at a temperature in a range of about sub - systems . Cooling of the flue gas below an acid dew 

point ( e.g. , about 140 ° C. ) can lead to acid condensation and 20 ° C. to about 90 ° C. Then , following a controlled con deposition which in turn can cause corrosion , fouling , and centration of the calcium ( in the form of calcium ions ) in the plugging of the APH , the downstream ducts , and an elec leaching solution in a capacitive concentrator 104 connected 15 trostatic precipitator ( ESP ) . Such fouling and plugging can to the leaching reactor 102 and operated at a temperature in result in increasing pressure drop and power consumption to 
a range of about 20 ° C. to about 25 ° C. , a resulting force the flue gas through the APH . Finally , the flue gas 
concentrated ion solution is induced to precipitate portlan- leaving the ESP at about 150 ° C. to about 170 ° C. can be 
dite to yield a portlandite slurry in a precipitation reactor 106 injected with activated carbon to remove mercury ( Hg ) 
( e.g. , a precipitation tank ) connected to the capacitive con- 20 traces before entering a flue gas desulfurization scrubber 
centrator 104 and operated at a temperature in a range of ( FGD ) . The FGD can be a “ wet ” system composed of a 
about 70 ° C. to about 90 ° C. In some embodiments and spray tower in which the flue gas contacts a mist of droplets 
referring to FIG . 2 , capacitive concentration is performed by of an aqueous slurry of sorbent particles , such as hydrated 
applying an electrical input from an electrical source 202 to lime or portlandite ( Ca ( OH ) ) and limestone ( CaCO3 ) . 
a pair of electrodes 204 and 206 included in the capacitive 25 Water evaporation reduces the flue gas temperature to about 
concentrator 104 , such that calcium ions in the leaching 50 ° C. to about 70 ° C. at which the desulfurization process 
solution are drawn towards one of the electrodes 204 and is most efficient . The sorbent particles react with SO , in the 
206 , and subsequently can be released by reversing the flue gas to form insoluble calcium sulfite ( CaSO3 ) , which 
electrical input to yield a higher concentration of the calcium reacts with oxygen to produce gypsum ( CaSO4.2H2O ) . In 
ions . Concentration of the calcium ions also can be per- 30 such manner , about 95 % of the SO2 is removed from the flue 
formed through membrane filtration , such as using a nano gas stream . 
filtration membrane or a reverse osmosis membrane . To ensure energy efficient leaching , precipitation and 

Referring to FIG . the portlandite slurry and leached carbonation , the upcycled ete manufacturing process 
slag granules are then combined with water , fly ash ( or other taps or sources the flue gas line at about 150 ° C. before the 
coal combustion by - products ) , and fine and coarse aggre- 35 FGD to operate the leaching and precipitation reactors at 
gates using a mixer 108 to form a cementitious slurry ( e.g. , about 20 ° C. to about 90 ° C. or about 70 ° C. to about 90 ° C. 
either a concrete or mortar concrete slurry ) , which is then ( depending on ambient weather and desired leaching rates ) 
shape - stabilized into structural components by an extruder and re - injects colder flue gas back into the FGD , albeit 
110 connected to the mixer 108. Examples of suitable above the dew point ( e.g. , > about 140 ° C. and up to , for 
aggregates include sand , gravel , crushed stone , slag , 40 example , about 160 ° C. ) . The integration points are illus 
recycled concrete , and so forth . Shape stabilization can yield trated in FIG . 3. A set of finned - tube heat exchangers 
the structural components as beams , columns , slabs , wall ( FTHX , see FIG . 1 ) that transfer residual heat from the flue 
panels , cinder blocks , bricks , sidewalks , and so forth . Other gas to a liquid water feeding the leaching and precipitation 
manner of shape stabilization can be included , such as reactors 102 and 106 at an effectiveness of about 0.2 or 
casting , molding , pressing , or 3D printing of the cementi- 45 greater can be used . A mass flow rate of the flue gas leaving 
tious slurry using a pressing , molding , or forming device . the FTHX can be adjusted to ensure that the temperature 
The structural components are conveyed into a carbonation does not fall below the acid dew point ( e.g. , about 140 ° C. ) . 
reactor 112 ( e.g. , including a carbonation chamber ) operated Finally , if leaching is done at elevated temperatures , a 
at a temperature in a range of about 50 ° C. to about 70 ° C. temperature swing process can include a single pass cross 
to react with CO2 sourced from a flue gas in a ( water ) 50 flow heat exchanger ( CFHX , see FIG . 1 ) to transfer heat 
condensing atmosphere at sub - boiling conditions . Specifi- from the hot ion solution leaving the leaching reactor 102 to 
cally , during exposure to CO2 , portlandite within a structural a solution feeding the leaching reactor 102. These various 
component is converted into limestone ( or calcium carbon- heat recovery measures can reduce energy costs of the 
ate ( CaCO3 ) ) by CO2 mineralization . Such mineralized overall process and of the individual sub - systems . The 
CaCO3 can provide desirable mechanical properties and 55 choice of FTHX of some embodiments is given that a heat 
durability , as well as cementation by forming limestone transfer coefficient on a flue gas side is small and therefore 
around and between aggregates to bind the aggregates to one fins are desired to increase an effectiveness of liquid / gas heat 
another . This stage forms a final concrete product as a exchange . However , for liquid / liquid heat exchange , a single 
mineralized , pre - fabricated upcycled concrete product . Fly pass CFHX is sufficient . Other types of heat exchangers also 
ash also can serve as a calcium source , and upon slight 60 may be included . 
dissolution or leaching fly ash surfaces can be activated at a ( II ) Two - Stage Carbonation Cycle 
relatively high pH ( e.g. , in portlandite - rich environments ) to Mineralization of CO2 ( carbonation ) is proposed as a 
provide cohesion / cementation . viable route for CCU . For example , portlandite ( Ca ( OH ) 2 ) 

In some embodiments , the integration into primary carbonation is a route to produce near carbon - neutral build 
( exhaust ) loop of a coal - fired power plant is achieved with 65 ing materials . The carbonation involves the reaction of CO2 
two sub - systems : ( I ) a waste heat recycling sub - system , and with portlandite to form limestone ( CaCO3 ) , as described 
( II ) a two - stage carbonation sub - system . by : Ca ( OH ) 2 + CO2 CaCO3 + H2O . 
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In this reaction , a CO2 capturing reagent ( e.g. , portland- enhance a proportion of CO2 captured . This process is 
ite ) can be in solution or a slurry form , or in the form of a flexible , and can incorporate CO2 - enrichment technologies 
structural component , while CO2 can be provisioned as a ( e.g. , membrane separation ) and pressurization to further 
liquid , a supercritical fluid , or a vapor . The reaction can be enhance the reaction kinetics and CO2 capture efficiency . In 
carried out in a pressurized reactor , since the CO2 partial 5 such cases , optimal process conditions for the two - stage 
pressure affects reaction kinetics , although non - pressurized carbonation can be determined from a process model . 
( e.g. , ambient pressure ) processing is also possible . FIG . 4A To obtain optimal process conditions for the two - stage 
displays an extent of a carbonation reaction as a function of carbonation reaction , a process model can be constructed 
reaction time , for carbonation of portlandite under substan- and process parameters can be determined as follows . 
tially constant CO2 partial pressures of about 0.1 MPa , about 10 1 ) A CO2 partial pressure during the second carbonation 
1 MPa , and about 8 MPa at room temperature . It can be seen stage is first selected for maximum reaction extent ( e.g. , 
that carbonation initially proceeds rapidly and achieves about 1 MPa for portlandite carbonation as FIG . 4B shows 
more than about 50 % completion after about 0.5 hours under modest improvement is obtained by further increasing the 
all three partial pressures . However , the carbonation reaction pressure ) , although the selected pressure also can be affected 
proceeds more slowly in later stages , and the maximum 15 by an equipment used ( e.g. , by a concentration achieved by 
extent of reaction that can be achieved becomes markedly enrichment together with a pressure allowed by a reactor ) . 
dependent on the CO2 partial pressure ( see FIG . 4B , which 2 ) An allowed CO2 pressure ( or concentration ) drop is 
displays the extent of the carbonation reaction after about 1 also determined from the sensitivity of the reaction extent to 
hour of reaction time as a function of CO2 partial pressure ) . the pressure ( e.g. , the slope in FIG . 4B ) . From here , a total 
Therefore , as high a CO2 pressure as practical , or as high a 20 amount of CO2 captured during a given period ( determined 
CO2 concentration as practical , would typically have to be from a target carbonation level and a quantity of CO2 
provisioned during the later stages of the reaction to achieve capturing reagent , such as portlandite , which will be pro 
a high reaction speed and a desired carbonation level . cessed during the period ) is divided into two parts , p , and P2 , 
The upcycled concrete process can divert the scrubbed representing the CO2 that will be captured in the first and 

flue gas that is secured post - desulfurization , namely after the 25 second stages , respectively . These parameters determine the 
FGD , into the carbonation reactor 112 ( see FIG . 3 ) . The flue residual CO2 in the gas after the second stage and the 
gas of a coal - fired power plant typically includes about 12 % carbonation extent at the end of first stage . Since the exhaust 
to about 15 % of CO2 ( v / v ) . To obtain a corresponding gas from the second stage still has a relatively high CO2 
carbonation speed as with substantially pure CO2 , a gas concentration , the exhaust gas will be recycled in the first 
mixture can be pressurized to obtain a same CO2 partial 30 stage during the next batch . If additional CO2 is to be added 
pressure , calculated as a product of an overall gas pressure to reach P1 , additional gas ( e.g. , a flue gas ) will be mixed 
and a CO2 concentration . The CO2 concentration in the gas with the recycled gas , an amount of which can be calculated 
mixture can be enriched with technologies such as chemical from P12 the CO2 concentration of the recycled gas , and the 
absorption or membrane separation . The enriched gas mix- allowed concentration drop during carbonation . With these 
ture may then be pressurized , if specified , to obtain a high 35 values , the CO2 concentration specified for the first stage can 
CO2 partial pressure . However , additional challenges arise , then be calculated , and a reaction time to complete the first 
since CO2 is consumed and removed from the gas mixture stage under a given pressure can be determined from reac 
continuously during the reaction . As such , the CO2 concen- tion rate data . Finally , a ratio p? : P2 and the pressure during 
tration , as well as the overall gas pressure , reduces as the the first stage are optimized to reduce the reaction time and 
reaction proceeds in a typical carbonation reaction , leading 40 enhance CO2 capture under given constraints such as the 
to diminishing CO2 partial pressure towards a later stage of pressure allowed by the reactor and enrichment process 
reaction . This impacts the late stage reaction speed and throughput . 
restricts a final carbonation level . FIG . 4C shows a sub - system of some embodiments for the 

To address this issue in a comparative carbonation reac- carbonation process including a pressurized reaction cham 
tion , a high CO2 partial pressure can be maintained through 45 ber 400 integrated with a CO2 - enrichment component 402 
the reaction by either ( i ) increasing an overall gas pressure ( e.g. , configured to provide about 8.8x enrichment in CO2 
in a later stage , which can incur a substantial energy cost concentration from a starting concentration of about 7.7 mol . 
associated with gas compression , or ( ii ) enriching a gas % ) and pressurization up to about 2 MPa via a pair of 
mixture with a higher initial CO2 concentration ( or a higher mixer / compressors 404 and 406. Comparing to a carbon 
purity CO2 ) , wherein the throughput of a CO2 enrichment 50 ation process without the two - stage carbonation cycle , the 
process becomes a constraining factor , and where consider- depicted sub - system can reduce an energy cost from com 
able CO2 remains in the gas mixture upon completion of pression by about 40 % if a same level of CO2 capture is 
carbonation . These options are problematic for CCU at obtained by compressing gas to compensate for the decrease 
industrial scale , as CCU relies on achieving a high reaction in CO2 partial pressure . The sub - system also uses about 50 % 
speed ( thus a high production throughput ) with a low energy 55 less CO2 - enriched gas to obtain an equal amount of CO2 
input . capture at a same throughput . 

To resolve this issue , the CO2 partial pressure condition Referring to FIG . 4C , a portion of a flue gas ( e.g. , having 
can be reversed by a two - stage carbonation process . In a first a CO2 concentration of about 7.7 mol . % ) is combined with 
pre - carbonation stage , a carbonation reaction is conducted a recycled gas ( e.g. , having a CO2 concentration of about 37 
using a gas with a low CO2 concentration ( e.g. , pressurized 60 mol . % ) in the mixer / compressor 404 to obtain a pressurized 
or not ) , such as a mixture of a flue gas and an exhaust gas gas mixture , which is then introduced into the pressurized 
recycled at the end of the carbonation reaction . Once the gas reaction chamber 400 to perform a first stage carbonation of 
becomes CO2 - depleted , the gas is replaced in a second stage a CO2 - capturing reagent , such as in the form of a structural 
by a CO2 - enriched gas ( e.g. , pressurized or not ) , such as component or another form . Another portion of the flue gas 
untreated flue gas or CO2 - enriched flue gas , to finish the 65 is subjected to enrichment by the CO2 - enrichment compo 
second stage of the reaction . The exhaust gas from the nent 402 ( e.g. , to yield an enriched CO2 concentration of 
second stage is recycled and reused in the preceding stage to about 68 mol . % ) , and is combined with the recycled gas in 
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the mixer / compressor 406 to obtain a pressurized gas mix- description for those of ordinary skill in the art . The example 
ture , which is then introduced into the pressurized reaction should not be construed as limiting this disclosure , as the 
chamber 400 to perform a second stage carbonation . A example merely provides specific methodology useful in 
partial pressure of CO2 ( or a CO2 concentration ) in the gas understanding and practicing some embodiments of this 
mixture as introduced in the second stage of carbonation is 5 disclosure . 
greater than a partial pressure of CO2 ( or a CO2 concentra 
tion ) in the gas mixture as introduced in the first stage of Clinkering - Free Cementation by Fly Ash carbonation , and is greater than a partial pressure of CO2 ( or Carbonation 
a CO2 concentration ) remaining in the gas mixture at the end 
of the first stage of carbonation , although overall pressures Overview : of the introduced gas mixtures can be substantially the same 
( e.g. , about 2 MPa ) . A controller 408 ( e.g. , including a The production of ordinary portland cement ( OPC ) is a 
processor 410 and an associated memory 412 connected to CO2 intensive process . Specifically , OPC clinkering reac 
the processor 410 and storing processor - executable instruc tions involve substantial energy in the form of heat , and also 
tions ) can be included to direct operation of various com result in the release of CO2 from both the de - carbonation of 
ponents of the sub - system shown in FIG . 4C . 15 limestone and the combustion of fuel to provide heat . To 

It is noted that the two carbonation stages can be per create alternatives to this CO2 intensive process , this 
formed in the same pressurized reaction chamber 400 by example demonstrates a route for clinkering - free cementa 
replacing a gas phase reactant using a gas exchange mecha- tion by carbonation of fly ash , which is a by - product of coal 
nism ( e.g. , including a pump 414 and the mixer / compressors combustion . It is shown that in moist environments and at 
404 and 406 , along with valve ( s ) , duct ( s ) , and so forth ) 20 sub - boiling temperatures , Ca - rich fly ashes react readily 
connected to the pressurized reaction chamber 400 , without with gas - phase CO2 to produce robustly cemented solids . 
conveying partially carbonated solid or slurry materials from After seven days of exposure to vapor - phase CO2 at about 
one chamber to another chamber . Additional carbonation 75 ° C. , such formulations achieve a compressive strength of 
stages can be included to implement multi - stage processes to about 35 MPa and take up about 9 % CO2 ( by mass of fly ash 
further mitigate a drop in CO2 partial pressure during each 25 solids ) . On the other hand , Ca - poor fly ashes due to their 
carbonation stage . Thus , for example , a multi - stage carbon reduced alkalinity ( low abundance of mobile Ca- or Mg ation process , in general , can include 2 , 3 , 4 , 5 , or more species ) , show reduced potential for CO2 uptake and carbonation stages , and where additional gas phase reagent 
including CO , is introduced in an ith stage to mitigate a drop strength gain — although this deficiency can be somewhat 
in CO2 partial pressure during a preceding ( i - 1 ) th stage . addressed by the provision of supplemental or extrinsic 

In another example implementation , a two - stage process 30 Ca - containing reagents . The roles of CO2 concentration and 
can be applied by directly utilizing gas - phase CO2 sources processing temperature are discussed , and linked to the 
without additional pressurization or enrichment processes , progress of reactions and the development of microstructure . 
for example , direct CO2 capture from industrial flue gases . The outcomes create pathways for achieving clinkering - free 
In such cases , the first carbonation stage uses an exhaust gas cementation while providing the beneficial utilization ( “ up 
mixture from a previous carbonation cycle , which has been 35 cycling ” ) of emitted CO2 and fly ash , which are two abun 
partially processed by a CO2 capturing reagent and has a dant , but underutilized industrial by - products . 
lower CO2 concentration , and as such , a lower CO2 partial Introduction : 
pressure , than an untreated gas mixture . The partially - treated Over the last century , for reasons of its low - cost and the 
gas mixture is reacted with a fresh batch of the CO2- widespread geographical abundance of its raw materials , 
capturing reagent , which is in excess amount so that a fast 40 OPC - concrete has been used as the primary material for the 
reaction kinetics can be obtained . Once the gas is depleted construction of buildings and other infrastructure . However , 
of CO2 , it is replaced with an untreated gas mixture to start the production of OPC is a highly energy — and CO2 
the second carbonation stage . In this stage , the CO2 - captur- intensive process . For example , at a production level of 
ing reagent is consumed and the gas becomes partially about 4.2 billion tons annually ( corresponding to > about 30 
treated , which is used in the next carbonation cycle . By 45 billion tons of concrete produced ) , OPC production accounts 
maintaining one of the reagents in excess ( e.g. , the CO2- for about 3 % of primary energy use and results in about 9 % 
capturing reagent during the first stage and CO2 in the gas of anthropogenic CO2 emissions , globally . Such CO , release 
mixture during the second stage , respectively ) , the process is attributed to factors including : ( i ) the combustion of fuel 
achieves steady reaction kinetics and high material utiliza- involved for clinkering the raw materials ( limestone and 
tion efficiency . Process optimizations can be carried out 50 clay ) at about 1450 ° C. , and ( ii ) the release of CO2 during the 
similarly as discussed before . As an example , flue gases calcination of limestone in the cement kiln . As a result , about 
emitted from power plants typically have CO2 concentra- 0.9 tons of CO2 are emitted per ton of OPC produced . 
tions from about 4 mol . % to about 20 mol . % , which Therefore , there is great demand to reduce the CO2 footprint 
translates to CO2 partial pressures from about 0.004 MPa to of cement , and secure alternative solutions for cementation 
about 0.02 MPa under ambient pressure . Depending on the 55 for building and infrastructure construction . 
CO2 - capturing reagent , the second carbonation stage can be Furthermore , there exist challenges associated with the 
designed to allow about 30 % to about 70 % drop in the CO2 production of electricity using coal ( or natural gas ) as the 
partial pressure , for example , to exhaust when the CO2 fuel source . For example , coal power is associated with 
partial pressure drops to about 0.0012 MPa to about 0.014 significant CO2 emissions about 30 % of anthropogenic CO2 
MPa , while the first carbonation stage can be designed to 60 emissions worldwide ) , and also results in the accumulation 
scrub CO2 from the exhausted gas to desired concentration , of significant quantities of solid wastes such as fly ash ( about 
for example , about 400 ppm to about 1000 ppm . 600 million tons annually worldwide ) . While OPC in the 

binder fraction of concrete can be replaced by supplemen 
Example tary cementitious materials ( SCMs ) such as fly ash , the 

65 extent of such utilization remains constrained . For example , 
The following example describes specific aspects of some in the United States , about 45 % of fly ash produced annually 

embodiments of this disclosure to illustrate and provide a is beneficially utilized to replace OPC in the concrete . In 
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spite of supportive frameworks , such constrained use is due TABLE 1 - continued 
to factors including : ( i ) the presence of impurities including 
air - pollution control ( APC ) residues and unburnt carbon as The oxide composition of fly ashes and OPC as determined 
a result of which some fly ashes are non - compliant ( e.g. , as using X - ray fluorescence ( XRF ) . 

per ASTM C618 ) for use in traditional OPC concrete , due to Mass ( % ) 
durability concerns , and , ( ii ) increasing cement replacement 
( fly ash dosage ) levels to greater than about 25 wt % is often Simple Oxide Ca - rich Fly Ash Ca - poor Fly Ash Type I / II OPC 
associated with extended setting times and slow strength Fe2O3 gain resulting in reduced constructability of the concrete . SO3 

Accordingly , there is a demand to valorize or beneficially 10 Cao 
utilize ( “ upcycle ” ) vapor and solid wastes associated with Na20 

Mgo coal power production . However , given the tremendous K20 
scale of waste production , there is a demand to secure P205 
upcycling opportunities of some prominence ; for example , TiO2 

2760 2470 3150 within the construction sector wherein large - scale utilization 15 Density ( kg / mº ) Specific 442.6 of upcycled materials can be achieved . This condition can be surface area 
satisfied if the “ upcycled solution ” is able to serve as an ( SSA , m ? / kg ) 
alternative to OPC ( and OPC - concrete ) so long as it is able 
to fulfill the functional and performance specifications of The surface area of the Ca - rich ( Class C ) fly ash is overestimated by N2 adsorption due 

to the presence of unburnt carbon . However , based on kinetic analysis of reaction rates in 
construction . Mineral carbonation ( conversion of vapor 20 OPC + fly ash + water systems , it can be inferred that the reactive surface areas of both 

the Ca - rich and Ca - poor fly ashes are similar to each other , and that of OPC . phase CO2 into a carbonaceous mineral , such as CaCO3 ) is 
proposed as a route to sequester CO , in alkaline minerals . In 
such a process , CO2 is sequestered by the chemical reaction TABLE 2 
of CO2 streams with light - metal oxides to form thermody The mineralogical composition of fly ashes and OPC as determined namically stable carbonates ; thus allowing permanent and 25 using quantitative X - ray diffraction ( XRD ) and Rietveld refinement . safe storage of CO2 . While different alkaline waste streams 
can be examined to render cementation solutions , the low Mass ( % 
production throughput , or severe operating conditions ( high Ca - rich temperature and elevated CO2 pressure ) can render com Composition Ca - poor Fly Ash Type I / II OPC parative solutions difficult to implement at a practical scale . 30 
Therefore , to synergize the utilization of two abundant Lime ( CaO ) 

3.81 Periclase ( MgO ) 0.30 by - products from coal - fired power plants ( fly ash and CO2 Quartz ( SiO2 ) in flue gas ) , this example demonstrates clinkering - free Calcite ( CaCO3 ) 
cementation via fly ash carbonation . It is shown that Ca - rich Mullite ( Al.Si2013 ) 0.86 5.08 

fly ashes react readily with CO2 under moist conditions , at 35 Anhydrite ( CaSO4 ) 2.80 1.2 

atmospheric pressure and at sub - boiling temperatures . The Gypsum 
( CaSO4 • 2H20 ) influences of Ca availability in the fly ash , CO2 concentra Magnetite ( Fe304 ) tion , and processing temperature on reaction kinetics and Merwinite 

strength gain are discussed . Taken together , this example ( CazMg ( SiO4 ) 2 ) 
demonstrates routes for simultaneous valorization of solid 40 Gehlenite ( Ca Al Si07 ) 

Ca2S104 ( C2S ) 4.93 wastes and CO2 , in an integrated process . CatAl Fe2010 ( C4AF ) 
Materials and Methods : CazAl206 ( C3A ) 6.30 
Materials CazSiog ( C2S ) 

Amorphous 75.25 Class C ( Ca - rich ) and Class F ( Ca - poor ) fly ashes com 
pliant with ASTM C618 were used . An ASTM C150 com- 45 
pliant Type I / II ordinary portland cement ( OPC ) was used as Experimental Methods 
a cementation reference . The bulk oxide compositions of the Particle Size Distribution and Specific Surface Area 
fly ashes and OPC as determined by X - ray fluorescence The particle size distribution ( PSD ) of OPC was measured ( XRF ) are shown in Table 1. The crystalline compositions of using static light scattering ( SLS ) using a Beckman Coulter 
the Ca - rich and Ca - poor fly ashes as determined using X - ray 50 LS13-320 particle sizing apparatus fitted with an about 750 
diffraction ( XRD ) are shown in Table 2. It should be noted nm light source . The solid was dispersed into primary that these two fly ashes were used since they represent particles via ultrasonication in isopropanol ( IPA ) , which was typical Ca - rich and Ca - poor variants in the United States , also used as the carrier fluid . The complex refractive index and since Ca content can strongly influence the extent of of OPC was taken as 1.70 + 0.10i . The uncertainty in the PSD CO2 uptake and strength development of carbonated fly ash 55 
formulations . was about 6 % based on six replicate measurements . From 

the PSD , the specific surface area ( SSA , units of m² / kg ) of 
TABLE 1 OPC was calculated by factoring in its density of about 3150 

kg / m ” , whereas the SSAs of the fly ashes were determined 
The oxide composition of fly ashes and OPC as determined 60 by N2 - BET measurements . 

using X - ray fluorescence ( XRF ) . Carbonation Processing 
Mass ( % ) Fly ash particulates were mixed with deionized ( DI ) water 

in a planetary mixer to prepare dense suspensions — pastes 
Simple Oxide Ca - rich Fly Ash Ca - poor Fly Ash Type I / II OPC having w / s = about 0.20 ( w / s , water - to - solids ratio , mass 
SiO2 20.57 65 basis ) which provided sufficient fluidity such that they can 
Al2O3 17.40 be poured following ASTM C192 . The pastes were cast 

into molds to prepare cubic specimens with a dimension of 
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about 50 mm on each side . Following about 2 hours of TGA was used to determine the extent of CO2 uptake at 
curing in the molds at a temperature T = 45 + 0.2 ° C. and different depths in the fly ash cubes , from the surface to the 
relative humidity RH = 50 + 1 % , the specimens were center in about 5 mm increments . To accomplish so , cubes 
demolded after which on account of evaporation they fea were sectioned longitudinally using a hand saw . Then , 
tured a reduced water content , with w / s - about 0.15 , but 5 samples were taken from the newly exposed surface along a 
were able to hold form ; that is , they were shape stabilized . mid - line using a drill at a sampling resolution of about +1 
At this time , the cubes were placed in a carbonation reactor , mm . The dust and debris obtained during drilling , at defined 
a schematic of which is shown in FIG . 5 . locations along the center - line , were collected and pulver 

Gas - phase CO2 at atmospheric pressure with a purity of ized for thermal analysis in a PerkinElmer STA 6000 simul 
about 99.5 % ( " pure CO2 " ) was used for carbonation . On the 10 taneous thermal analyzer ( TGA / DTG / DTA ) provided with a 
other hand , about 99 % pure N , at atmospheric pressure was Pyris data acquisition interface . Herein , about 30 mg of the 
used as a control vapor that simulated ambient air ( with a powdered sample that passed an about 53 um sieve was 

heated under ultra - high purity ( UHP ) -N2 gas purged at a CO2 abundance of about 400 ppm ) . In addition , a simulated flow rate of about 20 mL / min and heating rate of about 10 ° flue gas was created by mixing the pure N , and pure CO2 15 C./min in pure aluminum oxide crucibles over a temperature 
streams to yield a vapor with about 12 % CO2 ( v / v ) as range of about 35 - to - about 980º C. The mass loss ( TG ) and 
confirmed using an Inficon F0818 gas chromatography ( GC ) differential weight loss ( DTG ) patterns acquired were used 
instrument . Prior to contacting the samples , all vapor to quantify the CO2 uptake by assessing the mass loss 
streams were bubbled into an open , water - filled container to associated with calcium carbonate decomposition in the 
produce a condensing environment in the reactor ( as shown 20 temperature range about 550 ° C.sTsabout 900 ° C. The 
in FIG . 5 ) . Each of the vapors was contacted with the cubical mass - based method of asse ssessing the extent of carbonation 
samples at temperatures of 45 + 0.2 ° C. , 60 + 0.2 ° C. , and and the spatially resolved TGA method indicate , on average , 
75 + 0.2 ° C. similar levels of carbonation , as noted below . 

Compressive Strength X - Ray Diffraction ( XRD ) 
The compressive strengths of the fly ash cubes ( both 25 To qualitatively examine the effects of carbonation , the 

control samples , and those exposed to CO2 ) were measured mineralogical compositions of fly ash mixtures before and 
at about 1 day intervals following ASTM C109 for up to after CO2 exposure were assessed using XRD . Here , entire 
about 10 days . All strength data reported in this example are fly ash cubes were crushed and ground into fine powders , 
the average of three replicate specimens cast from the same and XRD patterns were collected by scanning from about 
mixing batch . For comparison , the compressive strengths of 30 5 - to - about 70º ( 20 ) using a Bruker - D8 Advance diffracto 
neat OPC pastes prepared at w / s = about 0.30 , about 0.40 , meter in a 0-0 configuration with Cu - Ka radiation 
about 0.50 , and about 0.60 were measured after about 1 , ( a = about 1.54 Å ) fitted with a VANTEC - 1 detector . Repre 
about 3 , about 7 , and about 28 days of immersion and curing entative powder samples were examined to obtain averaged 
in a Ca ( OH ) 2 - saturated solution ( “ limewater ” ) at 25 + 0.2 ° C. data over the whole cube . The diffractometer was run in 
CO2 Uptake by Fly Ash Formulations 35 continuous mode with an integrated step scan of about 
CO2 uptake due to carbonation of the fly ashes was 0.021 ° ( 20 ) . A fixed divergence slit of about 1.00 ° was used 

quantified by two methods : ( i ) a mass - gain method , and ( ii ) during X - ray data acquisition . To reduce artifacts resulting 
thermogravimetric analysis ( TGA ) . The mass - gain method from preferred orientation and to acquire statistically rel 
was used to estimate the average CO2 uptake of the bulk evant data , the ( powder ) sample surface was slightly tex 
cubic specimen from the mass gain of three replicate cubes 40 tured and a rotating sample stage was used . 
following CO2 contact as given by Equation ( 1 ) : Scanning Electron Microscopy ( SEM ) 

The morphology and microstructure of the un - carbonated 
and carbonated fly ash mixtures were examined using a field 

Eq . ( 1 ) emission scanning electron microscope provisioned with an 
45 energy dispersive X - ray spectroscopy detector ( SEM - EDS ; 

FEI NanoSEM 230 ) . First , hardened samples were sectioned 
using a hand saw . Then , these freshly exposed sections were where , w ( g / g ) is the CO2 uptake of a given cube , m , ( g ) is taped onto a conductive carbon adhesive and then gold the mass of the specimen following CO2 contact over a 

period of time t ( days ) , m ; ( g ) is the initial mass of the coated to facilitate electron conduction and reduce charge 
50 accumulation on the otherwise ) non - conducting surfaces . specimen , and ma ( g ) is the mass of dry fly ash contained in Secondary electron ( SE ) images were acquired at an accel the specimen ( estimated from the mixture proportions ) . It erating voltage of about 10 kV and a beam current of about should be noted that carbonation is an exothermic reaction ; 

thus it can result in the evaporation of water from the Thermodynamic Simulations of Phase Equilibria and CO , sample . However , since curing was carried out in a near 55 Uptake condensing atmosphere , mass measurements before and To better understand the effects of carbonation on the after carbonation revealed no noticeable mass loss due to 
( moisture ) evaporation . The ratio of CO2 uptake at time t to mineralogy and mechanical property development of car 
that assessed at the end of the experiment ( CO2 uptake bonated fly ashes , thermodynamic calculations were carried 
fraction , a ) is given by Equation ( 2 ) : out using GEM - Selektor , version 2.3 ( GEMS ) . GEMS is a 

60 broad - purpose geochemical modeling code which uses 
Gibbs energy minimization criteria to compute equilibrium 
phase assemblages and ionic speciation in a complex chemi Eq . ( 2 ) 

mf - cal system from its total bulk elemental composition . 
Chemical interactions involving solid phases , solid solu 

65 tions , and aqueous electrolyte ( s ) are considered simultane 
where m . ( g ) is the final mass of a given cubical specimen ously . The thermodynamic properties of all the solid and the 
following about 10 days of CO2 exposure . aqueous species were sourced from the GEMS - PSI data 

mt - mi 
W = 

?? 
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base , with additional data for the cement hydrates sourced about 28 days ( a common aging period that is noted in 
from elsewhere . The Truesdell - Jones modification of the building codes ) of maturation across all w / s . 
extended Debye - Hückel equation ( see Eq . 3 ) was used to Furthermore , FIG . 6A also indicates that , unlike the 
account for the effects of solution non - ideality : " carbonation strengthening ” seen in Ca - rich fly ash formu 

5 lations , Ca - poor fly ash systems showed a strength of sabout 
7 MPa even after about 10 days of carbonation , a gain of 

- Az V? Eq . ( 3 ) sabout 2 MPa following Co , exposure vis - à - vis a system 
logy ; = cured in a N2 atmosphere . This indicates that , in general , 1 + Ba ; VT Ca - poor fly ashes feature reduced potential for CO2 miner 

10 alization or strength gain following CO2 exposure because 
where y ; is the activity coefficient ofjih ion ( unitless ) ; z ; is the the [ Ca , Mg ] available therein is either insufficient or not 
charge of jth ion , a ; is the ion - size parameter ( effective easily available for reaction ( e.g. , see FIG . 8 ) . This indicates 
hydrated diameter of jth ion , A ) , A ( kg1 / 2.mol - 1 / 2 ) and B that carbonation strengthening is dominantly on account of 
( kg / 2.mol - 1 / 2.ml ) are pressure , p- and T - dependent Debye the presence of reactive , alkaline compounds , namely Ca 
Hückel electrostatic parameters , b is a semi - empirical 15 and Mg - bearing compounds ( e.g. , Cao , MgO , and so forth ) , - and Ca present in the fly ash glass ( see Tables 1-2 ) , that can parameter that describes short - range interactions between react with CO2 . It should also be noted that Ca - rich fly ashes charged aqueous species in an electrolyte , I is the molal ionic contain cementitious phases such as Ca SiO4 , Ca A12SiO7 , strength of the solution ( mol / kg ) , Xjw is the molar quantity of and CazA1206 ( see Table 2 ) , which upon hydration ( and 
water , and X , is the total molar amount of the aqueous 20 carbonation ) form cementitious compounds such as the phase . It should be noted that this solution phase model is calcium - silicate - hydrates ( C_S_H ) , or in a CO2 enriched 
suitable for Is2.0 mol / kg beyond which , its accuracy is atmosphere , calcite and hydrous silica ( e.g. , see FIGS . 7-8 ) . 
reduced . In the simulations , Ca - rich and Ca - poor fly ashes As a result , when such Ca - rich fly ash reacts with CO , in a 
were reacted with water in the presence of a vapor phase moist , super - ambient ( but sub - boiling ) environment , car 
composed of : ( a ) air ( about 400 ppm CO2 ) , ( b ) about 12 % 25 bonate compounds such as calcite ( CaCO3 ) and magnesite 
CO2 ( about 88 % N2 , v / v ) , and , ( c ) about 100 % CO2 ( v / v ) . ( MgCO3 ) are formed as shown in FIGS . 7-8 . This is not 
The calculations were carried out at T = 75 ° C. and p = 1 bar . observed in the Ca - poor fly ash due to both its much lower 
The solid phase balance was calculated as a function of total [ Ca + Mg ] content and their lower reactivity ( e.g. , see 
degree of reaction of the fly ash , until either the pore solution FIGS . 7-8 , which shows little if any formation of carbonate 
is exhausted ( constraints on water availability ) or the fly ash 30 minerals following CO2 exposure ) . It should be noted that 
is fully reacted . while the extents of reaction of the fly ashes ( Ca - rich or 

Results and Discussion : Ca - poor ) were not explicitly assessed , it is expected that 
Carbonation Strengthening their degree of reaction is sabout 25 % for the short reaction 
FIG . 6A shows the compressive strength development as times and over the temperature conditions of relevance to 

a function of time for Class C ( Ca - rich ) and Class F 35 this example . 
( Ca - poor ) fly ash pastes carbonated in pure CO2 at about 75 ° In general , upon contact with water , the reactive crystal 
C. The Ca - rich fly ash formulations show rapid strength gain line compounds ( e.g. , CaO , CazA1,06 , and so forth ) present 
following exposure to CO2 , particularly during the first 6 in a Ca - rich fly ash are expected to rapidly dissolve in the 
days . For example , after about 3 days of CO2 exposure , the first few minutes . As the pH systematically increases , with 
carbonated formulation achieves a strength of about 25 40 continuing dissolution , alkaline species including Na , K , and 
MPa , whereas a strength on the order of about 35 MPa is Ca can be released progressively from the glassy com 
produced after about 7 days of CO2 exposure . On the other pounds . This can result in the development of a silica - rich 
hand , as also seen in FIG . 6A , when the Ca - rich formulation rim on the surfaces of fly ash particles . Pending the presence 
was exposed to N2 at the same T , RH , and gas flow rate of sufficient solubilized Ca , and in the presence of dissolved 
( serving as a “ control ” system ) , a strength of about 15 MPa 45 CO2 , calcite can form rapidly on the surfaces of leached ( and 
develops after 7 days , due to limited reaction of a small other ) particles , thereby helping proximate particles to 
quantity of readily soluble Ca - compounds with any avail- adhere to each other as the mechanism of carbonation 
able silica , water , and ambient CO2 . As such , the level of strengthening ( e.g. , see FIGS . 7-9 ) . This is additionally 
strength developed in the control system is less than half of helped by the liberation of Ca and Si from the anhydrous fly 
that in the carbonated ( Ca - rich ) fly ash formulation . The 50 ash , whose reaction with water results in the formation of 
extent of strength development that is noted in the carbon- hydrated calcium silicates ( see FIGS . 7-8 ) , calcite , and 
ated system is significant as it indicates that carbonated hydrous silica . This is significant as the hydrated calcium 
binders can fulfill code - based ( strength ) criteria relevant to silicates and calcite can feature a mutual affinity for attach 
structural construction ( about 30 MPa as per ACI 318 ) . ment and growth . 

To provide a point of reference , the compressive strengths 55 With extended exposure to CO2 , the hydrated calcium 
of neat - OPC formulations were measured across a range of silicates decompose to form calcite and hydrous silica ( as 
w / s . For example , FIG . 6B shows that the compressive shown in FIG . 7 ) , which can also offer cementation . The 
strength of a Ca - rich fly ash formulation following exposure systematic formation of mineral carbonates in this fashion 
to CO2 for about 7 days at about 75º C. about 35 induces : ( i ) cementation , for example , in a manner analo 
MPa corresponds to that of an OPC formulation prepared 60 gous to that observed in mollusks , and sea - shells , that binds 
at w / s of about 0.50 and cured in limewater at about 23 ° C. proximate particles to each other via a carbonate network , or 
over the same time period . It is noted , however , that the fly carbonate formation which ensures the cementation of sand 
ash formulations show a reduced rate of strength gain after stones , and ( ii ) an increase in the total volume of solids 
about 7 days — likely due to the consumption of readily formed which results in a densification of microstructure , 
available species ( Ca , Mg ) that can form carbonate com- 65 while ensuring CO2 uptake ( e.g. , see FIG . 7 for scenarios 
pounds . On the other hand , OPC systems show a strength wherein reaction with CO , results in an increase in solid 
increase on the order of about 30 % from about 7 days to volume ) . 
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Coming back to ascertaining the ability of flue gas from Ca - poor formulations is postulated to be on the account of 
coal - fired power plants , as is , to carbonate fly ash , the both : ( a ) the pozzolanic reaction between the added Ca 
Ca - rich fly ash was carbonated in an about 12 % CO2 source and silica liberated from the fly ash resulting in the 
atmosphere ( v / v ) at about 75 ° C. As noted in FIG . 6C , FIG . formation of calcium silicate hydrates ( C — S — H ) , and , ( b ) 
7B , and FIG . 7E , CO2 present in flue gas at relevant 5 the formation of calcite and ( hydrous ) silica gel by the 
concentrations can readily carbonate fly ash and ensure carbonation - decomposition of C - S H , and by direct reac 
strength gain , albeit at a slightly reduced rate vis - à - vis pure tion of solubilized Ca with aqueous carbonate species . The 
CO2 exposure . This reduced rate of strength gain ( and carbonation of C - SH can result in the release of free 
carbonation ) is on account of the lower abundance of water and the formation of a silica gel with reduced water 
dissolved CO2 in the vapor phase , and hence in the liquid 10 content , as is also predicted by simulations ( see FIG . 7 ) . 
water following Henry's law . However , it should be noted However , such water release ( and increase in the porosity ) 
that after about 10 days of exposure to simulated flue gas , the does not appear to be the cause of the reduced strengths 
strength of the Ca - rich fly ash formulation corresponded to obtained in the Ca - poor fly ash formulations . Rather , it 
those cured in a pure - C0 , atmosphere ( FIG . 6C ) . This is appears as though the presence of reactive Ca intrinsic to the 
significant , as it demonstrates a pathway for clinkering - free 15 fly ash ( glass ) , and the formation of a silica - rich surface 
cementation by synergistic use of both fly ash and untreated layer to which CaCO3 can robustly adhere results in higher 
flue gas of dilute CO2 concentrations sourced from coal - fired strength development in Ca - rich fly ash formations . Given 
power plants . the reduced ability of Ca - poor fly ashes to offer substantial 

To better assess the potential for valorization of diverse carbonation - induced strength gain , the remainder of the 
industrial waste streams of CO2 , the effects of reaction 20 example focuses on better assessing the effects of CO2 
temperature on carbonation and strength gain were further exposure on Ca - rich fly ash formulations . 
examined . As an example , flue gas emitted from coal - fired Indeed , the electron micrographs shown in FIG.9 provide 
power plants features an exit temperature ( TE ) on the order additional insights into morphology and microstructure 
of about 50 ° C.s?Esabout 140 ° C. to reduce fouling and development in Ca - rich fly ash formulations following expo 
corrosion , and to provide a buoyant force to assist in the 25 sure to N2 and CO2 at about 75 ° C. for about 10 days . First , 
evacuation of flue gas through a stack . Since heat secured it is noted that the un - carbonated fly ash formulations show 
from the flue gas is the primary source of thermal activation a loosely packed microstructure with substantial porosity 
of reactions , the carbonation of Ca - rich fly ash formulations ( FIG . 9A ) . Close examination of a fly ash particle shows a 
and their rate of strength gain were examined across a range “ smooth ” surface ( e.g. , see FIG . 9B ) , although alkaline 
of temperatures as shown in FIG . 6C . The rate of strength 30 species might have been leached from the particle's surface . 
gain increases with temperature . This is on account of two In contrast , FIGS . 9C - D reveal the formation of a range of 
factors : ( i ) elevated temperatures facilitate the dissolution of crystals that resemble “ blocks and peanut - like aggregates ” 
the fly ash solids , and the leaching of the fly ash glass , and on the surfaces of Ca - rich fly ash particles — post - carbon 
( ii ) elevated temperatures favor the drying of the fly ash ation . XRD ( FIG . 8 ) and SEM - EDS analyses of these 
formulation , thereby easing the transport of CO2 into the 35 structures confirm their composition as that of calcium 
pore structure which facilitates carbonation . It should how- carbonate ( calcite : CaCO3 ) . The role of calcite and silica gel 
ever be noted that the solubility of CO2 in water decreases that form in these systems is significant in that such gels 
rapidly at temperatures in excess of about 60 ° C. While in serve to reduce the porosity , and effectively bind the other 
a closed system this may suppress the rate of carbonation , wise loosely packed fly ash particles ( FIG . 9A ) , thereby 
the continuous supply of CO2 provisioned herein , in a 40 ensuring " carbonation strengthening ” . Ca - poor fly ash par 
condensing atmosphere ensures that little or no retardation ticles do not show the formation of carbonation products on 
in carbonation kinetics is observed despite an increase in their surfaces , in spite of CO2 exposure ( see FIG . 9E ) . 
temperature . It should also be noted that carbonation reac- Furthermore , the addition of supplemental portlandite to 
tions are exothermic . Therefore , increasing the reaction Ca - poor systems results in a somewhat increased level of 
temperature is expected to retard reaction kinetics ( follow- 45 carbonation product formation on fly ash particle surfaces 
ing Le Chatelier's principle ) ; unless heat were to be carried ( see FIG . 9F ) . These observations highlight the role of not 
away from the carbonating material . Of course , such exo- just the Ca ( and Mg ) -content , but also potentially their 
thermic heat release can further decrease the solubility of spatial distribution on microstructure and strength develop 
CO2 in water by enhancing the local temperature in the ment in carbonated fly ash systems . 
vicinity of the reaction zone . As such , several processes 50 Carbonation Kinetics 
including the dissolution of the fly ash solids , leaching of the FIG . 10A shows CO2 uptake by the Ca - rich fly ash 
fly ash glass , and the transport of solubilized CO2 through formulation as determined by thermal analysis ( by tracking 
the vapor phase and water present in the pore structure the decomposition of CaCO3 ) as a function of time across a 
influence the rate of fly ash carbonation . range of curing temperatures . Both the rate and extent of 

To more precisely isolate the role of Ca content of the fly 55 CO2 uptake , at a given time , increase with temperature . 
ash , further experiments were carried out wherein Ca ( OH ) 2 Although the terminal CO2 uptake ( which is a function of 
or Ca ( NO3 ) 2 were added to the Ca - poor fly ash in order to chemical composition ) might be proposed to be similar 
produce bulk Ca contents corresponding to the Ca - rich fly across all conditions , this was not observed over the course 
ash . Here , it should be noted that while Ca ( OH ) 2 was added of these experiments likely due to kinetic constraints on 
as a solid that was homogenized with the fly ash , Ca ( NO3 ) 2 60 dissolution , and the subsequent carbonation of the fly ash 
was solubilized in the mixing water . The results shown in solids . Nevertheless , a linear correlation between compres 
FIG . 6D highlight that although the Ca ( OH ) 2- and Ca sive strength evolution and the CO2 uptake of a given 
( NO3 ) 2 - enriched Ca - poor fly ashes experienced substantial mixture is noted ( see FIG . 10B ) for both Ca - rich and 
strength increases ( about 35 % ) following carbonation as Ca - poor fly ash formulations . Significantly , a strength gain 
compared to the pristine Ca - poor fly ash , the strengths were 65 on the order of about 3.2 MPa per unit mass of fly ash 
lower than that of the Ca - rich fly ash ( see FIG . 6A ) . carbonated is realized . It should be noted that the Ca - rich fly 
Nevertheless , the enhancement in strength observed in the ash composition examined herein — in theory — has the 
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potential to take - up about 27.1 wt . % CO2 assuming that all growth of carbonate crystals which occurs at early reaction 
the CaO and Mgo therein would carbonate ( e.g. , see XRF times , and whose rate of formation is a function of the 
composition in Table 1 ) . Based on the correlation noted in surface area of the reactant , and ( ii ) a diffusion- ( transport- ) 
FIG . 10B , realizing the highest maximum carbonation limited process which involves transport of CO2 species to 
level — at thermodynamic equilibrium — would produce a 5 microstructure hindered sites wherein carbonation occurs . 
terminal strength on the order of about 86 MPa independent Such kinetics can be described by a generalized reaction of the prevailing reaction conditions ( CO2 concentration , diffusion model as shown in the below : 
and temperature ) . It should be noted however that achieving 
this terminal level of CO2 uptake may be difficult to achieve 
in practice due to the time - dependent : ( i ) formation of 10 Eq . ( 9 ) 
carbonate films of increasing thickness which hinders access [ 1-61 – 2 ) } " ) = 
to the reactants , and ( ii ) formation of a dense microstructure 
that hinders the transport of CO2 through the liquid phase to 
reactive sites . where a is the CO2 uptake ratio ( g of CO2 uptake per g of 

Broadly , mineral carbonation ( the formation of calcite 15 reactant , here fly ash ) , t is the time ( days , d ) , k ( d - l ) is the 
and / or magnesite ) typically takes the form of irreversible apparent reaction rate constant , and n is an index related to 
heterogeneous solid - liquid - gas reactions . In the case of the rate - determining step . For example , n = 1 represents the 
Ca - rich fly ashes , it includes the processes of dissolution and “ contracting volume model ” for rapid initial nucleation and 
hydration of the Ca - rich compounds including B - Ca SiO4 , growth of products from the reactants from an outer surface 
Ca - rich glasses , CaO , Mg ( OH ) 2 , Ca ( OH ) 2 , and so forth , and 20 of a spherical shape . When n = 2 , Equation ( 9 ) reduces to 
the subsequent precipitation of CaCO , and MgCO2 from Jander's model for diffusion - controlled reactions , wherein 
aqueous solution , with reference to , for example , Table 2 , the reaction rate is determined by the transport of reactants 
FIG . 7 , and the following reactions : through the product layer the reaction interface . It should 

CO2 ( g ) + H2O ( 1 ) H2CO3 ( aq ) H * ( aq ) + HCO3 ( aq ) be noted that herein , the presence of liquid water serves to Eq . ( 4 ) 
25 catalyze carbonation reactions , by offering a high pH 

HCO * 3 ( aq ) - > H * ( aq ) + CO2-3 ( aq ) Eq . ( 5 ) medium that can host mobile Coz 
FIG . 11 shows fits of Equation ( 9 ) to the experimental 

XO ( s ) + H2O ( 1 ) ~ X ( OH ) 2 ( s ) - > X2 + ( aq ) + 20H- ( aq ) , carbonation data taken from FIG . 10A for different carbon 
where X = Ca , Mg Eq . ( 6 ) ation temperatures . A clear change in slope is noted just prior 

30 to a reaction interval of about 2 days . Across all tempera 
X2SiO4 ( s ) + 4H + ( aq ) 2X2 + ( aq ) + SiO2 ( S ) + 2H2O ( 1 ) Eq . ( 7 ) tures , initially the slopes ( m , unitless ) of all the curves , 

wherein m = 1 / n , are on the order of : m = 130.2 , while after X2 + ( aq ) + CO2-3 ( aq ) -XCO3 ( s ) Eq . ( 8 ) about 2 days , m = 0.5 + 0.1 . The slight deviation of the slopes 
Simultaneous to the dissolution and hydration of the from their ideal values ( n = 1 and 2 ) is postulated to be on 

solids , vapor phase CO2 will dissolve in water , as dictated by 35 account of the wide - size distributions of the fly ash particles 
its equilibrium solubility ( as described by Henry's law ) at and the irregular coverage of particles by the carbonation 
the relevant pH and temperature . As ionized species from the products , for example as shown in FIG.9 . The rate constants 
reactants and dissolved CO2 accumulate in the liquid phase , obtained from the fittings shown in FIG . 10A were used to 
up to achieving supersaturation described by the ratio of calculate the apparent activation energy of the two steps of 
the ion activity product to the solubility product for a given 40 carbonation reactions , namely a topochemical reaction step , 
compound , such as calcite precipitation occurs thereby followed by a diffusion - limited step . This analysis reveals : 
reducing the supersaturation level . Ca- or Mg - bearing com- ( i ) E9,1 = about 8.9 kJ / mole for surface nucleation reactions 
pounds in the fly ash would continue to dissolve as the indicative of a small dependence of reaction rate on tem 
solution remains under - saturated with respect to these perature , and ( ii ) Eq.2 = about 24.1 kJ / mole for diffusion 
phases due to the precipitation of carbonates , ensuring 45 controlled reaction . That the activation energy for surface 
calcite and / or magnesite formation until the readily available nucleation reaction is much lower than that for diffusion 
quantity of these reactant compounds is exhausted and the controlled reaction indicates that the carbonation reaction is 
system reaches equilibrium . It should be noted that in fly ash dominated by nucleation and growth of carbonation prod 
mixtures , wherein the abundance of alkaline compounds is ucts initially . However , as carbonation reaction progresses , 
substantial , where a large Ca / alkaline - buffer exists , the dis- 50 the precipitation of carbonation products results in the 
solution of gas - phase CO2 which would otherwise acidify formation of a barrier layer on the fly ash particles ( see FIG . 
the pore solution has little impact on altering the solution 9 ) —that binds the particles together and simultaneously 
pH . increases the resistance to the transport of CO2 species to 

It should furthermore be noted that , in the case of the fly carbonation sites . As a result , the transport step assumes rate 
ash cubes tested for compressive strength ( following ASTM 55 control in the later stages of carbonation reactions . 
C109 ) ( see FIG . 10C , and associated thin - section analysis ) 
or in the case of fly ash particulates ( e.g. , see FIG . 9 ) , in CONCLUSIONS 
general , carbonation reactions proceed inward from the 
surface to the interior and the surface reacts faster than the Results set forth in this example demonstrate that expo 
bulk . The kinetics of such reactions can be analyzed by 60 sure to concentrations of CO2 in moist environments , at 
assessing how the rate of conversion of the reactants is ambient pressure , and at sub - boiling temperatures can pro 
affected by process variables . For example , as noted above duce cemented solids whose properties are sufficient for use 
in FIG . 10A , it is seen that carbonation occurs rapidly at in structural construction . Indeed , Ca - rich fly ash solids , 
short reaction times , and its rate progressively decreases following CO2 exposure achieve a strength of about 35 MPa 
with increasing reaction time . This nature of rapid early- 65 after about 7 days or so , and take - up about 9 % CO2 by mass 
reaction , followed by an asymptotic reduction in the reaction of reactants . Detailed results from thermodynamic model 
rate at later times can be attributed to : ( i ) the nucleation and ing , XRD analyses , and SEM observations indicate that fly 
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ash carbonation results in the formation of a range of out imposing additional criteria for emissions control . The 
reaction products , namely calcite , hydrous silica , and poten- proposed approach is significant since within a lifecycle 
tially some C — S — H which collectively bond proximate analysis ( LCA ) framework wherein there is no embodied 
particles into a cemented solid . Careful analysis of kinetic CO2 impact associated with reactants such as coal combus 
( rate ) data using a reaction - diffusion model highlights two 5 tion wastes or emitted CO2 , and wherein processing energy 
rate - controlling reaction steps : ( a ) where the surface area of ( heat ) is secured from the flue gas stream — fly ash carbon 
the reactants , and the nucleation and growth of carbonate ation , by virtue of active CO , uptake , and CO2 avoidance 
crystals there upon is dominant at early reaction times ( by diminishing the production and use of OPC ) has the 
( E 9,1 = about 8.9 kJ / mole ) , and ( b ) a later - age process which potential to yield CO2 negative pathways for cementation , 
involves the diffusion of CO2 species through thickening 10 and hence construction . 
surficial barriers on reactant sites ( E4,2 = about 24.1 kJ / mole ) . As used herein , the singular terms “ a , ” “ an , ” and “ the ” 
It is noted that due to their reduced content of accessible [ Ca , may include plural referents unless the context clearly 
Mg ] species , Ca - poor fly ashes feature reduced potential dictates otherwise . Thus , for example , reference to an object 
vis - à - vis Ca - rich fly ashes for CO2 uptake , and carbonation may include multiple objects unless the context clearly 
strengthening . Although the provision of extrinsic Ca 15 dictates otherwise . 
sources to Ca - poor fly ashes can somewhat offset this As used herein , the term “ set ” refers to a collection of one 
reduced content , the observations indicate that not just the or more objects . Thus , for example , a set of objects can 
total amount ( mass abundance ) of [ Ca , Mg ] , but also its include a single object or multiple objects . Objects of a set 
reactivity and spatial distribution contribute toward deter- can be the same or different . 
mining a fly ash solid's suitability for CO2 uptake and 20 As used herein , the terms " connect , " " connected , ” and 
carbonation strengthening . Furthermore , it is noted that " connection ” refer to an operational coupling or linking . 
strength gain is linearly related to the extent of carbonation Connected objects can be directly coupled to one another or 
( CO , uptake ) . This indicates a way to estimate strength gain can be indirectly coupled to one another , such as via one or 
if the extent of carbonation can be known , or vice - versa . more other objects . 
These observations are significant in that they demonstrate 25 As used herein , the terms “ substantially ” and “ about ” are 
a route for producing cemented solids by an innovative used to describe and account for small variations . When 
clinkering - free , carbonation based pathway . used in conjunction with an event or circumstance , the terms 

Implications on Solid and Flue Gas CO2 Waste Valoriza- can refer to instances in which the event or circumstance 
tion in Coal - Fired Power Plants : occurs precisely as well as instances in which the event or 

Electricity generation from coal and natural gas combus- 30 circumstance occurs to a close approximation . For example , 
tion results in the production of substantial quantities of when used in conjunction with a numerical value , the terms 
combustion residues and CO2 emissions . For example , in the can refer to a range of variation of less than or equal to + 10 % 
United States alone , coal combustion ( for electricity pro- of that numerical value , such as less than or equal + 5 % , 
duction ) resulted in the production of nearly about 120 less than or equal to + 4 % , less than or equal to 13 % , less 
million tons of coal - combustion residuals ( CCRs ) , and about 35 than or equal to + 2 % , less than or equal to + 1 % , less than or 
1.2 billion tons of CO2 emissions in 2016. While some CCRs equal to + 0.5 % , less than or equal to + 0.1 % , or less than or 
find use in other industries ( e.g. , FGD gypsum , fly ash , and equal to + 0.05 % . For example , a first numerical value can be 
so forth ) , the majority of CCRs continue to be land - filled . “ substantially ” or “ about the same as a second numerical 
For example , in the United States , about 45-55 wt . % of the value if the first numerical value is within a range of 
annual production of fly ash is beneficially utilized for 40 variation of less than or equal to 110 % of the second 
example , to replace cement in the binder fraction in tradi- numerical value , such as less than or equal to 35 % , less than 
tional concrete — while the rest is disposed in landfills . Such or equal to 14 % , less than or equal to + 3 % , less than or equal 
underutilization stems from the presence of impurities in the to + 2 % , less than or equal to + 1 % , less than or equal to 
fly ash including unburnt carbon and calcium sulfate that + 0.5 % , less than or equal to + 0.1 % , or less than or equal to 
forms due to the sulfation of lime that is injected for air 45 10.05 % . 
pollution control ( APC ) , compromising the durability of Additionally , amounts , ratios , and other numerical values 
traditional concrete . The materials examined herein , namely are sometimes presented herein in a range format . It is to be 
fly ashes that are cemented by carbonation , should not be understood that such range format is used for convenience 
affected by the presence of such impurities as a result , a and brevity and should be understood flexibly to include 
wide range of Ca - rich fly ash sources — including those 50 numerical values explicitly specified as limits of a range , but 
containing impurities , and mined from historical reservoirs also to include all individual numerical values or sub - ranges 
( “ ash ponds ” ) can be usable for carbonation - based fly ash encompassed within that range as if each numerical value 
cementation . Given that fly ash carbonation can be effected and sub - range is explicitly specified . For example , a range of 
at sub - boiling temperatures using dilute , untreated ( flue - gas ) about 1 to about 200 should be understood to include the 
CO2 streams , the outcomes of this example create a pathway 55 explicitly recited limits of about 1 and about 200 , but also to 
for the simultaneous utilization of both solid- and vapor- include individual values such as about 2 , about 3 , and about 
borne wastes created during coal combustion . Such routes 4 , and sub - ranges such as about 10 to about 50 , about 20 to 
for waste , and especially CO2 valorization create value- about 100 , and so forth . 
addition pathways that can be achieved without a need for While the disclosure has been described with reference to 
carbon capture ( or CO2 concentration enhancement ) . Impor- 60 the specific embodiments thereof , it should be understood by 
tantly , the streamlined nature of this carbonation process those skilled in the art that various changes may be made and 
ensures that it well - suited for co - location ( “ bolt - on , stack- equivalents may be substituted without departing from the 
tap ” integration ) with large point - source CO2 emission sites true spirit and scope of the disclosure as defined by the 
including petrochemical facilities , coal / natural gas fired appended claims . In addition , many modifications may be 
power plants , and cement plants . In each case , emitted flue 65 made to adapt a particular situation , material , composition of 
gas can be used to provide both waste heat to hasten matter , method , operation or operations , to the objective , 
chemical reactions , and CO2 to ensure mineralization with- spirit and scope of the disclosure . All such modifications are 
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intended to be within the scope of the claims appended 10. The system of claim 9 , wherein the set of heat 
hereto . In particular , while certain methods may have been exchangers includes a set of finned - tube heat exchangers . 
described with reference to particular operations performed 11. The system of claim 9 , wherein the capacitive con 
in a particular order , it will be understood that these opera centrator includes a set of electrodes and an electrical source 
tions may be combined , sub - divided , or re - ordered to form 5 connected to the set of electrodes . 
an equivalent method without departing from the teachings 12. The system of claim 9 , wherein the capacitive con 
of the disclosure . Accordingly , unless specifically indicated centrator for controlled concentration of calcium ions and / or 
herein , the order and grouping of the operations are not a magnesium ions includes a membrane filtration device . 
limitation of the disclosure . 13. The system of claim 12 , wherein the membrane 

filtration device comprises at least one nanofiltration mem 
What is claimed is : brane or reverse osmosis membrane . 
1. A system for manufacturing a concrete product , com 14. The system of claim 9 , further comprising a carbon 

prising : ation reactor that may be connected to the leaching reactor 
a leaching reactor ; and the precipitation reactor and configured to source carbon 

dioxide from the flue gas stream . a precipitation reactor connected to the leaching reactor ; 
a set of heat exchangers thermally connected to the 15. The system of claim 14 , further comprising a mixer 

connected between the leaching reactor , the precipitation leaching reactor and the precipitation reactor and con reactor , and the carbonation reactor . figured to source heat from a flue gas stream and 
transfer residual heat from the flue gas to liquid water 16. The system of claim 15 , further comprising an 
feeding the leaching and precipitation reactors . extruder or a pressing , molding , or forming device con 

nected between the mixer and the carbonation reactor . 2. The system of claim 1 , wherein the set of heat exchang 
ers includes a set of finned - tube heat exchangers . 17. The system of claim 14 , wherein the carbonation 

reactor includes : 3. The system of claim 1 , further comprising a capacitive 
concentrator for controlled concentration of calcium ions a reaction chamber , and 
and / or magnesium ions connected between the leaching a gas exchange mechanism connected to the reaction 
reactor and the precipitation reactor . chamber and configured to : 

4. The system of claim 3 , wherein the capacitive concen expose , during an initial time period , contents of the 
reaction chamber to a first gas reactant having a first trator includes a set of electrodes and an electrical source 

connected to the set of electrodes . carbon dioxide concentration ; and 
5. The system of claim 1 , further comprising a carbon expose , during a subsequent time period , the contents 

ation reactor that may be connected to the leaching reactor to a second gas reactant having a second carbon 
and the precipitation reactor and configured to source carbon dioxide concentration that is greater than the first 
dioxide from the flue gas stream . carbon dioxide concentration . 

6. The system of claim 5 , further comprising a mixer 18. The system of claim 3 , wherein the capacitive con 
connected between the leaching reactor , the precipitation 35 magnesium ions includes a membrane filtration device . centrator for controlled concentration of calcium ions and / or 
reactor , and the carbonation reactor . 

7. The system of claim 6 , further comprising an extruder 19. The system of claim 18 , wherein the membrane 
or a pressing , molding , or forming device connected filtration device comprises at least one nanofiltration mem 
between the mixer and the carbonation reactor . brane or reverse osmosis membrane . 

8. The system of claim 5 , wherein the carbonation reactor 40 product using the system of claim 1 , wherein the method 20. A method of manufacturing a carbonated concrete 
includes : 

a reaction chamber ; and comprises : 
a gas exchange mechanism connected to the reaction subjecting the solids to dissolution in the leaching reactor 

chamber and configured to : to yield an solution comprising calcium ions and / or 
expose , during an initial time period , contents of the magnesium ions ; 

reaction chamber to a first gas reactant having a first concentrating the calcium and / or magnesium - ion solu 
tion ; carbon dioxide concentration ; and 

expose , during a subsequent time period , the contents transferring at least a portion of the concentrated calcium 
to a second gas reactant having a second carbon and / or magnesium - ion solution to the precipitation 

reactor ; dioxide concentration that is greater than the first 
carbon dioxide concentration . inducing precipitation of the calcium and / or magnesium 

9. A system for manufacturing a concrete product , com ion solution in the precipitation reactor to yield port 
landite ; prising : 

a leaching reactor ; forming a cementitious slurry including the portlandite ; 
a precipitation reactor connected to the leaching reactor ; shaping the cementitious slurry into a structural compo 

nent ; a set of heat exchangers thermally connected to the 
leaching reactor and the precipitation reactor and con placing the structural component in a carbonation reactor ; 

and figured to source heat from a flue gas stream ; and 
a capacitive concentrator for controlled concentration of exposing the structural component to carbon dioxide 

calcium ions and / or magnesium ions connected sourced from the flue gas stream , thereby forming the 
carbonated concrete product . between the leaching reactor and the precipitation 

reactor . 
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