











Comparisons of these values show that the lower interfacial energy measured for the
dislocation-driven dissolution is consistent with the theoretical model, but these
differences alone do not account for the dramatic difference in behavior at these two
temperatures. The true source of this difference is easy to understand from Eqns. (18)
and (22a)— R, is weaker than linear in 7 while R, has an exponential dependence. At
low T, R; dominates, but as 7 increases, R, quickly becomes greater. We conclude,
therefore, that these kaolinite data sets are not inconsistent, rather they exhibit a
predictable thermally-activated transition in the dominant dissolution mechanism.

FIGURE 5. Mechanistic models also describe the dependence of dissolution rate on the driving force
of undersaturation for previously reported rates of aluminosilicate dissolution. A) Reported rates of K-
feldspar dissolution measured at 150°C and pH 9 exhibit a dependence on undersaturation that is
predicted by the nucleation model. B) Kaolinite dissolution rate on driving force at 150°C is also
predicted by the nucleation mode for data reported at acidic and circumneutral pH. C) In contrast, the
markedly different dependence of kaolinite at the lower temperature of 80°C show a dependence on
driving force that is predicted by the dislocation model.

Several insights to kinetic controls on mineral dissolution arise from our
analyses of these aluminosilicates. First, the silicate minerals we tested are capable of
undergoing dissolution by 2-D nucleation at hydrothermal temperatures in pure
solutions at moderate values of €2, whereas quartz requires the presence of salts and
far from equilibrium conditions to induce dissolution by this process. This difference
can be understood from the lower value of o for silicate minerals, which allows
dissolution by 2-D nucleation without salts— no further change in mechanism occurs
when salts are added. This explains why rates of silicate dissolution are not enhanced
[33] when electrolytes are introduced. Second, the three mineral systems that we have
tested indicate that 2-D nucleation dominates rates measured at higher temperatures of
150-200°C. In contrast, the 80°C data for kaolinite is predicted by the dislocation
defect model. This sharp temperature-dependent change in mechanism suggests that
the practice of extrapolating high temperature data to the ambient temperatures of
earth surface environments may greatly over-predict rates of dissolution under
circumstances where the extrapolation comes from rates driven by 2-D nucleation.
The lesson to take from this analysis is that one needs to know the boundaries between
the various dissolution regimes before extrapolating measured kinetics to different
temperatures. Third, we show that pH, which has a strong control on silicate
dissolution rate, does not alter this behavior— Data reported for kaolinite at both pH 2
and 7.8 show that temperature drives the dependence of rate on saturation state.



Finally, we test the ability of the general forms of this theory given by Eqns. (22a)
and (22b) to predict the dependence of kaolinite dissolution and growth on saturation
state and temperature. Using reported rates for kaolinite at 80°C (8), Fig. 6A shows
that dissolution and growth obey Eqn. (22b). However, rates of growth and dissolution
at 150°C [32] appear to be dominated by 2-D and impurity-assisted nucleation
processes at large and small excursions from equilibrium, respectively (Fig. 6B)
according to Eqn. (22a). Application of these relations again shows that, although the
values of the material dependent parameters o, § and E, will differ, the surface

processes that hold for growth are directly analogous to those active during
dissolution.
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FIGURE 6. Published kinetic data for kaolinite dissolution and growth give a test of the mechanistic
models for both growth and dissolution. The theories predict the distinct differences in the dependence
of dissolution and growth rates on undersaturation and supersaturation, respectively, that are reported.
A) The dislocation model, Eqn. (22b), describes the dependence of reaction rates of growth and
dissolution on positive and negative driving force, respectively, at 80°C. B) Because of the exponential
dependence of nucleation rate, J, on temperature (eqn 21), a transition to dissolution and growth rates

by surface nucleation processes occurs to give rate behavior described by the 2-D nucleation model,
Eqn. (22a).



Dissolution of Sparingly Soluble Solids

Recent observations reported in the literature suggest that the nucleation model
presented in this study may also predict the dissolution rates of materials with
properties far from those of oxide and silicates to also include the sparingly soluble
salts. This hints at the possibility that the mechanistic model will also predict the rapid
dissolution or ‘demineralization’ of biological materials under some conditions. For
example, studies of brushite (CaHPO42H,0) demineralization noted that "poly-pits'
form on the mineral surface during dissolution [34, 35]. Though qualitative, this
increase in surface roughness was noted to also increase edge free energy to enhance
dissolution rates in a manner that is "an exactly analogous mechanism to that of crystal
growth, in which the formation of embryos of critical size play a key role in the
overall mechanism" [34, 35]. Similarly, a study of barite (BaSO4) dissolution at high
ionic strength show 2-D nucleation features [36]. The behavior of calcium carbonate
also obeys the principles described here (see below). Though qualitative, the insightful
observations of these studies suggest that dissolution of sparingly soluble salts can be
controlled by nucleation processes. This is predicted by the mechanistic model
because the relatively lower energy barriers to dissolution of these salts would allow a
transition by 2-D nucleation without the thermal activation required by the covalently
bonded quartz and silicates.

COMPLETING THE PICTURE OF MICROSCOPIC PROCESSES
AND REVERSIBILITY IN GROWTH AND DISSOLUTION:
CALCIUM CARBONATE

A good example of the concepts presented in this chapter are found in studies of
calcium carbonate growth and dissolution. As a biomineral and major inorganic
mineral, calcite (CaCOs3), is possibly the most environmentally significant of the
sparingly soluble earth materials. An experimental and theoretical study by Teng and
others [16] quantified calcite growth rates and observed transitions in growth
processes on (104) faces in characterized solutions with variable o [16]. By linking
classical crystal growth theory with observations of microscopic surface processes to
quantify the dependence of calcite growth on supersaturation, o, they quantified how
the dominant growth processes change with driving force at 25°C and their solution
composition. At low supersaturations, the existing monomolecular steps of calcite
propagate by attachment of solutes from solution without significant contributions
from other processes (Fig. 3-®).

At higher driving force, but with o < 0.8, growth occurs by step flow at surface
defects, including screw dislocations (Fig. 3-®). The single sourced, single spirals
produced at this range of o were examined to measure step flow rates and the
corresponding slopes of the growth hillock slopes. This allowed them to further
determine how surface-normal growth rates, R, , of (104) faces by the pure spiral

mechanism are dependent upon the Burgers vector of the step source. Analysis of this



dependence of overall growth rate upon dislocation source structure showed the
relationships between Ry, and the distribution and structures of dislocation sources.

These theoretical relations are upheld by the process-based experimental rate data
reported in this study. The dependence of growth rate on dislocation source structures
is essential information for properly representing growth because most growth sources
exhibit complex structures with multiple dislocations. Just as expected from nucleation
theory, as o exceeds a threshold value, growth by surface nucleation becomes the
dominant process within 10s of seconds across the entire surface. Growth studies by
Malkin and others [18, 28, 29] postulated that with increasing driving force, nucleation
processes become active first at impurity defects to induce localized strain to give
lower free energy barriers. Without an AFM image to represent this defect-assisted
process, we simply show Fig. 3-@ as a placeholder by using the same image that
illustrates growth by 2-D nucleation (Fig. 3-®) across a calcite surface.

Expressions resulting from this analysis demonstrated that the widely used second
order chemical affinity-based rate laws are physically meaningful only under special
conditions. An apparent second order dependence is achieved when solution
supersaturations are very near equilibrium and growth is occurring only by simple,
single sourced dislocation spirals. The exponent in affinity-based expressions is
dependent upon the supersaturation range used to fit data. These findings indicate the
need for caution when deducing growth mechanisms and rate laws from temporal
changes in bulk solution chemistry. Observations of various types of surface defects
that give rise to step formation suggest that popular 'rate laws' are composites of
contributions from each type of growth (or dissolution process).

More recently, Teng [37] conducted a study of calcite dissolution at characterized
driving forces and found that the surface structures undergo the same transitions in the
dominant dissolution process with increasing undersaturation just as reported here for
quartz. As expected from the concepts presented here, Teng reported "dissolution
modes" that change from retreat of steps, to opening and dissolution on dislocation
etch pits, to the formation of 2-D and defect-assisted nuclei [37].

CONCLUDING REMARKS

The successes of classical growth theory in explaining the dissolution kinetics of
minerals with properties that span the covalent oxides and silicates to the ionic
chemistries of the sparingly soluble salt minerals suggest it may become possible to
predict the dependence of dissolution and corrosion on undersaturation and
temperature for the full variety of minerals and crystalline materials. However a
number of questions are unanswered. For example, during dissolution, step splitting
and retreat from crystal edges leads to the rounding of facet edges, but it is unclear
what the contribution of this process is to the overall dissolution rate. Given sufficient
time, it seems that these steps must retreat across the full diameter of a crystallite, but
no evidence for these steps is seen in the quartz images of Fig. 3-@ to 3-@®. Second,
the step density and the step speed will always determine the dissolution rate. Yet



comparisons of step densities in the dislocation pits and etch pits in images Fig. 3-@
and Fig. 3-@, respectively does not show an increase of the magnitude expected from
the rate measurements. Moreover, the flat areas between dissolution pits in both cases
show that, even at steady state, step retreat near the top of the pits must exceed that
within the pits.

Further developing these theories in to a general model for silicate mineral
behavior in aqueous solutions presents a special challenge. The growth (and
dissolution) rates of these compositionally more complex minerals show a strong
dependence upon solution pH and the ratios of aluminum and silicon in solution.
While the theories presented here explain the behavior across a range of solution pH,
agreement of the model with experiment breaks down when Al:Si concentrations are
nonstoichiometric. Perhaps the model needs to account for the metal-specific
detachment rates of these more complex solids or may be complicated by the
formation of incongruent reaction products.

Finally, although the model can be used to predict the dependence of rates on
saturation state and temperature, without independent knowledge of materials
parameters such as a, it cannot predict absolute dissolution rates. Moreover these
parameters are likely to be largely unknown in natural systems. Consequently, despite
the unifying and intuitive view of growth and dissolution provided by this model,
there is much to be done to develop and test its concepts.
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