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Abstract: One of the most promising strategies for the safe and permanent disposal of anthropogenic
CO, is its conversion into carbonate minerals via the carbonation of calcium and magnesium silicates.
However, the mechanism of such a reaction is not well constrained, and its slow kinetics is a
handicap for the implementation of silicate mineral carbonation as an effective method for CO,
capture and storage (CCS). Here, we studied the different steps of wollastonite (CaSiO3) carbonation
(silicate dissolution — carbonate precipitation) as a model CCS system for the screening of natural
and biomimetic catalysts for this reaction. Tested catalysts included carbonic anhydrase (CA),
a natural enzyme that catalyzes the reversible hydration of COy(,q), and biomimetic metal-organic
frameworks (MOFs). Our results show that dissolution is the rate-limiting step for wollastonite
carbonation. The overall reaction progresses anisotropically along different [hki] directions via a
pseudomorphic interface-coupled dissolution—precipitation mechanism, leading to partial passivation
via secondary surface precipitation of amorphous silica and calcite, which in both cases is anisotropic
(i.e., (hkl)-specific). CA accelerates the final carbonate precipitation step but hinders the overall
carbonation of wollastonite. Remarkably, one of the tested Zr-based MOFs accelerates the dissolution
of the silicate. The use of MOFs for enhanced silicate dissolution alone or in combination with other
natural or biomimetic catalysts for accelerated carbonation could represent a potentially effective
strategy for enhanced mineral CCS.

Keywords: carbonation; wollastonite; catalysts; carbonic anhydrase; MOFs; carbon capture and storage

1. Introduction

The alarming increase in the concentration of atmospheric CO, from pre-industrial levels of
~280 ppmv to current levels of ~400 ppmv and the effects this greenhouse gas can have on the Earth
system [1], have prompted extensive research aiming at reducing anthropogenic CO, emissions and its
capture and storage [2,3]. Among the different solutions under investigation [4-6], the conversion of
calcium and magnesium (and/or ferrous iron) silicate minerals (e.g., olivine, pyroxenes, wollastonite,
amphiboles, serpentine, and Ca-plagioclase) into carbonates, the so-called Urey-type or carbonation
reaction [7], i.e., MSiO3 + CO, = MCOj + SiO,, where M is a divalent metal cation such as Ca%* and
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Mg?* (or Fe?*), has been proposed and tested for the safe and long-term storage of this greenhouse
gas [2,8,9].

Carbonation of primary silicates is a natural weathering process [10] that has regulated Earth’s
atmospheric CO; concentration and climate over geologic time-scales [11-15]. Such a natural process
is the basis of several current ex situ and in situ technologies for carbon capture and storage
(CCS) [4,6,16,17]. Among the many ex situ methods proposed so far, involving either solid—gas or
liquid—gas carbonation reactions, the most promising ones are those based on aqueous mineral
carbonation [6,18]. This is the case, for instance, of the acid-promoted dissolution of primary silicates
in a reactor followed by the injection of CO, in the resulting Ca- and/or Mg-rich solution, whose
pH is increased to favor carbonate precipitation [17]. This two-stage mineral carbonation is known
as the “pH-swing” process [19,20]. Ex situ silicate carbonation in solution following a one step
process (i.e., direct carbonation) would be more cost-effective, but typically requires circumneutral
pH conditions, which limit silicate dissolution [6,16]. Silicate activation by means of heat treatment
and/or intensive grinding can result in enhanced dissolution during ex situ mineral carbonation,
but these processes have a high energy penalty and are too costly [2,4], which may make such an
approach impractical [18]. Alternatively, complexing agents (e.g., ethylenediaminetetraacetic acid,
EDTA) and weak organic acids (e.g., acetic acid) can enhance silicate dissolution at moderately acid
(pH 2-4.5) or circumneutral pH conditions [21-23], but their cost and complex recycling are strong
handicaps for their widespread implementation. In situ carbonation involves the direct deep injection
of CO; (e.g., dissolved in water as a brine) into mafic and ultramafic silicate rock formations [2,4,24].
The reactive brine (with very low pH) induces the dissolution of the alkaline-earth silicates (or silicate
glass), a process which consumes protons. The subsequent pH increase ultimately favors carbonate
precipitation [24]. A successful example of in situ carbon mineral sequestration via silicate carbonation
is the case of the pilot test CarbFix (Iceland), which involved injection of reactive CO; brines into
basaltic rocks [24,25]. Matter et al. [24] report that over 95% of the CO; injected into the CarbFix site
might have been mineralized in less than two years.

Silicate minerals transform into carbonates via a combined dissolution—precipitation process.
The alkaline-earth metal cations released by the dissolution of the silicate mineral act as building
units for the formation of secondary carbonate phases [26-28]. The final result is the incorporation
of CO; as carbonate structural units into the product phases. The thermodynamic driving force
behind the overall carbonation process is the undersaturation with respect to the silicate minerals of
the (carbon-rich) aqueous solution interacting with natural silicate rocks [26,27]. As soon as silicate
minerals” dissolution starts, the aqueous phase becomes increasingly richer in alkaline-earth metal
cations until a critical supersaturation with respect to the carbonate minerals is reached, triggering their
precipitation [4,26,27]. The overall AG of the dissolution—precipitation reactions is negative, so this
process takes place spontaneously [27,29]. As an example, the overall carbonation of wollastonite is
exothermic, with a AH of —87 kJ-mol~! and AG of —44 kJ-mol~! at standard T and P conditions [9,29].
However, the kinetics of these coupled dissolution—precipitation reactions are typically very slow,
which poses a strong handicap for the effective implementation of this CCS strategy [22]. The use
of catalysts that can speed up both the silicate dissolution and the carbonate precipitation reactions
(neither being consumed by the reaction nor needing a costly recycling) would thus represent a
significant advance for the effective and widespread implementation of mineral carbonation for CCS.

The hydration of CO; via the overall reaction COy(5q) + HoO = HCO3™ + H* is the rate-limiting
step of the carbonate precipitation reaction [30,31]. This reaction is significantly accelerated by carbonic
anhydrase (CA) enzyme and, as a result, CA also accelerates the precipitation of alkaline-earth
carbonates [32-34]. CAs are an ubiquitous family of natural metalloenzymes, its main function being
the catalysis of the reversible hydration of carbon dioxide to form bicarbonate ions [35], thereby
playing a critical role in various cellular functions, such as pH-regulation, CO, transport, and bone
resorption [36], as well as in the biomineralization of CaCOj [37]. The active site of CA is formed
by a Zn atom tetrahedrally coordinated to three histidine residues and a water molecule. Histidine
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residues polarize the electronic cloud around the metallic atom and facilitate anchoring of bonded OH™
(formed after water splitting) to the electrophilic carbon of dissolved CO,, resulting in its hydration
(nucleophilic attack) to form HCO3;~. The bicarbonate ion is then displaced from Zn by a water
molecule, which again undergoes protolysis, rendering the active site ready to catalyze the hydration
of another CO, molecule [35]. CA is one of the fastest enzymes known, with a turnover of up to
10° s~1 [34]. Such a biocatalyst has been found to be effective for enzymatic pre- and post-combustion
(flue gas) CO; capture [6,38], and for accelerated ex situ CO, capture and storage via carbonation
of industrial alkaline brines [32], Ca(OH), solutions [39] and pastes [31], and Mg(OH); slurries [34],
as well as solutions produced during the pH-swing process [40,41].

In addition to its “hydrase” catalytic activity, CA also acts as an “esterase” enzyme, being able to
hydrolyze a range of ester bonds [38]. Despite its proved catalytic effect on carbonate precipitation, it is
not known if CA plays any catalytic role on the dissolution of silicate minerals subjected to carbonation,
which is the rate-limiting step in most studied systems [4,16,20,22,26,27], or on the development of
secondary amorphous silica layers, also known as silica altered layers, SALs [42,43], which reportedly
have a detrimental effect on mineral carbonation [20,29,44—49]. Because CA can catalyze the breaking
of ester bonds [38], this enzyme could potentially be able to facilitate silicate dissolution or contribute
to the dissolution of passivating SALs via Si-O ester-like bond breaking. Interestingly, some sponges
that are able to dissolve amorphous silica, express an enzyme called silicase that belongs to the family
of CAs [50]. CA and silicase possess the same active site (i.e., the Zn atom coordinated to three histidine
residues). However, while silicase can also catalyze the reversible hydration of CO, [50], its main
biochemical role is to catalyze the breaking of Si—O ester-like bonds producing silicic acid [50,51],
thereby speeding the dissolution and/or precipitation of silica. The structural similarity of silicase and
CA gives some bearing to the notion that CA could accelerate the dissolution of silicate minerals as
recently proposed by Xiao et al. [52]. Conversely, the proved capacity of silicase to break Si-O bonds
would make it an ideal biocatalyst for the accelerated dissolution of Ca and/or Mg silicates, prior
to carbonate precipitation. Unfortunately, silicase extraction (from SiO,-biomineralizing sponges) is
very complex [50], and at present this enzyme is not commercially available. In contrast, CA from
bovine serum is commercially available. Hence, here we decided to explore the potential silicase-like
(i.e., esterase) role of CA during the dissolution stage of wollastonite subjected to carbonation.

In any case, the limited availability of natural enzymes, and their poor stability (i.e., rapid
denaturation) are strong handicaps for their widespread use in CCS [6]. Therefore, it would be
of advantage to evaluate the potential of biomimetic synthetic metalloenzymes for the accelerated
dissolution of silicates and the subsequent precipitation of carbonates. While several biomimetic
catalysts used as CA substitutes for accelerated CO, capture and carbonate precipitation exist [53-57],
to our knowledge, no biomimetic catalyst for the dissolution of silicates has been developed. In this
context, the catalytic potential offered by the recent development of metal-organic frameworks
(MOFs) [58] could represent a significant step-ahead for CCS. MOFs are extremely porous crystalline
materials containing metal cations (or metal nanoclusters) bonded by multidentate organic ligands
that have been shown to be effective substrates for a range of chemical processes, including pre- and
post-combustion CO; capture [57,59]. MOFs have also been thoroughly investigated as effective and
economic alternatives to natural enzymes [58]. The advantages of using MOFs as catalysts instead
of enzymes are several: (i) the cost of MOFs is significant lower because of the easier synthesis and
purification process; (ii) their physical/chemical resistance is extremely high in comparison with
enzymes, which tend to suffer denaturation; and (iii) the catalytic properties of MOFs can be tuned
through an easy variation of substrates or through tailoring synthesis reactions [58]. Their main
disadvantage is the lower catalytic effect exerted by the metal clusters in MOFs compared to the active
metal sites of enzymes. It should be remarked, however, that the number of metal clusters in a MOF
particle can be several orders of magnitude higher than the number of active sites present in an enzyme,
so MOFs can achieve an overall comparable catalytic efficiency [58]. In this context, we decided to
test the catalytic effect on silicate dissolution exerted by chemically resistant Zr-based MOFs such as
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UiO-66 [60], MOF-808 [61], and the analogous Mg(OH),-doped MOF-808@Mg(OH), (Figure 1) [62].
Zr-based MOFs have been demonstrated to be highly catalytically active in the detoxification of
chemical-warfare agents (CWAs) [63], because they are able to induce the hydrolysis of the very strong
phosphate ester bonds (P-O, P-F) due to the suitable combination of the strong Lewis acidic nature
of Zr** ions and basic oxide and hydroxide bridging ligands giving rise to a phosphotriesterase-like
activity [64]. We expected that Zr-based MOFs could also have the capacity to break the (very strong)
Si-O ester-like bond of silicates, thereby accelerating their dissolution in a similar way to silicase. Here,
the catalytic effect on silicate dissolution of Zr-based MOFs and CA are compared.

The main goal of the present study is to screen, test, and validate effective natural and biomimetic
catalysts to enhance the conversion of silicates into carbonate minerals. For this task, we used
wollastonite as a model alkaline-earth metal silicate mineral. Wollastonite is a single chain silicate with
non-pyroxene structure (space group P11) that commonly forms during contact metamorphism [65].
Its dissolution and carbonation have been widely studied due to its availability, mineral significance,
relatively high reactivity in comparison with other primary silicate minerals, and its tendency to form
SALs [22,23,26,27,29,42,43,45,48,49,66-80]. These characteristics make it the perfect “standard silicate
mineral” for mineral carbonation studies. We present an experimental study on the effect of CA as a
catalyst during the dissolution of wollastonite and the subsequent precipitation of calcium carbonate.
We also explored the catalytic effect exerted by CA and Zr-based MOFs on the initial dissolution step
of the carbonation reaction. To do so, we developed a fast and reproducible experimental protocol that
was validated and used to test the catalytic effect of both natural and biomimetic (MOFs) enzymes
on silicate dissolution, and which can also be used to test any material aimed at enhancing silicate
carbonation for CCS purposes.

2. Materials and Methods

2.1. Materials

Natural wollastonite crystals from South Africa were ground in an agate mortar and sieved to
a size range of 251 < ¢ < 66 um. Their surface area was determined by N,-adsorption using the
Brunauer-Emmett-Teller (BET) method (1.9 + 0.1 m2/ g). Prior to testing and characterization, powder
samples were washed with 10 mL of absolute ethanol (Sigma-Aldrich, Merck, Darmstadt, Germany)
and ultrasonically cleaned for 5 min. Subsequently, the liquid phase was removed and the process
was repeated five times. Afterwards, the crystals were cleaned with 10 mL of H,O to remove the
excess ethanol and dried overnight at 60 °C [78]. The purity of the solids was checked by X-ray
diffraction analysis showing no crystalline phase other than wollastonite. However, a few um-sized
isolated Mg-rich olivine crystals were observed during scanning electron microscopy analyses. Due to
their scarcity, their influence on the results presented and discussed here is considered negligible.
Experiments were conducted using ultrapure H,O (Millipore-MilliQ®, resistivity = 18.2 MQ-cm), 0.1 M
HCI (Scharlab S.L., Barcelona, Spain), and NaHCOj (Sigma-Aldrich, Merck, Darmstadt, Germany).

The catalysts used in the present study are CA from bovine serum erythrocytes (Sigma-Aldrich,
Merck, Darmstadt, Germany) and three different Zr-based MOFs—namely, UiO-66, MOF-808, and
MOF-808@Mg(OH), (Figure 1)—synthesized at the Department of Inorganic Chemistry of the
University of Granada. Catalysts were tested individually and experiments were repeated three
times to ensure reproducibility.
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Figure 1. Structure of UiO-66, MOF-808, and MOF-808@Mg(OH);. The aromatic multidentate ligands
used to construct the Zr-MOFs are benzene-1,4-dicarboxylate and benzene-1,3,5-tricarboxylate for
UiO-66 and MOF-808, respectively [60-62].

2.2. Carbonation Experiments

Carbonation experiments involved the initial dissolution of wollastonite and the subsequent
precipitation of calcium carbonate. To investigate such coupled dissolution—precipitation reactions
taking place during the overall carbonation reaction, Falcon® tubes (Vo = 15 mL) were filled with
50 mg of wollastonite crystals and 10 mL of a 0.1 M NaHCOj3 aqueous solution acidified to pH 7.5
(using HCI). At this pH a significant fraction of bicarbonate ions will be present as dissolved COx(ag)-
This ensures that the addition of CA catalyst used to speed up the hydration of CO, to form bicarbonate
ions is still a relevant reaction in our system. Inorganic carbon lost due to CO; degassing at this pH
(standard temperature and pressure, STP) should be lower than the maximum of 5 mol % reached
at equilibrium, as predicted by PHREEQC computer simulation (version 3.3.12, USGS, Reston, VA,
USA) [81]. CA was added to the solutions at a concentration of 6 uM (175 ppm). The Falcon® tubes
were sealed with Parafilm® and inserted into a thermostatic chamber equipped with an orbital rotator
to maintain the particles in suspension. Experiments were performed at 40 °C under vigorous stirring
(200 rpm). To analyze the evolution of the mineral replacement reaction, Falcon® tubes were collected
at pre-set reaction time intervals and centrifuged (5 min, 2500 rpm) to separate the solids from the
supernatant. Both the liquid and solid phases were subsequently analyzed (see below).

2.3. Dissolution Experiments

In order to single out the effect of the studied catalysts on the first stage of silicate carbonation (i.e.,
silicate dissolution), tests were performed focusing on the dissolution of wollastonite in the absence
of a carbon source. Dissolution experiments were performed using PTFE (polytetrafluoroethylene)
reactors. As in the previous case, plastic reactors were used to avoid potential silicon contamination
from borosilicate glassware. The dissolution process was monitored using an automatic titration
system (Titrando 905, Metrohm, Gallen, Switzerland) equipped with an automatic burette (Viot =2 mL,
Metrohm, Gallen, Switzerland), pH and conductivity probes (Metrohm, Gallen, Switzerland), and an
ion selective electrode for calcium (Ca2+ ISE, Mettler Toledo, Twinsburg, OH, USA). The instrument
was controlled with the Tiamo software (version 2.5, Metrohm, Gallen, Switzerland) to achieve a
pH-stat system where the pH increase due to silicate dissolution was compensated by the addition of
the proper amount of HCI. Dissolution tests were run at 25 + 1 °C (this T was selected to be able to
compare dissolution rates with those previously published) and at a constant pH of 4. The reaction
vessel was filled with 169.8 mL H,O, the catalyst (30 ppm) and the necessary HCl to achieve pH 4
(about 0.15 mL). Such a relatively low pH was selected to speed up the dissolution of wollastonite
and to minimize CO, dissolution in the reaction cell. After pH stabilization, wollastonite crystals
(100 mg) were added to the solution and dissolution started. After 1 h elapsed time, the experiment
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was stopped and the solution was filtered under low-vacuum (Millipore®, ¢ < 0.2 um) to recover the
reacted wollastonite crystals. Crystals were stored in sealed plastic vials until further analysis.

2.4. Characterization of Reactant/Product Phases and Geochemical Modeling

Reactant and product solid phases were analyzed by means of X-ray diffraction (XRD, PANalytical
X’pert Pro, Eindhoven, The Netherlands); Cu ko radiation (A= 1.5405 A), voltage 45 kV, current 40 mA,
3-80° 20 exploration range and 0.01° 2 0 s~! scanning rate). Detailed u-XRD analyses of individual
reacted wollastonite crystals were performed using a Bruker Discover8 (Bruker, Karlsruhe, Germany)
microdiffractometer equipped with a Cu microfocus X-ray source and a 2D area detector, which
enabled obtaining better XRD patterns in the cases of reacted wollastonite (i.e., with a higher signal to
noise ratio). Textural and compositional details were analyzed using a field emission scanning electron
microscope (FESEM) (FEI Qemscan 650F, Hillsboro, OR, USA and/or Zeiss Auriga, Jena, Germany)
equipped with energy dispersive X-ray spectroscopy (EDS) for elemental analysis. To quantify the
final ratio between residual wollastonite and newly formed CaCO3; we used thermogravimetric
analysis (TG/DSC1, Mettler Toledo, Twinsburg, OH, USA) according to the procedure described
by Huijgen et al. [29]. The concentration of Ca and Si in the aqueous phase during carbonation
experiments was analyzed by ICP-OES (Optima 8300, Perkin Elmer, Waltham, MA, USA). In the case
of the dissolution-only experiments, the free Ca was determined using the ion-selective electrode and
Si calculated from HCI addition using the equation

mLycy-concyer(= mmolycy) mmol
2 - H,Si03~

& mmolcgr = concegs-Viot 1

where mLyc; = volume of HCI (mL) automatically dosed to keep a constant pH, concyc; = concentration
of HCl solution (mmol-mL~1), concc,2t = concentration of free Ca measured by the ISE (mmol-mL™1),
mmolpsios?” = amount of silicate ions released by the mineral (mmol), mmolc,2" = amount of Ca ions
released by the mineral (mmol), and V;, = total volume of the solution (L).

Geochemical calculations and solution speciation were performed using PHREEQC computer
code (version 3.3.12, USGS, Reston, VA, USA) and the minteq.dat database [81].

3. Results

3.1. Carbonation of Wollastonite in the Presence of CA

Figure 2 shows the time-evolution of the Si and Ca concentration in solution during carbonation
experiments determined by ICP-OES analysis. Systems with and without CA followed the same
trend. The Si concentration increased continuously with time during the carbonation experiments
due to its continuous release from dissolving wollastonite. However, the Si release rate decreased
with time, pointing to the precipitation of amorphous silica on wollastonite surfaces and their partial
passivation—also associated with calcite precipitation (see below). In contrast, the Ca concentration
reached a maximum during the first 8-24 h of the experiments and then decreased. This drop was
related to calcite precipitation as demonstrated by the XRD analysis (Figure 3). Note that the molar Ca
concentration measured at 24 h was already one order of magnitude lower than that of Si. However,
previous studies showed that wollastonite dissolution over a range of pHs is non-stoichiometric
(apparently incongruent, although related to the secondary precipitation of silica-rich layers, see
References [42,43]), with the release rate of Ca being higher than that of Si [42,66,70,72,77]. Our Ca
and Si analysis results thus suggest that carbonate precipitation was already taking place before 24 h.
This was confirmed by SEM-EDX analyses (see below).
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Figure 2. Evolution of the solution chemistry during wollastonite carbonation. Aqueous concentration
of silicon (a) and calcium (b) in solution determined by ICP-OES. The inset in (b) shows the Ca
evolution during the early stages of the carbonation reaction; (c) pH evolution (values measured at
25 °C and recalculated for a T of 40 °C using PHREEQC). The systems with CA (black symbols and
curves) and without CA (control; red symbols and curves) are compared. Error bars show standard
deviation (£10).
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Figure 3. XRD patterns of wollastonite powders reacted for 14 days in the absence (control) and
presence of CA. The XRD patterns of unreacted wollastonite and reference calcite (Joint Committee on
Powder Diffraction Standards, JCPDS card # 05-0586) are included for comparison. Note the higher
intensity of the main peak of calcite (marked by the green vertical line) in the control compared with
the CA run, and the significant reduction in intensity ratio of wollastonite 200/002 peaks after 14 days
reaction, especially in the run with CA.

The time evolution of both aqueous Si and Ca concentrations showed the effect of CA. The amount
of Si released after wollastonite dissolution was slightly lower than in the control during the whole
carbonation experiment, which may imply a (minor) inhibitory effect of this enzyme on wollastonite
dissolution and/or a passivation-induced effect (see discussion below). In the case of Ca, its decrease
in concentration occurred earlier and faster in the presence of the enzyme. This is in agreement with
previous studies reporting that CA catalyzes calcite precipitation [31,39].

Figure 2c shows the pH evolution during the carbonation test. A rapid increase in pH took
place during the early stages of the dissolution process, which is consistent with the reported proton
consumption that takes place during dissolution of primary silicate minerals [10]. Interestingly,
after 48 h, the pH continued to increase, although at a much lower rate, when calcium carbonate
precipitation had already started. Note that carbonate precipitation releases one mole of H* per
mole of CaCO; formed [27]. This would result in a net pH reduction. In contrast, the observed
continuous increase in pH can only be explained if wollastonite dissolution continued over the course
of the carbonation experiment, consuming two moles of H* per mole of wollastonite dissolved via
the (overall) reaction CaSiO3 + 2H* + H,O = Ca?* + H;SiO4 [67]. Figure 2c also shows a faster and
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higher pH increase in the presence of CA compared with the control run. This could be due to either a
faster dissolution of wollastonite associated with an esterase-like catalytic effect of CA (see, however,
the results of the dissolution tests, below), or (more likely) a possible CA-catalyzed dehydration of
HCOj3™ resulting in (limited) CO, outgassing.

TG analyses enabled us to determine the extent of the replacement process (Figure 4). The amount
of calcite formed was determined by the mass loss between 550-800 °C (Figure 4a), which corresponds
to the loss of CO, from structural carbonate ions [82]. The amount of calcite formed after 14 days
reaction in the presence of CA was systematically lower (6.6 £ 1.5 mol %) than in the control
experiments (13.9 £ 2.2 mol %) (Figure 4b).

bg
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Figure 4. Thermogravimetric (TG) analysis of the reacted solid phases: (a) TG curves for the control
and CA runs; (b) time-evolution of the extent of carbonation for the control and CA runs based on TG
results (error bars correspond to +10).

The TG results are consistent with the XRD results showing more intense calcite Bragg peaks in
the control run as compared with the CA run, and the opposite in the case of wollastonite (Figure 3).
TG (and XRD) results also show that only a minor fraction of wollastonite was converted into calcium
carbonate (i.e., maximum conversion of ~15 mol %) at the circumneutral pH, relatively low T (40 °C)
and short time-spam of the experiment (14 days). These results show that CA does not seem to be a
suitable catalyst for the overall carbonation of wollastonite under our experimental conditions. Despite
its observed acceleration of carbonate precipitation, the overall effect of CA was to limit the conversion
of wollastonite into CaCOs.

Figure 5 shows FESEM images of the very early stages of the carbonation of wollastonite crystals
(i.e., 8 h reaction time). It was observed that regardless of the presence or absence of CA, abundant
dissolution pits formed on the different faces of the prismatic crystals, being more abundant and
better developed on {100} prismatic faces (Figure 5b,d,e). Such dissolution pits were elongated parallel
to [010], with narrow sidewalls parallel to (001) planes and, in more evolved pits, deep along [100]
direction. This clearly shows that the dissolution for this mineral is markedly anisotropic (i.e., faster
along [010]). Note that {100} and {001} prism faces of wollastonite are easily identifiable because the
later display prominent {100} cleavage planes parallel to the [010] direction, whereas {001} cleavage
planes present on {100} faces are less marked (or absent) [65]. Nearly all the crystals only showed these
two prismatic faces, which are the most common (stable) prismatic faces of wollastonite [65]. Any other
{hOl} prismatic faces, such as {101}, which should be easily identified because it appears at an angle of
~45° with respect to the {100} and {001} faces, were not observed in our samples. This is likely due to
the fact that the wollastonite crystals used here were subjected to grinding prior to testing, thereby
promoting their cleavage along the {100} and {001} cleavage planes. In some cases, coalescence of deep
dissolution pits led to a rough surface with prominent pyramidal hillocks, more evident in sections
normal to {100} cleavage planes (Figure 5e). In all cases, abundant Si-rich (according to EDS results)
nanogranular precipitates corresponding to amorphous silica [28], were observed covering areas close
to dissolution pits (Figure 5b,c,f). Individual nanoparticles were ~20-30 nm in size (Figure 5c), and
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tended to coalesce forming SALs, as those depicted in Figure 5f, where the individual nanoparticles
were still visible. The Si-rich nanoparticles making up SALs observed here were nearly identical
to the amorphous silica nanoparticles observed by Béarat et al. [44] on olivine crystals subjected to
carbonation and developing abundant SALs.

Figure 5. FESEM images of unreacted wollastonite crystals (a) and those reacted for 8 h showing
dissolution pits (b—e) and surface precipitates of amorphous silica nanoparticles (b,c,e,f). Images
(b—d) correspond to the control, and (e,f) to the CA run. Red arrows point to amorphous silica

nanoparticles/surface layers, and yellow arrows point to dissolution pits (elongated parallel to

<010>wollastonite)'

At such an early stage of reaction, calcite crystals (identified by their habit and Ca content in
EDS maps) were already present and in some areas—such as cracks, edges of macrosteps, cleavage
planes, and {010} faces—they were particularly abundant (Figure 6). Remarkably, in the presence of
CA, calcite precipitates tended to coalesce forming a layer of equally oriented crystals on the {100}
faces of wollastonite (Figure 6f,g).

Figures 7 and 8 show time-resolved SEM photomicrographs of samples carbonated for 1, 2, and
14 days in the absence and presence of CA, respectively. Backscattered electron images in combination
with EDS elemental maps allowed us to distinguish between wollastonite (light grey), amorphous silica
(grey) and calcite (dark grey) due to their compositional differences. Irrespectively of the presence
or absence of CA, Si-rich layers corresponding to SALs were observed as rims in proximity of etch
pits and/or lining fractures and cleavage planes on wollastonite faces. They were predominantly
concentrated on {010} and {100} faces of wollastonite, as previously observed in this mineral that shows
anisotropic dissolution [42].

It was remarkable the thickness (up to ~5 pm) reached in just 14 days by SALs developed on
the {010} faces of wollastonite (Figures 7d and 8e). It was also noticeable how on {001} faces SALs
developed along {100} cleavage planes and grew (thickened) in directions normal to these planes
(i.e., <100>) and along <010> directions (Figure 8e,f). These results show that SALs preferentially grow
along the <hkl> directions where wollast