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Abstract

A simulated waste glass was leached in the presence of bentonite, iron and magnetite (as a corrosion product), with
and without amorphous silica at 60°C for 364 days. These experiments were carried out to assess the effect of silica on
the aqueous alteration of waste glass in contact with engineered barrier materials. The weight losses of samples without
amorphous silica increased with time, while the weights of samples with amorphous silica were almost unchanged. This
shows that the concentration of silicic acid in the porewaters reached the solubility of amorphous silica quickly, so that
the detrimental effects of the engineered barrier materials were efficiently reduced. We also conducted MCC-1 type
experiments with the same glass using silica saturated solutions at 60°C, 75°C and 90°C to understand the alteration
mechanisms of glass under these conditions. The results show that the glass alteration under these conditions is
dominated by glass hydration, and the release of soluble elements from the waste glass closely follows a relationship

dependent on the square root of time. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

As shown in Fig. 1, the Japanese engineered barrier
system (EBS) for high level nuclear waste consists of
vitrified waste, overpack and buffer material. Although
the overpack and the buffer material are designed to
prevent the release of radionuclides from the vitrified
waste, some experiments have shown that these com-
ponents and corrosion products of the overpack can
promote glass dissolution. McVay and Buckwalter [1],
Shade et al. [2] and McGrail [3] revealed that carbon
steel, one of the candidates for the overpack material in
Japan, increased the glass dissolution rate under oxi-
dizing conditions. In the case of a large amount of iron,
the dissolution rate increases by a factor of 20 compared
with that of glass in deionized water. This detrimental
effect of iron has been attributed to the formation of iron
silicates. However, Imakita et al. [4] conducted glass
dissolution experiments with carbon steel under reduc-
ing conditions, and noted that the effect of iron is neg-
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ligible under reducing conditions. Inagaki et al. [5]
performed glass dissolution experiments with magnetite,
which is expected to be the major corrosion product of
carbon steel overpack under reducing conditions, and
showed that the presence of magnetite can enhance glass
dissolution under those conditions. They suggested that
precipitation of silica on the magnetite surface might be
the dominant process for the enhancement. Godon et al.
[6] investigated the dissolution behavior of waste glass in
contact with several kinds of clays. They found that
most clays act as silica sink, consuming silica released
from the glass, and prevent the increase in Si concen-
tration to saturation conditions, except for highly sili-
ceous clay.

As described above, the detrimental effects of the
engineered barrier materials on glass dissolution are
related to the consumption of Si from solution. This
implies that we can depress the detrimental effects by
incorporating soluble siliceous material in the EBS.
Godon et al. [7] demonstrated experimentally the effec-
tiveness of silica additives in the presence of clay. Minet
and Vernaz [8] calculated the long-term durability of the
siliceous additives under repository conditions, and
concluded that a few kilograms of silica additives can
considerably enhance the waste glass durability.
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Fig. 1. The basic concept of geological disposal in Japan.

This study was conducted to assess the effect of silica
on the aqueous alteration of waste glass in contact with
engineered barrier materials. A simulated waste glass
(P0798) was leached in the presence of bentonite, iron
and magnetite (as a corrosion product of carbon steel
overpack), with and without a siliceous additive
(amorphous silica). MCC-1 type static leaching experi-
ments with P0798 glass using silica saturated solutions
were also conducted to understand the alteration
mechanisms of glass under the conditions affected by the
siliceous additive.

2. Experimental methods
2.1. Glass sample

A simulated waste glass P0798, developed by Japan
Nuclear Cycle Development Institute (JNC), was used
as a specimen. The composition of P0798 is shown in
Table 1. Samples with dimensions of 10 mm x 10 mm x
1 mm were finely polished (with cerium oxide for the
final polish) on all the surfaces. The samples were
cleaned ultrasonically with ethanol, and the weight of
the samples was measured before use.

2.2. Integrated leaching experiments

The integrated leaching experiments in the presence
of engineered barrier materials were performed in

Table 1
Composition of P0798 glass
Oxide wt% Oxide wt%
SiO, 46.60 MnO, 0.37
Al,O4 5.00 RuO, 0.74
F6203 2.04 Rh303 0.14
CaO 3.00 PdO 0.35
Na,0 10.00 Ag,0 0.02
B,O; 14.20 Cdo 0.02
Li,O 3.00 SnO, 0.02
ZnO 3.00 SeO, 0.02
P,0s 0.30 TeO, 0.19
Cr203 0.10 Y203 0.18
NiO 0.23 La, 05 0.42
Rb,0 0.11 CeO, 3.34
CSzo 0.75 Prg 011 0.42
SrO 0.30 Nd,0; 1.38
BaO 0.49 Sm, 03 0.29
ZTOz 1.46 EUZO3 0.05
MOO3 1.45 Gd203 0.02
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Fig. 2. Leaching vessel for the integrated leaching experiments.
This figure shows a combination of glass/silica/iron as an ex-
ample. The combinations of the materials in the bottom part
were glass/bentonite, glass/magnetite, glass/iron, glass/silica and
glass/silica/iron. Each vessel contains compacted bentonite in
the middle part.

polycarbonate leaching vessels (Fig. 2). The vessel con-
sists of three parts in order to simulate the Japanese
EBS. The bottom part of the leaching vessels contains
the glass sample and engineered barrier material (ben-
tonite, iron powder or magnetite powder) with and
without amorphous silica powder in five different com-
binations. The combinations were glass/bentonite, glass/
magnetite, glass/iron, glass/amorphous silica and glass/
amorphous silica/iron. The middle part encloses a
compacted sodium bentonite. The sodium bentonite
used is Kunigel V1® (for the mineralogy of Kunigel V1®
see [9]) from Kunimine Industries. The cavity containing
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Fig. 3. Schematic view of the integrated leaching experiment
apparatus.

bentonite was filled so that the dry powder has a dry
density of 1.0 g/cm®. The bentonite was then saturated
with distilled water and the bottom part was attached.
On the top of the vessels, a stainless steel sintered filter
was placed to permit exchange of water. After assembly,
the vessels were immersed in distilled water in Teflon-
coated reaction cells which were kept at 60°C by using a
water bath (Fig. 3). The distilled water was purged with
N, gas and was replaced continuously with a high
pressure liquid chromatography (HPLC) pump at a flow
rate of approximately 5 lI/day. A degasser was placed
between the distilled water reservoir and the pump to
avoid bubble formation. The integrated leaching exper-
iments were carried out for 28, 56, 91, 182 and 364 days.
After each experimental period, the weight losses of the
glass samples were measured. The glass alteration layer
of some selected samples was analyzed by secondary ion
mass spectrometry (SIMS).

2.3. MCC-1 type leaching experiments in silica saturated
solutions

We also performed MCC-1 type experiments [10]
using the same shape glass specimens and silica satu-
rated solutions. The silica saturated solutions were pre-
pared by dissolving amorphous silica (Soekawa
Chemical; purity 99.99%) in distilled water at 60°C,
75°C and 90°C for 1 month. Analyses of the solutions
using inductively coupled plasma atomic emission
spectrometry (ICP-AES) showed Si concentrations of
84, 110 and 150 g/m? at 60°C, 75°C and 90°C, respec-
tively. The ratio of surface area to solution volume
(SA/V) was 10 m~!. As in the first series of experiments,
we leached the glass specimen at 90°C for a period of
400 days to understand the long-term glass alteration. In
the second series of experiments, we investigated the
effects of temperature on the alteration rate. Samples
were leached at 60°C and 75°C for 100 days. After the
leaching experiments, the glass samples were subjected
to several surface analyses, including optical microscopy
(OM), SIMS, transmission electron microscopy (TEM)
with Energy dispersive X-ray spectrometry (EDS), and
X-ray diffraction (XRD) with a thin film attachment
which can be used for XRD analysis of a very thin layer
(>10 nm thick). The solution was analyzed for several

components of the glass using ICP-AES and atomic
absorption spectrometry (AAS).

3. Results and discussions
3.1. Integrated leaching experiments

The weight losses and the dissolution rates of samples
as a function of time are shown in Figs. 4 and 5,
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Fig. 5. Dissolution rates versus time.
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respectively. The values for the glass/iron combination while those of samples with amorphous silica were al-
may be underestimated because small amount of iron most unchanged. This agrees with the results of Godon
particles adhere to the samples. The weight losses of et al. [6]. The dissolution rates based on weight loss for
samples without amorphous silica increased with time, the combination of glass/bentonite and glass/magnetite
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Fig. 6. SIMS depth profiles for P0798 glass after 182 days leaching with engineered barrier materials at 60°C. (All profiles are
normalized to that of the ‘inert’ element Al.)
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were around 0.1 g/m?/day after 364 days. On the other
hand, the dissolution rates for the combinations glass/
silica and glass/silica/iron were very low, on the order of
1073 or 10~* g/m?/day. These results indicate that the
concentration of silicic acid in the porewaters reached
the solubility of amorphous silica quickly, so that the
detrimental effects of the engineered barrier materials
were efficiently reduced.

Fig. 6 shows SIMS profiles of H, B, Na, Cs, Ce and
Si for the samples leached for 182 days. Although the
other samples have altered layers, the sample for the
combination of glass/magnetite has no altered layer.
This result indicates that glass dissolution for this
combination is congruent, whereas those for the others
are selective.

3.2. MCC-1 type leaching experiments in silica saturated
solutions

The surfaces of glass samples after leaching were
glossy and showed no visible alteration. However, op-
tical microscope and transmission electron microscope
observations exhibited an altered layer on the surface of
the sample leached at 90°C for 400 days. Fig. 7 is a
photomicrograph of a thin section of the sample. In this
figure, an altered layer was observed. The position of the
altered surface is the same as that of the original surface,
which is indicated by the polished surface of the opaque
particle located in the center of the figure. This obser-
vation implies that matrix dissolution is negligible under
silica saturation conditions. Fig. 8 shows TEM photo-
micrographs of the same sample. Some fracturing of the
glass has occurred during the microtomy due to differ-
ences in the hardness of the glass and epoxy resin. It can
be seen that the 4 pm thick altered layer (Fig. 8(a)), that
is slightly lighter than the unaltered glass, is not com-
posed of a porous ‘gel’ as formed by matrix dissolution.
Analysis of the altered layer with EDS shows depletion
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Fig. 7. Photomicrograph of a thin section of P0798 glass after
400 days leaching at 90°C. Opaque particles are oxides of
platinum group elements originally included in the glass sample.
The position of original surface is indicated by the polished
surface of the opaque particle located in the center of the figure.

of Na and Zn compared to the unaltered glass. The
outermost portion of the altered layer is composed of a
fibrous clay mineral (Fig. 8(b)). EDS analysis indicates
that the clay mineral consists of mainly Si, Zn and Na.

The clay mineral on the altered glass surface was
analyzed using XRD with thin film attachment. The
XRD results show a 14 A reflection (Fig. 9(a)), which
shifted to 17 A after ethylene glycol solvation (Fig. 9(b)).
These results indicate that the clay mineral has a smec-
tite-like structure.

SIMS profiles of H, B, Na, Cs, Cs and Si for the same
sample are given in Fig. 10. The reciprocal depletion of

Fig. 8. TEM photomicrograph of P0798 glass after 400 days leaching at 90°C: (a) an entire view of the altered layer; (b) a higher

magnification view of the clay mineral on the altered glass surface.
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Fig. 9. XRD patterns of P0798 glass after 400 days leaching at
90°C: (a) air-dried sample; (b) ethylene glycol saturated sample.
Two reflections around 30° are assigned to oxides of platinum
group elements in glass.

B and Na as compared with an increase in H in the
altered layer implies that the glass has undergone glass
hydration. On the other hand, the lack of depletion of Si
in the altered layer suggests that silica saturation in the
solution prevents glass matrix dissolution. This agrees
with the results of OM and TEM observation. The
shapes of the elemental profiles are similar to those of
the samples leached with amorphous silica powder
(Figs.6(d) and (e)). This similarity implies that those
samples were also altered by the same mechanism.
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Fig. 10. SIMS depth profiles for P0798 glass after 400 days
leaching at 90°C. (All profiles are normalized to that of the
‘inert’ element Al.)

Fig. 11 shows the thickness of the altered layer as a
function of the square root of time. The thicknesses of
altered layers in SIMS profiles of each sample were used
for this plot. Those of the altered layer calculated based
on the normalized elemental mass loss (NL) values for
Na and B were also plotted in Fig. 11(a). The calculated
thickness of the altered layer agrees well with the mea-
sured thickness. This agreement implies that the position
of the glass surface has not changed, and is consistent
with the OM observation described above. It is also
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Fig. 11. Thickness of the altered layer versus the square root of time for P0798 glass leached in silica saturated solutions: (a) 90°C;
(b) 60°C and 75°C. The results of integrated experiments with silica are also plotted in (b).
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noted that the square root of time relationship for glass
hydration is observed at the temperatures of 60°C, 75°C
and 90°C. This relationship agrees with the results ob-
tained from leaching experiments with powdered glasses
[11-13]. Linear regression analyses of measured values
resulted in glass hydration rates of 0.04, 0.005 and 0.001
pum?/day at 90°C, 75°C and 60°C, respectively. The
measured altered layer thicknesses derived from the in-
tegrated experiments are slightly smaller than those of
the sample leached by the MCC-1 type experiments (Fig.
11(b)). The reason of these differences might be related
to solution pH.

The hydration rates were plotted versus temperature
(expressed as 1000/T K ') in Fig. 12 together with those
of high silica glasses (SiO, > 70 wt%), that were hy-
drated with deionized water [14—-16]. The glass hydration
rates of PO798 glass at each temperature are almost the
same as for those glasses. The temperature dependence
of hydration rates of P0798 glass can be expressed by the
following Arrhenius equation:

k = 6.75 x 10" exp(—120/RT), (1)

where k is the hydration rate (um?/days), R the gas
contant (8.3145 J/mol/K) and T is the temperature (K).
The activation energy of 120 kJ/mol is higher than those
for high silica glasses, which have undergone glass hy-
dration. Furthermore, the activation energy of 120 kJ/
mol is in fair agreement with that of Na diffusion in
P0798 glass (113 kJ/mol for 155-300°C) [17]. This co-
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Fig. 12. Arrhenius diagram for hydration rates of various
glasses.
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incidence indicates that glass hydration, dominated by
diffusion, is the alteration mechanism of waste glass
under silica saturation conditions.

In Fig. 12, the hydration rates of basalt glass, which
was hydrated with silica saturated solutions [18], were
also plotted. Since Berger et al. [18] did not cite the
hydration rates of basalt glass, we calculated the rates
based on the square root of time relationship of their
raw data. It is noted that the basalt glass has about the
same temperature dependence of glass hydration,
whereas the activation energy is slightly lower than that
of P0798. These results imply that glass hydration is the
principal alteration mode independent of glass compo-
sition under silica saturation conditions.

4. Conclusion

Leaching experiments in the presence of engineered
barrier materials were performed with and without
amorphous silica (integrated leaching experiments), to
assess the effect of silica on the aqueous alteration of
waste glass in contact with engineered barrier materials.
The results of these experiments show the usefulness of a
soluble silica additive for geological disposal of waste
glass. The presence of amorphous silica effectively re-
duced the detrimental effects of the engineered barrier
materials, because the concentration of silicic acid in the
porewaters reaches the solubility of amorphous silica
quickly.

MCC-1 type leaching experiments under silica satu-
ration conditions demonstrate that the glass alteration
under these conditions is dominated by glass hydration,
and the release of soluble elements from waste glass
closely follows a relationship dependent on the square
root of time.

These studies imply that the prediction of long-term
dissolution behavior of waste glass can be simplified by
using a soluble siliceous material as an additional engi-
neered barrier.
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