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Abstract

In the context of the geological disposal of vitrified radioactive waste, cracks are expected at the full scale of the glass blocks.
To simulate glass alteration in cracks, static dissolution experiments were conducted with confined SM539 glass powder, at
30 °C in a synthetic young cementitious water. Short and long-term glass dissolution rates were determined and compared
with those measured in similar experiments with dispersed glass powder. A long-term rate ~ 10 times lower was found,
which might be due to a limited access of the solution to the glass surface area, resulting in a much higher local SA/V and
faster increase of local concentrations of leached glass constituents, with possibly a lower local pH. In both types of experi-
ments, the altered glass powder was characterised by XRD and SEM-EDX. Some glass particles showed the presence of an
amorphous multi-layer and of fibrous and spherical secondary phases.

Introduction

At the international level, deep geological disposal is the ref-
erence solution for the long-term management of high-level
and/or long lived radioactive waste, including the vitrified
waste coming from reprocessing of spent nuclear fuel [1,
2]. Such a geological disposal relies on a combination of
engineered barriers and a natural barrier to avoid the release
of radionuclides and other contaminants above concentra-
tions at which they could present an unacceptable risk for
man and the environment. The engineered barriers should
be designed to provide complete containment of the heat-
generating waste at least during the thermal phase. Concrete
is one of the engineered barrier materials. Hence, after a
certain time, the glass will be exposed to (hyper)alkaline
cementitious water. A research programme was developed
at SCK CEN to determine glass dissolution rates and altera-
tion mechanisms under such conditions [3, 4]. Most of the
experiments were static glass dissolution experiments, i.e.
without leaching solution renewal, which were conducted
to study the dissolution rate in closed systems, where the
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cement water composition evolves as a consequence of the
glass dissolution. The temperature of 30 °C was selected
as a reference temperature, as it is not too far from the
expected host rock temperature in the Belgian disposal sys-
tem (16 °C). As part of this programme, static dissolution
experiments were carried out to investigate whether glass
alteration is different for the internal surface (the cracks) and
the external surface of the glass. Indeed, the pH in the cracks
might be not as high as the pH of the cement pore water and,
as the dissolution will progress, cracks could be filled with
precipitates, leading to a decrease of the glass dissolution
rate. This paper presents a summary of these static dissolu-
tion experiments performed at 30 °C in a synthetic young
cementitious water with both confined and dispersed SM539
glass powder. SM539 is a Belgian reference waste glass.

Materials and methods

SM539 glass monoliths and glass powder with a 53—-125 um
size fraction and a BET (Kr) specific surface area of
0.120 +0.001 m%g were prepared as described in the sup-
porting information (S.I). The nominal composition of
SM539 glass is given in Table S1. The leaching solution
was a synthetic young cementitious water (YCWCa) with
a pH g o) of 13.3+0.2, containing 12,900 + 1200 mg/L of
K, 3300+ 320 mg/L of Na, and 16 + 1.5 mg/L of Ca. Static
dissolution experiments with glass powder were conducted
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with slow magnetic stirring (130 rotations per minute using
a magnetic stirrer with 9.5 mm diameter and 38 mm length)
in an oven at 30 °C placed in a glove box under Ar atmos-
phere. In one test series, the glass powder was tightly con-
fined between a wire mesh. In this setup, the cracks were
simulated by the narrow interstitial space between the glass
particles. In another test series, the glass powder was dis-
persed. For all experiments, 3.5 g of glass powder and four
glass monoliths were added in 130 mL of YCWCa, corre-
sponding to a glass powder surface area to solution volume
ratio (SA/V) of 3230 m™! (Fig. 1 and Table S2). In experi-
ments with confined glass, the local SA/V ratio (consider-
ing only the volume inside the wire mesh) was, however,
much higher, i.e. 200,000 m~!. Both types of experiments
were performed in duplicate. A blank test without glass was
also conducted, showing that the solution composition was
constant over time. The sampling procedure is given in the
S.I. From the elemental concentrations released in the bulk
solution, the normalised losses (NL) and the retention fac-
tors were calculated (SI Eqgs. 1-2). The (possibly different)
concentrations between the confined glass particles could
not be measured. Under the experimental conditions used
in this study, boron was considered as a good glass dissolu-
tion tracer allowing the determination of the equivalent glass
alteration layer thickness and of the short- and long-term
glass dissolution rates (SI Eqs. 3—4). For comparison, dis-
solution rates were estimated from the mass losses of the
altered glass monoliths. At the end of the tests, i.e. after
313 days, the altered glass powder was characterised by
X-ray diffraction (XRD) and scanning electron microscopy
with energy dispersive X-ray (SEM-EDX), as described in
the S.I.

Results and discussion
During the whole test duration, the pH remained constant

at the reference pH value of YWCa (Fig. S1). The elemen-
tal release of Si, B, Ca and Al with time is shown in Fig. 2.

(a)
PTFA container

SM539 glass monolith |
Teflon ® sample holder

Magnetic stirrer

SM539 glass powder

Fig.1 a Experimental setup for the static dissolution experiments
at 30 °C in YCWCa with dispersed SM539 glass; b sample holder
attached to the lid of the container for the experiments with confined
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(b)

In the experiments with dispersed glass, B concentration
increased up to ~ 825 mg/L after 313 days whereas it lev-
elled off rapidly at~275 mg/L with confined glass. In both
types of experiments, a similar evolution was observed for
Si and Al concentrations: they increased and then levelled
off at ~300-400 mg/L and ~200-250 mg/L, respectively.
This might indicate that similar phases controlled Si and
Al in solution, as suggested by SEM-EDX analysis. The
Ca concentration decreased from 16 to <3 mg/L, which
could be explained by the retention of Ca in the glass
alteration layer made of an amorphous alteration layer and
secondary phases, as shown by SEM.

The normalised loss (NL) for Si, B, Al and Li is given
in Fig. 3. In all experiments, B and Li were released con-
gruently in solution, whereas Si and Al were retained in
the glass alteration layer, with a retention factor of ~45%
and ~79% with confined and dispersed glass, respec-
tively. NL(B) increased up to~2.4 g/m? after 313 days
with dispersed glass whereas it levelled off at~ 1.1 g/m?
after 203 days with confined glass. From the slopes of
the NL(B) linear regressions, short-term dissolution rates
of 0.07 g/m? day and 0.035 g/m? day were determined
between 0 and 7 days with dispersed and confined glass,
respectively. The long-term dissolution rate between 41
and 313 days with dispersed glass was equal to 0.0054 g/
m? day, which was 10 times higher than the long-term dis-
solution rate of 0.0005 g/m? day between 203 and 313 days
with confined glass. The lower glass dissolution rate with
confined glass is presumably caused by the reduced acces-
sibility of the solution to the glass surface, resulting in a
much higher local SA/V and faster increase of local con-
centrations of leached glass constituents, with possibly a
lower local pH. The glass dissolution rates reported in this
study for the experiments with confined glass are lower
than the maximum dissolution rate of 0.4 g/m* day meas-
ured in dynamic tests with YCWCa (unpublished data), i.e.
11 and 800 times lower for the short-term and long-term
dissolution rates, respectively. From NL(B) after 313 days,
equivalent glass alteration layer thicknesses of ~0.5 um
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Fig.2 Evolution of the boron, silicon, aluminium, and calcium concentrations in the static dissolution experiments at 30 °C in YCWCa with

confined and dispersed SM539 glass powder
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Fig.3 Evolution of the boron, lithium, silicon and aluminium normalised losses in the static dissolution experiments at 30 °C in YCWCa with a

dispersed SM539 glass and b confined SM539 glass

and ~ 1.2 pm were calculated with confined and dispersed
glass.

In both types of experiments, glass dissolution rates
from the monolith mass losses (Fig. S2) were comparable,
as expected due to their similar position in the containers.
They decreased with time from~0.12 to~0.012 g/m? day,
the latter rate being ~2.2 times higher than the long-term
NL(B) rate with dispersed glass. Such a difference can be
explained by an overestimation of the glass surface area by
using BET measurement as reported in [5]. Consequently,

the glass dissolution rates from the monolith mass losses are
in agreement with those from NL(B) with dispersed glass.

XRD analysis on the glass powder altered for 313 days
showed the presence of a broad peak between 15 and 40°
(26) characteristic of amorphous silica from the unaltered
glass (Fig. S3). A few diffraction peaks were detected, but
the identification of the corresponding crystalline phases
was not possible.

Regardless the type of experiments, after 313 days of
leaching, the surface of the glass particles observed by SEM
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Fig.4 SEM picture and elemen-
tal mappings of an altered glass

particle showing lamellar layers
and secondary phases

7 im —

was not uniformly altered, and fibrous and spherical sec-
ondary phases were present (Fig. S4). The cross sections of
some glass particles (Fig. 4) showed an amorphous altera-
tion layer consisting of different regions: a dense band on the
outer edge of the layer (i.e. in contact with solution), a finely
banded region, where the bands were ‘scalloped’ in mor-
phology, and a more porous region close to the surface of the
unaltered glass. Both the amorphous layer and the secondary
phases contained O, Si, K, Al, Ca and to a much lower extent
Na, with an Al/Si ratio of 0.7, and a Ca/Si ratio of~0.2,
which is significantly lower than expected for Calcium Sili-
cate Hydrates (typical end members have a Ca/Si ratio of 0.8
and 1.6). Such glass alteration profiles with lamellar layers
were reported by many authors [6-8] and can be explained
by the dissolution/reprecipitation alteration glass model, as
proposed in [9]. Based on the SEM pictures, the thickness
of the amorphous alteration layer could reach up to 6 pum,
which was much higher than the calculated thicknesses from
NL(B).This indicates that some glass particles were altered
with a rate of 0.05 g/m? day, which is close to the NL(B)
short-term rate.

Conclusions

Static dissolution experiments were performed at 30 °C in
a synthetic young cementitious water at pH 3 oc, 13.3 with
dispersed and confined SM539 glass powder. Based on the
boron normalised losses, a long-term glass dissolution rate
of 0.0054 g/m? day was determined with dispersed glass
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whereas a long-term rate ~ 10 times lower was measured
with confined glass. This lower rate might be due to a
limited access of the solution to the glass surface area,
resulting in a much higher local SA/V and faster increase
of local concentrations of leached glass constituents, with
possibly a lower local pH. In future, the hypothesis of a
possible pH decrease will be tested by performing geo-
chemical calculations. In both types of experiments, SEM-
EDX analysis showed for some altered glass particles
the presence of an amorphous multi-layer, which can be
explained by the dissolution/reprecipitation glass altera-
tion model. In addition, the presence of fibrous and spheri-
cal secondary phases growing on the amorphous layer was
observed, but due to their very small amount, their identi-
fication was not possible. A grain size fractionation could
be applied in order to separate the secondary phases from
the altered glass particles, which might allow their iden-
tification by SEM-EDX and XRD. Other complementary
techniques such as microfocused X-Ray Fluorescence and
X-ray Absorption Spectroscopy could also be used for a
better characterisation of the secondary phases. Moreover,
the porosity of the amorphous multi-layer could be studied
by Transmission Electron Microscopy.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1557/s43580-022-00214-5.
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