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ABSTRACT: The extent to which carbon dioxide (CO2) mineralization (“carbonation”) using
alkaline solids can reduce atmospheric CO2 concentrations is dictated by the rate of divalent
alkaline metal release from such solids. These solids have distinct reactivities, that is, bulk
dissolution rates, which dictate their rates of carbonation. To assess the feasibility of utilizing
alkaline solids to mitigate CO2 emissions at scale, assessments of practical carbonation potentials
under ambient conditions, which are often distinct from their stoichiometric carbonation potential
as described by their bulk chemical composition, are needed. Therefore, the carbonation (or “CO2
mineralization”) potentials of 16 naturally occurring (mafic and ultramafic) rocks and industrial alkaline solids (fly ashes and slags)
were quantified. In general, the extent of carbonation for the pulverized and as-received solids which is achievable under ambient
conditions [25 °C, 1 bar]in the presence of excess CO2 and waterthat is, the carbonation potential, is correlated with the CaO
and MgO content and varies inversely with the SiO2 content. Particularly, the carbonation efficiency (i.e., the ratio of the measured
to the stoichiometric carbonation potential) is controlled by the atomic topology (network connectivity) of the solid reactant
suggesting that network rupture is the rate-controlling step of dissolution and, hence, carbonation. Based on our data, we offer
estimates of CO2 removal that can be achieved under ambient exposure conditions to assess the controls and capacity of ambient
CO2 mineralization as a carbon dioxide removal strategy.
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■ INTRODUCTION

The in situ and ex situ mineralization of carbon dioxide (CO2)
(“carbonation”) to form sparingly soluble carbonates has been
suggested as an approach to mitigate climate change.1,2 This
approach consumes atmospheric or flue gas-borne CO2 by
immobilizing it via a classical acid−base reaction (“mineraliza-
tion”) within calcium and magnesium carbonates [e.g., calcite
(CaCO3), magnesite (MgCO3), and variants thereof].3−5

Expectedly, herein, CO2 (acid) is reacted with an alkaline
solid (base). Because CO2 mineralization (carbonation) is a
dissolution−precipitation promoted reaction, it requires an
aqueous environment or a humid atmosphere.6 The availability
of water into which gas-phase CO2 and the alkaline solid
dissolve, remarkably affects carbonation reaction rates.7 The
alkaline solid provides metal cations, for example, Ca2+ and
Mg2+ (and occasionally Fe2+) that react with bicarbonate
(HCO3

−) or carbonate (CO3
2−) anions that speciate from the

dissolved CO2 to form carbonate minerals. The net reaction is
thermodynamically favorable8 and produces stable products as
evident from the abundance and persistence of large-scale
carbonate deposits in nature.
Carbonate mineral formation by in situ mineralization in

basaltic formations injected with CO2-saturated water has been
suggested to occur within 2 years.9 This rate is consistent with
experimental data and reactive transport modeling, which

indicate an induction time for calcite precipitation at depth on
the order of 1.5 years.10 However, on the Earth’s surface, the
conversion of silicates to carbonates (“weathering”) typically
requires geological time scales. As a synthetic (“engineering”)
intervention, ex situ carbonation relies overwhelmingly on
accelerating silicate dissolution-carbonate precipitation reac-
tions with the following: (i) using CO2-rich streams (e.g., flue
gas from power plants), (ii) imposing high pressures and
temperatures wherein the dissolution of silicates, both natural
(e.g., mafic and ultramafic igneous rocks) and those derived
from industrial processes (e.g., coal combustion ash, metal
processing slag, cement kiln dust, etc.), is enhanced, and (iii)
using finely divided solids that present large surface areas.11−18

In these cases, carbonation is accomplished in a direct process in
which CO2 is reacted with an alkaline solid to form carbonate
minerals19,20 or by a sequential process which involves alkaline
solid dissolution, followed by carbonate precipitation.21,22 In
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each case, the extent of achievable carbonation is limited by the
amount of extractable divalent metal cations.
Practically, the viability of ex situ CO2 mineralization to

serve as a carbon management solution requires the fulfillment
of rapid carbonation reaction rates. To enhance carbonation
rates, because natural alkaline solids are inherently (far) less
reactive than their industrial-waste counterparts, carbonation
often requires high processing temperatures (T > 100 °C) and
CO2 partial pressures (>40 atm) and/or the use of finely
divided solids that present large surface areas.23,24 The
imposition of such conditions enhances Ca and Mg release,
but resulting in a consequential energy cost. Often however,
estimates of carbonation potentials are based on the mass
abundance of the solids and their bulk chemical composition.
For instance, basaltic lava flows, peridotites, and mid-ocean
ridge basalts represent a CO2 uptake potential of up to
60,000,000 Gt CO2, 10,000−100,000,000 Gt CO2, and
100,000−250,000 Gt CO2,

25−27 respectively, whereas indus-
trial alkaline wastes present a carbon uptake potential of 100−
1250 Mt CO2 per year globally.

2,8 However, such estimates are
sensitive to assumptions of carbonation efficiency, that is, the
extent of CO2 uptake that is achieved relative to the
stoichiometric uptake capacity.28−32 For example, carbonation
efficiencies ranging from <10 to >90% have been reported for
alkaline wastes.4,6,32,33 Efficiencies for rocks are much lower,34

for example, on the order of <1% at ambient conditions at
short time scales although a reactive silicate such as olivine
((Mg,Fe)2SiO4) features a reaction efficiency of ∼50% after 1
year at room temperature.35 In mafic and ultramafic mine
tailings, brucite (Mg(OH)2) is the primary phase that
carbonates at ambient conditions over short reaction
times.17,36,37

Clearly, the carbonation potential (or efficiency) is
significantly affected by the process conditions, for example,
solution pH, temperature, CO2 partial pressure, reaction
duration, and so forth.38 However, there have been few direct
comparisons of carbonation potentials of different solids
spanning both natural and synthetic compositions by a
consistent method, with an abundance of primary reactants
(CO2, water) and a specific emphasis on revealing solute
controls on CO2 mineralization.2 Also, polyphasic rocks, fly
ash, and slags are heterogeneous solids consisting of multiple
phases that present distinct reactivities, which may be uniquely
influenced by each process variable.28 Therefore, herein, the
carbonation potentials of 16 natural and industrial alkaline
silicates are quantified at near-ambient temperature and
pressure conditions in a consistent way. We clarify the
chemical and mineralogical linkages between silicate reactivity,
dissolution kinetics, and carbonation potentials through batch
experiments wherein dissolution and precipitation occur
simultaneously. Based on such data, we present estimates of
the carbonation potential of alkaline solids to determine the
extent to which CO2 mineralization of alkaline feedstocks
could serve as a negative emissions technology to address the
ongoing carbon crisis.

■ MATERIALS AND METHODS
Sample Preparation and Characterization. The alkaline solids

examined included calcium hydroxide or hydrated lime (Ca(OH)2): a
reference solid, coal combustion fly ash, crystalline slags from iron and
steel production (amorphous slags are not considered due to their
desirability as a cement replacement material),39−41 and natural Ca-
and Mg-rich rocks and minerals. Five different types of fly ash,

including Class C (CaO-rich), Class F (CaO-poor), trona
(Na3(CO3)(HCO3)·2H2O)-rich, and reclaimed Ca-rich fly ash were
supplied by Boral Resources LLC. Five crystalline slags, electric arc
furnace (EAF), basic oxygen furnace (BOF), air-cooled blast furnace
(ac-BF), stainless steel (SS), and ladle slag (LS), were supplied by
TMS International. The natural rock and mineral samples including
flood basalt, serpentinite, peridotite, anorthosite, and olivine
(forsterite: Mg2SiO4) were sourced from Ward’s Science.

The bulk chemical compositions of the samples in mass % of the
simple oxides are shown in Figure 1. The mineralogical assemblage in

a subset of the solids was evaluated using X-ray diffraction (XRD).
The major phases revealed by powder XRD carried out on finely
divided homogenized powders are antigorite ((Mg,Fe)3Si2O5(OH)4),
magnesite (MgCO3), bytownite ((Ca0.7−0.9,Na0.3−0.1)Al(Al,Si)Si2O8),
forsterite, periclase (MgO), and magnetite (Fe3O4) in the rocks, and
larnite (β-Ca2SiO4 and γ-Ca2SiO4), brownmillerite (Ca2(Al,Fe)2O5),
magnetite, wüstite (FeO), kirschsteinite (CaFeSiO4), melilite
((Ca,Na)2SiO7), cuspidine (Ca4Si2O7(F,OH)2), brucite (Mg(OH)2),
bredigite (Ca7MgSi4O16), and calcite in the slags.

In general, the air-dried slags and rock samples were ground using a
ball mill for 40 min, and a particle size fraction between 38 and 53 μm
(corresponding to a grinding energy of ∼40 kWh per ton using the
Bond Work Index equation) was obtained via sieving. In the case of
fly ash and hydrated lime, they were both used as received, wherein
they present a median particle diameter, d50, of ∼2−5 μm. The
particle size distributions of all solids were measured using a LS13-320
Beckman Coulter static light scattering analyzer on powder samples
suspended in isopropanol following ultrasonication. Class C (high-Ca
fly ash) was noted to have a d50 ∼ 1.5 μm, that is, smaller than the
other fly ash samples, as observed elsewhere.42

Assessing Carbonation Kinetics Using ICP-OES and TGA.
The solid particulates were suspended in excess ultrapure deionized
(DI) water (>18 MΩ·cm) that was continuously bubbled with 100%
CO2 at an atmospheric pressure at 60 °C. A double-walled
borosilicate reactor (Wilmad-LabGlass)that was used to contain
the suspensionswas connected to a water bath for thermal
regulation within ±0.1 °C. The suspensions were stirred using either
a magnetic stir bar or an impeller-type mixer while ensuring matching
of the Reynolds number (Re, unitless) in solution. Both pH and
temperature were monitored as a function of time. After 24 and 72 h
of aqueous carbonation, the reacted solids including any secondary
precipitates were separated by vacuum filtration using a Buchner
funnel lined with filter paper (3−5 μm). Thereafter, the filtrate was
dried in an oven at 75 °C and then homogenized prior to taking a
small sample for thermogravimetric analysis (TGA).

The extent of carbonation was measured using a Perkin Elmer
STA6000, which quantified the temperature-dependent mass change
of the residual solids (filtrate) as they were heated from 35 to 975 °C.
Around 30 mg of the filtrate was placed in pure aluminum oxide
crucibles and heated under an ultra-high purity N2 gas purge at a flow
rate of 20 mL/min and a heating rate of 10 °C/min. The total

Figure 1. Chemical composition of the alkaline solids shown in terms
of their simple oxide constituents (in mass %).
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carbonate content was quantified by considering the mass loss over the
temperature range of 500−900 °C, corresponding to the decom-
position of calcium and magnesium carbonates and subtracting the
carbonate content of the initial unreacted (“pristine”) solid. For slags
which have two distinct decomposition peaks, the peak at 500−650
°C is assigned to magnesium carbonates and amorphous calcium
carbonate (ACC) and that at 650−900 °C to crystalline calcium
carbonate.43−45 Based on previous measurements, the estimated
uncertainty in the CO2 uptake is approximately 5%.
Characterization of Carbonated Products. A selection of

samples was further characterized using XRD (Siemens D500) and a
field emission−scanning electron microscope (SEM) (Hitachi
S4800). Particularly, non-carbonated and carbonated slag particulates
were dried in air at ∼45 °C prior to analysis. The samples were placed
in a lucite holder for XRD measurements using Cu Kα radiation (λ =
1.5406 Å) for a scattering angle range of 5−70° with a 0.02° step size.
For SEM analyses, a small amount of the powdered sample was affixed
onto a piece of carbon tape and then coated with Au. An accelerating
voltage of 10.0 kV and a beam current of 10 μA were used for a
working distance of 7.6 mm.
Dissolution Rate. 1 g of slag was reacted with 100 mL of solution

in “batch mode” to produce a solid to liquid (S/L) mass ratio of
1:100. The reaction solutions used were prepared by adding analytical
reagent-grade chemicals, as needed, to ultrapure DI water. The
experiments were conducted at 25 ± 0.2, 45 ± 0.2, and 90 ± 3 °C
using temperature-controlled environmental chambers and under
static conditions or at ambient temperature (∼23 °C) under stirred
conditions using a magnetic stir bar. After 0, 1, 3, 6, 24, 72, and 168 h
of reaction, the reacted solution was sampled (∼3 mL) for analysis of
total dissolved Ca, Mg, Si, Fe, Al, Mn, and Na concentrations. The
samples were filtered immediately using a syringe through 0.20 μm
nylon filters prior to acidification and dilution by a factor of 10 in 5
vol % HNO3 (70%). Analysis of elemental concentrations was carried
out using a Perkin Elmer Avio 200 inductively coupled plasma-optical
emission spectrometer using calibration standards prepared from
concentrated (1000 ppm) standards from Inorganic Ventures. In
general, replicate experiments carried out using DI water at 90 °C
indicate an uncertainty (i.e., relative standard deviation) of 3% in
typical Ca-concentrations.
Network Topology Analysis. To decode the relationship

between atomic structure, mineral dissolution, and subsequently
carbonation kinetics, the atomic connectivity of the solids was
assessed using the topological constraint theory (TCT).46−48 TCT
reduces atomic networks into truss architectures wherein some nodes
(the atoms) are interconnected via constraints (the chemical bonds).
Atomic networks comprise both radial bond-stretching (BS) and
angular bond-bending (BB) constraints, which maintain the
interatomic distances and angles fixed around their average values.
Atomic networks are described as flexible, stressed-rigid, or isostatic if
the total number of constraints per atom (nc) is lower than, larger
than, or equal to the number of degrees of freedom per atom (i.e., 3).
For each solid, the number of constraints per atom is calculated as
follows. First, for crystalline phases, the number of constraints created
by each element is estimated from their crystallographic structure, that
is, based on the coordination number of each element. Fly ash and
slags (except ac-BF) represent a significant fraction of poorly ordered
solids and, here, for simplicity, are assumed to be fully glassy. For such
disordered systems, we first calculate the number of bridging oxygen
(BO) and non-bridging oxygen (NBO) atoms acting in their atomic
networkswherein BO and NBO atoms are connected to 1 and 2
network-forming atoms (Si, Al, or Fe), respectively. This is achieved
as follows. Starting from pure SiO2 (where all O atoms are BO), each
alkaline-earth network (Ca or Mg) consumes 2 BOs whereas each Al
or Fe atom creates 1 BOfor reasons of local charge-
compensation.49 As a conservative assumption, it is assumed that
no free oxygen (connected to only network-modifying elements) or
tricluster oxygen (connected to three network formers) exists in these
solids. The number of NBOs is then calculated as the number of O
atoms that are not BO. The number of constraints created by each
element is then calculated based on their average coordination

number. In detail, each Si, Al, and Fe atom creates four BS constraints
(with their four oxygen neighbors) and five BB constraints (which is
the minimum number of independent angular constraints that are
needed to fix the tetrahedral environment of the network-forming
elements).48 Based on previous studies, alkaline-earth atoms (Ca and
Mg) form two BS constraints with their nearest NBO neighbors.50,51

However, due to the ionic, non-directional nature of the bond they
form, alkaline-earth atoms do not create any BB constraints. For
simplicity, all BS constraints are fully attributed to the cationssince
each BS constraint is necessarily shared by a cation and an oxygen
atom. Finally, each BO atom creates one BB constraint to fix the angle
it forms with its two network-forming neighbors. The analytical
calculation of the number of constraints per atom (nc) in
(CaO)a(Al2O3)b(SiO2)c(MgO)d(Fe2O3)e systems (where letter sub-
scripts indicate the mole fraction of the respective oxide) can be
summarized as follows. In the constraints enumeration, we distinguish
disordered (slags and fly ash) from crystalline (rocks) systems. In
disordered systems, nc depends on whether or not there exist NBO
atoms in the network. If there exist NBOs in the system (if −a + b − d
+ e ≤ 0), nc can be expressed as

n
a b c d e
a b c d e

23 11 23
2 5 3 2 5c = + + + +

+ + + +
Otherwise, if all oxygen atoms act as BO atoms, nc is given by

n
a b c d e
a b c d e

3 21 11 3 21
2 5 3 2 5c = + + + +

+ + + +
On the other hand, for crystalline systems featuring NBO atoms

(i.e., if −a + b − d + e ≤ 0), nc can be expressed as follows:

n
a b c d e
a b c d e

5 23 11 5 23
2 5 3 2 5c = + + + +

+ + + +
Otherwise, for crystalline systems that do not present NBO atoms,

nc is given by

n
a b c d e
a b c d e

7 21 11 7 21
2 5 3 2 5c = + + + +

+ + + +

■ RESULTS AND DISCUSSION
How Should Carbonation Potential Be Assessed? CO2

mineralization using silicate solids is a multi-step process
involving the following: (i) the dissolution of CO2 in water and
its speciation to HCO3

− and CO3
2− ions, (ii) the dissolution of

the silicate solute that yields dissolved Ca2+ and Mg2+ in
solution, and (iii) the nucleation and growth of insoluble metal
carbonates (e.g., CaCO3, MgCO3, and their hydroxy-variants)
as the solution exceeds a critical supersaturation with respect to
these phases. The thermodynamic driving force for precip-
itation is given by the saturation ratio, Ω = IAP/Ksp, where IAP
is the ion activity product and Ksp is the solubility product. For
calcite, these are the products of the activities of Ca2+ and
CO3

2− in solution and at equilibrium for a given thermody-
namic temperature. The saturation index (SI) is the logarithm
(log10) of Ω.
The Gibbs free energy difference is a function of the

saturation ratio according to ΔG = RT ln Ω, where R is the gas
constant and T is the (isothermal) reaction temperature. Thus,
the thermodynamic driving force for precipitation increases
with an increasing extent of silicate dissolution, which releases
metal cations (i.e., Ca2+ and Mg2+) into the solution while
increasing the solution pH and the carbonate ion activity. As
such, in systems involving relatively unreactive Ca- and Mg-
silicates (e.g., the dissolution rate of olivine shows values of
around 10−10 mol/m2/s at 25 °C),52 at near-neutral pH, the
dissolution of the solid is most often the reaction-limiting
step19,27,38 since both the dissolution of CO2 and carbonate
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mineral precipitation are relatively far more rapid.53 Specifi-
cally, aqueous equilibrium with respect to CO2(g) and Ca2+ is
reached in 5.0 × 10−11 and 103 s, respectively.
With these considerations in mind, carbonation potentials

were assessed in aqueous suspensions of the alkaline solid that
were continuously bubbled with a gas stream of ∼100% CO2 at
ambient pressure. For reference, point sources of CO2
including natural gas- and coal-fired power plants, iron and
steel mills, cement plants, and chemical plants feature
concentrations ranging from 3 to >90 vol %.54 The approach
that we chose to apply seeks to induce carbonate precipitation
by ongoing (simultaneous) dissolution−precipitation reactions
wherein dissolution is promoted via the acidification induced
by CO2 dissolution in water (pH ∼ 4.0 at 60 °C).23 For
example, the slightly acidic conditions greatly promote the
release of Mg from silicates, which dissolve appreciably only at
low pH.55,56 Furthermore, the influences of relative humidity
are eliminated,7 allowing for evaluation of the effects of the
intrinsic reactivity of the solid on carbonation kinetics. A
slightly super-ambient temperature of 60 °C promotes the rate
and extent of carbonation and seeks to model the exhaust
(stack) temperature of many flue gas streams57 and of
formation waters during carbonation by geological CO2.

9,58

As an example of this method of assessing the carbonation
potential, Figure 2 shows the dissolution and carbonation of
Ca2SiO4 using equilibrium calculations. Because carbonation is
rapid relative to dissolution, equilibrium calculations provide
insights into the effects of CO2 concentration and liquid-phase
Ca-concentrations on carbonate yield. The idealized con-
version of Ca2SiO4 (and analogously Mg2SiO4), common
phases in slags and rocks, to CaCO3 (and MgCO3) is shown in
Figure 2. Under these conditions, the evolution of [Ca], pH,
and calcite yield were calculated using PHREEQC59 with the
minteq.v4 database. In general, a solution that is in equilibrium
with 100% CO2 at 1 atm will feature a total inorganic carbon
concentration (i.e., [H2CO3*] + [HCO3

−] + [CO3
2−]) that is

dependent on pH, i.e., at a higher pH, the solution can host
higher concentrations of carbon because its speciation to
HCO3

− and CO3
2− lowers the concentration of H2CO3*,

allowing for additional dissolution of CO2. Herein, a decrease
in the Si concentration (see dashed red curves in Figure 2a,b)
results from the precipitation of amorphous silica. It is notable

that upon the initiation of calcite precipitation and the
persistence of solid calcite, the solution pH remains constant at
6, consistent with separate experimental measurements (not
shown). This pH reflects the equilibrium between the
dissolved CO2 and solid calcite at the relevant reaction
conditions. pH measurements are useful for evaluating both
thermodynamic and kinetic influences; specifically, the
consistency between the measured and calculated pH implies
that carbonate precipitation is rapid, and equilibrium
represents the stabilization and persistence of solid calcite.
However, pH measurements are limited in their ability to
inform carbonation processes because they are simultaneously
influenced by calcite precipitation, alkaline solid dissolution,
and the partial pressure of CO2.

Effects of Chemical and Mineralogical Composition
on Carbonation Efficiency. The stoichiometric (“max-
imum”) carbonation potential of a solid can be simply
calculated from its simple oxide composition (e.g., as assessed
by X-ray fluorescence spectroscopy)60

X X X

X X

CO (mass %) (0.785( 0.700 ) 1.091

0.71 0.468 ) CO

(%)

2 CaO SO MgO

Na O K O 2,initial

3

2 2

= − +

+ + −

(1)

where Xi is the mass % of oxide i and CO2,initial is the mass % of
CO2 in the solid reactant prior to carbonation. In general, the
carbonation potential is dictated by a solid’s CaO and MgO
contents. The maximum carbonation extent of the solids
considered herein ranges from 5.8 to 55% CO2 (mass basis).
To compare the actual versus stoichiometric carbonation
potential, that is, the carbonation efficiency, the extent of
carbonation was evaluated after 24 and 72 h using the
procedure described above while accounting for the initial
carbonate content of the solids. A CO2 uptake of less than 0.5
mass % was noted to lie within the experimental uncertainty
and hence taken as zero. The measured carbonation
efficiencies after 24 and 72 h are given in Table 1 and the
measured carbonation uptakes are given in Figure 3a. It is
noticed that slags carbonated to the greatest extent, albeit with
a considerably reduced rate after 24 h, showing strongly
diminishing reactivity to CO2 over time (Figure 3a). On the

Figure 2. Illustrative geochemical simulations of the dissolution of dicalcium silicate (larnite: Ca2SiO4)an exemplar silicateshowing: (a)
concentrations of dissolved Ca, Si, and C and solid calcite (CaCO3) and (b) saturation indices with respect to calcite and Ca2SiO4 and pH as a
function of dissolved Ca2SiO4 in an ideal system wherein Ca2SiO4 dissolves in CO2-saturated water. The red curves in (a,b) indicate the evolution
of [Si] and SI with respect to Ca2SiO4 assuming (solid red) supersaturation or (dashed red) equilibrium with respect to amorphous silica.
Expectedly, an analogous system composed of forsterite (Mg2SiO4) instead of Ca2SiO4 results in the thermodynamic stability of magnesite
(MgCO3) instead of calcite. Here, dissolution−carbonation reactions occurred at ambient (“atmospheric”) pressure, and T = 60 °C in excess water
in equilibrium with pure CO2, that is, pH ∼ 4.
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other hand, fly ash exhibited near-constant carbonation rates
over the duration of the experiments. Natural silicates
carbonated to a minimal extent, with only basalt, serpentinite,
olivine, and peridotite showing measurable carbonation. On
account of the near-ambient (p, T) conditions used herein, the
carbonation efficiency observed for rocks are much lower than
in previous reports, which reached up to >90% at 150 bar CO2
pressure, at elevated temperature, and following pretreatment
(e.g., see ref 38).
Interestingly, as shown in Figure 3b, the actual and

stoichiometric carbonation potentials are linearly propor-
tionate (and, in fact, parallel) to each other, although the
former lies inferior to the latter. Only portlandite (Ca(OH)2)
achieves its stoichiometric CO2 uptake after 72 h of

carbonation.61 Using previously measured experimental
carbonation efficiencies of 77, 75, and 82% for cement kiln
dust, SS slag, and fly ash,16,19,20 the practical carbonation
capacity for these three solids has been determined to be 7.6
Mt CO2/year.

28 These carbonation efficiencies are consid-
erably higher than those obtained in this study for fly ash and
slag (see Table 1), as expected from the use of pressurized
CO2 (19 bar19 or 10−40 bar20) and the higher reaction
temperatures employed in other studies.
Although it may be suggested that at long reaction times, the

actual and stoichiometric CO2 uptake may coincide, the period
of time required for this to occur is difficult to estimate. This is
because numerous alkaline solids, synthetic and otherwise, for
example, Class F fly ash, ac-BF slag, and the natural rocks and
minerals, present a high degree of crystallinity, large grain size
(e.g., polarized light microscopy revealed that the air-cooled
BF slag is composed of well-crystallized melilite grains that are
a few millimeters across), and, often, a rather low chemical
reactivity. As such, it remains unclear if the stoichiometric
carbonation potential is indeed accessible at all over sufficiently
short periods of time (i.e., hours rather than years). It should
be noted that a significant fraction of the precipitated solids
from slags are composed of magnesium carbonates and
amorphous calcium carbonate (ACC); for example, up to
37% of the total carbonates for the SS slag (Figure 4a) may
have originated from brucite (Mg(OH)2: SS) and bredigite
(Ca7Mg(SiO4)4: SS, LS), which represent the primary Mg-
containing phases in the slags. This observation is also
consistent with the stabilizing effect of Mg on ACC, which
has been demonstrated previously in alkali-activated slags.62

The presence of both calcium and magnesium carbonates may
be significant for producing cemented carbonates, wherein
ACC, magnesium-, and calcium carbonate and their hydrated
forms (e.g., nesquehonite, MgCO3·3H2O) can produce a
binding action but also volume change by molar volume
expansion, which acts to “fill in” and densify the pore spaces.
For reference, the molar volumes of calcite, ACC, magnesite,
and nesquehonite are 36.9, 54.1, 28.1, and 75.4 cm3/mol.63 An
SEM micrograph and an XRD diffractogram of carbonated SS
slag stored for 1 year are shown in Figure 4b,c. These data
reveal the dominance of calcite in the sample, implying the

Table 1. Carbonation Efficiencies (the Ratio between the
Actual and Maximum CO2 Uptake Multiplied by 100%) for
Diverse Natural and Industrial Alkaline Solids in 100% CO2
at Atmospheric Pressure at 60 °C after 24 and 72 h of
Processing

type alkaline solid 24 h (%) 72 h (%)

maximum
CO2 uptake

(%)

geologically derived
rocks and minerals

anorthosite 0.0 0.0 13.9

gabbro 0.0 0.0 16.1
olivine 3.9 2.2 54.9
peridotite 0.0 2.0 36.7
serpentinite 0.0 3.1 36.4
basalt 1.7 1.9 36.9

coal combustion fly
ash

reclaimed
Class C (a)

0.0 20.9 24.5

reclaimed
Class C (b)

12.7 19.5 27.4

Class F 0.0 0.0 5.8
trona-rich 0.0 5.8 20.6
Class C 17.4 32.7 28.6

iron and steel slags ladle 46.5 46.8 39.1
SS 49.9 50.6 44.0
ac-BF 4.4 9.0 34.3
BOF 34.2 34.6 32.1
EAF 32.9 34.7 30.9

portlandite Ca(OH)2 95.8 100 59.0

Figure 3. (a) CO2 uptake of alkaline solids after 24 and 72 h of reaction. Slags exhibited the fastest initial carbonation and featured the highest
carbonation extents, although the rates of carbonation plateaued at later times (i.e., between 24 and 72 h). (b) Relationship between actual and
maximum (stoichiometric) CO2 uptake after 72 h. The linear fit indicates proportionality, with a constant offset inferior to the line of equality.
Herein, dissolution−carbonation reactions occurred at ambient (“atmospheric”) pressure and T = 25 °C in excess water in equilibrium with pure
CO2, that is, corresponding to pH ∼ 4.
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expected conversion of ACC to calcite under ambient
conditions.64

The effect of solid composition on CO2 uptake is shown in
Figure 5a. A strong correlation between CO2 uptake and total
CaO and MgO content is evidenced, in agreement with eq 1.
In addition, a significant influence of the SiO2 content that is
indicative of the solid’s reactivity (e.g., see refs 50 and 67−73)
was also observed. The link between the solid’s reactivity (i.e.,
mineral dissolution rate) and CO2 uptake is explicitly
elaborated in Figure 5b, which shows the surface retreat
(dissolution) rate at pH 6 and 60 °C as measured using vertical
scanning interferometry (VSI).66,74,75 Interestingly, the CO2

uptake (rate and extent) is strongly correlated with the mineral
dissolution rate, suggesting that predominantly, the rupture of
the silicate framework is a prerequisite to releasing alkaline
cations into solution. In silicates, the fraction of network-
modifying elements controls the connectivity between the Si-
and Al-centered polytopessince network modifiers tend to
result in the formation of terminating NBO atoms that are
connected to only one Si or Al atom.49 As such, silicate/
aluminate tetrahedra (i.e., which form the rigid skeleton of
aluminosilicate phases) may be isolated, as in nesosilicates,
having a Si/O molar ratio of 1:4, form pairs as in sorosilicates
(Si/O = 2:7), are connected in chains as in inosilicates (Si/O =

1:3 or 4:11), arranged in sheets as in phyllosilicates (Si/O =
2:5), or form a framework, as in tectosilicates (Si/O = 1:2).
Because the breakage of Si−O and Al−O bonds is often rate-
limiting in dissolution, lower dissolution rates are observed for
solids with a greater numbers of these bonds.76 This is also
reflected in mean electrostatic O site potential, V = ∑qi/ri,
where qi and ri are the charge of and the distance between each
atom i, which increases with the increased sharing of oxygen
atoms by Si-species.77,78

Network Topology Governs the Carbonation Effi-
ciency. To further explore the relationship between the
atomic structure of the solids and their carbonation efficiency,
their number of constraints per atom (nc) was calculated (see
the Materials and Methods section). This exploration is
motivated by the fact that, in crystalline and glassy silicates, nc
has been shown to be an efficient reduced-dimensionality
metric that is strongly correlated to their dissolution
kinetics.50,67−72,79,80 The number of constraints per atom
associated with each solid is given in Table 2. Crystalline solids
are found to be systematically stressed-rigid (overconstrained,
nc > 3), whereas disordered phases are mostly flexible
(underconstrained, nc < 3)which reiterates why disordered
phases are often more reactive than their crystalline counter-
parts.81 In line with previous findings, Class F fly ash exhibits

Figure 4. (a) Distribution of CO2 uptake among crystalline and amorphous calcium- and magnesium-carbonates for the different types of slags:
EAF, BOF, ac-BF, SS, and LS. (b) Micrograph of the carbonated SS slag showing prismatic crystals characteristic of calcium carbonate produced
from solutions containing impurities.65,66 (c) XRD patterns for the non-carbonated (blue) and carbonated (red) SS slag. The phases are marked as
follows: 0melilite ((Ca,Na)2SiO7), 1monticellite (CaMgSiO4), 2perovskite (CaTiO3), 3enstatite (MgSiO3), 4strontiowhitlockite
(Sr9Mg(PO4)6(PO3OH)), 5carboborite (Ca2Mg(CO3)2B2(OH)8·4(H2O)), 6ilmenite (FeTiO3), 7bernalite (Fe(OH)3), 8brucite
(Mg(OH)2), and 9mayenite (Ca12Al14O33). The carbonated slag is composed of calcite (C) with minor peaks that suggest the presence of
hydrated calcium silicates including plombierite (Ca5H2Si6O18·6H2O) and xonotlite (Ca6Si6O17(OH)2).

Figure 5. (a) Ternary contour plot representing the 72 h carbonation potentials of alkaline solids including slags, fly ash, mafic and ultramafic rocks
and minerals, and portlandite (Ca(OH)2). The oxide compositions are expressed in mass %. (b) Relationship between CO2 uptake and surface
retreat (i.e., mineral dissolution) rate under equivalent conditions (pH 6, 60 °C, far-from-saturation) measured using VSI. The division of the
surface retreat rate by the homogeneous or heterogeneous (i.e., of a composite material) molar volume (Vm, cm

3/mol) yields the surface-area-
averaged mineral dissolution rate.
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higher nc values than Class C fly ashwhich is in agreement
with the fact that Class F fly ash tends to exhibit a lower
reactivity than Class C fly ash.67,82

An inverse linear correlation between carbonation efficiency
and number of constraints per atom is observed (Figure 6),
suggesting, by extrapolation, that a fully depolymerized
fictitious solid (with nc = 0) would feature a full (∼100%)
carbonation efficiencysince such a solid would not feature
any kinetic resistance to carbonation due to the absence of any
interatomic connectivity. In turn, the addition of each new unit
constraint tends to reduce the carbonation efficiency.
Eventually, the carbonation efficiency plateaus toward 0 in
highly stressed-rigid solids (nc > 3.2). Within this overall trend,
the ac-BF slag sample is noted to be an outlier, which suggests
that its number of constraints per atom therein may be
underestimated. This could be explained by the high degree of
crystallinity of this slagunlike what is assumed herein when
calculating nc. Overall, the inverse correlation between
carbonation efficiency and number of constraints per atom
suggests that, for the solids considered herein, the carbonation
kinetics are governed by the topology of the atomic network.
This suggests that the depolymerization of the solids (i.e., the

rupture of their skeleton silicate network; dissolution) is the
rate-controlling step of carbonation.
Herein, we offer carbonation potential assessments normal-

ized to the geometric specific surface area (SSA) because we
fractionated particles via mechanical sievinga geometric size
(i.e., a “circumscribed aperture”)-based separation. The
geometric surface area (i.e., assessed based on the smallest
sieve opening or based on light scattering measurements) is a
reasonable basis of assessment because (i) it does not consider
internal surface area (i.e., within voids) and (b) although
numerically different from an adsorption-based “BET” surface
area, both surface area assessments are a reasonable means to
“calibrate” carbonation rates since they both only consider the
exposed area that is accessible on a particle’s surface and
disregard the surface area that presents itself within internal
void spaces. It should be noted that 11 out of the 16 samples,
which include the rocks and slags, have nominally similar
particle sizes, that is, the 38−53 μm size fraction. In contrast,
the fly ash and Ca(OH)2 were used as received, resulting in
particle sizes that are much smaller than the other samples. As
such, although an overall greater extent of carbonation might
be expected for the fly ash because of its higher geometric SSA,
an offset in the trendlines was not observed. Instead, the data
points for all solids lie on the same trendline. This suggests that
the fly ash is intrinsically less reactive than the other solids for
an equivalent surface area. We offer a possible explanation for
this observation, that is, that ball-milling of the slags and rocks
increased its reactivity by increasing the reactive surface area,
for example, by the formation of defects and fine fractures.
Importantly, even when the trends for the solids of the same
surface areas are separately considered, that is, fly ash only,
slags and rocks only, our observations remain the same: (1)
that there is a linear relationship between the measured and
the maximum CO2 uptake (Figure 3b), (2) that CO2 uptake is
influenced not only by the total CaO and MgO content but
also by the SiO2 content (Figure 5a), and (3) that the CO2
uptake correlates with the number of constraints, nc, a proxy
for the solid’s reactivity that is independent of surface area and
only dependent on the solid’s atomic topology (Figure 6).
CO2 mineralization is a complex process that involves

several steps (dissolution, change in speciation, reactivity
between dissolved species, nucleation, crystal growth, etc.).
Nevertheless, Figure 5b clearly establishes that when CO2 is
abundant, the rate of CO2 uptake is controlled primarily by the
dissolution of the silicate. Silicate dissolution can be limited by

Table 2. Number of BS, BB, and Total Number of
Constraints per Atom (nc) Associated with Each Solid

type alkaline solid BS BB nc

geologically derived rocks
and minerals

anorthosite 1.623 2.204 3.828

gabbro 1.649 2.144 3.793
olivine 2.245 0.846 3.091
peridotite 2.138 1.078 3.216
serpentinite 2.154 1.030 3.184
basalt 2.154 1.032 3.186

coal combustion fly ash reclaimed
Class C (a)

1.309 1.703 3.012

reclaimed
Class C (b)

1.292 1.567 2.859

Class F 1.411 2.344 3.754
trona-rich 1.314 1.730 3.044
Class C 1.292 1.556 2.848

iron and steel slags LS 1.188 0.864 2.051
SS 1.161 0.760 1.921
ac-BF 1.225 1.174 2.399
BOF 1.263 1.211 2.475
EAF 1.290 1.356 2.647

Figure 6. Carbonation efficiency after (a) 24 and (b) 72 h of reaction as a function of the number of constraints per atom (nc). Herein,
dissolution−carbonation reactions occurred at ambient (“atmospheric”) pressure and T = 60 °C in excess water in equilibrium with pure CO2, i.e.,
corresponding to pH ∼ 4.
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the formation of a passivation layer or the precipitation of
secondary metastable phases; these mechanisms are primarily
at play upon extended dissolution time (i.e., Stage II)83 when
the solution approaches a Si-saturated state.84−86 Far from
saturation, the dissolution rate of silicate minerals is expected
to be controlled by network hydrolysis or ion-exchange
which, in turn, are both controlled by the connectivity/
topology of the silicate network.69 The systematic relationship
between carbonation efficiency and network topology indicates
that under our experimental conditions, network hydrolysis/
ion-exchange, and not surface passivation, controls the overall
CO2 mineralization rates. For further context, recently, Oey et
al. highlighted circumstances such that far-from-saturation, nc
is indeed a robust indicator of dissolution rates, but on the
other hand, close-to-saturation, nc may be an insufficient basis
for assessing dissolution, and in turn, carbonation behav-
ior.67,80

Role of Silicate Dissolution Kinetics. Generally speaking,
alkaline species are often hosted within silicate/aluminosilicate
frameworks. Therefore, to better understand the effects of
atomic structure on dissolution rates, the dissolution behavior
of a subset of the solids was examined to elucidate the linkages
between dissolution and carbonation rates, and solid
composition and structure. First, slags are composed of Ca-,
Mg-, and Fe-silicates and oxides. While there are data on the
bulk dissolution rates of slags, data on the dissolution rates of
individual slag-forming minerals are sparse. Nonetheless, their
relative reactivities can be inferred from observations of
analogous rock-forming minerals. For example, the Ca-
containing phases in slags can be separated into three types:
Ca(OH)2, Ca-(Fe)-silicates, and Ca−Fe−O19 such that the
calcium and iron oxides are generally more reactive that their
silicate counterparts. The crystalline phases in slags are
primarily nesosilicates, where during dissolution the structure
is decomposed (i.e., dissolved) by the breaking of Ca−O or
Mg−O bonds. These bonds have energies lower than Si−O
bonds,87 resulting in faster dissolution. Forsterite (Mg2SiO4), a
mineral often found in ultramafic rocks such as peridotite,
dissolves via a similar mechanism. However, the water
exchange rate around solvated Mg is lower than Ca, leading
to slower dissolution compared to its calcium-rich counterpart,
larnite (Ca2SiO4).

88 For chain silicates, in acidic conditions,
ion exchange of H+ to Mg2+ occurs, resulting in the partial

liberation of Si and the breaking of Si−O bonds.89 This implies
that the release of Mg in silicates leads to accelerated
dissolution. A similar mechanism has been proposed in talc
(Mg3Si4O10(OH)2), a sheet silicate, which may undergo
extensive ion exchange, leading to its exfoliation and increased
surface area,90 further enhancing dissolution. Analogous to the
carbonation results presented above, this may also explain why
the rate constants for Ca-release correlate with the Ca/Si ratio
but show a more complex relationship with bulk Ca content
(Figure 7a,b). The dissolution rate of silicates, including slags,
generally increases with decreasing pH,91−93 but the relative
increases are phase-dependent. For instance, Mg-containing
silicates dissolve appreciably only at low pH. As a result, SS
and LS, both of which are rich in Ca−Mg-, and Ca−F-silicates
and contain the highest bulk Ca, dissolved more favorably than
BOF slag in acidic conditions (Figure 7c). Under alkaline
conditions, BOF slag, which is composed primarily of Ca-
aluminates and Ca-silicates, exhibited the highest rates of Ca
release. This is because the dissolution of Ca−Al-silicate, Ca−
F-silicate, and Ca−Mg-silicate is more significantly enhanced
in acidic conditions relative to Ca2SiO4.

91,94 In addition, the
dissolution rates of the isochemical phases β-Ca2SiO4 and γ-
Ca2SiO4 have been shown to not depend strongly on pH over
the range of 4−10,93 whereas the dissolution rate of calcite,
abundant in SS and LS but not in BOF slags, increases
significantly with decreasing pH.94 Hence, under acidic
conditions, the phase composition of the slag, in addition to
the molar Ca/Si, becomes a significant determinant of Ca
extractability (Figure 7c). These results suggest that for solids
having similar Ca contents, the fraction of Ca that is present in
reactive (less polymerized, e.g., CaO) phases controls the
relative differences in the rates of Ca solubilization. This is
consistent with the observation made earlier that carbonation
is inversely controlled by the Si content of the solid. These
results imply, unsurprisingly, that solids with higher reactive Ca
and Mg contents are more reactive and feature a higher CO2
uptake capacity.

Estimating CO2 Removal Based on Measured Carbo-
nation Potentials. In order to limit global temperature rise to
1.5 °C and the effects of climate change, about 10−20 gigatons
(Gt) of CO2 need to be removed from the atmosphere,
annually, over the next 100 years.2 This translates to the
production of at least 20 Gt of carbonate solids per year by

Figure 7. Apparent dissolution rate constant, k, as a function of (a) mass of Ca per unit mass of slag and (b), (c) molar Ca/Si ratio of the slag, in
(b) DI water (i.e., under alkaline conditions) and (c) under acidic conditions (using acetic acid). The green line in (b) shows the best-fit line for
the data obtained at 90 °C, whereas the dashed gray line in (c) is drawn to guide the eye to show the relationship between k and molar Ca/Si while
excluding the data points corresponding to SS and LS. The fraction of Ca reacted, XCa, follows a power law dependence as a function of time, given
by XCa = mCa,t/mCa,t0 = ktα, where k is the apparent rate constant and α is the apparent reaction order whereas mCa,t and mCa,t0 (mg) are the total
masses of Ca released in solution at time t (h) and initially present in the solid, respectively.
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CO2 mineralization. Ultramafic rocks present an abundance on
the order of 50 km3 in the eastern United States.95 Although
ultramafic rocks are rich in Mg, for example, 36−48 mass %
MgO, they dissolve rapidly only under highly acidic conditions,
for example, >5 N HCl (energy intensity of: 0.88 MWh of
energy per t of HCl produced).95,96 For the modest solvents
considered herein, natural alkaline solids feature no measurable
carbonation potential for practical time scales on the order of
hours to days. While mechanical (e.g., ultra-fine grinding;
energy intensity of 0.05 MWh of energy per t of solute to
produce a median particle size (d50) on the order of 50 μm;
also see ref 97), thermal (e.g., exposure to temperatures > 600
°C: energy intensity of 0.2 MWh of energy per t of solute),
and/or pressure impositions (e.g., 15 MPa, energy intensity of
0.22 MWh of energy per t CO2) processing and/or aggressive
solvents98−102 do indeed enhance carbonation reaction rates
these can result in considerable expense (i.e., equipment and
process complexity, energy, and carbon intensity) which may
impede widespread adoption. However, processing costs may
be offset by the production of valuable industrial solids (e.g.,
colloidal silica, magnesite) and recoverable thermal energy.103

Moreover, recent advances in regenerable sorbents for CO2
mineralization as well as the decreasing costs of renewable
energy may render these processes feasible.104−107 Renewable
generation capacity, globally, is fast expanding. Recent
forecasts show that renewable energy will account for 60% of
cumulative capacity additions from 2020 to 2050 and that
generation is increasing faster than electricity demand such
that renewable energy will account for 42% of total electricity
generation in the United States.105 However, the rate of
expansion and the installed base of renewable energy
generation at this time remain less than needed to achieve
necessary levels of CO2 removal.108

Our results are applicable for passive CO2 mineralization
strategies. In such applications, an unlimited source of CO2
(i.e., atmosphere) is present and the rate and extent of CO2
mineralization is limited simply by the reactivity of the solid
reactants (and the availability of sufficient moisture).109−111

The objective of using pure CO2 in our experiments is not to
highlight a specific application but rather to ensure sufficient
dissolved carbon such that mineral dissolution is rate-limiting.
Thus, our conditions are selected to accelerate passive
carbonation by supplying sufficient amounts of reactants
while maintaining ambient temperature and pressure to not
alter the mechanisms of CO2 mineralization reactions. In any
event, mineralization effected via forced/enhanced (i.e., as
opposed to passive) alkaline solid weathering would need to
focus strictly on the utilization of renewable energy as existing
fossil fuel sources result in far too high a carbon footprint to
offer a negative emissions strategy (N.B.: 1 MWh of coal-based
electricity and natural-gas-based electricity generation are
associated with ∼0.95 and ∼0.45 t, respectively, of CO2
emissions).2 Lastly, while rocks do present volumetric
abundance, unless a particular effort is made to utilize mine
tailings and existing industrial byproducts, the mining of these
resources results in its own environmental footprint. None-
theless, strategies involving ambient/passive carbonation of
surface rocks in coastal environments that induce natural
grinding processes may result in net negative CO2
emissions.112,113 Although unquestionably industrial alkaline
wastes are substantially more reactive than their natural
counterparts, they are far less abundant. For example, global
annual productions of fly ash and slag are on the order of 440

and 530 Mt annually, respectively.114 The net carbonation
potential (i.e., after accounting for the process and/or reagent
CO2 footprint) of this diversity of materials, that is, both
geological-derived and industrial wastes, can be more
accurately estimated by considering their reactivity. Our
experimental carbonation conversions (Table 1, Figures 3b
and 5a) suggest a carbonation potential on the order of ∼600
Mt CO2/year, which, given the applicable levels of uncertainty,
is similar to the estimates of Renforth et al.8 (700−1200 Mt
CO2/year), contributing about 5% to required CO2 removal
rates. Accelerating this rate by decreasing the grain size entails
significant grinding energy that is a function of the mineral’s
hardness and the required dissolution rate.97 Based on
experimental data on olivine dissolution in a soil column, a
minimum energy requirement for dissolution of 0.42 MWh per
ton of rock is estimated.115 Given the dissolution-limited
nature of carbonation reactions, a specific opportunity may lie
in utilizing pre-solubilized Ca and Mg, for example, from
produced water, saline groundwater, and desalination brines
for CO2 mineralization. Based on current production rates,
these waters can provide nearly 1 Gt of Mg and Ca in total per
year.116−120 Moreover, seawater is a massive reservoir of
divalent cations, with global inventories amounting to 520,000
Gt Ca and 1,272,000 Gt Mg.121 So long as the ocean’s
chemistry is not detrimentally affected, there may be additional
opportunities in using ocean-derived Ca and Mg for CO2
mineralization.122

■ SUMMARY AND CONCLUSIONS
In this study, we systematically analyzed and compared the
carbonation potentials of a collection of natural and industrial
alkaline solids having wide-ranging chemical compositions and
phase constituents. Special focus is placed on revealing the
influences of the intrinsic reactivity of the solids by examining
carbonation under aqueous conditions and in systems
saturated with CO2. The approach presented herein can be
applied to assess the carbonation capacity (potential and
efficiency) of heterogeneous solids that feature a complex
distribution of distinct mineral species. In agreement with prior
findings, our results show that natural alkaline solids are much
less reactive than their industrial counterparts. Furthermore,
we show that carbonation potentials and the rate of calcium
release depend not only on the total Ca (and Mg) contents but
also on the Si content, which is indicative of the silicate
network’s atomic topology and thus the reactivity of the solid.
The dependence of carbonation on mineral dissolution
indicates that enhancing dissolution, for example, using
additives, or thermal, mechanical, electrical, or acoustic
methods, at the lowest possible energy expenditure is a critical
need to achieve sufficiently fast dissolution (i.e., generally
greater than 10−9 mol/m2/s) and therefore carbonation rates.
Taken together, this work presents an approach to ascertain
the propensity for carbonation/carbon sequestration capacity
using the bulk chemical composition of the solid at near-
ambient conditions. Quantitative data of this nature are
foundational to accurately estimate/constrain the ability of
alkaline solid-based enhanced weathering to serve as a time-
and scale-relevant carbon management strategy.
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