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Understanding how environmental variables influence the dissolution rate of nuclear waste materials in aqueous systems is crucial for developing durable nuclear waste forms. In experiments to estimate dissolution rates, the amount of aqueous solution reacting with the material surface is often used as a convenient variable to control the solution saturation state, which then controls the dissolution rate. An exponential function between the dissolution rate and the solution volume-to-surface area ratio was derived, based on an empirical relation of a power function between the Gibbs free energy of dissolution and the volume-to-surface ratio. The relationship was employed to model the dissolution rates of several oxide minerals. The results suggest that the relationship is robust in numerically describing the dissolution rates as a function of the volume-to-surface ratio. Applying the relationship to the dissolution datasets of a nuclear glass and a ceramic nuclear waste form demonstrates its applicability to nuclear materials, providing important insights into the saturation state of the experimental conditions and the chemical durability of these materials. The proposed empirical relationship provides a convenient tool to help design dissolution experiments and offers important insights into the dissolution behavior of materials.
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1 INTRODUCTION
Dissolution rate of materials in aqueous solutions is fundamentally important in many applications. For permanent disposal of nuclear waste in geological formation, the dissolution is one of the principal processes to be considered in assessing radionuclide release to the environment, which is directly linked to long-term repository safety (U.S. Department of Energy, 2008). In the context of chemical weathering at the Earth’s surface, dissolution is related to the geochemical cycling of elements, climate change, and the evolution of ocean chemistry (Stumm and Wollast, 1990; Lasaga et al., 1994). Dissolution reactions involve parallel and sequential elementary reactions between the solid and the solution at the interface. For nuclear waste materials, alterations to the materials and the release of elements into the environment may cause long-term performance issues that are not well understood and could impact areas near nuclear waste disposal sites. Thus, understanding dissolution processes and being able to predict their temporal evolution are critical. For instance, the current strategy for nuclear waste disposal involves the use of an underground multi-barrier system, where nuclear waste forms are placed in metal canisters, surrounded by engineered backfill materials and a geological formation (National Research Council, 1999). Each barrier provides a safety margin, but none are assumed to completely prevent the release of radionuclides into the environment. If the dissolution rate of any of these barriers in environmental conditions can be reliably predicted, repository designs can be optimized, and the safety margin can be increased—potentially improving public acceptance of nuclear energy.
A reliable prediction of dissolution rates in aqueous solutions requires accurate descriptions of how dissolution depends on environmental variables. The dissolution rate is defined as the loss of dissolving material per unit time, normalized by surface area. The rate is not an intrinsic property of the material but rather a response of intrinsic properties of the material to environmental conditions (Frankel et al., 2018; Wang, 2020; Frankel et al., 2021; Frankel et al., 2023). Under a given set of fixed environmental parameters, a material’s dissolution rate is determined by its structure and composition through interfacial interactions with the solution. Based on transition state theory (Lasaga, 1984; Truhlar et al., 1996) and surface complexation model formulations (Sposito, 1983; Sherman, 2009), the rate-limiting step is the surface reaction involving an activated complex. Therefore, determining how the dissolution rate responds to environmental variables is key to accurate rate prediction.
Indeed, the effects of environmental variables such as temperature, pressure, and solution composition on dissolution are well documented. The Arrhenius equation describes the temperature effect, and the activation energy is an intrinsic property of the material that determines how the dissolution rate responds to temperature changes (Lasaga, 1984). Similarly, the activation volume is an intrinsic property that accounts for the pressure effect (Kotowski and van Eldik, 1989). The impact of solution composition is often described by reaction orders, which are determined by the stoichiometry of the surface reaction involving the surface-activated complex (Schott et al., 2009). In addition, as the solution becomes saturated and approaches equilibrium, the reverse reaction (i.e., growth) rate increases. The effect of solution saturation on the overall rate is formally described by transition state theory based on the solution saturation index (Aagaard and Helgeson, 1982; Lasaga, 1984), which is defined as the ratio of the activity product of the dissolved species to the solubility product (i.e., the equilibrium constant of the dissolution reaction) of the material. Here, the activity product serves as the environmental variable, and the solubility product as the corresponding intrinsic property of the material. However, determining the saturation index requires reliable solubility product constants, which are not always available—particularly for nuclear waste materials such as nuclear glasses, which exhibit wide compositional variability. Even a poor estimate of the solubility product constant can lead to significant errors when modeling the dissolution kinetics of some minerals (Nagy and Lasaga, 1992; Schott et al., 2009). Without a solubility product constant, the saturation index cannot be determined, the saturation state remains unknown, and the effect of solution composition on dissolution kinetics cannot be accurately modeled.
In developing nuclear waste forms, such as nuclear glass, understanding the dissolution rate in aqueous solutions is essential for designing advanced and durable materials. A range of test protocols has been developed to evaluate the durability of nuclear waste forms, including MCC-1 (Materials Characterization Center) (Strachan et al., 1982; C1220-21A, 2010), PCT (Product Consistency Test) (ASTM-C1285-14, 2014), and SPFT (Single-Pass Flow-Through) (ASTM-C1662-18, 2018; Nabyl et al., 2024). These test protocols are instrumental in determining dissolution rates and are used to estimate both short-term and long-term chemical durability under controlled conditions. Measuring rates at different saturation states, including far-from-equilibrium and close-to-equilibrium conditions, is essential for understanding chemical durability. The ratio of the surface area of the dissolving material to the volume of reacting solution per unit time (surface-to-volume ratio, S/V, or its inverse, volume-to-surface ratio, V/S) is used as a controlling variable to assess these conditions (ASTM-C1308-08, 2009; C1220-21A, 2010; ASTM-C1285-14, 2014; ASTM-C1662-18, 2018). Since the solubility product for nuclear glass is generally unavailable, the V/S ratio can be used as an environmental variable to control the saturation state.
This study proposes an empirical relationship between the dissolution rate and the V/S ratio. Since the V/S ratio is a well-defined environmental variable, its effect on the dissolution rate is expected to be systematic. Experimental rate datasets from the literature on several oxide minerals were examined to evaluate the applicability of the proposed relationship. In addition, three datasets from a nuclear waste glass and a ceramic nuclear waste form were used to demonstrate its application. The proposed relationship between dissolution rate and V/S ratio is anticipated to be instrumental in determining the saturation state of dissolution, monitoring dissolution experiments, and modeling dissolution rates.
2 METHODS
2.1 Thermodynamic models
Current thermodynamic theories of dissolution kinetics (Aagaard and Helgeson, 1982; Lasaga, 1984; Brantley, 2008; Schott et al., 2009) are described by:
kf=k0·H+η·∏iaivi·e−Ea/RT(1)
r=kf·1−eΔGr/RT=kf·1−Q/K(2)
Where k0,H+,η,ai,vi,and Ea are rate constant, H+ activity, reaction order with respect to H+, activity of aqueous species i, reaction order involving species i, and activation energy, and kf,ΔGr,R,T,Q,and K are forward rate, Gibbs free energy of dissolution reaction, gas constant, temperature, activity product, and solubility product constant. Equation 1 describes the forward rate (far from equilibrium) and Equation 2 includes the close-to-equilibrium dissolution rate as the solution becomes enriched in dissolved species. These equations are well-documented for understanding experimental observations and have been used for geochemical modeling (Brantley, 2008; Schott et al., 2009). However, V/S is not incorporated as a variable in these equations. For materials whose solubility products are not available, such as nuclear glass, relating the V/S to dissolution rate provides a convenient and practical approach to model dissolution kinetics. In a recent study on iodoapatite dissolution (Zhang et al., 2019), dissolution rate was described by:
r=kf1−e−ϕ·V/S(3)
Where r is the rate, V/S the volume-to-surface ratio, kf the forward rate constant, and ϕ a constant. Although Equation 3 was helpful in understanding the experimental measurements and provided a model for the prediction of dissolution kinetics in that study, it is not clear whether such a relationship is generally applicable to a range of dissolution data.
2.2 Relationship between dissolution rate and V/S
Similar to the relationship between the Gibbs free energy of reaction (ΔGr) and the saturation index, ΔGr=RTlnQ/K, it is expected that there is a relationship between ΔGr and V/S ratio. Using experimental datasets, ΔGr as a function of V/S is plotted for the dissolution rates of five oxide minerals in Figure 1. The figure shows that ΔGr decreases with increasing V/S and is not a linear function of V/S. An analytical relationship between ΔGr and V/S is not available. However, their relation can be approximated numerically by a two-parameter power function.
ΔGr=−a·V/Sq(4)
[image: Graphs display the relationship between Gibbs free energy change (ΔG) and the variable V/S for different minerals: (a) Feldspar-albite at pH 9.2, T 150°C, R²: 0.96; (b) Fluorapatite at pH ∼3.0, T 25°C and 55°C, R²: 0.88-0.96; (c) Kaolinite at pH 2 to 7.8, T 150°C, R²: 0.93-0.99; (d) Muscovite at pH 2 and 9, T 150°C, R²: 0.82-0.92; (e) Smectite at pH 8.8, T 80°C, R²: 0.89. Each graph shows data points with fitting curves, indicating mineral-specific reactions.]FIGURE 1 | Gibbs free energy of dissolution as a function of V/S ratio in meter per day (m d-1). (a) Feldspar at pH = 9.2 °C and 150 °C, (b) Fluorapatite at pH = 3.0 °C and 25 °C (blue) and 55 °C (red), (c) Kaolinite: at 150 °C and pH = 7.8 buffered (blue), pH = 7.8 non-buffered (light blue), and pH = 2 (red), (d) Muscovite at 150 °C and pH = 9 (blue) and pH = 2 (red), and (e) Smectite: pH = 8.8 °C and 80 °C. Symbols are experimental data. Dashed-lines are fitting results.Where a and q are positive constant. As q approaches unity, ΔGr becomes linear with V/S in meter per day (m d-1). Both a and q are a property of the material. Fitting the data with Equation 4 results in R2 = 0.96 for feldspar (Hellmann and Tisserand, 2006) (Figure 1a), R2 = 0.88 (25 °C) and 0.95 (55 °C) for fluorapatite (Figure 1b) (Guidry and Mackenzie, 2003), R2 = 0.93–0.99 (pH = 2, 7.8 buddfered and non-buffered) for kaolinite (Devidal et al., 1997) (Figure 1c), R2 = 0.82 (pH = 9) and 0.92 (pH = 2) for muscovite (Oelkers et al., 2008) (Figure 1dD), and R2 = 0.89 for smectite (Cama et al., 2000) (Figure 1e). Given the uncertainties in the data of those experiments (10%–15%) arising from various sources, such as surface area measurement, elemental analysis, and pH and temperature measurements, the fitting results with Equation 4 are reasonably adequate.
This result suggests that Equation 4 can be used as an empirical relation. The dissolution rate can then be derived by plugging Equation 4 to Equation 2:
r=kf·1−e−a·V/Sq/RT(5)
As V/S→0, e−a·V/Sq/RT→1 and r→0, which satisfies the boundary condition at equilibrium.
Replacing −a/RT with −1/ χd leads to:
r=kf·1−e−V/Sq/χd(6)
Where χd is dimensionless, it is a constant at a given T, and it is related to how the material responds to the saturation condition. Since χd is related to a, the pre-factor of the power relation of dissolution free energy and V/S ratio (Equation 4), it is expected to be related to the structure and composition of the material. Larger χd values mean that higher V/S conditions are required to approach the forward rate (more discussion of χd values of different materials in Section 3.2).
In dissolution rate theory of minerals, an exponent m is often introduced in rate equations to account for the defect effect in the material on the dissolution rate (Brantley, 2008; Schott et al., 2009). Since many minerals show dissolution behavior that cannot be fit adequately by equations such as Equation 2, a rate equation with an exponent was introduced, which is useful to describe dissolution rate controlled by crystal defects. The value of the exponent has been attributed to specific types of crystal defect. To follow this practice, m is introduced in a similar way in this study:
r=kf·1−e−V/Sq/χdm(7)
Note that Equation 7 is reduced to an equation similar to Equation 3 when m = 1 and q = 1 (Zhang et al., 2019). The kf in Equation 7 is a constant when temperature, pH, and solution concentration are fixed. It needs to be clarify that Equations 4–7 are only based on numerical fitting of the experimental data without including thermodynamic kinetics relationships such as those based on transition state theory and surface complexation model. As a result, these relationships (Equations 4–7) do not inform dissolution mechanisms.
3 RESULTS AND DISCUSSION
3.1 Dissolution rate as a function of V/S
First, the dissolution rate of the selected systems was modeled using Equation 7. The results are shown in Figure 2. Four sets of fittings were performed: (I) constrained with m = 1.0; (II) constrained with m = 1.0 and q = 1.0; (III) constrained with q = 1.0; and (IV) unconstrained.
[image: Five graphs display dissolution rates versus volume-to-surface ratio (V/S) for different minerals. (a) Feldspar-albite at pH 9.2 and 150°C, showing increasing rates. (b) Fluorapatite at pH ∼3.0 exhibits temperature-dependent rates. (c) Kaolinite at 150°C compares buffered and non-buffered systems. (d) Muscovite at 150°C contrasts pH 9 and 2. (e) Smectite at pH 8.8 and 80°C plots rates for aluminum, silicon, and magnesium. Lines represent different fitting models.]FIGURE 2 | Dissolution rate as a function of V/S ratio. (a) Feldspar, (b) Fluorapatite, (c) Kaolinite, (d) Muscovite, and (e) Smectite. Symbols are experimental data. Lines are fitting results: dashed-lines (black, fitting (I) with m = 1), dashed-dot-lines (light blue, fitting (II) with m = 1 and q = 1, dashed-dot-dot-lines (red, fitting (III) with q = 1, solid-lines (blue, fitting (IV) without constraints.For the datasets with sufficient data points at both low dissolution rates (near-equilibrium conditions) and near-plateau rates (i.e., maximum rates far from equilibrium) (Figures 2a–c), the fitted curves without constraints are, in most cases, indistinguishable from those fitted with various constraints. For feldspar (Figure 2a), the R2 is approximately 0.68 for all constraints (I–IV). For fluorapatite (Figure 2b), the R2 ranges from 0.97 to 0.99 at 25 °C and from 0.95 to 0.98 at 55 °C for all constraints. For kaolinite (Figure 2c), the R2 ranges from 0.95 to 0.98 at buffered pH 7.8, is 0.99 at non-buffered pH 7.8, and ranges from 0.97 to 0.98 at pH 2.0, again for all constraint sets. In the case of buffered pH 7.8, due to the lack of data points at high V/S values, the projected rates at high V/S values vary, depending on the applied constraint (Figure 2c). These results suggest that fitting Equation 7 without constraints yields only marginal improvements in R2 compared to fits using constrained models.
However, constraints are necessary for datasets lacking sufficient data points at low and/or high V/S values (Figures 2d,e) in order to achieve adequate fitting. For muscovite at pH = 2 (Figure 2d), the projected rates at high V/S values diverge under constraints I (m = 1.0), III (q = 1.0), and IV (no constraints), despite the fittings yielding R2 values of 0.87–0.89. Under constraint II (q = 1.0 and m = 1.0), the projected rates converge around 1.3 × 10−4 mol m-2 d-1, although the R2 drops to 0.61. Similar results were observed at pH = 9, except that without constraints (IV), the projected rates converge around 1.7 × 10−4 mol m-2 d-1, more than three times higher than the converged rate of 0.5 × 10−4 mol m-2 d-1 obtained under constraint II. For smectite (Figure 2e), the fittings under constraints I (m = 1.0), II (q = 1.0 and m = 1.0), and III (q = 1.0) are only slightly different, with R2 values ranging from 0.94 to 0.95. However, without constraints (IV), the rate data could not be fitted due to large errors at high V/S values.
These fitting exercises suggest that, overall, Equation 7 can reasonably model the experimental dissolution data. The primary challenges in modeling arise from a lack of data points at far-from-equilibrium and/or near-equilibrium conditions, corresponding to high and low V/S values, respectively. For instance, any constraints applied to the fitting for feldspar (Figure 2a and fluorapatite (Figure 2b) would not make a significant difference from the fitting without constraints. Although constraining the exponent m or q to unity assumes, respectively, a defect-free material or a linear relationship between ΔGr and V/S—both of which are incorrect—such constraints provide a baseline for interpreting the dissolution data and for guiding the design of future experiments.
3.2 Effect of m and χd on dissolution rate
It would be interesting to see how m and χd (q = 1) in Equation 7 affect the dissolution rate and results are shown in Figure 3a. For m = 1, an increase in χd (dashed lines) shifts the curve to the right, resulting in larger V/S values at which the rate reaches its maximum (i.e., the plateau). Materials with higher V/S values at the dissolution rate maximum are those with higher χd values and correspondingly higher dissolution rates (Figure 2). For instance, as shown in Figure 2b, a higher maximum dissolution rate (∼0.11 mol m-2 d-1 at 55 °C vs. ∼0.03 mol m-2 d-1 at 25 °C) corresponds to a higher V/S at the rate maximum (∼10 m d-1 at 55 °C vs. 2 m d-1 at 25 °C) and a higher χd value (2.1 d m-1 at 55 °C vs. 1.1 d m-1 at 25 °C). Similar relationships are observed across different minerals (Figure 2). The maximum dissolution rates for fluorapatite (Figures 2b, 55 °C), feldspar and kaolinite (Figures 2a,c), muscovite (Figure 2d), and smectite (Figure 2e) are approximately in the order of 10–1, 10–3, 10–4, and 10–6 mol m-2 d-1, respectively. The corresponding V/S values are approximately in the order of 101, 10–1, 10–2, and 10–3 m d-1, and the χd values follow a similar trend in the order of 101, 10–1, 10–2, and 10–3 d m-1, respectively. Therefore, χd can serve as a descriptor of a material’s susceptibility to dissolution. Under a given set of conditions, the higher the χd value of a material, the higher the dissolution rate it can attain.
[image: Two logarithmic line graphs labeled (a) and (b) show relative rate versus V/S (meters per day). Graph (a) includes curves for various reaction orders (m = 0.2 to 1.0) with different values of χd ranging from 10⁻⁴ to 10¹. Graph (b) displays similar curves marked with minerals like smectite and kaolinite, indicating different pH and temperature conditions. Both graphs depict a range of lines, each representing different conditions or variables.]FIGURE 3 | Relative dissolution rate as a function of V/S ratio at a given condition. (a) The dashed lines are dissolution rates at m=1.0 and χd is in the range from 10, to 0.0001. The solid lines are the rates for χd=1.0 and m is in a range from 0.8 to 0.2. (b) Selected experiment release rates are plotted with the model at different χd values with m = 1 (dashed lines). The experimental data are from Figures 2b,c,e: fluorapatite (triangles, 2b (pH = 2 dark green; pH = 7.8 pink)), kaolinite (squares, 2c (55 °C red; 25 °C blue)) and smectite (cyan circles, 2e).For a given χd value (1.0), as shown in Figure 3a, a decrease in m from 0.8 to 0.2 (solid lines) does not affect the V/S value at which the dissolution rate reaches its maximum but increases the rate at a given V/S under low V/S conditions (i.e., near-equilibrium conditions). The higher rates at low V/S values can be attributed to surface defect–induced dissolution kinetics, such as those involving screw dislocations. This interpretation of m in Equation 7 is consistent with previous literature, which associates deviations from linear rate laws with the influence of crystal defects on dissolution reactions (Brantley, 2008; Schott et al., 2009; Lasaga, 1984).
To illustrate the relationship between the relative rate and V/S, the model is plotted along with selected dissolution data from the literature (Figure 3b). As shown, the trend of the experimental data follow the curves of the model with different χd values, which indicate the magnitude of a material’s susceptibility to dissolution. As χd becomes smaller (from the right to the left in Figure 3b), the dissolution rate decreases from fluorapatite, kaolinite, and to smectite at a given V/S, in the order of lower susceptibilities to dissolution.
3.3 Modeling of nuclear waste glass and ceramic forms
Equation 7 is derived from the dissolution data of well-studied minerals. Reasonable modeling results of applying the relationship are expected. It would be interesting to see how Equation 7 performs in modeling the dissolution rate data of less well-studied materials, for which complete thermodynamic data are often not available. Figure 4 shows dissolution rate data for a nuclear waste glass and a ceramic waste form (iodoapatite). For the apatite, the rates were reported in the elemental release in moles per day divided by the material’s surface area (moles/m2/d). For the nuclear glass, the rates are the elemental release in grams per day and divided by the surface area of the material (g/m2/d). Gibbs free energy of dissolution and solubility data are unavailable for these two datasets. For the nuclear glass (Figures 4a,b), the best fits were achieved with R2 > 0.98, using Equation 7 with q = 1 and m = 1 constraints. For iodoapatite, the best fit was achieved using q = 1 and m = 1, with R2 = ∼0.99. Fitting could not be completed without constraints, and the rate diverged at high V/S values. The requirement of constraints were resulted from a lack of experimental data points at low and high V/S values, especially the latter, which is a flaw in both of the experimental designs. The projected dissolution rate at far-from-equilibrium conditions is noticeably higher than the maximum observed rate in all three experiments. Additional experiments at higher V/S values are needed to fully understand their dissolution behavior. Due to the limited and suitable dissolution data available for nuclear waste materials, these two systems, however, provide a demonstration of the application of the relationship. In order to establish the general applicability of the relationship, more dissolution data for a wide range of materials are needed, especially those data at conditions in a full range of V/S ratio.
[image: Three graphs depict reaction rates versus V/S (m/d) for different materials. Graph (a) and (b) show enhanced waste glass at pH 9 and temperatures 40°C and 90°C, respectively, with data for Al, B, Si, and Na. Graph (c) displays Pb-V-I apatite in deionized water at 90°C, showing lead, vanadium, and iodine. Each graph includes a dashed line for fitting.]FIGURE 4 | Dissolution rate as a function of V/S ratio for Enhanced Waste Glass at pH = 9 °C and 40 °C (a) and 90 °C (b), and iodoapatite with DI water at 90 °C (c). A Cauchy weighting function was used to account for an increase of errors as V/S increases. The dashed lines are fitting results.The results from both Figures 2, 4 suggest that dissolution rate data with sufficient points at far-from-equilibrium and close-to-equilibrium conditions are well described by Equation 7. Even with fewer data points, Equation 7 can be used to model the dissolution data and provide feedback for improving the experimental design in future investigations, suggesting the robustness of Equation 7 in describing dissolution kinetics. It needs to be clarified that the modeling is numerical in natural and can only provide guidance on the dissolution state by V/S ratio. They do not inform dissolution mechanisms in these materials. In case of glass, its dissolution is complex and multi-staged.
3.4 Effect of solution composition on dissolution rate
Sections 3.1 and 3.3 describe the dissolution kinetics at constant solution composition. If the solution composition in dissolution experiments varies, the rate changes. The effects of solution composition on dissolution rate are well documented in the literature (Devidal et al., 1997; Schott et al., 2009). By combining the composition effect on dissolution rate with Equation 7, the following equation can be used to model the rate data of these oxides measured under varying solution compositions.
r=k+Kp* aH+zaM+n1+Kp* aH+zaM+n1−e−V/Sq/χdm(8)
Where k+ is the rate constant, Kp* the equilibrium constant for precursor formation, z the charge on the aqueous cation M, and n the number of cations that must be removed to create the surface precursor. aH+ is the activity of H+, and aM+ the activity of M+. The second term describes the effect of the composition on the forward rate at a given set of conditions.
The experimental data at a given pH and temperature, with varying solution compositions for kaolinite, are plotted in Figures 5a,b (Devidal et al., 1997), clearly showing the effect of solution composition on the dissolution rate. To model the rate using Equation 7, the original rates were normalized by applying the second term of Equation 8 and are plotted in Figure 5c for the data at pH = 2, and in Figure 5d for the data at pH = 7.8. For kaolinite, M = Al3+, z = 3, and n = 1 (Devidal et al., 1997). These normalized rates were then modeled using Equation 7, with the constraints m = 1 and q = 1 applied during fitting due to a lack of data at high V/S values. All the rate data from different solution compositions were included in the fitting. The dashed lines represent fitted curves (Figures 5c,d), with R2 = 0.93 for the data at pH = 2 and R2 = 0.96 for the data at pH = 7.8. Given the uncertainties in the data, the fits are reasonably acceptable. These results suggest that the proposed relationship in Equation 7 can be extended by incorporating terms representing other environmental variables, in this case, solution composition.
[image: Four scatter plots showing the dissolution rate of kaolinite at 150 degrees Celsius. Panel (a) examines pH 2, and panel (b) analyzes pH 7.8, both depicting rate versus V/S ratio for varying silicon and aluminum concentrations. Panels (c) and (d) show normalized rates with fitting lines for pH 2 and 7.8, respectively, illustrating trends as V/S increases. Different concentrations are color-coded: black, red, magenta, and blue, as noted in the legends.]FIGURE 5 | The dissolution rate of kaolinite at 150 °C as a function of solution V/S and solution composition at pH = 2 (a) and pH = 7.8 (b). The normalized rates are plotted as a function of V/S for pH = 2 (c) and pH = 7.8 (d). The dashed lines are fitting results.4 SUMMARY AND CONCLUDING REMARKS
Dissolution kinetics is fundamentally important to materials science, as the chemical durability of materials is critical to the safety, cost, and efficiency of their applications. Modeling the dissolution rate under various environmental conditions is essential for understanding dissolution behavior and guiding experimental design. Due to the lack of thermodynamic data—such as the Gibbs free energy of dissolution—for complex nuclear waste materials like nuclear glass, rate equations based on activity products or saturation indices cannot be applied to model nuclear waste glass dissolution kinetics. Instead, the ratio of the reacting solution volume to the surface area of the dissolving material per unit time (V/S ratio) is employed as an environmental variable. An empirical relationship between the Gibbs free energy and the V/S ratio was proposed, allowing the dissolution rate to be related to V/S. This empirical relation was subsequently applied to model the dissolution of several minerals, a ceramic waste form, and a nuclear glass. Such modeling enables monitoring of dissolution experiments, provides feedback for experimental design, and offers insights into dissolution kinetics.
Dissolution is a complex phenomenon, and its kinetics cannot be accurately described using a single parameter. The dissolution rate is not an intrinsic property of a material but rather a response to environmental variables. This presents a challenge in characterizing the chemical durability of nuclear waste materials. Therefore, it is essential to evaluate properties that can distinguish materials with different intrinsic chemical durability. Although standard test protocols have been developed to assess the chemical durability of nuclear waste materials, the rate itself cannot serve this purpose, as it is not an intrinsic property. This study demonstrates that the dissolution susceptibility of a material, denoted as χd, can be used as a parameter to distinguish the chemical durability of different materials.
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