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12 Abstract

13 Calcium carbonate (CaCO3) polymorphs, calcite, aragonite, and vaterite, serve as a major sink to retain 

14 various metal ions in the natural and engineered systems. Here, we visualize the systematic trends in 

15 reactivities of calcite, vaterite, and aragonite to Pb2+ dissolved in acidic aqueous solutions using in situ 

16 optical microscopy combined with ex situ scanning electron and transmission X-ray microscopies. All three 

17 polymorphs undergo pseudomorphic replacement by cerussite (PbCO3) but with distinct differences in the 

18 evolution of their morphologies. The replacement of calcite and aragonite occurs through the formation of 

19 a pseudomorphic cerussite shell (typically 5-10 µm thick) followed by a slower inward propagation of 

20 reaction fronts through thin solution gap (~0.1 µm wide) between the shell and the CaCO3 substrate. The 

21 replacement of vaterite is characterized by the formation of a thinner cerussite shell (≤ 1 µm thick) and a 

22 larger cavity between the shell and the host mineral. These systematic differences in cerussite morphology 

23 for the different CaCO3 polymorphs are explained by the relative dissolution and precipitation rates of the 

24 reactants and products, coupled with the role of reactant transport through the cerussite product phase. We 

25 also find that the replacement of calcite by cerussite is found to be the slowest when all three polymorphs 



26 coexisted. Our results provide mechanistic insights on the growth mode of cerussite on dissolving calcium 

27 carbonate and demonstrate these CaCO3 polymorphs as promising substrate materials for removal and 

28 recycling of Pb from acidic polluted water and industrial effluents.
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32 1. Introduction

33 Calcium carbonate (CaCO3) occurs naturally in three crystalline polymorphs, calcite, aragonite, and 

34 vaterite. Calcite is the most stable phase of CaCO3 in the ambient conditions and shallow waters of Earth’s 

35 surface environments. Aragonite is commonly formed by biological processes in shells and coral skeletons 

36 in marine environments.1-3 As the high pressure polymorph of CaCO3, it is also observed in metamorphic 

37 rocks in subduction zones.4 Vaterite is the least stable form of CaCO3 and normally occurs as a metastable 

38 intermediate in the course of calcite nucleation5, 6 or from biomineralization of carbon dioxide (CO2).7, 8 

39 Besides their abundance in nature, the CaCO3 polymorphs are of technological interest in the development 

40 of functional materials.9-15 For example, calcium carbonate materials are used as fillers in paper and 



41 adhesives, a major component in paints, base material for medical tablets, and sorbents for dissolved heavy 

42 metals.

43 Since the calcium carbonate polymorphs are highly reactive to dissolved ions, their mineral-water 

44 interfacial processes are critical in controlling the behavior of various metal ions in the natural and 

45 engineered systems. Among the three polymorphs, metal sequestration by calcite has been most widely 

46 studied and demonstrated to occur via mineral-water interfacial processes such as adsorption, precipitation, 

47 and incorporation.16-25 Recently, there is an increasing awareness that the sequestration of dissolved heavy 

48 metals can occur via mineral replacement reactions.26, 27 For example, calcite can be replaced by cerussite 

49 (PbCO3) in acidic Pb2+-containing solutions through coupled dissolution and precipitation with minimal 

50 changes in overall morphology.28, 29 The distribution and growth rates of cerussite have previously been 

51 postulated to be controlled by spatial variations in both solution pH and local ion concentrations,28-30 which 

52 determine the (local) saturation index of the precipitating phase. Furthermore, the cerussite product is highly 

53 porous, which facilitates transport of dissolved ions between the external solution and the substrate 

54 interfaces in the product phase.29, 30 

55 Compared to calcite, less is known about the interaction of the other CaCO3 polymorphs, aragonite and 

56 vaterite with dissolved Pb2+. Although there is a consensus that Pb uptake by aragonite and vaterite can 

57 occur by mineral replacement,31-35 which is similar to that by calcite, this is not yet supported by direct 

58 observation of the morphological relationship between the host phases and the secondary minerals. In 

59 addition, there are clear discrepancies among these studies. Gamsjager et al.32 reported that Pb2+ uptake by 

60 aragonite occurs more rapidly and to a greater extent compared to that by calcite. In contrast, Di Lorenzo 

61 et al.31 observed a lower reactivity of aragonite to Pb2+ than that of calcite. This lower reactivity appears 

62 resulting from surface passivation of aragonite by cerussite, which hinders further dissolution/precipitation 

63 at the interface. These previous studies highlight the need for systematic investigations of the crystallization 

64 of cerussite coupled with dissolution of the CaCO3 polymorphs to assess the relative reactivity of these 

65 polymorphs in the presence of dissolved Pb2+. 



66 Here, we explore the reactivities of calcite, vaterite, and aragonite in the presence of dissolved Pb2+ to 

67 understand the mineralogical and morphological controls over the calcium carbonate-Pb2+ interaction. 

68 Calcium carbonate, in the form of single crystals or mixtures of calcium carbonate polymorphs, was subject 

69 to reactions with acidic Pb2+-containing solutions. The morphological and chemical evolution of each 

70 polymorph, observed with optical microscopy, scanning electron microscopy (SEM), synchrotron X-ray 

71 nano-tomographic and fluorescence measurements, revealed that the growth mechanisms of the cerussite 

72 product (e.g., pseudomorphic replacement vs. cerussite shell formation) depended on the types of calcium 

73 carbonate polymorph. These different growth modes are postulated to be caused by the different solubilities 

74 and dissolution rates of the calcium carbonate polymorphs, providing new insights into the mechanisms of 

75 the replacement of carbonate minerals by cerussite. The results directly show differences in sorption 

76 mechanism among the individual polymorphs and provide a direct comparison of their uptake efficiencies, 

77 which will ultimately be important in designing the remediation strategy for Pb2+- contaminated sites.  

78

79 2. METHODS

80 Minerals and reagents

81 Calcium carbonate polymorphs were prepared in two ways. Most samples were synthesized on 0.8 × 

82 0.8 cm2 Kapton films or glass plates using the ammonium diffusion method.36, 37 Calcite was the dominant 

83 product phase when grown at high Ca concentrations (CaCl2 concentration ≥15 mM), while at intermediate 

84 and low Ca concentrations (≤10 mM CaCl2), the mineral assemblages were mixtures of calcite, vaterite, 

85 and/or aragonite. Here, these mixture samples are denoted as vaterite/calcite and aragonite/vaterite/calcite 

86 to describe the mineral compositions. Additional powder specimens of calcium carbonate were prepared 

87 by crushing and sieving natural calcium carbonate minerals, including calcite (Chihuahua, Mexico) and 

88 aragonite (Ivanpah Mt., California, USA) crystals to obtain particle sizes ranging from 47 to 53 µm (similar 

89 to the crystals grown by the ammonium diffusion method). The prepared CaCO3 samples were reacted with 



90 acidic Pb2+-containing solutions. Pb(II) stock solutions were prepared using Milli-Q® water (resistivity = 

91 18.2 MΩ·cm; TOC < 5ppb) and lead nitrate (Pb(NO3)2, Sigma Aldrich; purity, 98-102 %).  

92 Reaction Protocols

93 Operando observations of mineral replacement reactions were performed in situ using an in-house 

94 constructed fluid cell having an internal volume of 4.2 mL by sealing two transparent glass windows onto 

95 a cell body made of PEEK®
.
29 An optical microscope equipped with a digital camera (Nikon Optiphot) and 

96 an image recording system was used in a transmission light mode. The reaction system in the fluid cell 

97 contained calcium carbonate minerals in contact with an input solution with 5 mM Pb(II) and an initial pH 

98 of 2.5–3.0, using a solid to solution ratio of 0.1–0.2 g/L. This initial solution was undersaturated with respect 

99 to calcite, resulting in dissolution of calcium carbonate minerals, which increased pH and (bi)carbonate 

100 concentration in solutions. The final solutions, after reaction for 16 to 24 hr, had the pH ranging from 4.2 

101 to 4.5 and dissolved total carbonate concentrations of 1 to 2 mM, where the saturation index (SI) of cerussite 

102 ranged from −0.1 to 0.2 (because these solutions were not well-mixed, the cerussite saturation index was 

103 likely higher near the dissolving calcium carbonate, which therefore drove the local growth of the cerussite 

104 phase). Therefore, the increase of pH to values above 4 indicates that the solution chemistry evolved from 

105 the cerussite-undersaturated to saturated/supersaturated regimes. The morphological changes of CaCO3 

106 polymorphs were imaged periodically in real-time in the fluid cell by optical microscopy for reaction times 

107 up to 24 hr. After the reactions were completed, the samples were rinsed gently with ethanol, dried in air. 

108 The samples were then imaged using a Phenom scanning electron microscope (SEM) with energy 

109 dispersive X-ray spectroscopy (EDS) (Thermo Fisher Scientific). 

110 High resolution X-ray fluorescence spectroscopy (XRF)

111 The reacted calcium carbonate minerals were analyzed using the synchrotron X-ray microprobe at 

112 beamline 13-ID-E at the Advanced Photon Source (APS), Argonne National Laboratory (ANL). X-ray 

113 fluorescence maps of Pb and Ca distributions on reacted calcium carbonates mounted on Kapton substrates 

114 were collected in a fly-scan raster mode using a 2 x 2 m2 beam size (5 x 5 m2 pixel size). Ca and Pb 



115 fluorescence yields measured using Ca Ka1 and Pb La1 emission lines, respectively, were converted to ion 

116 concentrations by calibration with respect to thin film XRF reference samples (AXO Dresden) measured 

117 under the same experimental conditions.  

118 Transmission X-ray Microscopy (TXM)

119 Synchrotron X-ray based nano-tomography measurements were performed at beamline 32-ID-C at the 

120 APS (ANL). The incident X-ray photon energy was 8 keV with a field of view of 51 × 51 μm2. The sample 

121 was imaged in 721 projection directions spanning over ~180° of rotation angle with an exposure time of 

122 0.5 or 1 s per image and a spatial resolution of 49 nm. Data reconstruction was processed using Tomopy.38-40 

123 The acquired images were further analyzed, and visualized in Fiji ImageJ.41, 42

124

125 RESULTS

126 Replacement reactions of individual CaCO3 polymorphs by cerussite

127 Changes in external morphologies. Morphological changes of CaCO3 polymorphs during reaction in 

128 acidic Pb-containing solutions were observed using an optical microscope (Figure 1) and SEM (Figure 2). 

129 Before the reaction, pristine calcite appeared as individual euhedral crystals, 30 to 80 µm in size (Figure 

130 2a). Starting material vaterite commonly occurred in polycrystalline aggregates less than 150 µm in size 

131 having rounded surfaces (Figure 2b). Aragonite starting material also occurred in aggregates that had 

132 similar size to vaterite but with spiky surface features, distinctive from vaterite grains (Figure 2c). 



133 Calcite crystals reacted in 5mM [Pb2+]initial solution at pH 2.7 became smaller and less transparent with 

134 time in optical microscopy (Figure 1a). This variation in transparency likely resulted from changes of the 

135 surface topography by the dissolution of the mineral substrate and the formation of cerussite (confirmed by 

136 XRD; Figure S.1b). Precipitation of cerussite occurred on the side surfaces of the crystal with respect to the 

137 Kapton support. Cerussite appeared as dark regions in optical microscope images (Figure 1a) and bright 

138 rod-shaped crystals in SEM images (Figure 2e). The small dotted patterns on the top surface of the crystal 

139 shown under optical microscope (Figure 1a) were mainly due to the dissolution of the calcite surface.28 

Figure 1. In situ optical micrograms of (a) calcite, (b) vaterite, and (c, d) aragonite in an acidic Pb2+ 
solution (i.e., initial pH 2.7 and 5 mM Pb(NO3)2) as a function of reaction time. The scale bars are 50 
µm. 



140 Morphological changes of vaterite particles during reaction in the same solution composition ([Pb2+]initial 

141 = 5mM; initial pH = 2.7) are shown in Figure 1b. After 2.5 hr of reaction, the particles became slightly 

142 darker presumably due to the dissolution of vaterite surfaces and precipitation of cerussite, the latter of 

143 which was confirmed by SEM (Figures 2f and j) and XRD (Figure S.1b). After 5 hr of reaction, the rim of 

144 the vaterite became optically translucent, and this translucent area propagated inward with time until it 

145 covered the entire vaterite surface (with respect to the projected area of the original particle) after 24 hr 

146 (Figure 1b). 

147 Aragonite crystals reacted in the same solution composition ([Pb2+]initial = 5mM; initial pH = 2.7) 

148 decreased in size and lost their spiny morphological features with time, indicating dissolution of the mineral 

149 substrate (Figure 1c). Little change in color was discernable for these particles by optical microscope. This 

150 is contrasted with observations of crushed aragonite particles, which changed from colorless (transparent) 

Figure 2. SEM images of calcite, vaterite, and aragonite (a-d) before and (e-l) after reaction with 5 
mM Pb(NO3)2 at pH 2.7 for 16 hr. In (a to h), the scale bar is 30 µm. (i to l) Magnified images of the 
samples in (e to h) where cerussite products grow as tabular or reticulated crystals. In (a to l), the samples 
before and after the reaction are representative of each polymorph but are not identical particles. 



151 to dark brown (opaque) within 2.5 hr of reaction with the same solution (Figure 1d). This color change 

152 indicates the formation of cerussite on the aragonite grains, which is confirmed by SEM (Figures 2k and 

153 2l) and XRD (Figure S.1b). 

154 Changes in internal structure. The changes in the internal structure of CaCO3 minerals after the 

155 reaction with acidic Pb-containing solutions were examined using TXM (Figure 3). In these TXM images, 

156 the brightness is proportional to the density of the materials: lead carbonate, the heaviest phase in the 

157 system, appears brightest followed by calcium carbonate (intermediate) and air (darkest). 

158 For reacted calcite and aragonite crystals, replacement by cerussite began at the external surfaces of the 

159 crystals, consistent with observations from optical microscopy. The cerussite layers on the substrates were 

160 typically ~5 to 10 µm thick. At the boundaries between the cerussite precipitate and the calcite substrates, 

161 pores were observed with a size of ~100 nm (Figures 3a and b), consistent with a previous study.29 



162 The reacted vaterite specimens showed replacement structures that were distinct from those obtained 



163 from calcite and aragonite. The replacement of vaterite was dominated by the formation of thin 

164 pseudomorphic cerussite shells (typically, ≤ 1 µm thick, Figure 3c). At the same time, the host vaterite 

165 continued to dissolve, resulting in the formation of large cavities separating the cerussite shells from the 

166 dissolving vaterite substrate. This internal structure of the reacted vaterite was consistent with the optical 

167 microscope observations (Figure 1b) where vaterite became initially darker and then increased in 

168 transparency. We postulate that the initial growth of precipitates was indicated by an increase in opaqueness 

169 while the subsequent formation of a large gap between the substrate and precipitation led to an increase in 

Figure 3. Nano-tomographic images of (a) calcite, (b) aragonite, and (c, d) vaterite crystals reacted 
with acidic Pb2+ solution (initial pH 2.7 and 5 mM Pb(NO3)2) for 6–16hr. Starting CaCO3 materials were 
crushed calcite/aragonite and polycrystalline vaterite. Pores are found in reacted calcite and aragonite (a, 
b). In reacted vaterite, cerussite forms pseudomorphic shells over the outer part of the parent material 
and large gaps are formed between the parent and cerussite phases (c, d). 



170 transparency. In some cases, the extension of cerussite crystals into the aqueous solution was seen, 

171 indicating that the growth of the secondary cerussite occurred preferentially on the external surface of the 

172 shells (Figures 2i and 3d). This growth feature was more commonly observed around vaterite, especially 

173 when a large number of CaCO3 particles was located in proximity to one another (i.e., in a high particle 

174 density per area). Similar replacement patterns have been seen previously for different systems, including 

175 lepidocrocite on calcite43 (for calcite in acidic Fe2+ solutions) and bassanite on calcite44 (for calcite in acidic 

176 SO4
2− solutions).

177 Replacement reactions of CaCO3 mixtures by cerussite

178 Mixtures of vaterite/calcite and aragonite/vaterite/calcite were reacted with acidic Pb2+ solution to 

179 determine relative reactivities of these CaCO3 polymorphs with dissolved Pb2+. The distributions of Ca and 

180 Pb measured by EDS and XRF showed that cerussite precipitation preferentially occurred on vaterite over 

181 calcite (Figure 4). This result is consistent with optical microscope observations of a vaterite/calcite mixture 

182 reacted with the same acidic Pb2+ solution (Figure S.2). When reacted simultaneously, vaterite particles 

183 showed significant changes in optical transparency whereas calcite particles showed little variations (Figure 

Figure 4. X-ray fluorescence maps of (A, D) Ca and (B, E) Pb and (C, F) two-colored maps of Ca 
(green) and Pb (blue) over the vaterite/calcite mixture reacted with 5 mM Pb(NO3)2 at pH 2.7 for 16 hr. 
The images in A to C and in D to F, respectively, show elemental maps over the same area. The angular 
particles are calcite and the rounded particles are vaterite. The color scale is in the unit of log (ng/cm2). 



184 S.2). The thickness of the cerussite shell around the dissolved vaterite grain was ~0.3 µm (estimated by 

185 dividing the Pb concentration per area (in units of 10–9 g/mm2) by the density of cerussite, 6.58 g/cm2 = 658 

186 g/mm2), which is in good agreement with the TXM result (Figure 3c). In turn, this result supports the 

187 interpretation that the main sorption mode of Pb on vaterite occurred as a mineral replacement reaction 

188 rather than surface adsorption. Aragonite was also found to preferentially retain Pb compared to calcite 

189 when these carbonate polymorphs coexisted in acidic Pb2+ containing solutions (Figure S.3). 

190 Discussion

191 Chemical exchange between the calcium carbonate and the solution

192 The formation of pores between the dissolving calcium carbonate and the cerussite product was 

193 observed from the tomographic cross sections of calcium carbonate polymorphs reacted with acidic Pb2+ 

194 containing solution (Figures 3). During the replacement reactions, pores likely retained fluid that enabled 

195 chemical exchange among the dissolving carbonate mineral, the precipitating cerussite product, and the 

196 bulk solution. The main chemical reactions that are expected to occur during the replacement are

197 CaCO3(s) + H+ = Ca2+ + HCO3
− (1)

198 HCO3
− + H+ = H2CO3

0 (2)

199 Pb2+ + HCO3
− = PbCO3(s) + H+ (3)

200 In acidic Pb2+-containing solution, calcium carbonate minerals undergo a proton-mediated dissolution 

201 process, releasing Ca2+ and bicarbonate (HCO3
−) (eq 1).45 In an acidic bulk solution (with initial pH = 2.7 

202 and final pH ≤ 4.5), bicarbonate can transform to the thermodynamically more stable carbonic acid 

203 (H2CO3(aq)) (eq 2), yet it is expected to be the dominant species near the carbonate mineral surface where 

204 pH is higher.46 Within the pore space, therefore, it is likely that dissolved Pb2+ reacted with bicarbonate, 

205 leading to the formation of cerussite (eq 3). This interface-mediated dissolution/precipitation mechanism26, 

206 27 explains the observation that the overall morphologies of calcium carbonate polymorphs were preserved 

207 during their replacement by cerussite (Figure 2). In some cases (e.g., Figures 2i and 3d), the outward growth 



208 of cerussite on the substrate occurred from dissolved carbonate species that were sourced externally from 

209 the bulk solution (for instance, through dissolution of neighboring calcium carbonate crystals). 

210 Reactivity of calcium carbonates to dissolved Pb2+ under disequilibrium conditions

211 When calcite, aragonite, and vaterite coexisted, replacement reactions of CaCO3 by Pb-carbonate 

212 occurred dominantly for vaterite and aragonite over calcite (Figures 4 and S.3). The different reactivities of 

213 these calcium carbonate minerals are likely due to their relative solubilities and dissolution rates. The 

214 solubility product constant, Ksp (= 𝑎𝐶𝑎2+ ∙ 𝑎𝐶𝑂3
2+, where a is the equilibrium activities of calcium and 

215 carbonate) at 25 ℃ and 1 atm is 10−8.48 for calcite, 10−8.34 for aragonite and 10−7.91 for vaterite,47 showing 

216 that vaterite is more soluble than calcite and aragonite under ambient aqueous conditions. The vaterite and 

217 aragonite crystals examined in this study were polycrystalline (Figures 2b and c) whereas the calcite crystals 

218 were single euhedral crystals with (104) facets (Figure 2a). Therefore, the former likely had larger specific 

219 surface areas than the latter. Hence, one can expect that vaterite and aragonite dissolved faster than calcite. 

220 As a result, the local carbonate concentration near vaterite and aragonite crystals was expected to be higher 

221 than that near calcite crystals and thus cerussite was more likely to precipitate on vaterite and aragonite. 

222 The faster dissolution of vaterite and aragonite would have increased both solution pH and dissolved 

223 carbonate concentration, resulting in a decrease in the dissolution rate of neighboring calcite. Overall, the 

224 different reactivities of these CaCO3 minerals revealed that the replacement reactions relied on the mass 

225 transport of dissolved carbonate and metal ions near the crystals, which was controlled by differences in 

226 the dissolution rates, solubilities, habits, and surface areas of the host minerals. 

227 Reaction mechanisms of calcium carbonate replacement by cerussite

228 We have demonstrated that the outcome of the replacement reaction depends on the type and 

229 morphology of the initial calcium carbonate polymorphs with behavior ranging from nearly complete 

230 pseudomorphic mineral replacement to hollow cerussite shell formation. The primary control over these 

231 morphological differences appears to be the relative rates of calcium carbonate dissolution and product 

232 precipitation, which can be further altered or controlled by the local concentrations of chemical species that 



233 are sourced from dissolving neighbors. Here, we use a conceptual model to demonstrate how the growth 

234 modes of cerussite on calcium carbonate polymorphs can be controlled by the balance between the 

235 dissolution and precipitation rates. 

236 The nucleation and initial growth of cerussite occur spontaneously when fresh calcium carbonate 

237 crystals are reacted in acidic Pb2+ containing solutions (Figure 5a). Pore space between cerussite crystals 

238 allows diffusive flow of the acidic solution containing dissolved Pb2+ to the interface between the initial 

239 shell and the substrate, leading to further dissolution of CaCO3 crystals and subsequent precipitation of 

240 cerussite. In the classical mineral-replacement model26, 27, the precipitate growth and the substrate 

241 dissolution occur nearly at the same rates and the reaction front moves inward with little changes in its 

242 dimension19, 20 (Figure 5b). In this mode, the dissolution and precipitation processes are spatially coupled 

243 and complete replacement of the substrate by the precipitate is possible. For example, our experimental 

244 conditions (i.e., solution pH, Pb concentration, and solid-to-solution ratio)29 were chosen to satisfy these 

245 criteria for the replacement of calcite by cerussite (Figure 3a). When the substrate dissolution is faster than 

246 the precipitate growth, the gap between the substrate and the precipitate will be expanded, resulting in 

247 decoupling between the dissolution and precipitation processes (Figure 5c). Among the CaCO3 polymorphs 

248 examined in this study, large separations between the host and secondary minerals were observed for 

249 vaterite reacted with dissolved Pb2+ (Figure 3c), presumably due to the faster dissolution rates of vaterite 

250 than those of calcite or aragonite (as described in the previous section).

251 We also observed a unique feature in which secondary cerussite crystals grew on the exterior of the 

252 pseudomorphic shells of some CaCO3 polymorphs (Figure 3d). These observations were made for vaterite 

253 crystals when many of them were located closely together (i.e., in a high particle density). We expect that 

254 the external growth of cerussite is related to the fast dissolution of vaterite, which can lead to rapid increases 

255 in the local carbonate concentration and supersaturation of the solution with respect to cerussite. To drive 

256 external growth, the cerussite shell is required to be permeable to allow for the rapid transport of carbonate 

257 ions out of the shell (Figure 5d). Implicit in this model is the assumption that these reactions are transport 



258 limited (including, diffusion of CO3 away from and Pb towards the dissolving calcium carbonate, as 

259 mediated by the porosity of the cerussite shell). For example, limited growth of cerussite in the shell may 

260 result from a slow diffusion of dissolved Pb into the interior of the shell although the molecular origin that 

261 restricts the inward transport of the cation (while allowing outward diffusion of carbonate ions) is unclear. 

262 We also note the possibility that decoupling of the substrate dissolution from the precipitate growth (Figure 

263 5d) may occur when the growth of the cerussite shell on the substrate occurs with carbonate species that 

264 are sourced externally (i.e., from the bulk solution, or from the local dissolution of neighboring carbonate 

265 crystals) as observed for vaterite crystals (Figure 3d and 5d).



266 Unlike the reaction for vaterite, the cerussite growth and CaCO3 dissolution rates were found to be 

267 similar for calcite and aragonite (Figure 3a and b). The observed differences in cerussite morphology 

268 between these polymorphs likely originate from differences in the morphology of initial CaCO3 polymorphs 

269 (e.g., calcite rhombs, crushed aragonite/calcite, and polycrystalline aragonite in Figure 2 and 3) and the ion 

270 permeability of porous cerussite shells, which would control chemical exchange between the pore and bulk 

271 solution. Overall, the differences in dissolution/precipitation patterns between CaCO3 polymorphs reacted 

Figure 5. Proposed mechanisms for different growth modes of cerussite in calcium carbonate 
polymorphs. a) The formation of a cerussite shell from the reaction of carbonate minerals with acidic 
Pb2+ containing solution. The grain boundaries in the cerussite shell allow ion exchange between acidic 
solution and the carbonate substrate. This step may be followed by b) subsequent inward propagation of 
the thin solution layer via coupled dissolution/precipitation processes. Decoupling of the dissolution and 
precipitation processes can occur c) when the dissolution of the substrate is faster than the crystallization 
of the precipitate or d) when the local cerussite saturation index on the outside of the cerussite shell is 
sufficient to allow outward growth of cerussite on the shell.  The behavior in d) can also occur when the 
reaction proceeds from carbonate species that are externally sourced from the bulk solution or the 
dissolution of neighboring particles. 



272 with dissolved Pb2+ illustrate how the morphological evolution is controlled by the balance between the 

273 dissolution rate of the substrate and the precipitation rate of the product phase.

274

275 Conclusions

276 This study has established a mechanistic understanding of the replacement of CaCO3 minerals by 

277 cerussite in acidic Pb2+-containing aqueous solutions. The growth modes of cerussite on dissolving calcium 

278 carbonate crystals were observed to be sensitive to the choice of calcium carbonate polymorph, and the 

279 result of a delicate balance between dissolution and precipitation rates. The reactivities of calcium carbonate 

280 polymorphs are mineralogically and morphologically controlled. The replacement of calcite by cerussite 

281 was found to be slowest when all three polymorphs coexisted, which could be attributed to the different 

282 dissolution rates, solubilities, and morphologies among the polymorphs. 

283 The present results provide a way to understand the reactivity of CaCO3 with Pb2+ in natural 

284 environments. These support the concept that the dissolution of calcite, aragonite, and vaterite coupled with 

285 the precipitation of cerussite are significant sequestration mechanisms that occur under at acidic natural 

286 waters (pH 2.5 to 4.5; [Pb2+]initial = 5 mM). Similar sorption mechanisms observed in the present study are 

287 expected to occur in environments where acidic Pb2+-contaminated water interacts with carbonate-rich soils 

288 and rocks (e.g., mine tailings and acid mine drainage). While the Pb2+ containing fluid is transported through 

289 these carbonate-bearing media, the mobility of dissolved Pb2+ can be limited by precipitation of lead 

290 carbonates that are physically (and/or chemically) bound with the substrate of calcium carbonate. In 

291 environment where calcite and aragonite are in contact with mildly acidic to neutral Pb2+ containing solution 

292 (e.g., pH 5 to 7; [Pb2+]initial = 0.05 to 5 mM)31, 48, similar dissolution-precipitation processes might occur but 

293 in association with the formation of hydrocerussite as a main product. At more alkaline pH, such as when 

294 the solutions are at equilibrium with calcite and atmospheric CO2 (i.e., at pH ~8.3), it is likely that the 

295 interaction of Pb2+ with CaCO3 polymorphs will be distinct, occurring at lower concentrations  (e.g., 



296 [Pb2+]initial = 1 to 5 µM), both due to the formation of inner-sphere sorption complexes on calcite17 and by 

297 precipitation of Pb hydroxide.

298  The new understanding achieved in this study provides a mechanistic insight into the reaction 

299 processes that might be leveraged for the remediation of Pb polluted environments. For remediation 

300 purposes, calcite and aragonite can be sourced from natural rocks (e.g., limestone) and biogenic CaCO3-

301 bearing materials such as egg/oyster shells. Vaterite can be formed via microbial mineralization8 or 

302 prepared by processing shell wastes.33 Our studies demonstrate that these CaCO3 polymorphs can be 

303 promising substrate materials for Pb removal and potentially Pb recycling from acidic polluted water and 

304 industrial effluents and that their relative reactivities could be important in designing related remediation 

305 strategies. For example, rapid sequestration of Pb from contaminated water might be achieved by adding 

306 vaterite and aragonite to induce precipitation on the exterior of pre-existing CaCO3 grains. In contrast, the 

307 use of complete replacement of calcite by cerussite might be more cost-effective for situations where 

308 reaction capacity, rather than reaction rate, is the primary consideration, especially since calcite is the most 

309 dominant CaCO3 polymorph in natural systems. Systematic investigation of dissolution of calcium 

310 carbonates coupled with precipitation of other forms of metal (e.g., Zn2+ and Cd2+) carbonates will benefit 

311 the development of alternative techniques for heavy metal sequestrations in geological and industrial 

312 settings.  

313
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