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CONSTRAINTS ON THE AFFINITY TERM FOR MODELING
LONG-TERM GLASS DISSOLUTION RATES

WILLIAM L. BOUPTIER, SUSAN A. CARROLL, AND BRIAN L. PHILLIPS
Lawrence Livermore National Laboratory, L-219, Livermore CA 94550 USA

ABSTRACT

Predictions of long-term glass dissolution rates are highly dependent on the form of
the affinity term in the rate expression. Analysis of the quantitative effect of
saturation state on glass dissolution rate for CSG glass (a simple analog of SRL-165
glass), shows that a simple (1-Q/K) affinity term does not match experimental

results. Our data at 1000C show that the data is better fit by an affinity term having
1
the form {1-—(%)"] where 0=10.

INTRODUCTION

In a closed system, the rate of borosilicate waste glass dissolution decreases with time
due to the approach of the solution composition to glass saturation. This conclusion
is based on analysis of numerous glass dissolution experiments performed over
several decades !. Although transport limited dissolution is sometimes observed, it
appears not to be important in most long-term tests. Because silica is the major
component of glass, dissolved silica concentration correlates well with the decrease
in reaction rate and has been used to predict glass dissolution rates.2

The saturation effect is incorporated in current rate expressions for glass
dissolution as the term (1-Q/K) where Q is the ion activity product for the glass
dissolution reaction and K is the solubility product for glass written in the same way
as the expression for Q. As species build up in solution, the value of Q increases and
the term approaches a value of zero at saturation. The affinity term has its origin in

the rigorously-derived rate law 3

dn)_ =n(] — exp(—
(dt) Sk+?ai (1-exp(-A/ OoRT)) 1)

where S is surface area, k is the rate coefficient, a; are the aqueous solution species

activities, A is the reaction affinity, o is the average stoichiometric number for the
reaction, R the gas constant and T the temperature in Kelvin.

Because reaction affinity (A) is defined as A=RTIn(Q/K), Eqn. 1 can be
simplified and re-arranged to give:
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where now all solution compositional dependencies of the rate coefficient other
than pH are ignored.

Kinetic rate theory does not predict the form of the affinity term in the rate
equation. In fact, there may be one or more exponential terms on the factor which
can be written in a more general form as:

-]

where 1/06 and v are exponents which must be determined experimentally.
Transition state theory predicts a form where v=1 and ¢ is some real number. In

transition state theory, ¢ is defined as the average stoichiometric number, which
gives the rate of the rate limiting reaction step relative to the overall rate 3. The non-
linear case where v#1 is also possible.

In order to better constrain the affinity term in our rate equation for glass
dissolution, we have used the results of closed system dissolution tests of CSG glass
(in wt %; 18.2 Naz0, 6.0 CaO, 11.7 Al;O3, 8.4 B2O3, 55.7 SiOp) at 1000C in a dilute
(0.003 molal) sodium bicarbonate solution to calculate values of the affinity term in
the rate equation. This carbonate solution has approximately the same pH and pH
buffer capacity as J-13 well water at the 'Yucca Mountain potential repository site but,
because it has only one dissolved salt, it simplifies analysis of the dissolved species
data. Analysis of how the affinity term changes with reaction progress should allow
us to constrain the functional form of the affinity term.

METHODS AND ANALYSIS

Closed system tests of CSG glass at 100°C show nearly stoichiometric release of Si, B,
Al, and Ca until about 30 days (Fig. 1). After 30 days Ca concentrations decrease,
probably due to calcite precipitation. Analysis of the solutions at 30 days show
supersaturation with respect to both calcite and calcium zeolites. However, the glass
is probably still dissolving stoichiometrically. Resolution of Na release rate (not
plotted) was poor because it was present in the leachate.

The rate of release of elements from the glass is given by the slope of the
elemental release curves in Fig. 1. Therefore we use data for the fastest released
element (silica in this case) and calculate the derivative at each of data point (Fig. 2).
The derivative curve gives the glass dissolution rate as a function of time. The form
of this curve should therefore match the form predicted by the affinity term in the
rate equation.

Two corrections must first be made to the silica release rate data before the
analysis. In our closed-system experiments, the total volume of the system decreases
as samples are withdrawn. Therefore the rate of increase of dissolved silica
concentration must be corrected for the progressively smaller solution volume into
which it is dissolving (see Table 1). The second correction is for the pH effect on the
rate coefficient. Other experiments have shown that the rate coefficient for CSG glass
increases with a,.™ ‘.4 As the glass dissolves, the pH rises from 7.9 to 8.6, which

increases the value of the rate coefficient by a factor of 1.4. Applying both these
corrections results in the silica release rate curve shown in Fig. 3. We also assume



that at these pH and temperature conditions, total silica is approximately equal to
the concentration of uncharged and unpolymerized SiO2(aq).
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Figure 1. Normalized elemental concentrations vs. time for CSG glass dissolving at 100°C in
005m NaHCO3 solution,
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Figure 2. Cumulative and derivative Si release from CSG glass at 100°C.

The form of the affinity term is a function of both the value of K used in the
expression, and the values of the exponents in the affinity term. The value of K, the
equilibrium constant for the dissolving solid, depends on two assumptions: (1) the
solid assumed to be controlling dissolution rate; and (2) the thermodynamic model
chosen for that solid. Potential solids that could be rate controlling include the
anhydrous glass, the hydrous alkali-depleted surface gel layer of the glass, and a
simple silica phase, depending on what specific reaction is rate controlling. Earlier
modeling results 56 showed that the anhydrous glass is too thermodynamically



unstable to be the rate controlling phase. The value of K for the glass is so large that
the ratio Q/K never approaches one. The value of (1-Q/K) therefore never gets
significantly smaller than one and the model predicts no decrease in rate as species
such as silica build up in solution. This contrasts with the experimental data.

For this analysis, we have assumed that it is the saturation of a simple silica
phase which is rate controlling 2. The experimental data will be used to estimate the
thermodynamic stability of the hypothetical silica phase. The use of more complex
solids, such as the surface gel layer, did not provide sufficient improvement in the
fit of the experimental data to warrant its continued use in this analysis.

Table 1. Measured and corrected normalized CSG glass dissolution rates.

Day Measured pH Rate k(pH) Volumeof Volumeof Corrected
Release factor Fluid Fluid Factor Release
Rate . Rate

0 1 7.88 213.3 1.00 1.00E+00
1 0.5 7.88 1 199.6 0.94 4.68E-01
2 0.22 8.04 0.95 185.5 0.87 1.82E-01
4 0.16 8.04 0.95 1715 0.80 1.22E-01
8 0.13 8.15 0.92 158.8 0.74 8.90E-02
16 0.1 8.26 0.88 146.6 0.69 6.05E-02
k7] 0.06 8.45 0.79 133.9 0.63 2.98E-02
49 0.04 8.48 0.77 120.7 0.57 1.74E-02
&4 0.026 8.49 0.77 107.9 0.51 1.01E-02
85 0.015 8.56 0.71 94.7 0.44 4.73E-03

Once we have selected a thermodynamic model for the rate controlling solid,
we can investigate the form of the affinity expression. Fig. 3 compares our measured
rate (solid squares) with calculated values for the affinity term. The curve with solid
triangles shows the values for the term (1-Q/K) where log K is -3.1. Comparison of
the measured and calculated rates indicates that the saturation effect is appreciable
much further from equilibrium than the simple (1-Q/K) term predicts. Even if the
value of K is decreased to force the curve toward the experimental data (curve with
open boxes in Fig. 3), the agreement is poor and rate equation predicts glass
predipitation after 20 days. A different functional form is necessary to match the
observed rates.

If we regress the experimental data to a function of the form shown in Eqn. 3,

set v=1, and regress in terms of K and ¢ we get values of -3.1 for K and 10 for o. The
curve marked with solid diamonds shows the good agreement between this curve
and the experimental data.

DISCUSSION AND CONCLUSIONS

Previous workers have analyzed dissolution rates of solids close to saturation and
found deviations from behavior which follows the (1-Q/K) term. Jargensen7 found
that amorphous silica precipitation and dissolution follows a trend given by (1- -
Q/K)3. Experimental measurements of calcite (CaCO3) precipitation/dissolution
follow a form of (1-Q/K)" where n commonly ranges from 2.7 to 4.3, but was as large
as 17 in one study 8. Nagy and co-workers ? found that dissolution of kaolinite

35
(Al;Si205(0OH)4) followed a rate law given by (1—(%) ), whereas Burch and others
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10 found that albite followed a similar expression with an exponent of 0.73 instead of
0.85. Rimstidt and Barnes !1 were able to fit their experimental data for various silica
polymorphs to a simple (1-Q/K) expression. Behavior which follows a simple (1-
Q/K) affinity expression appears to be rather uncommon among existing
experimental dissolution rate data, so our data is not unique in that respect.

A mechanistic interpretation of our results is not yet possible. More detailed
information on the microscopic rate limiting reaction mechanism is needed. This
information will become available as further work is performed on characterizing
the solution-glass interface through macroscopic techniques such as surface
titrations, and through spectroscopic examination of both the reacted and unreacted
glass.

In future work we will model additional experimental results for different
glasses using our modified affinity term function to determine how generally
applicable this model is. The mathematical form of the affinity term is clearly of
great importance in extrapolating our test results to long time periods and must be
accurately defined for justifiable long-term predictions of glass dissolution rates to be
made.
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Figure 3. Measured and computed normalized rate of glass dissolution based on three different
affinity expressions (see text).
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