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A B S T R A C T

The production of ordinary portland cement (OPC) is a CO2 intensive process. Specifically, OPC clinkering
reactions not only require substantial energy in the form of heat, but they also result in the release of CO2; i.e.,
from both the decarbonation of limestone and the combustion of fuel to provide heat. To create alternatives to
this CO2 intensive process, this paper demonstrates a new route for clinkering-free cementation by the carbo-
nation of fly ash; i.e., a by-product of coal combustion. It is shown that in moist environments and at sub-boiling
temperatures, Ca-rich fly ashes react readily with gas-phase CO2 to produce robustly cemented solids. After
seven days of exposure to vapor-phase CO2 at 75 °C, such formulations achieve a compressive strength of around
35 MPa and take-up 9% CO2 (i.e., by mass of fly ash solids). On the other hand, Ca-poor fly ashes due to their
reduced alkalinity (i.e., low abundance of mobile Ca- or Mg-species), show limited potential for CO2 uptake and
strength gain—although this deficiency can be somewhat addressed by the provision of supplemental/extrinsic
Ca agents. The roles of CO2 concentration and processing temperature are discussed, and linked to the progress
of reactions and the development of microstructure. The outcomes create new pathways for achieving clin-
kering-free cementation while enabling the beneficial utilization (“upcycling”) of emitted CO2 and fly ash; i.e.,
two abundant, but underutilized industrial by-products.

1. Introduction and background

Over the last century, for reasons of its low-cost and the widespread
geographical abundance of its raw materials, ordinary portland cement
(OPC) concrete has been used as the primary material for the con-
struction of buildings and other infrastructure [1–3]. However, the
production of OPC is a highly energy- and CO2-intensive process. For
example, at a production level of 4.2 billion tons annually [4]
(equivalent to> 30 billion tons of concrete produced [5]), OPC pro-
duction accounts for approximately 3% of primary energy use and re-
sults in nearly 9% of anthropogenic CO2 emissions, globally [2]. Such
CO2 release is attributed to factors including: (i) the combustion of fuel
required for clinkering the raw materials (i.e., limestone and clay) at
1450 °C [6,7], and, (ii) the release of CO2 during the calcination of
limestone in the cement kiln [2,7]. As a result, around 0.9 tons of CO2

are emitted per ton of OPC produced [8]. Therefore, there is great need
to reduce the CO2 footprint of cement, and secure alternative solutions
for ‘cementation’ as required for building and infrastructure construc-
tion.

Furthermore, there exist unique challenges associated with the
production of electricity using coal (or natural gas) as the fuel source.
For example, coal power is not only associated with significant CO2

emissions (i.e., 30% of anthropogenic CO2 emissions worldwide [9]),
but also results in the accumulation of significant quantities of solid
wastes such as fly ash (600 million tons annually worldwide [10]).
While considerable efforts have been made to replace OPC in the binder
fraction of concrete by supplementary cementitious materials (SCMs)
such as fly ash, the extent of such utilization remains limited. For ex-
ample, in the U.S., only around 45% of all fly ash produced annually is
beneficially utilized to partially replace in the concrete [11]. In spite of
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supportive frameworks [12], such limited use is due to factors in-
cluding: (i) the presence of impurities including air-pollution control
(APC) residues and unburnt carbon as a result of which some fly ashes
are non-compliant (e.g., as per ASTM C618 [13]) for use in traditional
OPC concrete, due to durability concerns [14,15], and, (ii) increasing
cement replacement (i.e., fly ash dosage) levels to greater than 25 mass
% is often associated with extended setting times and slow strength gain
resulting in reduced constructability of the concrete [14,16].

Clearly, there is an immediate need to valorize or beneficially utilize
(“upcycle”) vapor and solid wastes associated with coal power pro-
duction. However, given the tremendous scale of waste production,
there is a need to secure upcycling opportunities of some prominence;
e.g., within the construction sector wherein large-scale utilization of
upcycled materials can be achieved. This condition could be satisfied if
the “upcycled solution” is able to serve as an alternative to OPC (and
OPC-concrete) so long as it is able to fulfill the functional and perfor-
mance requirements of construction. Mineral carbonation (i.e., con-
version of vapor phase CO2 into a carbonaceous mineral, e.g., CaCO3)
has been proposed as a promising route to sequester CO2 in alkaline
solids [17–19]. In such a process, CO2 is sequestered by the chemical
reaction of CO2 streams with light-metal oxides to form thermo-
dynamically stable carbonates; thus enabling permanent and safe sto-
rage of CO2 [19]. While numerous studies have examined different al-
kaline waste streams to render cementation solutions—for example,
coal combustion residues [20], municipal incinerator wastes [21], and
wastes from iron and steel production [22,23]—the low production
throughput, or severe operating conditions (i.e., high temperature and
elevated CO2 pressure) [7,21,24,25] have made typical approaches
difficult to implement at a practical scale [17]. As such, in this study,
two abundant by-products secured from coal-fired power plants (i.e., fly
ash and CO2 borne in flue gas) are utilized to demonstrate a route to-
wards achieving cementation, by the carbonation of fly ash and without
any need for clinkering (i.e., the traditional high temperature process of
OPC production). It is shown that Ca-rich fly ashes react readily with
CO2 under moist conditions, at atmospheric pressure and at sub-boiling
temperatures. The influences of Ca availability in the fly ash, CO2

concentration, and processing temperature on reaction kinetics and
strength gain are discussed. Taken together, the outcomes of this study
create new opportunities for the simultaneous valorization of solid
wastes and flue gas borne CO2, within an integrated process.

2. Materials and methods

2.1. Materials

Class C (Ca-rich) and Class F (Ca-poor) fly ashes compliant with
ASTM C618 [13] were used. An ASTM C150 [26] compliant Type I/II
ordinary portland cement (OPC) was used as a cementation reference.
The bulk oxide compositions of the fly ashes and OPC as determined by
X-ray fluorescence (XRF) are shown in Table 1. The crystalline com-
positions of the Ca-rich and Ca-poor fly ashes as determined using X-ray
diffraction (XRD) are shown in Table 2. It should be noted that these
two fly ashes were used since they represent typical Ca-rich and Ca-
poor variants in the U.S., and since Ca content is expected to strongly
influence the extent of CO2 uptake and strength development of car-
bonated fly ash formulations.

2.2. Experimental methods

2.2.1. Particle size distribution and specific surface area
The particle size distribution (PSD) of OPC was measured using

static light scattering (SLS) using a Beckman Coulter LS13-320 particle
sizing apparatus fitted with a 750 nm light source. The solid was dis-
persed into primary particles via ultrasonication in isopropanol (IPA),
which was also used as the carrier fluid. The complex refractive index of
OPC was taken as 1.70 + 0.10i [28]. The uncertainty in the PSD was

around 6% based on six replicate measurements. From the PSD, the
specific surface area (SSA, units of m2/kg) of OPC was calculated by
factoring in its density of 3150 kg/m3, whereas the SSAs of the fly ashes
were determined by N2-BET measurements, as previously reported (see
Table 1) [27].

2.2.2. Carbonation processing
Cementitious formulations are processed in the form of slurries, i.e.,

mixtures of solids (discrete particles) in water (continuous phase) [14].
To maintain consistency with established methods of processing ce-
menting materials, slurries of fly ash in deionized (DI) water (i.e., fly
ash pastes) were formulated using a planetary mixer at a water-to-solids
mass ratio of 0.20 (w/s = 0.20). The fly ash pastes offered sufficient
fluidity such that they could be poured—following ASTM C192 [29].
The pastes were then cast into molds to prepare cubic specimens with a
dimension of 50 mm on each side. Following 2 h of curing in the molds
at temperature, T = 45 ± 0.2 °C and relative humidity,
RH = 50 ± 1%, the specimens were demolded after which on account
of evaporation they featured a reduced water content, i.e., w/s = 0.15,
but were able to hold form; that is, they were “shape stabilized”. At this

Table 1
The simple oxide composition of the fly ashes and OPC as determined using X-ray
fluorescence (XRF) [27].

Simple Oxide Mass (%)

Ca-rich Fly Ash Ca-poor Fly
Ash

Type I/II OPC

SiO2 35.44 53.97 20.57
Al2O3 17.40 20.45 5.19
Fe2O3 7.15 5.62 3.44
SO3 2.34 0.52 2.63
CaO 26.45 12.71 65.99
Na2O 1.90 0.57 0.17
MgO 5.73 2.84 1.37
K2O 0.53 1.11 0.31
P2O5 0.95 0.30 0.08
TiO2 1.19 1.29 0.26
Density (kg/m3) 2760 2470 3150
Specific surface area

(SSA, m2/kg)a
4292.6 616.8 442.6

a The surface area of the Ca-rich (Class C) fly ash is significantly overestimated by N2

adsorption due to the presence of unburnt carbon [27]. However, based on kinetic ana-
lysis of reaction rates in OPC + fly ash + water systems, it can be inferred that the re-
active surface areas of both the Ca-rich and Ca-poor fly ashes are similar to each other,
and that of OPC. Further discussion regarding the surface areas of these materials can be
found elsewhere [27].

Table 2
The mineralogical composition of the fly ashes and OPC as determined using quantitative
X-ray diffraction (XRD) and Rietveld refinement [27].

Composition Mass %

Ca-rich Fly Ash Ca-poor Fly Ash Type I/II OPC

Lime (CaO) 1.16 – 0.5
Periclase (MgO) 3.81 0.30 –
Quartz (SiO2) 10.06 16.64 –
Calcite (CaCO3) 0 0 4.60
Mullite (Al6Si2O13) 0.86 5.08 –
Anhydrite (CaSO4) 2.80 0.97 1.2
Gypsum(CaSO4·2H2O) – – 1.1
Magnetite (Fe3O4) 1.66 1.76 –
Merwinite (Ca3Mg(SiO4)2) 6.98 – –
Gehlenite (Ca2Al2SiO7) 4.45 – –
Ca2SiO4 (C2S) 4.93 – 18.00
Ca4Al2Fe2O10 (C4AF) – – 11.40
Ca3Al2O6 (C3A) 8.03 – 6.30
Ca3SiO5 (C3S) – – 56.50
Amorphous 55.26 75.25 –
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time, the cubes were placed in a carbonation reactor, a schematic of
which is shown in Fig. 1.

Gas-phase CO2 at atmospheric pressure with a purity of 99.5%
(“pure CO2”) was used for carbonation. On the other hand, 99% pure N2

at atmospheric pressure was used as a control vapor that simulated
ambient air (i.e., with a CO2 abundance of around 400 ppm [30]). In
addition, a simulated flue gas was created by mixing the pure N2 and
pure CO2 streams to yield a vapor with 12% CO2 (v/v) as confirmed
using an Inficon F0818 gas chromatography (GC) instrument. Prior to
contacting the samples, all gas streams were bubbled into an open,
water-filled container to produce a condensing environment in the re-
actor (i.e., as shown in Fig. 1). Each of the vapors were contacted with
the cubical samples at temperatures of 45 ± 0.2 °C, 60 ± 0.2 °C, and
75 ± 0.2 °C.

2.2.3. Compressive strength
The compressive strengths of the fly ash cubes (i.e., both control

samples, and those exposed to CO2) were measured at 1 day intervals
following ASTM C109 [31] for up to 10 days. All strength data reported
herein are the average of three replicate specimens cast from the same
mixing batch. For comparison, the compressive strengths of neat OPC
pastes prepared at w/s = 0.30, 0.40, 0.50, and 0.60 were measured
after 1, 3, 7, and 28 days of immersion and curing in a Ca(OH)2-satu-
rated solution (“limewater”) at 23 ± 2 °C.

2.2.4. CO2 uptake by fly ash formulations
CO2 uptake due to carbonation of the fly ashes was quantified by

two methods: (i) a mass-gain method, and, (ii) thermogravimetric
analysis (TGA). The mass-gain method was used to estimate the average
CO2 uptake of the bulk cubic specimen from the mass gain of three
replicate cubes following CO2 contact as given by Eq. (1),

=
−w m m

m
t i

a (1)

where, w (g/g) is the CO2 uptake of a given cube, mt (g) is the mass of
the specimen following CO2 contact over a period of time t (days), mi

(g) is the initial mass of the specimen, and ma (g) is the mass of dry fly
ash contained in the specimen (i.e., estimated from the mixture pro-
portions). It should be noted that carbonation is an exothermic reaction;
thus it could result in the evaporation of water from the sample.
However, since herein, curing was carried out in a near-condensing
atmosphere, mass measurements before and after carbonation revealed
no mass loss due to (moisture) evaporation. The ratio of CO2 uptake at
time t to that assessed at the end of the experiment (i.e., CO2 uptake
fraction, α) is given by Eq. (2),

=
−

−

α m m
m m

t i

f i (2)

where, mf (g) is the final mass of a given cubical specimen following
10 days of CO2 exposure.

TGA was used to determine the extent of CO2 uptake at different
depths in the fly ash cubes, from the surface to the center in 5 mm
increments. To accomplish so, cubes were sectioned longitudinally
using a hand saw. Then, samples were taken from the newly exposed
surface along a mid-line using a drill at a sampling resolution of
around ± 1 mm. The dust and debris obtained during drilling, at de-
fined locations along the center-line, were collected and pulverized for
thermal analysis in a PerkinElmer STA 6000 simultaneous thermal
analyzer (TGA/DTG/DTA) provided with a Pyris data acquisition in-
terface. Herein, ≈30 mg of the powdered sample that passed a 53 μm
sieve was heated under ultra-high purity (UHP)-N2 gas purged at a flow
rate of 20 mL/min and heating rate of 10 °C/min in pure aluminum
oxide crucibles over a temperature range of 35-to–980 °C. The mass loss
(TG) and differential weight loss (DTG) patterns acquired were used to
quantify the CO2 uptake by assessing the mass loss associated with
calcium carbonate decomposition in the temperature range
550 °C ≤ T≤ 900 °C [7]. It should be noted that because our quanti-
fications of CO2 uptake are based on the amount of CO2 sequestered in
the solid phase (i.e., in the form of CaCO3), a correction for the amount
of CO2 dissolved in water (i.e., CO2(aq), as determined by Henry’s law
[32], and the species CO3

2− and HCO3−) is not needed. The mass-based
method of assessing the extent of carbonation and the spatially resolved
TGA method indicate, on average, similar levels of carbonation, as
noted below.

2.2.5. X-ray diffraction (XRD)
To qualitatively examine the effects of carbonation, the miner-

alogical compositions of fly ash mixtures before and after CO2 ex-
posure were assessed using XRD. Here, entire fly ash cubes were
crushed and ground into fine powders, and XRD patterns were col-
lected by scanning from 5-to-70° (2θ) using a Bruker-D8 Advance
diffractometer in a θ-θ configuration with Cu-Kα radiation
(λ = 1.54 Å) fitted with a VANTEC-1 detector. Representative powder
samples were examined to obtain averaged data over the whole cube.
The diffractometer was run in continuous mode with an integrated
step scan of 0.021° (2θ). A fixed divergence slit of 1.00° was used
during X-ray data acquisition. To minimize artifacts resulting from
preferred orientation and to acquire statistically relevant data, the
(powder) sample surface was slightly textured and a rotating sample
stage was used.

2.2.6. Scanning electron microscopy (SEM)
The morphology and microstructure of the uncarbonated and car-

bonated fly ash mixtures were examined using a field emission scanning
electron microscope provisioned with an energy dispersive X-ray

Fig. 1. A schematic of the carbonation reactor showing the vapor
streams, sample placement, and monitoring and control units (e.g.,
flow-meters, pressure regulators, temperature/relative humidity [T/
RH] meters, and gas chromatograph (GC)).
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spectroscopy detector (SEM-EDS; FEI NanoSEM 230). First, hardened
samples were sectioned using a hand saw. Then, these freshly exposed
sections were taped onto a conductive carbon adhesive and then gold-
coated to facilitate electron conduction and minimize charge accumu-
lation on the (otherwise) non-conducting surfaces [28]. Secondary
electron (SE) images were acquired at an accelerating voltage of 10 kV
and a beam current of 80 pA.

2.3. Thermodynamic simulations of phase equilibria and CO2 uptake

To better understand the effects of carbonation on the mineralogy
and mechanical property development of carbonated fly ashes,
thermodynamic calculations were carried out using GEM-Selektor,
version 2.3 (GEMS, see Kulik et al. [33,34]). GEMS is a broad-pur-
pose geochemical modeling code which uses Gibbs energy mini-
mization criteria to compute equilibrium phase assemblages and
ionic speciation in a complex chemical system from its total bulk
elemental composition. Chemical interactions involving solid phases,
solid solutions, and the aqueous electrolyte(s) are considered si-
multaneously. The thermodynamic properties of all the solid and the
aqueous species were sourced from the GEMS-PSI database [35–37],
with additional data for the cement hydrates sourced from elsewhere
[38–40]. The Truesdell-Jones modification of the extended Debye-
Hückel equation (see Eq. (3)) [41] was used to account for the effects
of solution non-ideality:

=

−

+

+ +γ
Az I

Bα I
bIlog

1
logj

j

j

x
X

2

10
jw

w (3)

where, γj is the activity coefficient of jth ion (unitless); zj is the charge
of jth ion, αj is the ion-size parameter (i.e., effective hydrated dia-
meter of jth ion, Å), A (kg1/2·mol−1/2) and B (kg1/2·mol−1/2·m−1) are
pressure, p- and T-dependent Debye-Hückel electrostatic parameters
[37], b is a semi-empirical parameter that describes short-range in-
teractions between charged aqueous species in an electrolyte, I is the
molal ionic strength of the solution (mol/kg), xjw is the molar
quantity of water, and Xw is the total molar amount of the aqueous
phase. It should be noted that this solution phase model is suitable
for I ≤ 2.0 mol/kg beyond which, its accuracy is reduced [33]. In the
simulations, Ca-rich and Ca-poor fly ashes were reacted with water in
the presence of a vapor phase consisting of: (a) air (≈ 400 ppm CO2),
(b) 12% CO2 (88% N2, v/v), and, (c) 100% CO2 (v/v). The calcula-
tions were carried out at T = 75 °C and p = 1 bar. The solid phase
distribution was calculated as a function of degree of reaction of the
fly ash, until either the pore solution is exhausted (i.e., constraints on
water availability) or the fly ash is fully reacted.

3. Results and discussion

3.1. Carbonation strengthening

Fig. 2(a) shows the compressive strength development as a function
of time for Class C (Ca-rich) and Class F (Ca-poor) fly ash pastes car-
bonated in pure CO2 at 75 °C. The Ca-rich fly ash formulations show
rapid strength gain following exposure to CO2, particularly during the
first 6 days. For example, after only 3 days of CO2 exposure, the car-
bonated formulation achieves a strength of 25 MPa, whereas a strength
on the order of 35 MPa is produced after 7 days of CO2 exposure. On the
other hand, as also seen in Fig. 2(a), when the Ca-rich formulation was
exposed to N2 at the same T, RH, and gas flow rate (i.e., serving as a
“control” system), a strength of only 15 MPa develops after 7 days, due
to limited reaction of readily soluble Ca-compounds with any available
silica, water, and ambient CO2. As such, the level of strength developed
in the control system is less than half of that in the carbonated (Ca-rich)
fly ash formulation. The extent of strength development that is noted in
the carbonated system is significant as it suggests that carbonated

binders can fulfill code-based (strength) criteria relevant to structural
construction1 (i.e., ≥30 MPa as per ACI 318 [43]).

To provide a point of reference, the compressive strengths of neat-
OPC formulations were measured across a range of w/s. For example,
Fig. 2(b) shows that the compressive strength of a Ca-rich fly ash for-
mulation following exposure to CO2 for 7 days at 75 °C—around
35 MPa—is equivalent to that of an OPC formulation prepared at w/
s≈ 0.50 and cured in limewater at 23 °C over the same time period. It is
important to note, however, that the fly ash formulations show a sig-
nificantly reduced rate of strength gain after 7 days—likely due to the
consumption of readily available species (Ca, Mg) that can form carbo-
nate compounds. On the other hand, OPC systems show a strength in-
crease on the order of 30% from 7 days to 28 days (i.e., a common aging
period that is noted in building codes [43]) of maturation across all w/s.

Furthermore, Fig. 2(a) also indicates that, unlike the “carbonation
strengthening” seen in Ca-rich fly ash formulations, Ca-poor fly ash
systems showed a strength of≤ 7 MPa even after 10 days of carbona-
tion, a gain of only ≤ 2 MPa following CO2 exposure vis-à-vis a system
cured in a N2 atmosphere. This suggests that, in general, Ca-poor fly
ashes feature little potential for CO2 mineralization or strength gain
following CO2 exposure because the amount of Ca and Mg available
therein is either insufficient or not easily available for reaction (e.g., see
Table 1, Fig. 4). This suggests that carbonation strengthening is dom-
inantly on account of the presence of reactive, alkaline compounds, i.e.,
Ca- and Mg-bearing compounds (e.g., CaO, MgO, etc.), and Ca present
in the fly ash glass (see Tables 1 and 2), that can react with CO2. It
should also be noted that unlike the Ca-poor fly ash, the Ca-rich fly ash
contains cementitious phases such as Ca2SiO4, Ca2Al2SiO7, and
Ca3Al2O6 (see Table 2), which upon hydration (and carbonation) form
cementitious compounds such as the calcium-silicate-hydrates (C-S-H),
or in a CO2 enriched atmosphere, calcite and hydrous silica (e.g., see
Figs. 3 and 4). As a result, when such Ca-rich fly ash reacts with CO2 in
a moist, super-ambient (i.e., but sub-boiling) environment, carbonate
compounds such as calcite (CaCO3) and magnesite (MgCO3) are formed
as shown in Figs. 3 and 4. This is not observed in the Ca-poor fly ash due
to both its much lower total Ca and Mg content and their lower re-
activity [27,44] (e.g., see Figs. 3 and 4, which shows little if any for-
mation of carbonate minerals following CO2 exposure). It should be
noted that while the extents of reaction of the fly ashes (i.e., Ca-rich or
Ca-poor) were not explicitly assessed, it is expected that their degree of
reaction is ≤ 25% for the short reaction times and over the temperature
conditions of relevance to this study [45].

In general, upon contact with water, the reactive crystalline (e.g.,
CaO, Ca3Al2O6, etc.) and amorphous compounds present in a Ca-rich fly
ash are expected to rapidly dissolve in the first few minutes. As the pH
systematically increases, with continuing dissolution, alkaline species
including Na, K, Ca are expected to be released progressively from the
glassy compounds [46]. This is expected to result in the development of
a silica-rich rim on the surfaces of fly ash particles [47]. Pending the
presence of sufficient solubilized Ca, and in the presence of dissolved
CO2, calcite is expected to form rapidly on the surfaces of leached (and
other) particles, thereby helping proximate particles to adhere to each
other as the mechanism of carbonation strengthening [10,20,48] (e.g.,
see Figs. 3–5). This is additionally helped by the liberation of Ca-, and
Si- from the anhydrous fly ash, whose reaction with water results in the
formation of hydrated calcium silicates (see Figs. 3 and 4), calcite, and
hydrous silica. This is significant as the hydrated calcium silicates and
calcite are known to feature a mutual affinity for attachment and
growth [43,49,50].

Of course, up on extended exposure to CO2, the hydrated calcium
silicates would decompose to form calcite and hydrous silica (as shown
in Fig. 3), which have themselves been noted to offer cementation

1 It should be noted that> 65% of all concretes produced globally (i.e., primarily using
OPC as the cementitious reactant) feature a compressive strength of 30 MPa or less [42].
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[7,51]. Similar mechanisms of carbonation strengthening have been
noted following the reaction of low-rank, synthetic calcium silicates
with CO2 [52,53]. The systematic formation of mineral carbonates in
this fashion induces: (i) cementation, e.g., in a manner analogous to
that observed in mollusks, and sea-shells, that binds proximate particles
to each other via a carbonate network, or carbonate formation which
ensures the cementation of sandstones [54–58], and, (ii) an increase in
the total volume of solids formed which results in a densification of
microstructure, while ensuring CO2 uptake (e.g., see Vance et al. [7]
and Fig. 3 for scenarios wherein reaction with CO2 results in an increase
in solid volume).

Coming back to ascertaining the ability of flue gas from coal-fired
power plants, as is, to carbonate fly ash, the Ca-rich fly ash was car-
bonated in a 12% CO2 atmosphere (v/v) at 75 °C. As noted in Fig. 2(c)
and Fig. 3(b, e), CO2 present in flue gas at relevant concentrations can
readily carbonate fly ash and ensure strength gain, albeit at a slightly
reduced rate vis-à-vis pure CO2 exposure. This reduced rate of strength
gain (and carbonation) is on account of the lower abundance of dis-
solved CO2 in the vapor phase [17], and hence in the liquid water
following Henry’s law [32,59]. However, it should be noted that after
10 days of exposure to simulated flue gas, the strength of the Ca-rich fly
ash formulation was equivalent to those cured in a pure-CO2 atmo-
sphere (Fig. 2c). This is significant, as it demonstrates a pathway for
clinkering-free cementation by synergistic use of both fly ash and un-
treated flue gas of dilute CO2 concentrations sourced from coal-fired
power plants.

To better assess the potential for valorization of diverse industrial
waste streams of CO2, the effects of reaction temperature on carbona-
tion and strength gain were further examined. As an example, flue gas
emitted from coal-fired power plants features an exit temperature (TE)
on the order of 50 °C ≤ TE ≤ 140 °C to minimize fouling and corrosion,

and to provide a buoyant force to assist in the evacuation of flue gas
through the stack [60]. Since heat secured from the flue gas is foreseen
as the primary means of thermal activation of reactions, the carbona-
tion of Ca-rich fly ash formulations and their rate of strength gain were
examined across a range of temperatures as shown in Fig. 2(c). Ex-
pectedly, the rate of strength gain increases with temperature. This is
on account of two factors: (i) elevated temperatures facilitate the dis-
solution of the fly ash solids [20], and the leaching of the fly ash glass
[18,20], and, (ii) elevated temperatures favor the drying of the fly ash
formulation, thereby easing the transport of CO2 into the pore structure
which facilitates carbonation [21]. It should however be noted that the
solubility of CO2 in water decreases rapidly with increasing tempera-
ture. While in a closed system this may suppress the rate of carbonation,
the continuous supply of CO2 provisioned herein, in a condensing at-
mosphere ensures that no retardation in carbonation kinetics is ob-
served despite an increase in temperature. It should also be noted that
the net carbonation reactions are exothermic [17]. Therefore, in-
creasing the reaction temperature is expected to retard reaction kinetics
(i.e., following Le Chatelier’s principle [59]); unless heat were to be
carried away from the carbonating material. Of course, such exothermic
heat release would further decrease the solubility of CO2 in water by
enhancing the local temperature in the vicinity of the reaction zone. As
such, several processes including the dissolution of the fly ash solids,
leaching of the fly ash glass, and the transport of solubilized CO2

through the vapor phase and water present in the pore structure in-
fluence the rate of fly ash carbonation.

To more precisely isolate the role of total Ca content of the fly ash,
further experiments were carried out wherein Ca(OH)2 or Ca(NO3)2
were added to the Ca-poor fly ash in order to produce bulk Ca contents
equivalent to the Ca-rich fly ash. Here, it should be noted that while Ca
(OH)2 was added as a solid that was homogenized with the fly ash, Ca

Fig. 2. The evolution of compressive strengths of: (a) Ca-rich and
Ca-poor fly ash pastes following CO2 exposure at 75 °C, and the
control samples (i.e., exposed to pure N2) for comparison, as a
function of (carbonation) time, (b) hydrated OPC pastes at dif-
ferent ages after curing in limewater at 23 °C, as a function of w/s.
The dashed black line shows the compressive strength of a Ca-rich
fly ash formulation following its exposure to CO2 at 75 °C for
7 days, (c) Ca-rich fly ash pastes carbonated at different tem-
peratures following exposure to 99.5% CO2 (v/v) and simulated
flue gas (12% CO2, v/v), as a function of time, and, (d) Ca-en-
riched (i.e., with added Ca(OH)2, or dissolved Ca(NO3)2) Ca-poor
(i.e., Class F) fly ash pastes following CO2 exposure at 75 °C, as a
function of time. The compressive strengths of the pristine Ca-
poor fly ash with and without carbonation are also shown for
comparison.
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(NO3)2 was solubilized in the mixing water. The results shown in
Fig. 2(d) highlight that although the Ca(OH)2- and Ca(NO3)2- enriched
Ca-poor fly ashes experienced substantial strength increases (≈35%)
following carbonation as compared to the pristine Ca-poor fly ash, the
strengths were still far lower than that of the Ca-rich fly ash (see
Fig. 2a). These observations demonstrate that the presence of Ca is not
a sufficient condition to assume carbonation. An example of this is CaO,
which although abundant in Ca will carbonate only superficially due to
kinetic restraint on the progress of carbonation reactions that is

imposed by the formation of a passivation layer of CaCO3 on its surface
[61,62]. Nevertheless, the enhancement in strength observed in the Ca-
poor formulations is postulated to be on the account of both: (a) the
pozzolanic reaction between the added Ca source and silica liberated
from the fly ash resulting in the formation of calcium silicate hydrates
(C-S-H), and, (b) the formation of calcite and (hydrous) silica gel by the
carbonation-decomposition of C-S-H, and by direct reaction of solubi-
lized Ca with aqueous carbonate species [63]. The carbonation of C-S-H
has been observed to result in the release of free water and the

Fig. 3. The GEMS-calculated solid phase balances as a function of the extent of fly ash reaction for Ca-rich and Ca-poor fly ash in the presence of a gas-phase consisting of: (a, d) air, (b, e)
12% CO2 (i.e., simulated flue gas environment), and (c, f) 100% CO2 at T = 75 °C and p = 1 bar for w/s = 0.20. Here, 1/2FH3 = Fe(OH)3, 1/2AH3 = Al(OH)3, silica = hydrous silica,
and C-S-H = calcium silicate hydrate. The solid phase distribution is calculated until the pore solution is exhausted, or the fly ash reactant is completely consumed.

Fig. 4. Representative XRD patterns of Ca-rich and
Ca-poor fly ash formulations before and after ex-
posure to CO2 at 75 °C for 10 days. The Ca-poor fly
ash shows no change in the nature of compounds
present following exposure to CO2.
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formation of a silica gel with reduced water content [63–65]. However,
such water release (i.e., an increase in the porosity) does not appear to
be the cause of the reduced strengths obtained in the Ca-poor fly ash
formulations [63]. Rather, it appears as though the presence of reactive
Ca intrinsic to the fly ash (glass), and the formation of a silica-rich
surface layer to which CaCO3 can robustly adhere results in higher
strength development in Ca-rich fly ash formations. Given the inability
of Ca-poor fly ashes to offer substantial carbonation-induced strength
gain, the remainder of the study focuses on better assessing the effects
of CO2 exposure on Ca-rich fly ash formulations.

Indeed, the electron micrographs shown in Fig. 5 offer additional
insights into morphology and microstructure development in Ca-rich fly
ash formulations following exposure to N2 and CO2 at 75 °C for 10 days.

First, it is noted that the uncarbonated fly ash formulations show a
loosely packed microstructure with substantial porosity (Fig. 5a). Close
examination of a fly ash particle shows a “smooth” surface (e.g., see
Fig. 5b), although alkaline species might have been leached from the
particle’s surface. In contrast, Fig. 5(c–d) reveal the formation of a
range of crystals that resemble “blocks and peanut-like aggregates” on
the surfaces of Ca-rich fly ash particles − post-carbonation. XRD
(Fig. 4) and SEM-EDS analyses of these structures confirm their com-
position as that of calcium carbonate (calcite: CaCO3). These observa-
tions are in agreement with those of Fernandez-Diaz at al. [66] and
Vance et al. [7], who reported such altered morphologies of calcite
crystals. Nevertheless, the role of calcite and silica gel that forms in
these systems is significant in that such solids serve to reduce the

Fig. 5. Representative SEM micrographs of: (a) a Ca-rich fly ash formulation following exposure to N2 at 75 °C for 10 days; a magnified image highlighting the surface of a fly ash particle
is shown in (b), (c) a Ca-rich fly ash formulation following exposure to pure CO2 at 75 °C for 10 days; a magnified image highlighting the surface of a carbonated fly ash particle wherein
carbonation products in the form of calcite are clearly visible on the particle surface is shown in (d), (e) a Ca-poor fly ash formulation following exposure to pure CO2 at 75 °C for 10 days,
and (f) Ca(OH)2-enriched Ca-poor fly ash formulation following exposure to pure CO2 at 75 °C for 10 days wherein the limited formation of calcite is noted on particle surfaces.

Fig. 6. (a) The CO2 uptake (normalized by the mass of Ca-rich fly ash in the formulation) as a function of time for samples exposed to pure CO2 at different temperatures. The amount of
CO2 uptake was estimated using the mass-based method. (b) The compressive strength of the Ca-rich and Ca-poor fly ash samples as a function of their CO2 uptake following exposure to
pure CO2 at different temperatures for up to 10 days. The data reveals a strength gain rate of 3.2 MPa per unit mass of fly ash that has reacted (carbonated). The amount of CO2 uptake was
estimated using the mass-based method. (c) The CO2 uptake of a Ca-rich fly ash formulation as a function of depth. The macroscopic sample consisted of a cube
(50 mm × 50 mm× 50 mm) that was exposed to pure CO2 at 75 °C for 10 days. Herein, CO2 uptake was assessed by thermal analysis (TGA).
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porosity [67], and effectively bind the otherwise loosely packed fly ash
particles (Fig. 5a), thereby ensuring “carbonation strengthening”. Ex-
pectedly, Ca-poor fly ash particles do not show the formation of car-
bonation products on their surfaces, in spite of CO2 exposure (see
Fig. 5e). Furthermore, the addition of supplemental portlandite to Ca-
poor systems results in only a marginal level of carbonation product
formation on fly ash particle surfaces (see Fig. 5f). These observations
highlight the critical role of not only the Ca (and Mg)-content, but also
potentially their spatial distribution on microstructure and strength
development in carbonated fly ash systems.

3.2. Carbonation kinetics

Fig. 6(a) shows CO2 uptake by the Ca-rich fly ash formulation as
determined by thermal analysis (i.e., by tracking the decomposition of
CaCO3) as a function of time across a range of curing temperatures. For
the conditions relevant to this study, both the rate and extent of CO2

uptake, at a given time, increase with temperature. Although the
terminal CO2 uptake (i.e., which is a function of chemical composition)
is expected to be similar across all conditions, this was not observed
over the course of these experiments—likely due to kinetic limitations
on dissolution, and the subsequent carbonation of the fly ash solids.
Nevertheless, a linear correlation between compressive strength evo-
lution and the CO2 uptake of a given mixture is noted (see Fig. 6b)—for
both Ca-rich and Ca-poor fly ash formulations. Significantly, a strength
gain on the order of 3.2 MPa per unit mass of fly ash carbonated is
realized. It should be noted that the Ca-rich fly ash composition ex-
amined herein—in theory—has the potential to take-up around 27.1
mass% CO2 assuming that all the CaO and MgO therein would carbo-
nate (e.g., see XRF composition in Table 1). Based on the correlation
noted in Fig. 6(b), realizing the highest possible maximum carbonation
level—i.e., at thermodynamic equilibrium would produce a terminal
strength on the order of 86 MPa independent of the prevailing reaction
conditions (i.e., CO2 concentration, and temperature). It should be
noted however that achieving this terminal level of CO2 uptake is un-
likely due to the time-dependent: (i) formation of carbonate films of
increasing thickness which hinders access to the reactants [7], and, (ii)
formation of a dense microstructure that hinders the transport of CO2

through the liquid phase to reactive sites.
Broadly, mineral carbonation, i.e., the formation of calcite and/or

magnesite, takes the form of irreversible heterogeneous solid-liquid-gas
reactions [68–73]. In the case of Ca-rich fly ashes, it includes the pro-
cesses of dissolution and hydration of the Ca-rich compounds including
Ca-silicates, Ca-rich glasses, CaO, Ca(OH)2, etc., and the subsequent
precipitation of CaCO3 from aqueous solution; e.g., see Table 2, Fig. 3,
and the following reactions:

+ ↔ ↔ +
+ −CO g H O l H CO aq H aq HCO aq( ) ( ) ( ) ( ) ( )2 2 2 3 3 (4)

↔ +
− + −HCO aq H aq CO aq( ) ( ) ( )3 3

2 (5)

+ → → + =
+ −XO s H O l X OH s X aq OH aq whereX Ca Mg( ) ( ) ( ) ( ) ( ) 2 ( ), ,2 2

2 (6)

+ → + +
+ +X SiO s H aq X aq SiO s H O l( ) 4 ( ) 2 ( ) ( ) 2 ( )2 4

2
2 2 (7)

+ →
+ −X aq CO aq XCO s( ) ( ) ( )2

3
2

3 (8)

Simultaneous to the dissolution and hydration of the solids, vapor
phase CO2 will dissolve in water, as dictated by its equilibrium solu-
bility at the relevant pH and temperature [74]. As ionized species from
the reactants and dissolved CO2 accumulate in the liquid phase, up on
achieving supersaturation—often described by the ratio of the ion ac-
tivity product to the solubility product for a given compound, e.g.,
calcite [59]—precipitation occurs thereby reducing the supersaturation
level. Ca- or Mg-bearing compounds in the fly ash would continue to
dissolve as the solution remains undersaturated with respect to these
phases due to the precipitation of carbonates, ensuring the formation of
Ca- and Mg-carbonates until the readily available quantity of these

reactant compounds is exhausted and the system reaches equilibrium. It
should be noted that a high pH is expected to be maintained in the pore
solution because of the abundance of alkaline compounds in the fly ash
mixture.

It should furthermore be noted that, in the case of the fly ash cubes
tested for compressive strength (i.e., following ASTM C109 [31]) (see
Fig. 6c, and associated thin-section analysis; not shown) or in the case
of fly ash particulates (e.g., see Fig. 5), in general, carbonation reactions
proceed inward from the surface to the interior and the surface reacts
faster than the bulk [18,74,75]. The kinetics of such reactions can be
analyzed by assessing how the rate of conversion of the reactants is
affected by process variables [76]. For example, as noted above in
Fig. 6(a), it is seen that carbonation occurs rapidly at short reaction
times, and its rate progressively decreases with increasing reaction
time. This nature of rapid early-reaction, followed by an asymptotic
reduction in the reaction rate at later times has been previously at-
tributed to: (i) the nucleation and growth of carbonate crystals which
occurs at early reaction times, and whose rate of formation is a function
of the surface area of the reactant [68,72], and, (ii) a diffusion-
(transport-) limited process which requires CO2 species to transport to
microstructure hindered sites wherein carbonation occurs
[7,17,22,23,74]. Such kinetics can be described by a generalized re-
action-diffusion model as shown in Eq. (9) [21]:

− − =α kt[1 (1 ) ]n1
3 (9)

where, α is the CO2 uptake ratio (g of CO2 uptake per g of reactant, i.e.,
fly ash), t is the time (days, d), k (d−1) is the apparent reaction rate
constant, and n is an index related to the rate-determining step. For
example, n = 1 represents the commonly used “contracting volume
model” for rapid initial nucleation and growth of products from the
reactants from an outer surface of a spherical shape [21,69,71,72].
When n = 2, Eq. (9) reduces to Jander’s model for diffusion-controlled
reactions [22,69,71,72], wherein the reaction rate is determined by the
transport of reactants through the product layer to the reaction inter-
face. It should be noted that herein, the presence of liquid water serves
to catalyze carbonation reactions, by offering a high pH medium that
can host mobile CO3

2− ions [7].
Fig. 7(a) shows fits of Eq. (9) to the experimental carbonation data

taken from Fig. 6(a) for different carbonation temperatures. A clear
change in slope is noted just prior to a reaction interval of 2 days.
Across all temperatures, initially the slopes (m, unitless) of all the
curves, wherein m= 1/n, are on the order of: m = 1 ± 0.2, while
after 2 days, m = 0.5 ± 0.1. The slight deviation of the slopes from
their ideal values (n = 1 and 2) is postulated to be on account of the
wide-size distributions of the fly ash particles and the irregular cov-
erage of particles offered by the carbonation products, e.g., as shown in
Fig. 5. And indeed, typical reaction models were developed assuming
monodisperse, spherical reactant particles [72,76]. The rate constants
obtained from the fittings shown in Fig. 7(a) were used to calculate the
apparent activation energy of the two steps of carbonation reactions,
i.e., a topochemical reaction step, followed by a diffusion-limited step
as shown in Fig. 7(b). This analysis reveals: (i) Ea,1 = 8.9 kJ/mol for
surface nucleation reactions indicative of a small dependence of reac-
tion rate on temperature, similar to that observed by Vance et al. for the
carbonation of portlandite [7], and, (ii) Ea,2 = 24.1 kJ/mol for diffu-
sion-controlled reaction; a value similar to that observed by Fernandez
et al. [77], and Sun et al. [21] for the carbonation of MgO, and CaO
respectively. The fact that the activation energy for surface nucleation
reaction is much lower than that for diffusion-controlled reaction sug-
gests that the carbonation reaction is dominated by nucleation and
growth of carbonation products initially. However, as carbonation re-
action progresses, the precipitation of carbonation products results in
the formation of a barrier layer on the fly ash particles (see Fig. 5)—that
binds the particles together and simultaneously increases the resistance
to the transport of CO2 species to carbonation sites. As a result, the
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transport step assumes rate control in the later stages of carbonation
reactions [19,21].

4. Summary and conclusions

This paper has demonstrated an original means for clinkering-free
cementation by fly ash carbonation. Specifically, it is shown that Ca-
rich fly ashes that host substantial quantities of Ca (and Mg) in the form
of crystalline compounds, or in the glassy phases readily react with
dilute concentrations of CO2 in moist environments, at ambient pres-
sure, and at sub-boiling temperatures to produce cemented solids whose
properties are sufficient for use in structural construction. Indeed, Ca-
rich fly ash solids, following CO2 exposure achieve a strength of around
35 MPa after 7 days, and take-up 9% CO2 by mass of reactant solids.
Detailed results from thermodynamic modeling, XRD analyses, and
SEM observations suggest that fly ash carbonation results in the for-
mation of a range of reaction products, namely calcite, hydrous silica,
and potentially some C-S-H which collectively bond proximate particles
into a cemented solid. Careful analysis of kinetic (rate) data using a
reaction-diffusion model highlights two rate-controlling reaction steps:
(a) where the surface area of the reactants, and the nucleation and
growth of carbonate crystals there upon is dominant at early reaction
times (Ea,1 = 8.9 kJ/mol), and, (b) a later-age process which involves
the diffusion of CO2 species through thickening surficial barriers on
reactant sites (Ea,2 = 24.1 kJ/mol). It is noted that due to their reduced
content of accessible Ca and Mg species, Ca-poor fly ashes feature
limited potential vis-à-vis Ca-rich fly ashes for CO2 uptake, and carbo-
nation strengthening. Although the provision of extrinsic Ca sources to
Ca-poor fly ashes can somewhat offset this lack, our observations sug-
gest that not only the total amount (mass abundance) of Ca and Mg, but
also its reactivity and spatial distribution are all important in de-
termining a fly ash solid’s suitability for CO2 uptake, and in turn, car-
bonation strengthening. Furthermore, it is noted that strength gain is
linearly related to the extent of carbonation (CO2 uptake). This suggests
a straightforward means to estimate strength gain if the extent of car-
bonation may be known, or vice-versa. These observations are sig-
nificant in that they demonstrate a new route for producing cemented
solids by an innovative clinkering-free, carbonation based pathway.

5. Implications on solid and flue gas CO2 waste valorization in
coal-fired power plants

Electricity generation from coal and natural gas combustion results
in the production of substantial quantities of combustion residues and
CO2 emissions. For example, in the United States alone, coal combus-
tion (for electricity production) resulted in the production of nearly 120
million tons of coal-combustion residuals (CCRs) [78,79], and 1.2 bil-
lion tons of CO2 emissions in 2016 [80]. While some CCRs find use in

other industries (e.g., flue gas desulfurization (FGD) gypsum, fly ash,
etc.), the majority of CCRs continue to be land-filled. For example, in
the U.S., only around 45% of the annual production of fly ash is ben-
eficially utilized—e.g., to replace cement in the binder fraction in tra-
ditional concrete—while the rest is disposed in landfills [11,79]. Such
underutilization stems from the presence of impurities in the fly ash
including unburnt carbon and calcium sulfate that forms due to the
sulfation of lime that is injected for air pollution control (APC) [13,15],
compromising the durability of traditional concrete. The materials ex-
amined herein, i.e., fly ashes that are cemented by carbonation, are not
expected to be affected by the presence of such impurities—as a result,
a wide range of Ca-rich fly ash sources—including those containing
impurities, and mined from historical reservoirs (i.e., “ash ponds”) are
expected to be usable for carbonation-based fly ash cementation. When
coupled with the fact that fly ash carbonation can be effected at sub-
boiling temperatures using dilute, untreated (flue-gas) CO2 streams, the
outcomes of this work create a pathway for the simultaneous utilization
of both solid- and vapor-borne wastes created during coal combustion.
Such routes for waste, and especially CO2 valorization create value-
addition pathways that can be achieved without a need for carbon
capture (i.e., or more correctly CO2 concentration enhancement),
thereby offering a line-of-sight to economic viability in commercial
markets [81] (N.B.: Based on current best-available technologies
(BATs), CO2 capture using an amine stripper is expected to induce a
financial burden of $ 60-to-90 per ton of CO2 in addition to inducing
parasitic energy losses for solvent regeneration [82,83]). Importantly,
the simplicity of this carbonation process ensures that it well-suited for
co-location (“bolt-on, stack-tap” integration) with large point-source
CO2 emission sites including petrochemical facilities, coal/natural gas
fired power plants, and cement plants. In each case, emitted flue gas can
be used to provide both waste heat to hasten chemical reactions, and
CO2 to ensure mineralization without imposing any additional needs for
emissions control. The proposed approach is significant since—within a
traditional lifecycle analysis (LCA) framework wherein there is no
embodied CO2 impact associated with reactants such as coal combus-
tion wastes or emitted CO2, and wherein processing energy (heat) is
secured from the flue gas stream—fly ash carbonation, by virtue of
active CO2 uptake, and CO2 avoidance (i.e., by diminishing the pro-
duction and use of OPC) has the potential to yield CO2 negative path-
ways for cementation, and hence construction. New approaches of this
nature are critical to create commercially viable routes for CO2 utili-
zation, and thereby accelerate the development and maturation of a
viable carbon-to-value (CTV) economy [84].
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