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ABSTRACT

Over the past 8 years a large inventory of glasses which have undergone leach
testing has been built up at the Vitreous State Laboratory of The Catholic University of
America. These glasses include a very wide range of compositions, most from actual
mixed wastes and many natural analogs. A variety in the test protocols have been
used, including PCT, ANSI, TCLP, IAEA, Flow, Soxhlet, MCC71, MCC3, and DIN. Many
of these tests have been conducted for over a decade and are still ongoing. The
progress of the tests is monitored by periodic sampling with fluid replacement. Twenty
different leachants (including groundwaters, humic acids and pH buffers) have been
employed. Occasionally, some of the glass is removed from the leaching vessels to
observe the altered layers forming on the glass and to identify reaction products.
Slight variations in the composition of the glass, subjected to PCT leaching, exhibit
widely differing leaching behaviors. The evolution of leachate composition over time
often shows a basically stable leach rate followed by a dramatic increase, with times
of onset varying considerably, primarily as a function of glass composition. The same
rapid rise in leachate has also been observe for a given glass composition studied at
different S/V ratio. The study of such non-lineariyi in glass leaching is the subject of
this review.

NON-LINEARITY AS A FUNCTION OF GLASS COMPOSITION

Leach rate non-linearity was first described in 1 989, using 50 different high level
radioactive glass compositions formulated for West Valley Nuclear Services Company].
The observed behavior, presented in Figure 1, was explained by the structural role of
boron in the glass matrix. n a glass already high in alkali-consuming oxides (A120 3,
ZrO2, B20 3), any added boron will remain in its highly soluble triangular coordination
state. On the other hand, the addition of Na2O can convert triangular B20 3 into a
tetrahedral structure that is less soluble.

This effect was difficult to detect, as long as PFA Teflon vessels were used in the MCC-3
test. They did not permit observing the tendency for the solution pH to increase with
increasing extend of the reaction with glass because of the carbonic acid buffering effect
(due to the Teflon permeability to COj2. It was only with the use of stainless steel vessels
that the effect could be more systematically studied.
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Figure : Display of leachate rapid rise as ZrQ2 or SiO2 changes in the composition

The acceleration in leach rate was observed for small variation of almost all glass
components 1 Further, the break point in leach rate was observed even for two
compositions fr which only 0.5 wt.% in A120 3 was exchanged for K20, Li2O and Na2O

kept in the same ratio. Boron leaching increases 1 20 times faster than the decrease in
alumina concentration in the glass. Equivalent results were found for a very different
family of glasses which were rich in Ca, Mg and F and relatively poor in Si 7.

Various pairs of glasses of similar composition (one more durable and one less durable)
were systematically studied, leading to the observation of the following differences:

- The glasses show very different release rates of B and Si 5,6 Particularly at high
Sly, which suggests that a difference in the structure of boron in these glasses may
indeed play a role, since small changes in glass composition could be responsible for
significant change in the structural role of boron in the glass.

- The dissolution mechanism involves different kinetic isotope effects. For the less
durable glass 5,6 the leaching experiment in D2 0 showed that the rate of variation of
the-leachate (normalized concentration) is a function of a factor very close to unity at
high S/V and a factor of 1/2 at low S/V for the less durable glass. This infers a matrix
dissolution mechanism in the first case and a diffusion controlled mechanism in the
second. In the case of the more durable glass, the coefficient was less than 1/2, which
suggests an important role played by the surface layer as would be the case in a
saturation effect limiting the reaction rate.

- The leached surface layers of the durable and less durable glasses are very
different, particularly in their, thickness. It was found 4,7 that the leach layer of the less
durable glass varies from 2 to 30 pm for various families of glass compositions. In some
instances, the full depth of the grains of glass leached is modified during leaching. The
layer is composed ofmultiple zones in which elements Al, Si, Mg, Fe and P are enriched
and Na, K and Ca depleted. On the other hand, in more durable glasses, the leach
layer is always undetectable by Scanning Electron Microscope (SEM), therefor smaller
than the minimum detection of 0. 1 pm, even after months of leaching.
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Amongst the possible causes for this effect, these studies allowed to exclude the
following:

1). Phase separation. One hypothesis to explain the large change in leachate
concentration is that a liquid-liquid phase separation would result in the formation of a
highly-soluble boron-rich phase which might arise from relatively small change in
composition. Both SEM arid Transmission Electron Microscopy (TEM) techniques
provided no evidence to support existence of any such phase separation. Replicas taken
from selected areas of an etched glass surface have been examined using TEM to look
for liquid-liquid phase separation for the different types of glasses which exhibit the rise
in leaching. No structure was visible in the replicas at the resolution limit of our TEM
(about 2 to 3 nim.). This technique has been used frequently to identify phase separated
glasses for which the globular features observed after etching were of the order of
0. 1 pm. They would therefore certainly have been detected if present here.

2). Layer spallation. In an attempt to observe any potential physical damage of
the leach layer causing this non-linear behavior, PCT leaching experiments were done
under constant agitation of the leaching vessels 4. The test was conducted for a period
of 81 days, which was sufficient to cause a reacted layer of 5pm with the less durable
glass. Although this grain agitation removed the outermost part of the leach layer
(composed of iron and magnesium), it did not significantly affect the leachate.

3). Leachate pH difference between the less durable and the durable glasses.
When leaching is initiated in D water, the leachate pH for glasses exhibiting high
leachate concentrations are generally higher than for the most durable glasses. The pH
after 7 days of leaching ranges from 1 1 to 1 2 for glasses which exhibit a rise in leach
rate, but remains generally between 10.5 and 10.8 for the more durable ones.
Experiments under controlled pH conditions 6, using buffers at 7, 9.5, 1 0.8 and 1 2,
showed that the large difference in dissolution rates between these glasses persisted only
under forced high-pH condition. Below 10.8, the glasses produced very similar leachate
concentrations. The slopes of the release rate for both type of glass ~juggest that ion
exchange becomes increasingly important with decreasing pH. However, in the case of
pH forced between 10.8 and 12, the less-durable glasses conserve their high leaching
behavior and the more durable ones remain low. The release of the soluble components
(B, i, Na) was greatly enhanced at high pH, but the silicon release is not affected as
much. The less durable glasses apparently reacted by matrix dissolution, whereas the
durable glass do not. They still exhibit a much lower leach rate with a time exponent
below 0.2. The importance of the diffusion/ion exchange process in determining the
solution pH is well described in the dissolution model presented by Feng and Pegg but
the model still does not explain the high pH behavior. The possibility of a system
dominated by secondary phase crystallization might be considered here since the
saturation effect limiting leach rate is found in this case as well.

4). High silica-alumnina protective surface layer. In the case of both the less-
durable and the more-durable glasses, the addition of Al3+ in the leachant increased the
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concentration of B, Li, Na, and K in the leachate decreased the pH and the Al and Si
release. The potential formation of AI(OH)3 and its transformation into a secondary

A120 3-SiO 2-alkali phase is not excluded but its protective role in front of the non-linearity

was not evidenced.

NON-LINEARITY AS A FUNCTION OF VARIOUS S/V, TEMPERATURE AND FLOW

Both the less durable and the more durable glasses were leached, according to the
pulsed-flow test procedure, under fast-flow (50% replenished daily) and slow-flow (50%
replenished monthly) at 220C, 400C, 7 0C and 900C5. Under fast flow, congruent
release was observed for both glasses. They showed very similar forward rate constants
of dissolution, diffusion coefficients and activation energies. It is only in the time
preceding steady-state that the leach rates were different, particularly at 90'C. This
suggests differences in the leach surface layer, even in this high flow condition. Under
slow-flow conditions, non-congruent release was observed and the leachate silicon
concentration was much hig her in the less durable glass than the more durable one. An
Arrhenius fit could be obtained only with the more durable glass. A shift in the leaching
mechanism was detected, but no good explanation could be given.
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Figure 2: Effect of varying S/V on the PCT leaching of the Savannah River glass DWRG

Since solution saturation is an important parameter of the leaching mechanism, it has
often been considered that high S/V can be used to accelerate the reaction progress.
The amount of leachant avcailable per unit of glass surface area indeed determines the
rate at which the solution reaches saturation, leading to the precipitation of secondary
phases. It is striking to observe in Figure 2 how the non-linear effect described above
can also be observed for a given glass studied at S/V varying from 20 to 40000 m-'.
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It appears that S/V might approximately correlate to the time of onset of the rise for the
three highest S/V curves. Based on this relationship. samples with an S/V ratio of 2000
(standard in US PCT) would experience the acceleration of leach rate at about 1 5 years.
This explanation ignores the influence of edge effects, which would further decrease
leach rate with decreasing S/V.

More recently, samples of the reacted glasses (with their associated alteration layers)
have been subjected to microstructural analyses in order to determine the morphology
of the structures formed and the identity of the principal phases. The phases which
showed reasonable agreement between SEM/EDS observations, XRD (PDF-2 database
using the JADE software) and the EQ3/6 geochemical code were minerals of the zeolite
group and intermediate between solid solution end members analcime and wairakite
and some lithium and calcium phosphate compounds. The leachates exhibit a marked
decrease in the concentration of elements such as silica, phosphorous and lithium after
the rise in leach rate. The results presented were generally consistent with the formation
of a new alteration phase that. increases the reaction affinity.

In order to verify that the effect was not induced by the increase in pH, both a less and
a more durable glass were tested, with S/V varying from 40 to 1 0000 m under
controlled pH'. The result of this experiment reconciles the observations made above but
differentiate the compositional and the S/V effect. Boron and silicon have very similar
release rates when the durable glass was leached at low S/V but they are very different
at high S. They are always different with the less durable glass. The structural role
of boron described above is verified here as well, but only for reasonably low S/V (up
to 2000 mr1). At high SV the silicon concentration is high and predominates over the
structural role of boron. Surface saturation may play a strong role but the surface layer
(thinner in this case) has a limiited protective function as a diffusion barrier.

CONCLUSION

It is clear that structural differences in the glass will determine the times of onset of the
leach rate increases. Differences in the leach layer and a saturation-effect limiting
process appear to be the factor to which the phenomenon can be best attributed, based
on observation to date. Many years of experiments in this field throughout the world
have already proven that crystallization occurs in the surface layer at an early stage of
leaching. What these extended leaching time experiments have demonstrated, is that
changes in the crystal phases will occur as the reaction progresses between the alter ed
glass and the leachante. That such phase transitions lead to a non-linearity in the leach
rate is not surprising since these transitions generally correspond to large modifications
in the surrounding phases. Time, or increased S can advance the progress of the
reaction sufficiently to induce the system to undergo transition. During the writing of this
review, the yearly sampling of various high sodium (Hanford Tank waste) glasses,
undergoing leach testing for over 1 200 days, took place. It can be seen in Figure 3,
that the durable HAN28 glass, which had a more polymerized structure (higher
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zirconia, therefor a lower boron compare to all trivalent ions), eventually underwent a
transition to the altered type! of glass.
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Figure 3: Long-term leaching of High sodium (Hanford) glass of varying composition
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