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ABSTRACT: The reaction of CO2(aq) with calcium silicates
creates precipitates that can impact fluid flow in subsurface
applications such as geologic CO2 storage and geothermal
energy. These reactions nominally produce calcium carbonate
(CaCO3) and amorphous silica (SiOx). Here we report
evidence that the crystal structure of the parent silicate
determines the way in which it reacts with CO2 and the
resulting structures of the reaction products. Batch experi-
ments were performed using two polymorphs of a model
calcium silicate (CaSiO3), wollastonite (chain-structured) and
pseudowollastonite (ring-structured), at elevated temperatures
(150 °C) and partial pressures of CO2 (0−11 MPa). Reaction
of CO2(aq) with wollastonite produced CaCO3 and SiOx,
whereas reaction of CO2(aq) with pseudowollastonite produced platelike crystalline calcium silicate phases, along with CaCO3
and SiOx. A reaction mechanism that explains the observations in relation to dissolution of the parent silicate, the pH of the
solution, and the presence of nucleation sites is proposed. The mechanism is supported with inductively coupled plasma optical
emission spectrometry measurements and scanning electron microscopy/transmission electron microscopy−selected-area
electron diffraction characterization of solid products. These findings are important for a number of reasons, among them, the
fact that the crystalline silicate precipitates are more stable than CaCO3 under low-pH conditions, which could be valuable for
creating permanent seals in subsurface applications.

■ INTRODUCTION
In deep subsurface environments such as those associated with
hydraulic fracturing, CO2 storage, and enhanced geothermal
energy production, there is growing interest in managing
environmental impacts associated with undesirable fluid
migration.1−6 The targeted deployment of mineral precip-
itation reactions is one strategy that has been proposed to
manage the fate of fluid flow properties in porous media.7−9

Calcium silicates make up a common and broad class of
minerals that can be used in these applications. They dissolve
in acid to produce cations (Ca2+) and amorphous silica (SiO2),
which can create an opportunity for pore plugging.

+ ⇋ + ++ +CaSiO 2H Ca SiO H O3(s)
2

2(am) 2 (1)

The rates at which the cation and silica are released into
solution have been shown to vary considerably on the basis of
the crystal structure of the parent compound, even among
minerals having the same chemical formula.10,11 Wollastonite,
CaSiO3, dissolves incongruently, resulting in nonstoichiometric
release of calcium and silicon.12,13 Wollastonite has a
pyroxenoid silicate chain structure and resists rapid Si leaching
due to the strength of Si−O bonds in the silicate chains,
resulting in preferential Ca leaching. In contrast, the
polymorph pseudowollastonite has an isolated trisilicate ring

structure in which the Ca2+ ions are weakly bonded to O atoms
resulting in rapid, stoichiometric dissolution and equal release
of Ca and Si during dissolution.14,15

Under conditions where CO2(aq) is present, the cation can
form a complex with carbonate ions and precipitate as calcium
carbonate (CaCO3).

+ + ⇋ ++ +Ca CO H O CaCO 2H2
2(aq) 2 3(s) (2)

In this reaction, CO2 provides both the reactant (carbonate
ions) and the source of hydrogen ions (carbonic acid). If CO2
is present in sufficiently high concentrations, it will drive the
reaction to the left. Understanding these competing effects is
critical for controlling this chemistry in engineered applica-
tions.
When wollastonite dissolves in the presence of CO2(aq), a

calcium-depleted leached layer forms and the calcium ions can
react with CO2(aq) to form solid carbonates16 in accordance
with eqs 1 and 2. In contrast, we hypothesized that when
pseudowollastonite dissolves in the presence of CO2(aq), the
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availability of cations and high concentrations of dissolved
silica can result in precipitation of non-carbonate mineral
phases with low ratios of cation to silica (≤1) similar to
tobermorite17 [Ca5Si6O16(OH2)·4H2O] and magadiite18 [Na-
Si7O13(OH)3·4H2O]. Those products have been noted for
their high strengths,19 adsorption properties,20 and low
reactivities,21 and the availability of nucleation sites has been
shown to play an important role in controlling the morphology
and rate of their precipitation.22,23

The reaction of calcium silicates with CO2 has been well
studied in the context of carbon sequestration. Examples
include reactions in basalts24,25 and exposed mantle
peridotites,26 engineered weathering of silicate minerals,27,28

and sequestration in deep saline aquifers.29 We are interested
in these reactions not because of their potential to mineralize
CO2 directly but because of their potential to create
precipitates other than carbonates. Silicates could be delivered
into pore spaces, where resulting precipitates could seal porous
and fractured rocks and cements or stabilize and encase
carbonate precipitates.30

Here we present new evidence of the role of crystal structure
(rather than simply elemental composition) of the parent
silicate in controlling the chemistry of the precipitated
minerals. This is a connection that has not yet been reported
in the literature and is one that could have important
implications in a number of subsurface applications requiring
strength and stability. Batch experiments were performed using
wollastonite and pseudowollastonite under a range of pH,
pressure, and CO2 conditions to establish a proposed
mechanistic understanding of the dissolution and precipitation
reactions that control the formation of these chemically stable
mineral phases.

■ MATERIALS AND METHODS
Materials. A citrate−nitrate gel autocombustion method

was used to make a calcium silicate ash that was calcined at
950 or 1250 °C for 2 h to produce wollastonite or
pseudowollastonite, respectively.31 The calcium silicate pow-
ders were then ground separately and sieved to isolate the 74−
149 μm fraction. The crystal structures and morphologies of
the calcium silicates were confirmed via powder X-ray
diffraction (XRD), coupled with scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDS). In
experiments in which sand was used to test the effects of
heterogeneous nucleation, Ottawa sand (US Silica, F-50) was
sieved to obtain the 250−595 μm fraction, washed in 1 N HCl
(Sigma-Aldrich), and rinsed with deionized water (>18.0 MΩ

cm). Sodium hydroxide (98% NaOH, Sigma-Aldrich) and
sodium chloride (99% NaCl, EM Science) were used as
received.

Batch Experiments. To investigate these reactions,
experiments were conducted in batch systems to isolate the
chemical processes and enable observation of reaction
products, while limiting macro-scale mass-transfer limitations
and heterogeneity that exists in column experiments. For each
set of experimental conditions, 15 mg each of wollastonite and
pseudowollastonite powder were placed into separate,
identical, Teflon boats (approximately 0.75 cm3) and placed
in a single Teflon-lined stainless-steel pressure vessel. Within
each boat, 1 g of sand and 0.5 mL of deionized water (with
various concentrations of NaOH and/or NaCl) were added.
Pressure vessels were heated to 150 ± 3 °C. CO2 was injected
into the vessels via a syringe pump (Teledyne ISCO), and the
concentration of dissolved CO2 was calculated by its partial
pressure in the headspace using PHREEQC, equilibrated with
the water phase, for each CO2 concentration that was tested.
Once the CO2 pressure equilibrated, the pump was switched to
nitrogen gas and the pressure was increased to 15.5 MPa. Each
experiment was conducted for 24 h, and afterward, the
samples, in the Teflon boats, were oven-dried at 75 °C where
sheet silicate precipitates are not expected to form.32,33 Upon
drying, the sand and powders became separable, and the
powders were then rinsed three times to remove any remaining
NaOH and dried at 50 °C for 12 h. The products of select
samples were then divided, and a portion was acid-washed in a
pH 5.5 acetic acid/sodium acetate-buffered solution for 6 h.34

To remove the acid, those samples were again rinsed and oven-
dried.

Analytical Methods. The reaction products were analyzed
via SEM−EDS (FEG Environmental-SEM, Oxford AZtec EDS
system) for morphology and elemental composition and via
powder XRD (Bruker D8 Advance) for phase identification.
Data were collected with a Ag tube source (λ = 0.56 Å) over a
2θ range of 4−20°, with a step size of 0.025−0.05°.
Identification was performed using the powder diffraction
database in Diffrac.Eva version 3.1 (Bruker). For single
particles from one sample, transmission electron microscopy
(TEM), selected-area electron diffraction (SAED), and
additional EDS were conducted [FEI Talos (S)TEM, 200
kV]. Inductively coupled plasma optical emission spectrometry
(ICP-OES, Thermo Scientific iCap 6200) was also used to
analyze aqueous phases to determine relative dissolution rates
of wollastonite and pseudowollastonite.

Table 1. Selection of Experimental Conditions and Reaction Products Described in This Worka

pCO2 (MPa) [NaOH] (M) pHb interface wollastonite reaction products pseudowollastonite reaction products analytical techniques

0 0 0.1 10.5 sand Ir Ir SEM, EDS
1 1.1 0 3.9 sand Ir > Ara > Cal Ir > Ara ≫ PL SEM, EDS, XRD
2 1.1 0.1 (NaCl) 3.9 sand Ir > Cal ≫ Ara Ir > Ara ≫ PL SEM, EDS, XRD
3 1.1 0.1 6.7 none Ir > Cal ≫ Ara Ir > Ara SEM, EDS, XRD
4c 1.1 0.1 6.7 sand Ir > Cal ≫ Ara PL > Ara > Ir SEM, EDS, XRD
5 1.1 0.1 6.7 sand Ir > Cal ≫ Ara PL > Ara > Ir SEM, EDS, XRD, TEM
6 5.5 0.1 5.9 sand Ir > Cal Cal > Ir SEM, EDS
7 11 0.1 5.7 sand Ir > Cal Cal > Ir SEM, EDS

aProducts listed in order of prevalence, as determined by SEM−EDS analysis coupled with XRD. Here, “irregular” phases (IR) include amorphous
silica as well as unreacted CaSiO3, solid carbonates include calcite (Cal) and aragonite (Ara), and layered calcium silicate phases [platelike (PL)]
are also observed. bCalculated for batch solution at equilibrium with CO2 at 150 °C using PHREEQC. cExperiment conducted at a low total
pressure (1.1 MPa).
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■ RESULTS AND DISCUSSION
Layered Calcium Silicate Formation. The experiments

conducted here, summarized in Table 1, yielded very different
products for wollastonite and pseudowollastonite. When
wollastonite reacted with CO2(aq), only amorphous silica and
CaCO3 formed. Conversely, pseudowollastonite yielded a
variety of morphologies observed via SEM, suggesting the
presence of multiple mineral phases. For each experiment, the
relative abundance of reaction products is listed in order of
prevalence based on qualitative SEM−EDS coupled with XRD.
For instances of CaCO3, calcite and aragonite were identified
via XRD, except in samples 0, 6, and 7, where calcite was
reported. Figure 1 presents representative micrographs and
EDS spectra of the morphologies described in Table 1. The
layered calcium silicate phases are likely crystalline calcium

silicate hydrates. TEM−SAED confirmed that the material was
crystalline but did not match pseudowollastonite. TEM−EDS
showed that one of the platelets had a 54:46 Ca:Si ratio.
Previous work35 identified trace amounts of nanoscale calcium
silicate hydrates after reaction of wollastonite with CO2, while
others36 noted silicate polymerization during carbonation of
natural wollastonite under high-relative humidity conditions.
To the best of our knowledge, no work to date has reported
the formation of such dissimilar reaction products from
polymorphs of the same parent silicate.
The differences observed between the reaction products of

wollastonite and pseudowollastonite were sensitive to both the
presence of CO2 and pH. In experiment 0, where no CO2 was
present, no layered calcium silicate phases were observed from
reaction of either polymorph. At high CO2 concentrations

Figure 1. (a−d) Representative SEM micrographs of the phases produced in these experiments, including calcite (Cal), aragonite (Ara), and
irregular silica phases (Ir). At elevated pH values and moderate dissolved carbonate concentrations, appreciable quantities of platelike (PL) calcium
silicates are produced (c and d). (e) EDS spectra are presented for each of the identified phases in panels a−d. The spectra show that the PL phases
are rich in both calcium and silica. (f and g) TEM micrographs show the nature of the PL phases, and EDS confirms an abundance of Si and Ca.

Figure 2. Proposed mechanism for how the crystal structures of (a) wollastonite and (b) pseudowollastonite, both polymorphs of CaSiO3,
influence the reactions that proceed in the presence of CO2(aq). Wollastonite dissolves nonstoichiometrically, as evidenced by ICP-OES
measurements of dissolved Si and Ca. The resulting leached layer of SiOx is depicted, as is the reaction of calcium with dissolved carbonate to
generate CaCO3. Pseudowollastonite dissolves congruently. The elevated concentration of dissolved silica promotes precipitation of layered
calcium silicates. In parallel, CaCO3 may precipitate, consuming dissolved carbonate and some calcium ions.
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(experiments 6 and 7), CaCO3 was the predominant reaction
product and significantly more CaCO3 existed in pseudowol-
lastonite than in wollastonite reaction samples.
When calcium silicates reacted with intermediate concen-

trations of CO2, the reaction products depended on several
factors, including the initial CaSiO3 crystal structure, pH, and
the availability of heterogeneous nucleation sites (i.e., sand).
Comparison of the results from experiments 3 and 5 suggests
that, in pseudowollastonite experiments, nucleation sites are
needed to yield layered calcium silicate precipitates. Also, when
the pH was increased using 0.1 M NaOH (experiments 4 and
5), an abundance of platelike phases was observed. To better
understand the role of Na in this reaction mechanism (because
NaOH was used), experiment 2 was conducted at the same Na
molar concentration as experiment 5, with NaCl rather than
NaOH. Only a very small quantity of platelike phases was
found in experiment 2, and the results nearly mirror those of
experiment 1. In addition, XRD analyses suggest that calcite
was the predominant CaCO3 mineral in wollastonite samples
and aragonite was predominant in pseudowollastonite samples.
Because pseudowollastonite dissolves more rapidly, this
observation is likely due to the relative concentrations of
dissolved calcium in the aqueous phase.37 All experiments were
conducted at a high total pressure (15.5 MPa) to simulate
conditions in the deep subsurface except experiment 4, which
was conducted at 1.1 MPa, to confirm that total pressure had
little to no effect on products.
Mechanism for Layered Calcium Silicate Formation.

These experiments provide insight into the mechanism that
governs the formation of layered calcium silicates instead of
CaCO3. A schematic of the proposed mechanism is presented
in Figure 2. Figure 2a depicts the reaction of wollastonite in
water, where the pyroxenoid silicate chains lead to non-
stoichiometric dissolution of calcium ions and a silica network
that hinders further dissolution of calcium. Previous work38−41

demonstrated that in silicate−glass corrosion, this leached
layer of silica gel restructures and cross-links, effectively closing
pores around the periphery of the glass. However, hydrolysis of
Si−O bonds allows the limited release of polymerized vitreous
silica, meaning the aqueous phase surrounding the solid surface
is therefore calcium-rich but its silica concentration is relatively
low, which is supported by the ICP-OES data in Figure 2a.
When CO2 is present, the precipitation of CaCO3 is highly
favorable. In contrast, Figure 2b depicts the case of
pseudowollastonite reacting with water and CO2. The
trisilicate rings are readily dissolved, releasing stoichiometric
quantities of Ca and Si [silicic acid, Si(OH)4]. With the
exogenous elevation of the pH (NaOH), the concentration of
dissolved Si increases and becomes supersaturated, and Si
forms complexes with calcium (and, possibly, carbon) and
precipitates as layered calcium silicates, with the Ca:Si
stoichiometry being dependent on the local ion concentrations.
Simultaneously, some Ca may be consumed by the
precipitation of CaCO3. Not depicted in the figure is the
impact of temperature on the morphologies and crystal
structures of precipitates, but previous work32,33 and our
experiments suggest that the layered calcium silicates are more
prevalent at >120 °C. Experiments performed over longer time
scales, not shown, produced similar results, suggesting the
results are not time-dependent over the time scales evaluated
here.
ICP-OES analyses confirmed that dissolution rates in

CaSiO3 could be driving the difference in precipitate

chemistry. Experiments were performed under conditions
that mimicked the conditions of experiment 4 except HCl
was used in place of CO2 to prevent rapid CaCO3
precipitation. The molar concentrations of aqueous Ca and
Si (0.55 g of 74−150 μm CaSiO3 in 500 mL of stirred water)
upon reaching 150 °C are shown. The plots show that Ca
dissolves more quickly than Si in wollastonite but stoichio-
metrically in pseudowollastonite. Additionally, these experi-
ments produced no crystalline silicate phases or CaCO3 (as
determined by SEM−EDS), which underscores the importance
of CO2 in the system.
The results of the acetic acid washing provide insights into

the chemical stability of the layered calcium silicates produced
relative to CaCO3. Representative SEM micrographs and
layered EDS maps (Ca, Si, and C) of (a) unreacted
pseudowollastonite, (b) products from CO2-reacted pseudo-
wollastonite (experiment 4), and (c) products from CO2-
reacted and acid-washed pseudowollastonite (experiment 4)
are presented in Figure 3. The EDS maps in panel b show

intense regions of calcium and carbon that align with the
regions that appear to be CaCO3. The remainder (and
majority) of the sample is comprised primarily of platelike
phases, which remained entirely intact after acid washing, along
with some irregular phases. CaCO3 could not be found in the
acid-washed samples.

Figure 3. SEM micrographs and EDS analyses of (a) unreacted
pseudowollastonite showed no evidence of CaCO3, while those from
(b) reacted pseudowollastonite showed a significant quantity. (c)
After acid washing, CaCO3 was not observed while platelike phases
remained unaltered.
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The chemical resilience of the layered crystalline calcium
silicates suggests they could have important applications in
subsurface engineering contexts, among others. While
pseudowollastonite is less common than wollastonite in the
environment, the role of ion concentration revealed here could
be leveraged to deliver mixtures of other more abundant
minerals that would produce ideal reactant concentrations to
generate layered calcium silicates in applications such as
geologic CO2 storage, geothermal energy, or hazardous waste
containment. Pseudowollastonite nanoparticles or some
combination of calcium and silica from waste streams delivered
at the right ratios could create the pore conditions that would
result in the precipitation of stable mineral phases, which could
enable dramatic decreases in permeability, even in harsh
environmental conditions. In ex situ carbon storage and cement
applications, these results could inform novel ways to produce
unreactive passivating layers on carbonates that would resist
weathering and improve the long-term stability of the materials
produced.
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