How do mineral coatings affect dissolution rates? An experimental study of coupled CaCO3 dissolution—CdCO3 precipitation
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Abstract
Coupled CaCO3 dissolution-otavite (CdCO3) precipitation experiments have been performed to 1) quantify the effect of mineral coatings on dissolution rates, and 2) to explore the possible application of this coupled process to the remediation of polluted waters. All experiments were performed at 25°C in mixed-flow reactors. Various CaCO3 solids were used in the experiments including calcite, aragonite, and ground clam, mussel, and cockle shells. Precipitation was induced by the presence of Cd(NO3)2 in the inlet solution, which combined with aqueous carbonate liberated by CaCO3 dissolution to supersaturate otavite. The precipitation of an otavite layer of less than 0.01 μm in thickness on calcite surfaces decreases its dissolution rate by close to two orders of magnitude. This decrease in calcite dissolution rates lowers aqueous carbonate concentrations in the reactor such that the mixed-flow reactor experiments attain a steady-state where the reactive fluid is approximately in equilibrium with otavite, arresting its precipitation. In contrast, otavite coatings are far less efficient in lowering aragonite, and ground clam, mussel, and cockle shell dissolution rates, which are comprised primarily of aragonite. A steady-state is only attained after the precipitation of an otavite layer of 3–10 μm thick; the steady state CaCO3 dissolution rate is 1–2 orders of magnitude lower than that in the absence of otavite coatings. The difference in behavior is interpreted to stem from the relative crystallographic structures of the dissolving and precipitating minerals. As otavite is isostructural with respect to calcite, it precipitates by epitaxial growth directly on the calcite, efficiently slowing dissolution. In contrast, otavite’s structure is appreciably different from that of aragonite. Thus, it will precipitate by random three dimensional heterogeneous nucleation, leaving some pore space at the otavite-aragonite interface. This pore space allows aragonite dissolution to continue relatively unaffected by thin layers of precipitated otavite. Due to the inefficiency of otavite coatings to slow aragonite and ground aragonite shell dissolution, aragonite appears to be a far better Cd scavenging material for cleaning polluted waste waters.
Introduction
The goals of the present study include 
· 1
Improved understanding of the interaction between aqueous Cd and the surfaces of CaCO3
· 2
Quantification of the effect of mineral coatings on dissolution rates, and
· 3
Evaluation of the potential of coupled CaCO3 dissolution/otavite1 precipitation processes to cleaning polluted waste waters.
The interaction between carbonate minerals and aqueous metals has been the subject of a large number of studies over the past several years. These studies have focused largely on calcite because it is the most common of the carbonates; they include measurements of distribution coefficients in co-precipitation reactions (Lorens, 1981; Königsberger et al., 1991; Reeder 1996, Tesoreiro and Pankow 1996; Prieto et al., 1997; Fernández-González et al., 1999), the effect of metal ions on carbonate dissolution kinetics (Terjesen et al., 1961; Nestaas and Terjesen, 1969; Salem et al., 1994; Gutjahr et al., 1996b; Alkattan et al., 2002), and sorption studies (McBride, 1980; Kornicker et al., 1985; Davis et al., 1987; Fuller and Davis, 1987; Zachara et al., 1991; Stipp et al., 1992; Chiarello et al., 1997, Martin-Garin et al., 2003). A number of recent publications have focused on aqueous Cd-carbonate interaction, because the adsorption or precipitation of Cd may be an effective way to remove this contaminant from polluted water (Wang and Reardon 2001, García-Sanchez and Álvarez-Ayuso 2002). Prieto et al. (2003) performed closed-system experiments to investigate the uptake capacity of Cd by ground aragonite, calcite, and biogenic aragonite shells. They observed that Cd uptake is much greater on aragonite than calcite, and attributed this difference to the different uptake mechanisms of these surfaces. The effect of mineral coatings on the dissolution rates of the underlying mineral has been debated in the literature (Nicholson et al., 1990; Hodson et al., 1998; Nugent et al., 1998; Brantley et al., 1999; Zhu et al., 2001; Oelkers 2002, Hodson 2003; Zhu et al., 2004). The effect of such coatings is unclear. Yau (1999) observed that the dissolution rate for Cape Cod sands increased after removal of surface coatings. In contrast Petrovic (1976) and Hodson (2003) concluded that the presence of porous coatings did not affect dissolution rates. The present study builds upon these previous studies by performing coupled CaCO3 dissolution/otavite precipitation experiments in mixed-flow reactors, where it is possible to observe the temporal evolution of CaCO3 dissolution rates as otavite precipitates on its surfaces. Results of the present study, therefore, provide new insight into the effects of the presence of mineral coatings on dissolution rates.
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Methods
Coupled dissolution/precipitation experiments were performed in the present study using both biogenic and abiogenic carbonates. Abiogenic calcite and aragonite were obtained from the mineral collection of the Geology Department of the University of Oviedo. Biogenic carbonates belonging to the phyllum Mollusca and class Bivalvia were obtained from commercially available seafood. The species used were Mytilus edulis, Tapes decunatus, and Cerastoderma edule and are referred hereafter by their
Standard States
In this study unit activity was assumed for pure minerals and H2O at any temperature and pressure. For aqueous species other than H2O, the standard state is unit activity of the species in a hypothetical 1 molal solution referenced to infinite dilution at any temperature and pressure. All aqueous activities and saturation indices used in the present study were generated using PHREEQC 2.6 computer code (Parkhurst and Appelo, 1999). Equilibrium constants were taken from the PHREEQC database,
Summary of Results
Experiments were performed in the present study to assess the effect of aqueous Cd and otavite precipitation on the dissolution of both calcite and aragonite. Two experimental series were run for calcite dissolution in the presence of a Cd(NO3)2 inlet solution. Each series consisted of a single powder, and a single inlet solution. In each experimental series, the fluid flow rate was changed to alter the steady-state conditions. These two series are denoted as CCE1 and CCE2. Aragonite and shell
How Do Surface Precipitates Affect Dissolution Rates?
Results presented above illustrate that the degree to which surface precipitates affect mineral dissolution depends strongly on the identity and relative structures of the dissolving mineral and its coating. Otavite and calcite both have rombohedral structures and similar unit cell parameters. As such, otavite can precipitate on calcite surfaces by two dimensional epitaxial growth, forming nuclei of a few unit cells (Prieto et al. 2003). This growth mechanism efficiently passivates the
Conclusions
The results presented above provide insight into the role of mineral coatings on dissolution rates, and the potential of coupled CaCO3 dissolution/otavite precipitation processes for polluted waste water treatment. The major conclusions of this study are: 
· 1
The degree to which the mineral coatings affect the dissolution rates of the underlying mineral is strongly related to the precipitation mechanism of the coating. In cases where the crystallographic structures of the underlying mineral and its 
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