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Highlights: 29 

• Co-milled serpentine and wollastonite enhanced aqueous carbonation. 30 

• Without ball milling, the carbonation of serpentine and wollastonite mixtures proceed via 31 

forming the combination of MgCO3 and CaCO3. 32 

• The co-milling merged Ca-rich wollastonite with Mg-rich serpentine, leading to the 33 

formation of (Mg, Ca)CO3 after carbonation. 34 

• The aqueous carbonation occurred at the mineral-water interface rather than in the 35 

carbonating solutions. 36 

 37 

 38 

Graphical abstract 39 

 40 

 41 
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Abstract 42 

Carbon dioxide (CO2) storage through aqueous mineral carbonation is recognized as a 43 

promising technology for geochemical carbon removal. Previous studies predominantly 44 

focused on individual alkaline earth silicates, such as wollastonite or serpentine, 45 

overlooking their interactive effects on carbonation processes. To address this 46 

knowledge gap, we conducted aqueous carbonation tests using individually ball-milled 47 

serpentine (m-serpentine), wollastonite (m-wollastonite), mixtures of ball-milled 48 

serpentine and wollastonite (m-serpentine + m-wollastonite), and the co-milled 49 

serpentine and wollastonite (m-(serpentine + wollastonite)). The carbonation of (m-50 

serpentine + m-wollastonite) involved the formation of a combination of calcite (CaCO3) 51 

and magnesite (MgCO3), suggesting that no significantly interactive effect between the 52 

serpentine and wollastonite. In contrast, carbonating m-(serpentine + wollastonite) 53 

results in the precipitation of Mg-bearing calcite ((Mg, Ca)CO3). Upon quantification, 54 

the carbonation degrees of m-(serpentine + wollastonite) is relatively higher than that 55 

of (m-serpentine + m-wollastonite). During the carbonation of m-(serpentine + 56 

wollastonite), the combination of serpentine and wollastonite facilitates mutual 57 

dissolution, leading to the release of more cations. However, these released ions do not 58 

diffuse into the bulk carbonating solution; instead, carbonation occurs exclusively at 59 

the mineral-water interface. Consequently, the co-milling process, merging Ca-rich 60 

wollastonite into Mg-rich serpentine, induces the formation of (Mg, Ca)SiO3. These 61 

novel insights into aqueous carbonation using a combination of Mg-containing and Ca-62 

containing minerals underscore the significant role of mineral-mineral reactions in CO2 63 

mineralization. 64 

 65 
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 68 

1. Introduction 69 

The rapid increase in atmospheric carbon dioxide (CO2), primarily driven by 70 

the industrial revolution and extensive fossil fuel usage, has led to the critical issue of 71 

global warming (Rosa and Ribeiro, 2001; Smith et al., 2013; Conejo et al., 2020; Yoro 72 

and Daramola, 2020). To counteract the rising levels of CO2 in the atmosphere, mineral 73 

carbonation (also known as CO2 mineralization) stands out as an appealing method. 74 

This technology offers advantages such as low financial costs, enhanced reaction 75 

kinetics, and secure long-term storage (Romanov et al., 2015; Naraharisetti et al., 2019; 76 

Kelemen et al., 2020). In essence, CO2 mineralization involves chemical reactions 77 

between CO2 and minerals containing elements like Ca, Mg, and Fe, resulting in the 78 

formation of thermodynamically stable carbonates like calcite (CaCO3) (Zhai et al., 79 

2023), magnesite (MgCO3) (Santos et al., 2023), and siderite (FeCO3) (Neerup et al., 80 

2023); respectively. Due to the limited availability of natural Ca/Mg/Fe hydroxide and 81 

oxide minerals, silicates rich in these elements emerge as promising candidates for CO2 82 

mineralization (Scott et al., 2021). Wollastonite (Wol, CaSiO3), a representative of Ca-83 

rich silicate minerals, has been extensively studied for its potential in CO2 long-term 84 

storage (Kashim et al., 2020; Feng and Hicks, 2023). In parallel, Mg-rich silicates, 85 

particularly serpentine (Ser, Mg3Si2O5(OH)4), have garnered attention due to their 86 

abundant deposits and significant capacity for CO2 storage (Maroto-Valer et al., 2005; 87 

Kwon et al., 2011; Eikeland et al., 2015). Additionally, other Ca/Mg-rich silicate 88 

minerals, such as plagioclase (Munz et al., 2012; Gudbrandsson et al., 2014), pyroxene 89 



5 
 

(Monasterio-Guillot et al., 2021), olivine (Wang et al., 2024), and volcanic glasses 90 

(Clark et al., 2018), have also been widely utilized for long-term CO2 storage. 91 

Strategies for CO2 mineralization utilizing Ca/Mg-rich silicate minerals 92 

primarily fall into two categories: in situ mineral carbonation processes, involving the 93 

direct injection of CO2 into porous rocks underground (Matter and Kelemen, 2009; 94 

Stubbs et al., 2023), and ex situ mineral carbonation processes, occurring above ground 95 

with pretreatments like rock mining and comminution (Ghoorah et al., 2014; 96 

Monasterio-Guillot et al., 2019). When comparing these technologies, ex situ mineral 97 

carbonation, particularly through the aqueous mineral carbonation route aided by 98 

pretreatments, is regarded as the preferred choice to expedite carbonation rates and 99 

enhance overall efficiencies (Zhai et al., 2023). Carbonation occurs within an aqueous 100 

solution containing dissolved carbonate species through gas-liquid-solid reactions. 101 

These reactions accelerate the dissolution of minerals and the precipitation of 102 

carbonates (Ragipani et al., 2022). The aqueous carbonation process comprises the 103 

dissolution of CO2 in water (eq. 1), the release of cations (Ca2+ or Mg2+) from the 104 

mineral matrix (eq. 2 and 3), and the precipitation of carbonates (eq. 4 and 5) (Huijgen 105 

et al., 2006; Hövelmann et al., 2011). 106 

CO2 (g) + H2O (l) → H2CO3 (aq) → H+ + HCO3- → 2 H+ + CO32-                (1)                                                                                                                                                         107 

Mg3Si2O5(OH)4 (s) + 6 H+ → 3 Mg2+ + 2 SiO2 (s) + 5 H2O (l)   (Ser)            (2) 108 

           CaSiO3 (s) + 2 H+ → Ca2+ + SiO2 (s) + H2O (l)   (Wol)                                   (3) 109 

Ca2+ + CO32- → CaCO3 (s)                                                                               (4) 110 

Mg2+ + CO32- → MgCO3 (s)                                                                             (5) 111 

To augment the degree of aqueous carbonation, strategies primarily concentrate 112 
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on promoting the dissolution of carbonating minerals (eq. 2 and 3) and/or the 113 

precipitation of stable carbonates (eq. 4 and 5) (Sanna et al., 2014). A common method 114 

to accelerate mineral dissolution involves acidifying the solutions, occasionally 115 

adjusting salinity and temperature (Orlando et al., 2011; Khan et al., 2023). However, 116 

acidic conditions, while aiding dissolution, are unfavorable for carbonates precipitation. 117 

Moreover, acidification inhibits the dissolution of CO2 (eq. 1), leading to the release of 118 

CO2 from aqueous phases. To overcome these challenges, a costly pH swing step is 119 

often necessary, involving the addition of bases such as sodium hydroxide (NaOH) or 120 

ammonia (NH3) (Sanna et al., 2013; Azdarpour et al., 2014, 2015). Recently, an 121 

alternative approach has been proposed using calcium silicates through an autocatalytic 122 

basification process (eq. 6 and 7) (Ragipani et al., 2022; Zhai et al., 2023).  123 

CaSiO3 (s) + Na2CO3 (aq) + H2O (l) → CaCO3 (s) + 2 NaOH (aq) + SiO2 (s)          (6) 124 

 CO2 (g) + 2 NaOH (aq) → Na2CO3 (aq) + H2O (l)                                                     (7) 125 

In the carbonation step (eq. 6), the reaction involves soluble carbonates (such as 126 

Na2CO3) and yields NaOH. Following carbonation, the resulting basic solution can be 127 

utilized for CO2 capture (eq. 7), allowing the regeneration of Na2CO3 for reuse in the 128 

carbonation process. This approach enables CO2 mineralization without the need for 129 

large pH swings between acidic and basic conditions. All strategies discussed here to 130 

enhance mineral carbonation degree primarily revolve around regulating mineral-131 

solution reactions through varying solution conditions. However, an often-overlooked 132 

aspect is the role of mineral-mineral reactions during carbonation processes. Recent 133 

study has indicated that mixing Ca-bearing and Mg-bearing minerals holds promise for 134 

direct atmospheric CO2 sequestration (Chen et al., 2023). Building on these findings, 135 

we infer that the interactive effect between these two minerals could further influence 136 
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aqueous carbonation processes. On the one hand, the dissolution of serpentine provides 137 

Mg2+ ions, which have been shown to inhibit the formation of calcium carbonate nuclei 138 

(Zhang and Dawe, 2000; Zhang et al., 2017). Consequently, the addition of serpentine 139 

may reduce the carbonation degree of wollastonite. On the other hand, dissolved Mg2+ 140 

can substitute for Ca2+ in calcium silicates (Lothenbach et al., 2015), potentially leading 141 

to more Ca2+ converting into CaCO3. The net effect of whether wollastonite and 142 

serpentine facilitate or inhibit the carbonation of each other remains unknown and 143 

warrants further investigation. 144 

While extensive research has been conducted on individual aqueous 145 

carbonation processes involving serpentine or wollastonite (McKelvy et al., 2004; 146 

Power et al., 2013; Min et al., 2017; Min and Jun, 2018), the interactive effect between 147 

these two minerals still remains undisclosed. To address this knowledge gap, we 148 

conducted aqueous mineral carbonation experiments under basic conditions, utilizing 149 

individually ball-milled serpentine (m-serpentine in manuscript, Serm in figures), 150 

wollastonite (m-wollastonite in manuscript, Wolm in figures), mixture of Serm and Wolm 151 

(m-serpentine + m-wollastonite in manuscript, Serm + Wolm in figures), co-milled 152 

serpentine and wollastonite (m-(serpentine + wollastonite) in manuscript, (Ser  + Wol )m 153 

in figures). To our knowledge, previous studies have not explored the role of reactions 154 

between carbonating minerals in carbon capture and storage. In this study, we 155 

demonstrated that carbonating a mixture of m-(serpentine + wollastonite) led to the 156 

formation of Mg-bearing calcite ((Mg, Ca)CO3), distinct from carbonating m-157 

serpentine + m-wollastonite. This highlights the importance of mechanochemical 158 

activation in mineral carbonation processes. Our findings shed light on the interactive 159 

mechanism between magnesium silicate and calcium silicate minerals under basic 160 

carbonation conditions, introducing a novel concept. This approach offers an alternative 161 
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method to activate magnesium silicates, with significant implications for improving 162 

process efficiency and cost-effectiveness in CO2 mineralization. 163 

2. Material and methods 164 

2.1 Materials 165 

Natural serpentine (identified as chrysotile) was sourced from California and 166 

wollastonite procured from Natural Pigments LLC (CA, USA). X-ray fluorescence 167 

(XRF) analyses revealed the composition of the materials (Table S1). Reagent-grade 168 

anhydrous sodium carbonate (Na2CO3), serving as the CO2 source, was obtained from 169 

Fisher Science. Solutions were prepared using deionized water.  170 

2.2 Ball milling 171 

The high-energy ball milling process was conducted using an 8000M SPEC Certiprep 172 

Mixer/Mill (CertiPrep Inc., USA). The particle sizes were measured using a laser 173 

diffraction particle size analyzer (~10 μm, Figure S1, LS320, Beckman Coulter, Miami, 174 

FL, USA) (details seen in Supplementary Data). All samples were characterized using 175 

X-ray diffraction (XRD, D8 Discovery, Bruker, Germany) equipped with Cu Kα 176 

radiation (λ = 1.54 Å) and operated in the single-axis mode. The divergence, receiving, 177 

and anti-scattering slits were set to 0.2 mm, 0.3 mm, and 2 mm, respectively. Data 178 

acquisition was performed in four scanning steps from 20° to 60° at a rate of 120 s/step. 179 

X-ray photoelectron spectroscopy (XPS) was used to analyze the elemental 180 

composition under ultra-high vacuum conditions (5 × 10-10 Torr) with a K-Alpha X-ray 181 

photoelectron spectrometer (Thermo Scientific, USA) equipped with a monochromatic 182 

Al Kα X-ray source (hν = 1486.6 eV) at 75 W and a detection pass energy of 20-80 eV. 183 

The XPS data were processed using Thermal Advantage software (Thermo Scientific, 184 

USA) with smart background correction methods and Gaussian functions for peak 185 
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fitting (Zhai et al., 2024).  186 

 187 

2.3 Aqueous mineral carbonation 188 

Aqueous mineral carbonation was carried out under ambient conditions (25 ℃ and 0.1 189 

MPa). The mineral carbonation reactions took place in 15 mL polypropylene testing 190 

tubes under ambient conditions with vibration, facilitated by a vortex mixer (Fisher 191 

Scientific). As the CO2 source, a 1 M Na2CO3 solution (pH = 11, adjusted using 0.1 M 192 

NaOH and HCl) was chosen, maintaining a constant liquid-to-solid ratio of 10 mL/g. 193 

The reactions were allowed to proceed for 1 hours, and the process was concluded by 194 

separating minerals from solutions through 5 minutes of centrifugation (Allegra 25R 195 

Centrifuge, Beckman Coulter, USA) at 9000g (Zhai et al., 2024). 196 

2.4 Characterization of carbonated minerals  197 

Carbonated minerals underwent three washes with deionized water to eliminate residual 198 

solutions (Zhai et al., 2024). The washed samples were subsequently dried in an 199 

Isotemp Oven (model 655F, Fisher Scientific) at 98 °C for 24 hours. Prior to scanning 200 

electron microscopy-energy dispersive X-ray (SEM-EDX) analysis, samples were 201 

mounted onto Al stubs with Cu tapes and coated with a thin layer of Au (∼8 nm, Prep-202 

LeicaACE600 Deposition, Leica, Germany) to enhance electrical conductivity. SEM 203 

images were taken under an ultra-high vacuum condition (~10-5 Pa) with an 204 

acceleration voltage of 10 kV using a secondary electron detector. For nanoscale 205 

characterization, high-resolution transmission electron microscope (HRTEM) was 206 

employed to directly observe crystallographic phases using FEI Tecnai TF30 TEM 207 

(Thermo Fisher Scientific, USA) at a high accelerating voltage of 300 kV (details seen 208 

in Supplementary Data).  209 
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2.5 Quantification of carbonation degrees 210 

The carbonation degree was defined as the conversion of Mg and Ca elements into their 211 

corresponding carbonates (MgCO3 and CaCO3). Approximately 15 mg of dry sample 212 

was subjected to thermogravimetric analysis (TGA 5500, TA Instruments, USA)  under 213 

N2 atmosphere with a gas flow rate of 100 mL/min and a heating rate of 10 °C/min over 214 

a temperature range from 30 to 950°C. TGA curves for all samples exhibited three 215 

distinct regions: (1) evaporable water loss (w1, 30-100°C), (2) bound water loss (w2, 216 

100-200°C), and (3) CO2 release (w3, 300-800°C). The stored CO2 content within the 217 

minerals was calculated based on TGA data using the following equation (Zhai et al., 218 

2024): 219 

𝑤!"! 	= 	
#"

$%%%'(##)#!)
	× 	100%                                                                    (8) 220 

The weight content of converted MgO/CaO (𝑤+,"/𝑤!-") can be calculated with 221 

𝑤+," 	= 	
#$%!
.(!"!)

	× 𝑀(MgO) × 	100% or 𝑤!-" =	
#$%!
.(!"!)

	× 𝑀(CaO) 	× 	100%    (9)                                                  222 

in which M(CO2), M(MgO), and M(CaO) are the molecular weight of CO2 (44.01 223 

g/mol), MgO (40.30 g/mol), and CaO (55.08 g/mol). 224 

Finally, the conversion of Mg/Ca (CMg/CCa) can be calculated by  225 

𝐶+, =	
#&'%

/$'0#$%!)#&'%12	×	5&'%)	#&'%
  or 𝐶!- =	

#$(%
/$'0#$%!)#$(%12	×	5$(%)	#$(%

          (10) 226 

in which 𝜂+," and 𝜂!-" are the weight percent of MgO (40.35%) and CaO (49.27%) 227 

within the serpentine and wollastonite. 228 

2.6 Analyses of solution chemistry  229 

The pH of both mineral and mineral-free solutions was measured using an Orion Versa 230 
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Star Pro pH/EC meter (Thermo Fischer Scientific, Waltham, Massachusetts, USA). The 231 

concentrations of elements within the solutions were determined through inductively 232 

coupled plasma optical emission spectrometry (ICP-OES, CCD Simultaneous ICP-233 

OES, VISTA-MPX, Varian, USA) using external standards for calibration. 234 

Subsequently, the obtained solutions were acidified and diluted up to 10 times using 0.5 235 

M HNO3 for dissolved elemental analyses using ICP-OES. All concentrations reported 236 

represent the averages of three independent measurements (details seen in 237 

Supplementary Data). 238 

 239 

3. Results 240 

3.1 Mineral carbonation using individually ball-milled serpentine and wollastonite 241 

Spherical serpentine powders (identified as chrysotile, m-serpentine, Serm) were 242 

obtained by ball milling (Figures 1A and B). The main components of the natural 243 

serpentine are 11.71% Fe2O3, 40.35% MgO, and 45.89% SiO2, with a molecular ratio 244 

of Fe:Mg:Si at 0.15:1.01:0.76, indicating MgO and SiO2 as the primary constituents. 245 

After reaction, the XRD spectra of carbonated serpentine (c-m-serpentine, C-Serm) 246 

display a distinctive peak at 32.08°, corresponding to the characteristic peaks of 247 

magnesite (MgCO3, Figure 1C). The thermal breakdown of c-m-serpentine occurs at 248 

temperatures ranging from 350 to 460 ℃ (Figure 1D), aligning with the thermal 249 

decomposition of MgCO3. Quantifying the weight loss from the TGA curve, it is 250 

determined that 8.17 wt% of CO2 is sequestered within c-m-serpentine and the 251 

carbonation degree is calculated to be 18.01% after the 1-hour reaction. For individually 252 

ball-milled wollastonite powders (m-wollastonite, Figures 1E and F), they comprise 253 

49.27% CaO and 49.67% SiO2, yielding a Ca/Si mole ratio of 1:1. Acting as a reservoir 254 
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for CO2, wollastonite led to the formation of calcite. The emergence of a new XRD 255 

peak, such as the one at 29.49° corresponding to calcite (104) plane (Figure 1G) 256 

confirms the transformation of CaSiO3 to CaCO3. The weight loss of carbonated m-257 

wollastonite (c-m-wollastonite, C-wolm) is prominently observed in the TGA analyses 258 

within the temperature range of 500 to 750 ℃ (Figure 1H). This aligns with the thermal 259 

decomposition of CaCO3, setting it apart from the carbonation of m-serpentine. 260 

According to TGA curves, approximately 4.1 wt% of CO2 is sequestered within c-m-261 

wollastonite, resulting in a carbonation degree of 12.89%. This result indicated that the 262 

m-wollastonite we used in this study has relatively lower CO2 storage capacity than that 263 

of m-serpentine. 264 

Figure 1. Aqueous mineral carbonation using individually ball-milled (A-D) serpentine 265 
(Serm) and (E-H) wollastonite (Wolm). SEM images of individually ball-milled (A) 266 
serpentine and (E) wollastonite. XRD spectra of (B and F) serpentine and (C and G) 267 
wollastonite before and after carbonation, respectively. TGA curves collected from 268 
carbonated (D) serpentine and (H) wollastonite.    269 

 270 

3.2 Mineral carbonation using the mixture of individually ball-milled serpentine and 271 

wollastonite 272 
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To investigate the interactive effect of serpentine and wollastonite on aqueous 273 

mineral carbonation, we crafted carbonating materials by directly combining 274 

individually ball-milled serpentine and wollastonite (m-serpentine + m-wollastonite, 275 

Serm + Wolm) powders (Figure 2A). The particle size analyses indicate that the average 276 

size of the mixture is approximately 10 μm (Figure S1). Within the mixture, distinct 277 

Ca-rich and Mg-rich regions formed with spatial separation (Figures 2C and D), while 278 

the Si was the uniformly distributed (Figure 2E). Even after carbonation, c-m-279 

wollastonite and c-m-serpentine remain distinguishable in SEM images (Figure 3A). 280 

Carbonated m-serpentine + m-wollastonite (c-(m-serpentine + m-wollastonite), C-281 

(Serm + Wolm)), exhibits the presence of Ca (Figure 3B), Mg (Figure 3C), and C (Figure 282 

3D). Interestingly, despite reacting in solutions for 1 hour, the Ca and Mg elements do 283 

not merge into one phase, still maintaining spatial separation (Figures 3B and C). This 284 

result suggested that the carbonation of m-serpentine + m-wollastonite proceeded via 285 

the formation of the combination of MgCO3 and CaCO3 rather than (Mg, Ca)CO3. 286 

To quantify the carbonation degree of the m-serpentine + m-wollastonite 287 

mixture, we conducted TGA experiments and the representative weight-temperature 288 

curve displayed three distinct weight loss events within temperature ranges of 50-200, 289 

350-460, and 605-710 ℃ (Figure 3E). These events correspond to the evaporation of 290 

H2O, decomposition of MgCO3, and CaCO3, respectively. After separating the 291 

decomposition of MgCO3 and CaCO3, we quantified the conversion degree of MgO 292 

into MgCO3 and the values increased from 18.87% to 23.12% (Figure 3F). In contrast 293 

with the m-serpentine, the carbonation degree of m-wollastonite within the mixture got 294 

reduced with increasing the content of m-wollastonite (Figure 3G). Here, the increase 295 

or decrease in MgO or CaO conversion degree were influenced by the ration of Na2CO3 296 

to serpentine or wollastonite, we will make analyses in the discussion section.  297 
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Figure 2. Preparing and characterizing the mixture of individually ball-milled 298 
serpentine and wollastonite (Serm + Wolm). (A) A schematic diagram of preparing 299 
sample. (B) A SEM images with corresponding (C) Mg, (D) Ca, and (E) Si distributions. 300 

 301 

 302 

Figure 3. Aqueous carbonation of the mixture of individually ball-milled serpentine 303 
and wollastonite (Serm + Wolm). (A) SEM images and corresponding (B-D) element 304 
distributions of C-(Serm + Wolm). (E) A presentative TGA curve indicating the presence 305 
of H2O, MgCO3, and CaCO3 within C-(Serm + Wolm) samples. Quantifications of (F) 306 
MgO and (G) CaO within the mixture converting into MgCO3 and CaCO3. 307 

 308 
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3.3 Mineral carbonation using the co-milled wollastonite and serpentine 309 

Figure 4. Preparing co-milled serpentine and wollastonite. (A) A schematic diagram of 310 
preparing sample. (B) A SEM image with corresponding (C) Mg, (D) Ca, and (E) Si 311 
distributions. SEM-EDX results showing wollastonite and serpentine merging into one 312 
phase. 313 

 314 

Furthermore, we subjected the serpentine and wollastonite mixture to ball 315 

milling (Figure 4A). Post co-milling, the original serpentine and wollastonite cannot be 316 

discerned through SEM (Figure 4B), and elements (e.g., Mg, Ca, and Si) merge into a 317 

single phase (Figures 4C, D, and E). This newly formed phase is referred to as m-318 

(serpentine + wollastonite). Carbonated m-(serpentine + wollastonite), c-m-(serpentine 319 

+ wollastonite), contains Mg, Ca, Si, and C elements, as revealed by SEM-EDX 320 

mapping, showcasing the incorporation of MgCO3 into CaCO3 (Figures 5A, B, C, and 321 

D). TGA was employed to quantify the carbonation degree, revealing a single main 322 

weight loss event (Figure 5E), distinct from the results of c-(m-serpentine + c-323 

wollastonite). The primary weight loss occurs in the temperature range of 500-700 ℃, 324 

much higher than that of MgCO3 (Figure 1H) and relatively lower than that of CaCO3 325 

(Figure 1D). As it is challenging to distinguish Ca- or Mg-contributed carbonation, the 326 
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CO2 content is utilized here to represent the carbonation degree. With increasing 327 

amounts of wollastonite added into the (m-serpentine + m-wollastonite) mixture, fewer 328 

CO2 molecules were stored within the mixtures (Figure 5F). Since the added 329 

wollastonite with low CO2 storage capacity, the decrease of CO2 content within the 330 

carbonated mixture did not mean that wollastonite inhibited the carbonation of 331 

serpentine. Additionally, increasing the amount of wollastonite decreased the specific 332 

surface area, resulting in less CO2 reacting with the minerals (Figure S2). In comparison 333 

with (m-serpentine + m-wollastonite), the co-milled samples stored more CO2, 334 

indicating that co-milling enhances the aqueous mineral carbonation of serpentine and 335 

wollastonite (Figure 5F). 336 

 337 

Figure 5. Characterization of carbonated co-milled serpentine and wollastonite (C-(Ser 338 
+ Wol)m). (A) A presentative SEM image of C-(Ser + Wol)m samples with 339 
corresponding (B) Mg, (C) Ca, and (D) C distributions. (E) A presentative TGA curve 340 
showing only one main weight loss step. (F) CO2 content stored within carbonated 341 
(Serm + Wolm) (organge bar), and (Ser + Wol)m (green bar); suggesting that co-milled 342 
sample contributes to high carbonation degree than that using the mixed sample. 343 

 344 
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C-(m-serpentine + m-wollastonite) and c-m-(serpentine + wollastonite) samples 345 

exhibit distinct properties, particularly in their thermal decomposition behaviors 346 

(Figures 3E and 5E). We attributed the shift in decomposition temperature of c-m-347 

(serpentine + wollastonite) to the formation of Mg-bearing calcium carbonates (Mg, 348 

Ca)CO3. This hypothesis is supported by the presence of Mg, Ca, and C within the 349 

single phase (Figures 5A, B, C, and D). To test our hypothesis, we employed XRD to 350 

characterize crystalline phases within carbonated samples. In contrast to the XRD 351 

spectrum of c-(m-serpentine + m-wollastonite), which contains characteristic peaks of 352 

calcite (28.7°) and magnesite (32.8°) (Figure 6A, Figure S3A), the XRD spectrum of 353 

c-m-(serpentine + wollastonite) shows no new peaks but an enhanced intensity at 29.8°, 354 

corresponding to the Mg-bearing calcite characteristic peak (Figure 6B, Figure S3B). 355 

To further identify the newly formed phase at the nanoscale, we imaged the precipitates 356 

using TEM (Figure 6D1). The corresponding EDX spectrum demonstrated that the 357 

phases consist of C, O, Mg, Si, and Ca elements (Figure 6D2). The high-resolution 358 

TEM (HRTEM) image reveals the existence of a crystalline phase (Figure 6D3). 359 

Derived from fast Fourier transform (FFT) pattern (Figure 6D4), the measured value of 360 

d-spacing is 2.89 Å, close to 3.03 Å for the (104) lattice spacing of calcite. The 361 

difference between the measured spacing and the database is attributed to Mg2+ (79 pm) 362 

substitution for Ca2+ (100 pm) in the structure. Combining EDX and HRTEM analyses 363 

(Figure 6D), the newly formed phase is identified as Mg-rich calcite, corroborating the 364 

XRD and XPS results (Figure 6C1 and C2). 365 

 366 
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Figure 6. Identifications of new phases within carbonated co-milled serpentine and 367 
wollastonite. XRD spectra of (A) C-(Serm + Wolm) (as a reference) and (B) C-(Ser + 368 
Wol)m. (C1) TEM images of C-(Ser + Wol)m and (C2) corresponding EDX showing it 369 
contains C, O, Mg, Si, and Ca elements. (C3) High resolution TEM (HRTEM) images 370 
and corresponding FFT patterns.  371 

 372 

 4. Discussions 373 

The dissolution of serpentine and wollastonite in carbonate solutions provided 374 

a reliable source of cations (Mg²⁺ and Ca²⁺), subsequently inducing the nucleation and 375 

growth of MgCO₃ and CaCO₃, respectively. Fe₂(CO₃)₃ was not detected due to the 376 

minimal release of Fe from serpentine (Figure S4). The relatively high concentrations 377 

of dissolved silicate inhibited the precipitation of dolomite. Instead, dissolved silicates 378 

promoted the incorporation of Mg into Ca-Mg carbonates rather than forming dolomite 379 

(Fang and Xu, 2022). Additionally, the Ca to Mg ratio may play a role, as more Ca²⁺ 380 

ions were released than Mg2+, which is not thermodynamically favorable for dolomite 381 
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formation (Brigatti et al., 2013). Our findings showed that leveraging the synergy 382 

carbonation of co-milled serpentine and wollastonite can improve the CO2 storage 383 

(Figure 5F). Similar results have been reported in studies of the carbonation using Mg-384 

based and Ca-based materials. Zhang et al. took insights into the carbonation behavior 385 

of Mg(OH)2-Ca(OH)2 mixtures and showed that the carbonation degree increased with 386 

the increase of the Ca(OH)2 content (Zhang et al., 2023). Chen et al. showed a similar 387 

result that calcite facilitated the carbonation of serpentine (Chen et al., 2023). These 388 

results indicated the interaction between two mineral phases endowed the minerals with 389 

superior reactivity compared to the single phase. However, in the absent of co-milling, 390 

the enhancement of carbonation degree (m-serpentine + m-wollastonite) in this study 391 

can be attributed to the different ratios of provided solutions to solid specimens. The 392 

increase of wollastonite contents led to a rise in the amount of provided Na2CO3 393 

solution, thus promoting the carbonation of both serpentine and wollastonite. Further, 394 

we testified the effect of L/S on mineral carbonation, as shown in Figure S4. The 395 

carbonation degree of serpentine increased from 18.01% to 23.64% with the rise of the 396 

L/S ratio from 10 to 20 mL/g (Figure S5A), demonstrating that increasing water content 397 

promoted mineral carbonation. A similar trend was observed in the case of wollastonite 398 

(Figure S5B). Therefore, as for the (m-serpentine + m-wollastonite) mixture, the water 399 

content provided was higher than that of individually carbonating m-serpentine or m-400 

wollastonite, resulting an increasement in carbonation degree.  401 
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Figure 7. XPS spectra of (A) Mg 1s and (B) Ca 2p and collected from m-serpentine 402 
(Serm) or m-wollastonite (Wolm) (black), m-serpentine + m-wollastonite (Serm + Wolm) 403 
(blue), and m-(serpentine + wollastonite) (Ser + Wol)m (green), respectively. 404 

 405 

The carbonation degree could be further enhanced with co-milling serpentine 406 

and wollastonite. The mixture of serpentine and wollastonite is subjected to high-energy 407 

ball-milling operation, inducing various effects, such as solid diffusion, rearrangement 408 

of ions/atoms, and atomic intermixing, and subsequently leading to the formation of 409 

intermediate phases on the original mineral surface (Maslyk et al., 2022). To explore 410 

these effects, we utilized XPS to characterize the states of Mg and Ca elements (Figures 411 

7A and B). Using m-serpentine, m-wollastonite, and m-serpentine + m-wollastonite as 412 

references, where Ca 2p1/2 and Ca 2p3/2 are located at 347.1 and 350.7 eV, a new peak 413 

at 351.6 eV was identified in the XPS spectrum of m-(serpentine + wollastonite) (Figure 414 

7B). Similar findings were observed in the XPS spectra of Mg 1s (Figure 7A). The 415 

simultaneous shifting of Mg 1s and Ca 2p peaks can be explained by the electron 416 

attraction between Mg and Ca atoms. Based on our comparative XPS characterizations, 417 

we can conclude that the co-milling of serpentine and wollastonite induced a solid-state 418 

interfacial reaction with the replacement of ion constituents (e.g. Mg2+ and Ca2+) 419 

between two mineral surfaces. This interfacial reaction led to the formation of Ca-420 
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containing serpentine and Mg-containing wollastonite phases, which was analogous to 421 

the case of co-milled calcite and serpentine. The dissolution of m-(serpentine + 422 

wollastonite) released Mg2+ and Ca2+ ions simultaneously at the mineral-solution 423 

interface, contributing to the precipitation of (Mg, Ca)CO3. Interestingly, compared 424 

with (m-serpentine + m-wollastonite), the co-milled minerals released more Mg2+ ions 425 

from 0.5 g serpentine (Figure 8A). This phenomenon can be interpretated by the 426 

divalent metal-promoted dissolution. Released Ca2+ competed with Mg2+ binding to 427 

OH- or SiO32- ions and subsequently limited the reprecipitation of Mg-containing 428 

phases (e.g. Mg(OH)2 or MgSiO3), which benefits the dissolution of serpentine. The 429 

more Mg2+ ions serpentine released into the mineral-solution interface, the higher 430 

carbonation degree it got. Here, we still need to note that released Ca2+ or Mg2+ ions 431 

were confined to the mineral-solution interface without diffusion during the 432 

carbonation using 1 M Na2CO3 (Figure 8B). Consequently, carbonating m-(serpentine 433 

+ wollastonite) led to the formation of (Mg, Ca)CO3 since co-milling merged serpentine 434 

and wollastonite into a mixture of Ca-containing serpentine and Mg-containing 435 

wollastonite. 436 

Figure 8. The dissolution properties of m-serpentine + m-wollastonite (Serm + Wolm) 437 
and m-(serpentine + wollastonite) (Ser + Wol)m. (A) Quantifications of released Mg 438 
from serpentine in the present of 2 M NaCl at pH 10, showing that more Mg2+ released 439 
from (Ser + Wol)m than that from (Serm +Wolm). (B) Distribution of elements in 440 
solutions during the carbonation using (Ser + Wol)m, showing that released Ca2+ or 441 
Mg2+ ions were confined to the mineral-solution interface without diffusion. 442 
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5. Conclusions 443 

In this study, ex situ aqueous mineral carbonation was conducted using m-444 

serpentine, m-wollastonite, m-serpentine + m-wollastonite, and m-(serpentine + 445 

wollastonite) powders. Through SEM-EDX, TGA-DSC, XRD, XPS, and HRTEM 446 

analyses, it was confirmed that carbonation pathways involved the formation of calcite, 447 

magnesite, calcite + magnesite, and Mg-bearing calcite for m-serpentine, m-448 

wollastonite, m-serpentine + m-wollastonite, and m-(serpentine + wollastonite), 449 

respectively. Quantification revealed that the co-milled sample m-(serpentine + 450 

wollastonite) exhibited the highest carbonation degree compared to their equivalent 451 

mixture. Our findings underscore the synergistic effect between wollastonite and 452 

serpentine on carbonation. These fundamental insights into CO2-reaction fluid-mineral 453 

interactions are crucial for the development of large-scale chemical processes 454 

converting CO2 to carbonates. They also aid in predicting the fate of CO2 injected into 455 

geological formations containing calcium and magnesium silicate minerals and rocks. 456 
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