Effects of seed material and solution composition on calcite precipitation
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Abstract
We studied the effects of seed material and solution composition on calcite crystal precipitation using a pH-stat system. The seed materials investigated included quartz, dolomite, two calcites with different particle size and specific surface area, and two dried precipitates from precipitative softening water treatment plants. Our results indicated that, of the seed materials examined, only calcite had the ability to initiate calcite precipitation in a solution with a degree of supersaturation of 5.3 over a period of two hours, and that the precipitation rate was proportional to the available surface area of the seed. For different solution compositions with the same degree of supersaturation, the calcite precipitation rate increased with increasing carbonate/calcium ratio, which contradicts the generally accepted empirical rate expression that the degree of supersaturation is the sole factor controlling precipitation kinetics. By applying a surface complexation model, the surface concentrations of two species, >CO3− and >CaCO3−, appear to be responsible for catalyzing calcite precipitation.
Introduction
Calcite is ubiquitous in the natural environment, and its precipitation and dissolution are important geochemical processes. The precipitation of calcite in a supersaturated solution can be achieved through nucleation in an early stage and subsequent crystal growth in later stages.
Nucleation corresponds to the formation of nuclei or critical clusters where crystal growth can occur spontaneously (Stumm and Morgan, 1996). The structure of these nuclei is not known and is too small to observe directly (Mullin, 2001). Nucleation can be homogeneous in a supersaturated solution without solid substrates or heterogeneous in the presence of seed materials. The degree of supersaturation (Ω) with respect to calcite is defined as 
where (Ca2+) and (CO32−) are the activities of calcium and carbonate ions in the solution, respectively, and Ksp is the thermodynamic solubility product of calcite. It is generally agreed that heterogeneous nucleation can be initiated at a lower degree of supersaturation than homogeneous nucleation, and different seed crystals will lower the activation energy barrier by different degrees, depending on the level of molecular recognition between the seed crystal and the precipitating solid phase (Stumm and Morgan, 1996). Crystal growth corresponds to the development of nuclei into a visible size. It can be achieved through reaction between the nuclei formed by nucleation processes in a supersaturated solution or on seeded crystallites in a metastable supersaturated solution (Nancollas and Reddy, 1974). It is possible to study crystal growth without interference from homogeneous nucleation in a seeded metastable solution (Nielsen, 1983). Due to the abundance of different types of solids and colloids in natural waters, heterogeneous nucleation and subsequent crystal growth are the predominant processes for calcite formation in rivers, lakes and oceans. Introduction of seed materials into engineered processes, for example in precipitative water softening, is also a common water treatment practice (Graveland et al 1983, van der Veen and Graveland 1988).
Two models with a different theoretical basis, affinity-based and multiple reaction-based models, are commonly used to describe the mechanisms of mineral precipitation in seeded solutions. Affinity-based models which rely on surface reaction-controlled precipitation have been widely used to model the kinetics of calcite precipitation in seeded solutions (Nancollas and Reddy 1971, Reddy and Nancollas 1971, Morse 1983, Inskeep and Bloom 1985, Shiraki and Brantley 1995). The surface-controlled mechanisms consist of adsorption of lattice ions, spiral growth at screw dislocations, or two-dimensional nucleation on the mineral surface, which correspond, respectively, to a linear, parabolic, or exponential dependence on the degree of supersaturation (Nielsen, 1983). Multiple reaction-based models, on the other hand, express the overall rate law in terms of specific rate equations for all individual reactions leading to the species of interest (Plummer et al., 1978). A more general approach to study the kinetics of calcite precipitation is to fit the precipitation rate to an empirical rate expression of the form shown in Eqn. 2, with Ω as the only variable, and to determine the empirical rate constant (k) and reaction order (n) from a log-log plot (Morse, 1983), 
where R is the rate of calcite precipitation normalized by surface area.
A limitation of these models, however, is that only species in the solution phase are considered in quantifying the precipitation kinetics of these heterogeneous reactions. Other important reactions at the solid-water interface, such as adsorption of lattice ions and incorporation of adsorbed ions into the mineral lattice, are not considered (Chou et al., 1989), although some investigators have attempted to describe the concentration differences between the calcite surface layer and bulk solution (Plummer et al 1978, House 1981, Inskeep and Bloom 1985). The precipitation of calcite can be diffusion-controlled or surface reaction-controlled depending on the pH value, degree of supersaturation, and hydrodynamic conditions where the precipitation is initiated (Shiraki and Brantley, 1995). For the case of surface reaction-controlled kinetics, the precipitation of calcite should rationally lead to a correlation between precipitation rate and surface speciation. Thus, a closer examination, using surface speciation and surface complexation theory, might provide greater insight to an understanding of precipitation and dissolution processes of calcite. The objectives of this study were to: 1) investigate the effects of seed material and solution composition on the kinetics of calcite precipitation; 2) determine the mechanism(s) responsible for the precipitation, and 3) quantify the kinetics of precipitation in terms of surface speciation.
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Seed Materials
The seed crystals investigated in this study included: quartz (Aldrich Chemical Co.), dolomite (Ward’s Natural Science Establishment, Inc.), reagent-grade calcite (Fisher Chemical Co.) and a calcite crystal produced by the Procter and Gamble Co., and dried precipitates from water softening treatment plants in Columbus, OH (SSOH) and Ft. Lauderdale, FL (SSFL). The dolomite seed used in the precipitation experiments was prepared by crushing the saddle-shaped crystals into small particles. The
Effects of Seed Materials on Calcite Precipitation
To test the effects of seed materials on calcite precipitation, we first measured the precipitation rate in the presence of different doses of the seed materials listed in Table 1 under the solution conditions of Ω = 5.3, CT/Ca2+ = 1, and pH = 7.95 (Table 2). Among the six seed materials tested, reagent-grade calcite, Procter and Gamble calcite, and SSOH, all of which are calcite-based materials, exhibited catalytic properties. The rest of the seeds were observed not to catalyze calcite
Conclusions
Calcite precipitation at low degrees of supersaturation requires the presence of seed material to overcome the activation energy barrier. In this study, only calcite-based seed materials were found to have the ability to induce calcite precipitation in a solution with a degree of supersaturation of 5.3 over a 2-h period of time. Impurities associated with the seed, such as Mg2+ and NOM, can poison the seed and reduce its catalytic ability.
The commonly accepted empirical model R = k (Ω − 1)n
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