Dissolution of nanocrystalline fluorite powders: An investigation by XRD and solution chemistry
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Abstract
The effect of lattice disorder and mineral surface area on the reactivity of finely ground fluorite was studied on ball-milled powders. Structural information was provided by X-ray whole powder pattern modeling (WPPM). The mean size of coherent scattering domains decreases with milling time from 70 nm to ∼20 nm, whereas the density of lattice defects increases with both time and intensity of milling treatment, from 4 × 1015 m-2 to 24 × 1015 m-2. High resolution transmission electron microscopy (HRTEM) of ground fluorite grains shows several line defects and a general tendency of nanometric crystalline domains to agglomerate in larger grains.
Solution chemistry was investigated using batch reactors with free drift of solution saturation state with respect to fluorite. Total surface area was measured by the Brunaver, Emmet and Teller (BET) method, and dissolution rates were measured at pH = 2 (HCl) and T = 295 K. In far from equilibrium conditions, dissolution rates normalized by BET area do not increase with the dislocation density. In near-equilibrium condition, however, measured stationary ionic product clearly increases with both time and intensity of milling treatment. Thermodynamic predictions of the solubility constant indicate negligible or little effect of total surface area. Consequently, the observed increase in the stationary ionic product can be related to the increasing lattice defect content. This confirms the significant role of dislocation outcrops on mineral dissolution in close to equilibrium conditions.
Introduction
Grain size and surface properties of crystals undergoing dissolution/precipitation play a central role in many Earth-surface processes, such as biomineralization (Labrenz et al 2000, Lower et al 2001), chemical weathering (Lasaga, 1998), and acid mine drainage (Banfield and Zhang, 2001). As largely documented in the literature (Teng et al 1998, Land et al 1999, Madden and Hochella 2005; and references therein), several factors affect the reaction kinetics of mineral surfaces. For instance, dissolution rate can increase as a response to an increase in surface heterogeneities (e.g., kinks, edge, and terrace atomic sites) and surface outcrops of lattice defects (e.g., dislocations, stacking faults, etc.). Casey et al. (1988) investigated the reactivity of strained rutile (TiO2) crystalline powder and Schott et al. (1989) investigated the reactivity of strained calcite (CaCO3) single crystals. Both authors found an increase of ∼two to three times in dissolution rates for strained crystals with dislocation densities up to 4 × 1015 m−2.
An increase in the value of solubility constant can be observed when decreasing the grain size, that is, when the surface curvature of grains increases (Kelvin effect; see Petrovich 1981, Parks 1990). A fairly large body of literature documents a strong effect of size in the nanometer range relevant to many environmental and industrial processes (Penn and Banfield 1998, Labrenz et al 2000, Lower et al 2001, Campbell et al 2002, Hannon et al 2002).
Fine mechanical comminution of crystals produces an increase in both the amount of total available surface and in lattice defect density. This could involve a higher surface reactivity with respect to solutions. To study these phenomena, it is therefore necessary to measure the total amount of mineral surface available for the reaction, as well as grain size/shape and lattice defects in nanocrystalline powders. This microstructural information can be then correlated with the variation of surface reactivity, directly assessed from the dissolution rates of the ground powders.
Recent advances in the line profile analysis (LPA) of X-ray powder diffraction (XRPD) provide a much deeper understanding of the microstructure of nanocrystalline powders. In particular, whole powder pattern modeling (WPPM; Scardi and Leoni, 2002) can provide a complete microstructural analysis of finely divided powders based on physical models of the microstructure. The power of this method has already been shown in the evaluation of grain size distribution and lattice defect content in nanocrystalline ball-milled metals (Scardi and Leoni 2002, Scardi and Leoni 2004) and in ceria nanocrystals produced by sol-gel (Leoni and Scardi 2004, Leoni et al 2004).
Because of its simple chemistry and crystal morphology, fluorite (CaF2) is a good candidate for microstructural and dissolution studies. In the present work, the effect of increasing surface area and lattice disorder on fluorite reactivity is investigated. High-energy ball milling is used to introduce lattice disorder by grain comminution and increase in lattice defect density, whereas WPPM and solution chemistry are used, respectively, for the microstructural and dissolution analysis of the milled powders.
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Experimental methods
Analytical-grade synthetic fluorite (Carlo Erba Analyticals RPE, purity 99%, batch 433585) was milled in a Fritsch Pulverisette 4 horizontal planetary ball mill, using two counter-rotating vials (45 mL nominal volume, 1/1 height/diameter ratio) and balls (12 mm diameter, weight 7.012 ± 0.001 g), both made of hardened chrome steel. Increasing severity of milling was achieved by increasing the rotation speed (Ω) of the main disk (Ω = 100 and 150 rpm) while keeping the main disk/planet speed ratio 
Results and discussion
WPPM was performed in non-Rietveld mode, that is, without constraining peak area to a structural model, and treating each peak intensity as a free-fitting parameter. The modeling mainly concerned domain size and lattice strain broadening, which were simultaneously considered.
Two modeling runs were conducted, considering crystalline domains to be either spherical or cubic (cube edges along [h00]). In both cases, optimal results were obtained using a gamma size distribution of diameters/edges (
Conclusions
The effect of lattice disorder and grain size was studied in fluorite crystals finely ground by ball milling. Based on BET, HRTEM, XRD, and solution chemistry data, the present study indicates that an increase in lattice defects by more than one order of magnitude has no effect on fluorite dissolution kinetics. However, the measured ionic product in stationary conditions increases as a consequence of a corresponding increase in dislocation density. Therefore, lattice defects seem to play a role 
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