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ABSTRACT

The effects of tuff repository groundwater on glass
dissolution and surface layer formation was examined utilizing the
hydration thermodynamic model. A 28 day MCC-1 monolithic
durability test was performed on the following glasses: Si0O,,.
obsidian, basalt, ﬁedieval window glasses, frit glass, and
simulated nuclear waste glass. Silica dissolution was compared
with the pH corrected free energy of hydration and shown to have
the theoretical slope, 1n(1/2.303RT), in agreement with MCC-1
tests using deionized water. X-ray diffraction and scanning
electron microscopy identified clays of the saponite family and
carbonates, on the glass surfaces leached in tuff groundwater.
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INTRODUCTION

Determinaticon of glass durability as a function of glass
composition is significant to the development of durable glasses
for nuclear waste disposal. The long radicactive half-lives of
fission products and actinides in high-level nuclear wastes require

that they be isolated from the bilosphere for 103 to 10° years. The
isolation technique selected for defense high-level waste produced
at the Savannah River Site (SRS) is immobilization in borosilicate
glass and subsequent emplacement in a geologic repository [1,2].
The intrusion of groundwater into and passage through a repository,
is the most likely mechanism by which radionuclides may be removed
from the waste glass and carried to the biosphere. Thus, it is
important that nuclear waste glasses be stable in the presence of
groundwaters for very long pericds of time and that long-term
durability can be accurately modeled [1]. )

Figure 1. Title slide. A thermodynamic approach originated by
Newton and Paul and modified by Jantzen and Plodinec to include
waste components has been selected to quantify the durability of
Defense Waste Process Facllity (DWPF) waste glass [3-9]. The
approach models glass durability as functions of glass composition
and durability [2-7]. This current study evaluates the performance
of waste glasses and several analogs (natural glasses, medieval
window glasses, etc.) in a simulated Tuff environment. ,

Figure 2. Objectives. The effects of three parameters on glass
durability were studied. These include: glass composition and
solution pH; groundwater composition and ionic strength; “back
reaction” precipitation. Glass composition and sclution pH are
discussed initially. - )

Figure 3. Tetrahedron. Silica is the primary component of waste
glass and the fundamental structural unit is the (Si04)'4

tetrahedron, which consists of a central $i*? ion surrounded by four

072 ions. This shape (essentially a four sided pyramid) is
determined primarily by the size and charge of the respective ions.

Figure 4. Glass Polymerization. The degree to which the SiQ,

tetrahedrons are interconnected varies among silicates. Section
(a) is a two-dimensional representation of a crystalline form of
silica, crystobalite. There is consistent short-range (individual
tetrahedrons) and long-range (the connected rings of tetrahedrons)
order in this structure. Section (b} is a representation of
vitreous silica. The basic tetrahedral unit is largely unchanged;
however, there is a lack of long-range order due to the randomness
of the angles connecting the tetrahedrons. This is normally
brought about by cooling from a melted state faster than the
tetrahedrons can arrange themselves. Section (c¢) shows the

structure of Cesium silicate. The much larger Cs® ions modify the
(SiO4)"4 network, breaking up Si-0-Si bonds that connect the

tetrahedrons.
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Figure 5. Soda-Silica Glass. Sodium oxide is a véry common
component in glass (10% of SRS waste glass); its primary function
is to modify the Si-0-Si network. By breaking these bonds, soda
reduces the high melting and processing temperatures necessary for
pure silica., The oxygen ions connected to only 1 silicon ion are
said to be non-bridging oxygens, while those connected to 2 silicon
ions are known as bridging oxygens. Ions that break up the
silicate network are called network modifiers; examples of which
are alkali, alkaline earth, and divalent transition metal ions.

Figure 6. Soda-Boric Glass. Boron oxide is another component of
waste glass. Like silica, B,03 forms a glassy network, though the
structural units arxe planar (BO3)‘3 triangles. The addition of
small amounts of soda to B,O3 glass results in the formation of

(B04)‘4 tetrahedrons; with a Na't ion adding the extra charge needed

for this geometry.

Figure 7. Free Energy of Hydration. Glass dissolution can
mechanistically be modeled as a combination of ion exchange and
matrix dissolution reactions [1,5,11,12]. In glasses where hydrated
amorphous surface layers form, additional equations expressing the
surface contribution can be included. The hydration thermodynamic
approach models the relative contribution of each of these three
mechanisms as a function of the glass composition {1,5]. The
hydration thermodynamic approach also includes the effects of
solution pH on matrix dissclution [1,5-9].

Network breaking (e.g alkali, alkaline earth, Fe2+, Mg2+, etc.)
and intermediate glass structural species (e.g. Pb2+) assoclated
with the unpolymerized glass (Sioé)"4 network are considered to be
released to the solution by ion exchange with protons in the water.
The unpolymerized (Si04)_4 associated with these species is

released to the solution by matrix dissolution. An equation
expressing these two mechanisms is given as follows:

Na,5i03 + 28* H,5i03 + 2Na™ (1)

Dissolution of the highly polymerized (5104)_4 network, not

associated with the network breaking or intermediate ions, is
expressed by the following equation:

Si02 + H20 H25i03 (2)

Dissolution of Fe,03, Al,03, Nd203’ TiO, and other species which

form hydroxides or hydrates that participate in surface layer
precipitation reactions are written as follows:

F8203 + 3H20 2FE(OH)3 (3)

Figure 8. Calculated AG. This approach assumes that the glass is
a mechanical mixture of orthosilicate and oxide components and that
the overall free energy of hydration of a glass is the sum of the

free energies of the hydration reaction types given in eguations 1,
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2, and 3 [1,5,6,9,10,13]1. The contribution of each mechanism
toward the calculation of the overall glass ducrability is the
weighted hydration free energy of that component species in the
glass. The formalism is

Ghyd = Z %3 * ( Gpya)i (4)

where ( Ghyd)i is the free energy change of the most stable
hydration reaction of component i at mole fraction xj.

Figure 9. Corrosion Mechanisms. Glass dissolution begins with ion
exchange between alkali and hydrogen ions. This reaction hydrates
the glass surface, forming a gel layer of more stable species
{(glass network). The disscolution of the matrix is the rate
determining step in the overall reaction. As the reaction
progresses, the solution becomes saturated and precipitation of
certaln speciles results. These species interact with the oxides,
hydrides and hydroxides of the gel layer and may form protective
surface layers. [14].

Figure 10. ' Dominant Mechanism. The glass composition (silica and
alkali content) and pH of the solution determine which corrosion
mechanism is most likely. High silica glasses (vycor, pyrex, etc.)
are highly polymerized and ion exchange is the most prevalent
reaction. Poorly durable glasses with little silica and large
amounts of alkali dissclve quickly, forcing the pH to increase into
regions where silica dissolution is accelerated. Most glasses,
including waste glass are somewhere in-between, and either
mechanism may be prevalent, depending on the state of the reaction.

Figures 11, 12. pH Effect. Several studies have shown the effect
of pH on the leaching of silicate glasses. It is shown that above
a pH of 9-10 the corrosion rate of silicaté glasses is greatly
increased [15]. BAlsc, certain low silica and waste glasses have
higher corrosion rates at low pH values as well [15],

Figures 13, 14, 15. 8Si0Q, Stability. The reactants in Eguations 1
and 2 are H,Si03. The solubility of silica increases rapidly at pH

values >»9.5 due to dissocilation of silicic acid. Therefore, an
additional contribution to the hydration free energy, based on the
dissociation constants of silicic acid was calculated as follows:

10" PH 10~2pH

Similar equations are given elsewhere for the pH dependent
dissociation of H4BO5 (1,8-11].

The hydration free energy calculates the relative role of
amoyphous silica dissclution as modified by gel surface layer
formation. The slope of glass durability wversus Ghyd is the

theoretical slope, 1n{l/2.303RT}), of Grambow’s glass dissolution
model {1,5-9,16,17,18]. The model maintains that the dissolution of
all silicate-based glasses can be described by the activity
diagrams for the dissolution of amorphous silica.



Figures 16. Glass Compositions. The compositions of the eight
glasses tested are given in Figure 16.

Figure 17. MCC-1 Test. Since glass dissolution was being examined
for groundwater—-dominated, saturated repository environments, all
the glasses were leached in duplicate by the MCC-1, groundwater
dominated, 28 day durability protocol [19]. All the leachates were
analyzed by Inductively Coupled Plasma (ICP) and Atomic Absorption
(AB) spectroscopy. All the pH values in brine were corrected for
the liquid junction potential by means of an HCl titration.

The glass monoliths were dried at 90°C for 1 hour to remove
adsorbed water but not structural H,O0. The surfaces were examined

by X-ray Diffraction (XRD) analysis on a Phillips vertical
diffractometer with CuK radiation. For maximum sensitivity, the
solid surfaces were examined at low kilovoltage settings and slow
goniometer speeds with each analysis taking between 12-18 hours to
complete. The sclids were alsc examined by Scanning Electron
Microscopy (SEM) with Energy Dispersive Analysis by X-ray (EDAX)
capability. The analyses determined by EDAX were used in
conjunction with the XRD analyses to confirm the identification of
surface precipitates [1].

Figure 18. Leach Test Results. The experimentally determined
release properties of the eight glasses leached in silicate
groundwaters (tuffaceous J-13 and basaltic GR-4) and in brines
(WIPP-A and Permian PBB-3), were found to be defined by the same
linear eguation as glasses leached in deionized water (Figure 18).
The slope of this line is the theoretical slope, 1ln (1/2.303RT),
for glass dissolution controlled by the dissolution of amorphous
silica [1,13,20,21,22,1.

The superposition of the theoretical slope for glass dissolution
in deionized water and in the groundwaters occurs because the - Ghyd
accounts for the effect of final leachate pH on the glass
durability. For all the glasses tested in brine and GR-4 the final
leachate pH did not change from the initial leachant pH. This
decreased the calculated Ghyd values for poorly durable glasses,
e.g. frit 131 [1]. 1In turn, lower Si releases were measured. This
is indicated by the arrows in Figure 1 which lead from the Ghyd
for poorly durable frit 131 in deionized water (pH = 11.06) to the

Ghyd for the same frit in the silicate groundwaters (pH = 9.56 for

J-13, 9.75 for GR-4) [1].

Figure 19. pH vs. NLg;. A strong correlation between the final

leachate pH and the ionic strength was observed for the frit 131
glass in the four groundwaters investigated (Figure 19). Since the
leachate pH reflects the effect of the groundwater-precipitate
chemistry on the glass dissolution, modeling glass dissclution with

the ( Ghyd)pH term accounts for the effects of the secondary phase
formation [1]. '

Figure 20. Objectives. The effects of groundwater composition
ionic strength on glass durability were examined.

Figure 21. Ionic Strength. The total ionic strength of a solution
is determined by the concentration and valence of all present ions;
the calculation (as per Berner) is shown in Figure 21 [23].
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Figure 22. Groundwater Composition. The composition of thk& four
groundwaters tested is shown in Figure 22,

Figure 23. Tiey Vvs. NL;q- The ionic strength of J-13 and GR-4 was

0.0231 and 0.0315, respectively. The wvalues for WIPP-A and Permian
brine were 6.984 and 11.297. The Si and the B released to sclution
from frit 131 were found to be logarithmic functions of the ionic
strength of these four groundwaters despite the widely wvarying
chemistry (Figure 23). The data for deionized water did not appear
to fit the observed dependence of the iconic strength on the glass
durability for this poorly durable glass {1].

Figure 24. Objectives. The effects of “back reaction”
precipitation on glass durability were examined.

Figure 25. Precipitate Schematic. The various crystalline
precipitates found on the leached glass surfaces included calcium
carbonate and a lithian-saponitic clay [1]. Figure 25 shows a
hypothetical view of the cross-section of a leached glass sample.

Figure 26. Surface Species Present. The tri-octahedral smectite
clay, hectorite (a lithium saponite of the composition Li,Mgg_

XSiBOZO(OH)4-xNa+) was identified on the lithium containing glasses

(the 131 and 165 waste glass and the frit 131 glass) in both J-13
and GR-4 groundwater. Saponite was identified on the surface of
the basalt which contains no Li. These siliciocus phases were
primarily found to be enriched in Ca, Fe, Mg, Al, and Ti (Figure
26} . In the frit 131 glass, which contains La, the smectite phase
was enriched in this component (Figure 26). The formation of these
smectites from silica-enriched solutions in the presence of Fe and
Mg at near boiling temperature is consistent with their known
synthesis [1,24].

No crystalline precipitates were observed on the durable
glasses, Si0, and obsidian, in either of the silicate (J-13 or GR-4)

groundwaters studied ({(Figure 26). For the poorly durable ESF
medieval window glasses, the precipitates identified on the glass
surfaces by XRD analysis were dominated by the interactions of the
glass species with carbonate and bicarbonate in the groundwater.
CaCO3 formed on the Ca-rich ESF medieval window glasses while KOH

and NasCag(POy)g formed on the only K- and PO,- containing glass

(ESF 151) [11.
The CaCO5 and Ca-smectite clays are the phases predicted to form

in J-13 water in the presence of SRS glasses at 90°C by the EQ3/EQ6
geochemical modeling code which is based on transition state theory
[25,26]. However, the CaCO; was found to be enriched in Mn rather

than Mn forming a secondary pyrolusite phase (MnOj,) as predicted by
EQ3/EQ6 [1].

Figure 27. TI[y; vs. pH. The initial pH of J-13, GR-4, WIPP-A, and

Permian PBB-3 groundwaters were 7.4, 9.7, 6.5, and 6.3,
respectively (see Appendix I)[1]. For most of the glasses examined,
the pH of the leachant did not change appreciably from the initial
pH values within the sensitivity of the pH measurement technique.
For the poorly durable frit 131 glass, the alkali leaching from the
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glass did drive the pH of J-13 to 9.56, but not to the
measured for deionized water. Coe

Figure 28. Conclusions. By modeling reactions from glass
oxide/silicate to stable aqueous or hydrated species, it is
possible to predict the effects of each component on
glass/groundwater equilibrium., Therefore, the hydration
thermodynamic approach accounts for the ion exchange, matrix
dissolution, and hydrated amorphous precipitation mechanisms
occurring during glass dissolution ([1].

The ionic strength, I[t}, of the groundwater influences the

solubility of species [27] and the cation adsorption properties of
hydrous surfaces [28,29]. Interactions between the glass and the
initial groundwater effect the Tt and the pH of the final

leachate. Since the It and the pH of the leachates are functions

of the precipitation reactions, inclusion of the experimentally
determined solution pH in the Ghyd calculation provides for the

functional dependence of the dissolution rate on the precipitation
[1].

For all the groundwaters, the free energy of hydration,
calculated from the glass composition and the final experimental
pH, was linearly related to the logarithm of the measured silica
concentration. The linear relation was identical to that observed
previously for these glasses during MCC-1 testing in deionized
water. The slope defined is the theoretical slope, 1In (1/2.303RT),
for glass dissolution contrclled by the dissclution of amorphous
silica [11.

In summary, superposition of the linear equation for glass
durability in groundwaters and deicnized water experiments occurs
because of the inclusion ¢f the experimentally determined solution
pH in the free energy of hydration model. Since the final Ir¢; and
the pH of the leachates are functions of the precipitation .
reactions, inclusion of the final solution pH in the free energy
model provides the functional dependence of the dissolution rate on
the secondary precipitation.

Therefore, the hydration free energy model

. can be used to compare glass durability in deionized water
and in repository groundwaters.

. mechanistically accounts for the observed suppression of
glass dissoluticon in saturated groundwater tests [30,31].
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