
   
 

1 
 

Enhancing aqueous carbonation of calcium silicate through acid and 1 

base pretreatments with implications for efficient carbon 2 

mineralization 3 

 4 

Hang Zhai,* Qiyuan Chen, Mehmet Yilmaz, and Bu Wang* 5 

 6 

Department of Civil and Environmental Engineering, University of Wisconsin-Madison, 7 
Madison, Wisconsin 53706, United States 8 

 9 

 10 

 11 

 12 

*To whom correspondence should be addressed.  13 

 14 

Hang Zhai 15 

Department of Civil and Environmental 16 

Engineering, University of Wisconsin-Madison, Madison, Wisconsin 53706, United States;  17 

orcid.org/0000-0002-8161-448X; 18 

 Email: hzhai25@wisc.edu 19 

 20 

 21 

Bu Wang 22 

Department of Civil and Environmental 23 

Engineering, University of Wisconsin-Madison, Madison, Wisconsin 53706, United States;  24 

orcid.org/0000-0002-9294-0918; 25 

 Email: bu.wang@wisc.edu 26 

 27 



   
 

2 
 

ABSTRACT: Carbon dioxide (CO2) mineralization based on aqueous carbonation of alkaline 28 

earth silicate minerals is a promising route towards large scale carbon removal. Traditional 29 

aqueous carbonation methods largely adopt acidification-based approaches, e.g., using 30 

concentrated/pressurized CO2 or acidic media, to accelerate mineral dissolution and 31 

carbonation. In this study, we investigated aqueous carbonation under basic conditions using 32 

amorphous calcium silicate (CS) as an example system. We designed and tested three 33 

distinctive pretreatments routes to evaluate the effect of intermediate phases formed under 34 

different pH conditions on aqueous carbonation. Pretreating CS with high concentrations (100 35 

mM) of HCl (Route I) or NaOH (Route Ⅱ and Ⅲ) enhanced their carbonation degrees. However, 36 

NaOH pretreatment overall yielded higher carbonation degrees than the HCl pretreatment, with 37 

the highest carbonation degree achieved through Route III, where an extra step is taken after 38 

the NaOH pretreatment to remove the solution containing dissolved silica prior to carbonation. 39 

The HCl and NaOH pretreatments formed different intermediate silica products on the CS 40 

surface. Silica precipitated from the HCl pretreatment had minimal effect on the carbonation 41 

degree. The Ca-rich intermediate phases (CIP) formed from the NaOH treatment, on the other 42 

hand, can be readily carbonated. In contrast to commonly utilized acid leaching approach, 43 

inducing the formation readily carbonatable CIP with basic conditions offers a more promising 44 

route to accelerate aqueous carbonation, as it can mitigate the need for costly pH swing and 45 

high-concentration/pressurized CO2. The key to aqueous carbonation under basic conditions, 46 

as suggested by this study, is the control of aqueous silica species that have a suppressing effect 47 

on carbonation. Overall, this study highlights the critical needs for investigations of aqueous 48 

mineral carbonation in a broader pH region. 49 

KEY WORDS: CO2 mineralization, aqueous carbonation, calcium silicate, coupled 50 

dissolution-reprecipitation, secondary silicates. 51 

SYNOPSIS: This study reveals a technology of CO2 mineralization using acid or base-52 

pretreated silicate minerals with the associated analyses of intermediate products after the 53 

pretreatments and impacts of silicon-byproducts during carbonation, which have strong 54 
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implications in improving the process efficiency and economics. 55 
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 71 

INTRODUCTION. 72 

The continuing growth of the atmospheric carbon dioxide (CO2) concentration is 73 

posing a risk of missing the climate targets.1 In pathways towards rapid reduction of the CO2 74 

level, large scale carbon capture and storage (CCS) become almost indispensable.2–4 As one of 75 

a handful of scalable options to durably store CO2 away from the atmosphere, ex situ 76 

mineralization, wherein captured CO2 are reacted with surficial Ca-, Mg-, or Fe-bearing 77 

minerals, such as wollastonite (CaSiO3),5 forsterite (Mg2SiO4),6 fayalite (Fe2SiO4),7 and 78 

phlogopite (KMg3(AlSi3O10)(F, OH)2)8 to form solid carbonates, has attracted significant 79 

attention. Comparing to in situ mineralization, where CO2 is mineralized in subsurface 80 

geological formations, ex situ mineralization often utilizes readily accessible industrial by-81 

products such as coal ash, iron and steel slags, mine wastes and tailings.9–12 These by-products 82 

represent significant CO2 storage potentials, with mine wastes and tailings alone estimated to 83 

have a potential to sequester 1.1-4.5 Gt CO2 per year.13 Furthermore, they tend to exhibit high 84 

reactivity, because these mineral by-products often contain finely ground particles and, in some 85 

cases, also a high amorphous content (e.g., high-temperature processed by-products such as 86 

coal ash and slag),14–17 which could facilitate CO2 storage at reduced costs. As such, ex situ 87 

mineralization has been widely investigated.18,19  88 

Aqueous carbonation, i.e., carbonating minerals in an aqueous media containing 89 

dissolved carbonate species, is a commonly used method for ex situ mineralization.20 It is 90 

generally believed that aqueous carbonation proceeds through interfacial coupled dissolution-91 

precipitation (ICDP) reactions.21,22 The process involves the dissolution of minerals (eq. 1): 92 

2H+ + H2O + (Ca/Mg/Fe)SiO3 ⇌ Ca2+/Mg2+/Fe2+ + H4SiO4                                                  (1) 93 

Released cations (Ca2+/Mg2+/Fe2+) further react with carbonate species in the solution, leading 94 

to the precipitation of insoluble carbonate minerals, such as calcite and its polymorphs (CaCO3), 95 

dolomite (CaMg(CO3)2), and/or magnesite (MgCO3) (eq. 2):23  96 
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Ca2+/Mg2+/Fe2+ + CO2 + H2O → (Ca/Mg/Fe)CO3 + 2H+                                                      (2) 97 

Regarding the ICPD mechanism, the mineral carbonation kinetics and degree can be 98 

governed by both mineral dissolution (Eq. 1) and subsequent carbonate precipitation (Eq. 2) 99 

reactions. It can be seen from Eq. 1 that providing more H+ during the dissolution step should 100 

facilitate cation leaching from the minerals. Therefore, a common method to accelerate aqueous 101 

carbonation is to acidify the solution, sometimes in combination with adjustments to other 102 

solution conditions such as temperature, salinity, and the presence of ligands.24–26 However, 103 

acidic conditions are not conducive to carbonate precipitation, as suggested by Eq. 2 where H+ 104 

is a product. As such, a costly pH swing step, usually achieved through the provision of base,27 105 

ion-exchange,28 or pressure/temperature swing involving CO2 or ammonia,29,30 is needed. The 106 

need to accelerate mineral dissolution through acidification has also largely prohibited the 107 

direct use of dilute CO2 sources in accelerated aqueous carbonation without a dedicated capture 108 

process as it is difficult to achieve fast CO2 dissolution into acidic aqueous solutions.  109 

Alternatively, it was shown recently that accelerated aqueous carbonation using Ca-110 

rich mineral feedstocks can be achieved through an autocatalytic basification process.31 This 111 

approach involves a two-step, indirect carbonation process: 112 

CaSiO3 + Na2CO3 + 2H2O → CaCO3 + 2NaOH + SiO2      (3) 113 

2NaOH + CO2 (g) → Na2CO3 + H2O       (4) 114 
 115 
In the first step described by Eq.3, aqueous carbonation is achieved with a soluble carbonate 116 

salt (Na2CO3 in this case). The carbonation reaction results in the formation of NaOH, which 117 

basifies the solution. After the carbonation step, the basic solution can be used to capture CO2 118 

from a variety of sources, described by Eq. 4, during which Na2CO3 is regenerated and can be 119 

used again by the carbonation step. Combining the two steps, mineralization is achieved 120 

without large pH swing between acidic and basic conditions.  121 

The acceleration in mineral carbonation by Eq. 3 is hypothesized to be resulted from 122 

basification. Unlikely the acidification approach where cations are leached out of the mineral, 123 
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it is hypothesized that basic solution convert mineral surfaces into Ca-rich intermediate 124 

products (CIP) that can be easily carbonated.31 The carbonation of CIP further generates more 125 

OH-, creating an autocatalytic basification process. However, the hypothesis around the 126 

carbonatable CIP, especially their formation in relationship to mineral dissolution under basic 127 

conditions, remains to be confirmed. Furthermore, the role of silica, which tends to precipitate 128 

at low pH but remain in the solution at high pH, is unclear. If a strong coupling exists between 129 

these secondary phases and carbonation, it might be possible to enhance carbonation by 130 

promoting or suppressing their formation.  131 

Considering this, we selected amorphous calcium silicate (CS, a representative 132 

alkaline-earth silicate) to study the role of secondary phases in aqueous mineral carbonation. 133 

We chose amorphous calcium silicate in this study because amorphous aluminosilicates are the 134 

main reactive mineral phases in coal ash used in the previous demonstration of accelerated 135 

aqueous carbonation through basification. We note that crystalline phases as well as the 136 

presence of other common mineral components such as Al2O3 may significantly alter the 137 

dissolution and carbonation behaviors, and they therefore warrant separate investigations. In 138 

this study, we designed aqueous carbonation routes that incorporated acid and base 139 

pretreatments of CS to investigate the effect of secondary phases formed under different 140 

conditions on carbonation. We focused on aqueous carbonation under basic conditions, which 141 

has been under-explored in the literature, and in particular aimed to examine the hypothesis that 142 

CIP formed under basic conditions can serve as the precursor to carbonate formation. Overall, 143 

we believe fundamental insights into aqueous mineral carbonation mechanisms over broad pH 144 

conditions could have strong implications in improving the process efficiency and economics 145 

of CO2 mineralization. 146 

 147 

MATERIALS AND METHODS. 148 

Materials: Amorphous calcium silicate (CAS Number: 1344-95-2, Sigma-Aldrich) 149 
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was used in this study. The chemistry and amorphous nature of the sample were confirmed 150 

using energy dispersive X-ray (EDX) and X-ray diffraction (XRD, Figure S1A). The surface 151 

area of CS powders was determined to be 12.735 m2/g by the Brunauer–Emmett–Teller (BET) 152 

method (Figure S1B). Reagent grade sodium carbonates (anhydrous) were purchased from 153 

Fisher Science. Colloidal silica was prepared by dispersing nanosilica powder (Sigma-Aldrich) 154 

in Na2CO3 solutions (Figure S2). Sodium silicate in liquid form was purchased from Sigma-155 

Aldrich. The Si concentration was confirmed by Inductively Coupled Plasma Optical Emission 156 

spectroscopy (ICP-OES, CCD Simultaneous ICP-OES, VISTA-MPX, Varian, USA). 157 

Batch carbonation with acid or base pretreatment: In this study, three carbonation 158 

routes with different pretreatments were applied to amorphous CS under ambient conditions 159 

(~25 oC, Figure 1A). The routes were designed as follows. Route Ⅰ (Figure 1B) utilized CS 160 

pretreated with HCl solutions with different concentrations (10-100 mM) for three days. H+ has 161 

been reported as a key factor for leaching Ca2+ from CS (eq.1).32 However, leached H4SiO4 162 

from CS can easily nucleate from solutions due to the low solubility (~2 mM) of SiO2 phases 163 

under acid conditions, which might subsequently affect carbonations.33,34 To suppress H4SiO4 164 

nucleation, Route Ⅱ uses NaOH (0-500 mM) to pretreat CS (Figure 1C). Because silica has a 165 

high solubility under basic conditions,35 the precipitation of hydrated silica is suppressed 166 

although silica might precipitate in the form of CIP. In both routes, a liquid-to-solid ratio of 10 167 

mL/g was used, and reactions took place in 15 mL polypropylene (PP) testing tubes. The tubes 168 

were vibrated using a vortex mixer during the experiments to agitate the slurry.  169 

A high concentration of SiO3
2- accumulating in the solution could have negative effects 170 

on carbonations since they can compete with aqueous carbonate species and decrease the 171 

activity of Ca2+ ions (Table S1).36 Therefore, another route with NaOH (0-500 mM) 172 

pretreatment, Route Ⅲ (Figure 1D), was designed as follows: after the same NaOH 173 

pretreatment as Route II, the liquid phase was removed by a pipette after 5 min centrifugation 174 

at 9000 g, and the remaining solid phase were used for further carbonation. The removed CS 175 

accounted for less than 10 wt. % of the original CS.  176 
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Following the pretreatment in each route, slurry carbonation experiment was conducted 177 

directly in the PP testing tube under the ambient condition (~25 oC). A Na2CO3 stock solution 178 

was added into the testing tube to reach a liquid to solid ratio of 20 mL/g and 1 M Na2CO3 in 179 

the carbonation solution for all batch experiments. The tubes were vibrated using the vortex 180 

mixer during carbonation as well. 181 

Figure 1. The three carbonation routes investigated in this study with example SEM images of 182 
the raw and carbonated calcium silicate (CS). SEM images of (A) initial CS, carbonated CS via 183 
Routes (B) I, (C) II, and (D) III.  184 

 185 

 186 

Collecting carbonated samples: After three days of carbonation, the solid and liquid 187 

phases were separated using a centrifuge (Allegra 25R Centrifuge, Beckman Coulter, USA) at 188 

9000 g for 5 min. Collected solids were washed three times with DI water to remove residual 189 
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salt solutions and then dried in an oven (Isotemp Oven Model 655F, Fisher Scientific) at 100 ℃ 190 

for 24 h. This washing procedure was effective for removal of residual Na2CO3, which was 191 

confirmed by EDX (Figure S4) spectrum and thermogravimetric analysis (TGA, Figure S5).  192 

Carbonation degree quantifications: The carbonation degree was defined as the 193 

percentage of carbonated calcium with respect to the total calcium content. To quantify 194 

carbonation degrees, the TGA (TA 5500, USA) and ICP-OES results were combined. The TGA 195 

was performed using ~15 mg of washed sample under a N2 condition with a gas injection rate 196 

of 100 mL/min and a heating rate of 10 K/min from 30 ℃ to 950 ℃. For all samples, TGA 197 

curves contained three distinct regions: (1) evaporable water loss (30-200 ℃), (2) bound water 198 

loss (200-550 ℃), and (3) CO2 release (i.e., calcium carbonate decomposition; 550-800 ℃). 199 

The CO2 content (𝑤𝐶𝑂2) was determined from TGA curves using the weight loss from 550 to 200 

800 ℃. To measure total CaO content (CCaO) within the carbonated samples, dried powders (< 201 

0.5 mg) were dissolved in 5 M HNO3 and then diluted up to 10 times for ICP-OES 202 

measurements. The CaO-conversion into CaCO3 (𝜂Ca; or carbonation degree) was calculated 203 

with eq.3. 204 

𝜂𝐶𝑎 =  
𝑤𝐶𝑂2× 𝑀𝐶𝑎𝑂

𝑀𝐶𝑂2× 𝐶𝐶𝑎𝑂
                                                                                                                                     (3) 205 

in which 𝑀𝐶𝑎𝑂  and 𝑀𝐶𝑂2  are molecular weights of CaO (56.08 g/mol) and CO2 (44.01 g/mol). 206 

All data presented in this study were derived from three independent experiments. 207 

Solid sample characterizations: A scanning electron microscopy (SEM, LEO 1530, 208 

Zeiss, Germany) equipped with EDX was used to observe the morphologies and determine the 209 

elemental compositions of carbonated samples. Dry powders were mounted onto aluminum 210 

(Al)-SEM stub stands using copper (Cu)-tapes and coated with gold (~8 nm, Prep-Leica 211 

ACE600 Deposition, Leica, Germany) to increase the electrical conductivity. SEM images were 212 

taken with an acceleration voltage of 5 kV and collected using the secondary electron detector. 213 

For elemental analyses, EDX was performed with an acceleration voltage of 10 kV, and the 214 
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signal from the sample was recorded using the Quasor II EBSD System (ThermoFisher 215 

Scientific, USA). To detect the crystallinity of newly formed CaCO3 phases, carbonated 216 

samples were characterized using x-ray diffraction (XRD, D8 Discovery, Bruker, Germany) 217 

with incident Cu Kα radiation (λ = 1.54178 Å). The data acquisition was achieved at four 218 

scanning steps from 20° to 60° with a rate of 120 s/step.  219 

For nanoscale characterization, high resolution transmit electron microscopy (HRTEM) 220 

was performed to directly observe crystallographic phases within the particles.37 HRTEM 221 

samples were prepared by dropping 10 μL suspension samples on to a copper grid (G200-CU: 222 

Electron Microscopy Sciences gilder standard square 200 mesh copper grid) after carbonation 223 

experiments. The residual solution was removed by placing a piece of filter paper at the edge 224 

of the grid. Deposited particles were washed three times by dropping 10 μL DI water. HRTEM 225 

images were collected using TF30 (FEI Tecnai TF30 TEM, Thermo Fisher Scientific, USA) 226 

with an acceleration voltage of 300 kV. Before collecting each image, we performed focusing 227 

on a nearby area to prevent beam damages. Measured d-spacing values were used to identify 228 

crystalline species. The standard parameters for calcite (# 47-1743), aragonite (# 41−1475), 229 

wollastonite (# 42−0550), and Na2CO3 (# 25−0815) were found in JCPDF and used as 230 

references (Figure S6). 231 

Acid and base pretreated samples were lyophilized (freeze-dried) and characterized 232 

using TGA and X-ray photoelectron spectroscopy (XPS). XPS, for surface analyses, was 233 

executed under an ultra-high vacuum condition (5 × 10−10 Torr) using a Thermo K alpha X-ray 234 

Photoelectron Spectrometer (Thermo Scientific, USA) equipped with a monochromatic Al Ka 235 

X-ray source (hν = 1486.6 eV) at 75 W with a detection pass energy of 20-80 eV. All binding 236 

energies were calibrated to the common C 1s peak at 284.6 eV. Thermal Advantage software 237 

(Thermo Scientific, USA) was used to analyze the collected XPS data with smart background 238 

methods for baseline correction and Gaussian function for peak fittings.38 239 

Solution analyses: After the carbonation procedures, the separated solutions were 240 
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passed through syringe filters (220 nm, Millex-GP, Millipore Express) to remove residual 241 

particles. Then, obtained solutions were acidified and diluted up to 10 times using 0.5 M HNO3 242 

for dissolved elemental analyses using ICP-OES. All concentrations were reported as the 243 

averages of three independent measurements. 244 

In situ observations of carbonation: Raman Spectrometer (LabRAM HR Evolution, 245 

Horiba, France) was used to monitor aqueous carbonate species in situ. The spectra were 246 

collected with a laser at 532 nm followed a calibration by the characteristic band of silicon at 247 

520.7 cm−1.39 The spectra of Na2CO3 (pH 12, adjusted by 1 M NaOH) solutions with and 248 

without SiO2 (including colloidal silica and Na2SiO3) were collected every 24 h up to 72 h with 249 

a 10× objective lens. To quantify the CO3
2-, 100 mM NaNO3 was added as a reference since its 250 

concentration did not change during carbonation (Figure S7). The in situ Raman 251 

characterizations were used to study the effects of solution silica (colloidal silica and Na2SiO3) 252 

on CS carbonation in basic solutions. Collected Raman data were analyzed using the LabSpec 253 

6 software (LabRAM HR Evolution, Horiba, France). 254 

PHREEQC simulations: PHREEQC Interactive Version 3.3.7.11094 was used to 255 

simulate carbonating reaction based on solution chemistry determined by ICP-OES with the 256 

wateq4f database.40 The solubility products of several CIP not included in the database were 257 

obtained from the literature (Table S2). The simulations were performed through two steps: in 258 

the first step, the initial solution was equilibrated to calculate the activities of each solute 259 

(including Ca2+, CO3
2-, and H4SiO4. In the second step, the solution was allowed to equilibrate 260 

to calculate the saturation indices (SI) with respect to possible CS/CIP/SiO2/Ca(OH)2/CaCO3 261 

phases. The relative supersaturation of precipitating phases can be expressed by41  262 

σ = log IAP – log Ksp                                                                                                                 (4) 263 

where σ is the saturation index (σ > 0 means thermodynamically favorable for nucleation), IAP 264 

is the actual ion activity products, and Ksp is their corresponding values at equilibrium. For 265 

instance, the σ of Ca(OH)2 can be expressed by 266 
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σ = log {[a(Ca2+)][a(OH-)]2} – log Ksp                                                                                   (5) 267 

where a(Ca2+) and a(OH-) are the activities of Ca2+ and OH- ions. 268 

RESULTS AND DISCUSSIONS 269 

CS dissolution behaviors during pretreatments.  270 

Figure 2. Quantifications of CS carbonations via Routes I, Ⅱ, and Ⅲ. (A1), (B1), and (C1) 271 
respectively show the pH evolution during the pretreatment step of the three routes. (A2), (B2), 272 
and (C2) show the carbonation degree calculated based on eq.3. (A3), (B3), and (C3) show the 273 
source of the carbonated Ca, i.e., leached Ca precipitated from the liquid (orange) vs. solid 274 
bound Ca (purple). 275 

 276 

During the pretreatment, pH approached a steady state in all cases within 3 days (Figure 277 
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2A1, B1, and C1). In Route Ⅰ, an initial rapid increase in pH was observed due to the 278 

consumption of H+ (Figure 2A1). The final pH and [Ca2+] in the solution, after three days, 279 

ranged from 7 to 11 and 4.87 to 64.69 mM, respectively (Figure 3A). Even though 500 mM 280 

HCl released more Ca2+ into solutions, the final pH was at ~1.0 after pretreatment (Figure S8A). 281 

As this study focuses on carbonation under basic conditions, we limited the HCl concentration 282 

ranging from 0 to 100 mM. In contrast with the rapid release of Ca2+, the Si concentrations in 283 

the liquid phases remained constant and their values (~5 mM) were above saturated levels of 284 

SiO2 species (> 2 mM, Figure 3A). In Route Ⅱ, the dissolution of silica led to the consumption 285 

of OH- and a decrease in pH (Figures 2B1 and C1). After three days of reactions, the 286 

concentrations of soluble SiO2 reached 13.65 to 66.64 mM (Figure 3B). [Ca2+] in the solution 287 

was very low, which is expected since CIP have very low solubilities at high pH. 288 

Figure 3. The distribution of elements in solutions after (A) HCl and (B) NaOH pretreatments. 289 
With a higher concentration of HCl, more Ca2+ was leached from the samples. Conversely, 290 
NaOH pretreatments resulted in a higher release of Si into the solutions. 291 

   292 

Carbonation of CS after pretreatments. After the pretreatment, carbonation 293 

experiments were performed, and the carbonation degrees were quantified, as explained in the 294 

method section. Results of the TGA and ICP-OES analyses are included in the Supporting 295 

Information (Figure S9 and S10). As shown in Figures 2A2, B2, and C2, increasing [HCl] (from 296 

0 to 100 mM) in Route Ⅰ or [NaOH] (from 0 to 500 mM) in Route Ⅱ and Ⅲ resulted in higher 297 

carbonation degrees, suggesting that enhancing dissolution through the pretreatments facilitates 298 

carbonation. In Route Ⅰ, 100 mM HCl presented the highest carbonation degree of 28%. 299 
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Interestingly, the amount of converted Ca (0.57-0.73 mmol) far exceeded the Ca2+ (0.05-0.18 300 

mmol) released into the solution by the HCl pretreatment. This suggested that most of 301 

carbonated Ca2+ came directly from the remaining solids—these solid-bound Ca2+ ions 302 

accounted for 75-91% of the total carbonation degree following the HCl pretreatment (Figure 303 

2A3). However, the absolute amount of carbonated solid-bound Ca2+ remained roughly 304 

constant at ~0.54 mmol for all HCl pretreated cases, regardless of [HCl] or dissolved [Ca2+].  305 

Comparing to the HCl pretreatment, the NaOH pretreatments (Routes Ⅱ and Ⅲ) led to 306 

higher carbonation degrees. In these two routes, nearly all carbonated Ca2+ came from the 307 

residual solids (Figures 2B3 and C3). Between the two NaOH pretreatment routes, Route Ⅲ, 308 

in which the liquid phase was removed after the pretreatment, had a higher carbonation degree, 309 

especially at higher NaOH concentrations (Figures 2B2 and C2). The highest carbonation 310 

degree of 49%, among all cases in this study, was achieved with 500 mM NaOH through Route 311 

Ⅲ (Figure 2C2). This suggested that reducing solubilized SiO2 can further increase carbonation 312 

efficiencies under basic conditions.  313 

 314 

Characterizations of carbonated CS samples. The carbonated CS samples were 315 

characterized to assess their chemistry, morphology, and mineralogy. Based on EDX analyses, 316 

carbonated samples exhibited similar chemistry as uncarbonated CS except for enhanced 317 

carbon content (Figure S4). The XRD spectra confirmed the presence of calcium carbonate 318 

polymorphs including calcite and aragonite (Figures 4A, D, and G). Additionally, HRTEM 319 

analyses identified crystalline particles (area 1) within an amorphous matrix (area 2) (Figures 320 

4B, E, and H). The measured d-spacing (3.03 Å) of lattice planes of these crystallized phases 321 

indicated that their most likely phase is calcite (d(104) = 3.0355 Å, JCPDF 47-1743). In contrast 322 

to the Route Ⅰ sample (100 mM HCl pretreatment) less crystallized phases were detected (Figure 323 

4B), more calcites were found at particle surfaces in samples from Routes Ⅱ (100 mM NaOH, 324 

Figure 4E) and Ⅲ (100 mM NaOH, Figure 4H). The HRTEM confirmed that, in addition to 325 

coarse, discrete calcium carbonate particles (Figure S11), the carbonation products can be 326 
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present in the form of nanocrystals enclosed in an amorphous matrix that most likely consists 327 

of silica. According to PHREEQC simulations (Tables S3 and S4), silica was undersaturated 328 

during carbonation in all three routes, which means the condensation of silica from the solution 329 

should not occur simultaneously with the carbonate precipitation. The presence of carbonate 330 

nanocrystals within the amorphous matrix suggested that the surface of pretreated CS did not 331 

fully inhibit carbonation. This agrees with previous observations.42 However, such a layer is 332 

expected to slow the diffusion of aqueous species if it is formed on the CS surface since the 333 

carbonation kinetics is somewhat diffusion limited, as suggested by the reduced carbonation 334 

degree under the stagnant condition comparing to the agitated condition (Figure S3A and S3B). 335 

The other explanation is the direct conversion of CS/CIP to carbonates, in which CS/CIP was 336 

decalcified into the silica matrix surrounding the carbonate nanocrystals.43 It should be noted 337 

that, even though the solution is undersaturated, the dissolution of the silica is kinetics-limited 338 

and therefore significant portions of the silica matrix formed this way can still remained in the 339 

solid residue. 340 
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Figure 4. Identifications of the precipitates in CS carbonated via (A-C) Route Ⅰ (100 mM HCl), 341 
(D-F) Route Ⅱ (100 mM NaOH), and (G-I) Route Ⅲ (100 mM NaOH). (A2, D2, and G2) show 342 
XRD spectra confirming the presence of calcite (c, Figure S6A) and aragonite (a, Figure S6B) 343 
within the carbonated CS. (A1, D1, and G1) Low magnification TEM and corresponding 344 
HRTEM images (B, E, and H) of selected areas marked by arrows show the distributions of 345 
calcite within the amorphous phase. The crystalline (marked by 1) and amorphous (marked by 346 
2) phases are separated by orange lines. Corresponding FFT patterns collected from area 1 and 347 
2 were gave in C, F, and I respectively. 348 
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Characterizations of intermediate products from the pretreatments. Results so far 349 

have suggested that the carbonation degree followed the order of Route Ⅲ > Route Ⅱ > Route 350 

Ⅰ. Most notably, the increase in carbonation degree from the NaOH pretreatment (Routes II and 351 

III) comparing to the HCl pretreatment (Route I) is significant. To understand the different 352 

alterations of the CS samples through acid and base pretreatments, pretreated CS powders were 353 

lyophilized and subsequently characterized using TGA and XPS. For both acid and base treated 354 

samples, TGA only showed a small and simple weight loss (< 10%) up to 200 ℃, which can 355 

be attributed to water loss. No distinct dehydration behaviors associated with crystalline phases 356 

(e.g., weight loss at 385 ℃ for Ca(OH)2)44 were observed  in the NaOH treated samples (Figures 357 

5A1 and A2). We complemented these results with PHREEQC simulations (Tables S3 and S4). 358 

Based on the solution chemistries from ICP-OES, our simulations indicated that only 359 

amorphous SiO2 is supersaturated at end of the 100 mM HCl-pretreatment, suggesting that SiO2 360 

precipitation is possible (Table S3). When it comes to the NaOH pretreatment, the solutions 361 

were supersaturated with respect to various CIP products (Ca/Si 1.20~1.59).  362 

We further performed XPS analyses to investigate the surface elemental compositions 363 

(depth range of 0-10 nm) of HCl/NaOH-treated CS samples. We used peak intensities at 348 364 

and 103 eV, which correspond to Ca 2p⅔, and Si 2p respectively, to evaluate whether surface 365 

is enriched with Ca or Si (Figure 5D). For raw CS, the intensity ratio of Ca 2p⅔ to Si 2p, 366 

I(Ca)/I(Si), was ~0.24, while the ratios of HCl (100 mM)-treated and NaOH (100 mM)-treated 367 

CS were found to be ~0.2 (slightly Si-enriched) and ~2.1 (significantly Ca-enriched), 368 

respectively (Figure 5D). Higher NaOH concentrations led to further surface enrichment of Ca 369 

with I(Ca)/I(Si) of ~2.6 observed at 500 mM. For the HCl-pretreatment, the enrichment of Si 370 

is reasonable since amorphous SiO2 was supersaturated and the solution had high [Ca2+]. For 371 

the NaOH-pretreatments, the formation of Ca-rich surfaces should be due to the precipitations 372 

of CIP. It should be noted, however, compositions of the precipitated CIP may deviate from the 373 

equilibrium phases suggested by the PHREEQC simulations (Table S4). It is interesting that 374 

TGA data did not show substantial formation of hydrates in the NaOH pretreated samples 375 
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(Figures 5A-C). In particular, the 500 mM NaOH pretreatment resulted in lower amounts of 376 

bound water than 100 mM NaOH, even though it exhibited higher Ca enrichment (i.e., more 377 

CIP precipitation). This could be due to the formation of non-equilibrium phases or a shift to 378 

high Ca/Si ratio hydration products. The nature of those intermediate products warrants further 379 

investigation as they could play a critical role in aqueous mineral carbonation. 380 

The surface modifications of CS through acid and base pretreatments had direct impact 381 

on the carbonation degree. Most studies so far have focused on Si-rich layers formed under 382 

acidic conditions. According to recent studies, such Si-rich layers formed at the particle 383 

surfaces have limited effects on aqueous carbonation.42,45–47 Schott et al. (2012) found that, for 384 

CS, the newly formed amorphous SiO2 layer did not create a diffusion barrier for aqueous 385 

species such carbonate ions.48 Similar results were reported by Yujia et al. (2017 and 2018).42,45 386 

Our observations in Route Ⅰ are consistent with those studies. Although increasing HCl 387 

concentration led to more Ca leaching out and therefore more SiO2 precipitation (e.g., the Si-388 

enriched surface observed by XPS), the pretreatment did not significantly affect the amounts 389 

of Ca carbonated directly from the treated solids (solid-bound Ca), as discussed in the earlier 390 

section. One explanation is that the Si-rich layer did not form directly on the mineral surface, a 391 

phenomenon that has been observed during silicate glass dissolution.49,50 392 

In contrast, under basic conditions, CIP with a high Ca/Si ratio can form via coupled 393 

dissolution and precipitation processes. The correlation between surface Ca enrichment and 394 

carbonation degree observed in NaOH pretreated CS suggest that those CIP products serve as 395 

precursors to carbonation. The decalcification of loosely packed CIP products due to 396 

carbonation and subsequent condensation of the remaining silica network around the nucleated 397 

calcium carbonate can explain the structures observed commonly in Route II and III samples 398 

by HRTEM, i.e., formation of nanocrystals enclosed in the amorphous silica matrix. The 399 

implication is that base pretreatment may be able to transform minerals like CS into 400 

intermediate phases that can be readily carbonated. In another word, base pretreatment or 401 

carbonation under basic conditions could offer an effective route for aqueous mineral 402 
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carbonation. 403 

Figure 5. Characterizations of pretreated CS. TGA data are shown for (A1) HCl-pretreated CS, 404 
(A2) Ca(OH)2, (B) 100 mM NaOH pretreated CS, and (C) 500 mM NaOH pretreated CS. Blue 405 
and orange curves are weight-temperature and corresponding derivative weight curves, 406 
respectively. (D1) shows XPS collected from pretreated CS samples.  407 

 408 

Effects of aqueous silica/silicate on CaCO3 formation. For carbonation under basic 409 

conditions (Route II and Route III), the carbonation degree could be affected by the presence 410 

of aqueous Si species. This can be seen when comparing Route II (the carbonating solution 411 

contained dissolved Si) with Route III (the fresh carbonating solution did not contain dissolved 412 

Si). To understand this phenomenon, we applied Raman spectroscopy to monitor the 413 

carbonation kinetics in the presence of aqueous Si in situ. We prepared 1 M Na2CO3 solutions 414 

containing 0-200 mM [Si] in two forms—colloidal SiO2 or solubilized Na2SiO3—at pH 12 and 415 

subsequently used them to carbonate raw CS (Figures S12A and B). We used the peak at ~1066 416 

cm-1, corresponding to the characteristic symmetric C−O stretching mode, to monitor the 417 

carbonate group in the solution (CO3
2-

aq; Figure S12C1).51 When CO3
2- precipitate into CaCO3, 418 

the peak would shift to ~1085 cm-1 and this was utilized to track the carbonation kinetics (Figure 419 

S12C2).52 Furthermore, we added 100 mM NaNO3 in the solution as a reference (~1049 cm-1 420 

for NO3
-, Figures S12D1, D2, and D3).53 NO3 would remain in the solution during the 421 
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carbonation experiment, thereby allowing us to track carbonate precipitation through the 422 

intensity ratio of CO3
2-

aq to NO3
-, I(CO3

2-
aq)/I(NO3

-). As can be seen in Figures 6A and B, 423 

I(CO3
2-

aq)/I(NO3
-) decreased with time during the carbonation processes, indicating the 424 

precipitation of aqueous carbonate groups. We compare precipitation kinetics by calculating 425 

the CO3
2- consumption rate, R, based on the decrease in I(CO3

2-
aq)/I(NO3

-) over the experiment 426 

period, ∆[𝐼(𝐶𝑂3
2−)/𝐼(𝑁𝑂3

−)]: 427 

R = ∆[𝐼(𝐶𝑂3
2−)/𝐼(𝑁𝑂3

−)]
𝑡

 428 

where t=3 days. Adding extra colloidal SiO2 and Na2SiO3 solutions decelerated the carbonation 429 

kinetics, and a higher Si concentration showed a stronger effect in suppressing the carbonation 430 

kinetics (Figures 6A and B). Compared with colloidal SiO2, the inhibition effect of solubilized 431 

SiO3
2- was much greater (Figure 6C). This confirms that removing Si-rich solutions in Route 432 

Ⅲ should indeed help improve the carbonation degree.  433 

The suppressing effect of aqueous SiO2 on mineral carbonation can occur through 434 

various mechanisms. Dissolved SiO2 could suppress the dissolution of solid-bound Si species.50 435 

This constrains the kinetics through coupled dissolution and precipitation pathway, leading to 436 

a lower degree of carbonation. Dissolved Si can also regulate and slow down CaCO3 nucleation, 437 

limiting the precipitation kinetics. This effect has been well recognized by previous studies.41,54 438 

According to classical nucleation theory, the inhibition of CaCO3 nucleation in the presence of 439 

soluble Si has a close relation with the Ca2+ activity. At pH 12, aqueous silica species and the 440 

surfaces of SiO2 colloids are negatively charged (Figure S2),55 which leads to the sequestration 441 

of dissolved Ca2+ ions and subsequently a decrease in the Ca2+ activity by forming [SiO2-Ca2+] 442 

complexes (may involve multi-nuclear, kinetically-inert surface complexes).26 Therefore, the 443 

presence of aqueous SiO2 has an inhibition effect on CaCO3 nucleation. A similar inhibition 444 

effect was also reported in previous studies with the addition of other anions, such as SO4
2-.56,57  445 
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Figure 6. In situ observation of CaCO3 nucleation in the absence and presence of (A) silica 446 
colloids (nano SiO2) or (B) solubilized silicates (Na2SiO3) using a Raman microscope. (C) 447 
summarizes the corresponding CO3

2- consumption rates (R)  448 

 449 

ENVIRONMENTAL IMPLICATION. Ex situ mineralization is an effective and 450 

scalable pathway to remove CO2, the main driver of global warming, from the atmosphere.58 In 451 

this study, we demonstrated three aqueous mineral carbonation routes using amorphous CS as 452 

an example mineral feedstock. All three routes were based on carbonation in basic conditions 453 

but involved pretreatments of CS under different solution conditions (Figure 1). As shown by 454 

the results, acid and base pretreatments both promoted the dissolution of CS and enhanced the 455 

carbonation degree (Figure 2). Under acidic conditions, the solution became easily 456 

supersaturated with amorphous silica (~ 2 mM), and a Si-rich layer formed on the mineral 457 

surface. In agreement with previous observations,42 the newly-forming silica layers did not 458 

show strong effects on carbonation. Thus, the main effect of the HCl pretreatment was to leach 459 

Ca into the solution, e.g., forming circumneutral CaCl2 solution if no other types of dissolution 460 

occur. Converting leached Ca into carbonate precipitate would consume roughly stoichiometric 461 

amount of base or require a high CO2 pressure to substantially shift equilibrium. As such, 462 

traditional carbon mineralization approaches utilizing acid leaching require either a large pH 463 

swing or high-pressure CO2. The cost, energy consumption, and CO2 footprint for generating 464 

base and/or obtaining concentrated/pressurized CO2 have been one of the main challenges for 465 

carbon mineralization. 466 

Alternatively, CS can be pretreated by bases, the effect of which has been relatively 467 
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less studied. Here, we demonstrated that, for amorphous CS, pretreatment with more 468 

concentrated base (at least up to 500 mM) resulted in higher carbonation degree. Based on 469 

material characterization, we attributed this effect to the formation of readily carbonatable CIP, 470 

which is in agreement with the hypothesized mechanism for aqueous carbonation under basic 471 

conditions.31 Utilizing this mechanism to achieve accelerated mineral carbonation provides a 472 

critical benefit—because dissolution enhancement and carbonate precipitation are now both 473 

performed under basic conditions, large pH swing can be avoided. Furthermore, through the 474 

regeneration of Na2CO3 via Eq. 4, accelerated aqueous carbonation under basic conditions can 475 

be used to directly couple mineralization with carbon capture, subsequentially reducing the 476 

overall energy demand and cost for carbon removal. The effectiveness and techno-economic 477 

benefits of such an approach have been recently demonstrated for direct air capture and 478 

sequestration of CO2 using coal fly ashes (complex mixtures of Ca-rich aluminum silicates).31  479 

Here, we showed that the key to this approach lies in the control of aqueous Si species including 480 

solubilized silicate and colloidal silica, which may be manipulated utilizing the complex 481 

behavior of silica dissolution and condensation in response to pH, ionic species, and ionic 482 

strength. Identifying optimal reaction conditions or process designs to mitigate the inhibitive 483 

effect of aqueous Si species on mineral dissolution and carbonate precipitation could enable 484 

low-cost and highly efficient ex situ mineralization-based carbon removal methods. 485 

So far, studies on aqueous carbonation involving strongly basic conditions have been 486 

very limited. This study has used amorphous CS as an example system. The carbonation 487 

behavior of more realistic mineral feedstocks requires further studies. Crystalline minerals and 488 

the effect of other common oxide components such as magnesia and alumina in particular 489 

warrant detailed investigations. Furthermore, understandings on critical issues like the nature 490 

and formation mechanism/kinetics of CIP remain lacking. Overall, this study indicates that 491 

fundamental studies on aqueous mineral carbonation in a much broader range of pH and 492 

solution conditions are critically needed for the development of efficient aqueous mineral 493 

carbonation methods. 494 
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