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Corrosion of the International Simple Glass under acidic to

hyperalkaline conditions

Daniel J. Backhouse', Adam J. Fisher', James J. Neeway?, Claire L. Corkhill

', Neil C. Hyatt' and Russell J. Hand @'

Assessment of glass dissolution kinetics, under disposal relevant temperature and pH environments, is required to credibly estimate
radionuclide release rates from vitrified radioactive waste. Leaching of the International Simple Glass (ISG) under acidic to
hyperalkaline conditions was examined. Forward rate measurements have been obtained using the dynamic leaching SPFT
protocol and rate parameters for B, Na and Si in the basic regime; errors in rates predicted using these parameters at high pH and
temperature are significant because the fitting uses logarithmic data. Longer term behaviour under hyperalkaline conditions,
representative of some disposal environments, was investigated using the PCT and MCC-1 static leaching protocols with Ca(OH),
solutions for up to 120 days (PCT) and 720 days (MCC-1). In hyperalkaline conditions dissolution was incongruent for all elements
and the presence of alternating zirconia-rich and zirconia-poor alteration layers was observed on all leached monoliths, indicating
the occurrence of a self-organisation phenomenon during leaching.

npj Materials Degradation (2018)2:29; doi:10.1038/s41529-018-0050-5

INTRODUCTION

Radioactive waste produced from the reprocessing of spent
nuclear fuel in the UK and other countries is immobilized in alkali-
borosilicate glasses, and is destined for final disposal in a deep
(typically >500 m) geological disposal facility (GDF). In this
environment, the release of radionuclides to the geo-sphere and
potentially the bio-sphere will be controlled by dissolution of the
glass matrix by groundwater. Developing an understanding of
glass dissolution is therefore critical to building a robust safety
case for geological disposal, whereby the integrity of the waste
must be ensured for up to 100,000 years. In particular, an
assessment of the kinetics of glass dissolution is required under
relevant temperature and groundwater pH environments, to
credibly estimate the radionuclide release rate.

In the UK, co-location of the geological repository for vitrified
high level waste (HLW) with the repository for intermediate level
waste (ILW), containing primarily cemented waste in a cementi-
tious backfill, is being considered.! Thus possible interactions of
the vitrified HLW with a highly alkaline plume originating from the
ILW repository have to be taken into account. In addition, in the
future, some UK ILW may be vitrified and, due to the difference in
heat-load requirements for vault spacing, such vitrified ILW will
probably be disposed in the same repository as cemented ILW.
Hence understanding the leaching behaviour of vitrified waste
glasses under the hyperalkaline conditions imposed by a
cementitious environment is important for the development of
the repository safety case.

The dissolution kinetics of alkali-borosilicate glass in water are a
function of glass composition, temperature, pH and solution
chemistry. The forward dissolution rate is controlled by ion-
exchange between the glass network modifier cations (alkali and
to a lesser extent alkaline earth) and positively charged water
species, and by the hydrolysis of the borosilicate glass network.>*

Here, the glass dissolves at its maximum rate until the rate drops
because of chemical affinity effects (due to concentrations of
dissolved silicon in solution) reduce the thermodynamic driving
force for dissolution and/or a passivating alteration layer forms on
the surface of the glass). The chemical affinity effect can be
described through the application of Transition State Theory®
(TST). The modified version of this kinetic rate equation for glass
(originally applied to aluminosilicate minerals by Aagaard &
Helgeson,” assuming that the rate-limiting reaction is the
dissolution of the silicate network to form orthosilicic acid®
(H4Si0y), is given by:

E, Q\°
r= koz/iaﬂ+exp<f ﬁ) {1 - (K—g) } )]

where r is the dissolution rate and kg is the forward rate constant
(both in g m~2 d™"), v; is the stoichiometric coefficient for element
i, E, is the activation energy in J mol™, R is the molar gas constant
(8.314Jmol™' K™"), T is the absolute temperature (K), ay, is the
hydrogen ion activity, n is the pH power-law coefficient, Q is the
ion activity product, K; is the pseudo-equilibrium constant
(solubility constant) for the rate-controlling reaction and o is the
Temkin coefficient/rate of decomposition of the activated com-
plex (assumed to be unity for borosilicate glass).” Hence, the
saturation state of the solution is described by the terms in square
brackets in Eq. (1). The single-pass-flow-through (SPFT) methodol-
ogy, which is designed to avoid chemical affinity effects and the
formation of alteration layers, enables assessment of the forward
rate when the saturation term equals unity. Providing that forward
dissolution rates are measured in experiments performed over a
range of temperature and pH values, the SPFT methodology
enables the determination of the rate law parameters ko, E, and n.
Obtaining accurate rate law parameters is important since these
parameters can be used as input to kinetic models of glass
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determined from SPFT showing data from this study and Neeway et al.'

Error bars are the standard error calculated using Egs. (7)-(8); b

Compiled forward dissolution rates using data from this study and from Neeway et al.'® showing logo [Rg/(g m ~2 d™")] versus pH (modelled at
experimental temperature) from all experiments. The solid lines are obtained from a multiple linear regression fit to the data in the basic
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dissolution for safety assessments of the geological disposal of
nuclear waste.

Understanding the effects of the chemistry of the disposal
environment on glass dissolution are also important. In hyperalka-
line conditions, such as those expected in a UK disposal
environment, borosilicate glass durability tends to be relatively
poor. Our previous work on the performance of a model ILW glass
in saturated Ca(OH), solutions at 50 °C and 90 °C (pH(RT) = 12.5),
representing a cementitious environment, demonstrated that the
presence of Ca leads to the formation of relatively protective
alteration products on the glass surface.®™'" These results together
with those of Andriambololona et al.'> and Chave et al.'
demonstrate the importance of Ca in determining the behaviour
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of the glass studied under such pH conditions. Meanwhile Gin
et al."* have shown that at pH(90°) = 11.5 in a KOH solution the
international simple glass (ISG) dissolves congruently. However Ca
(OH), solutions will result in precipitation in both the inlet and
outlet SPFT experiments and thus the effects of Ca have been
assessed using the PCT and MCC-1 protocols.

ISG, which has been developed for international researchers for
use in glass dissolution research,” is a six-component, non-
radioactive alumino-borosilicate glass with nominal composition
12.7Na,0-5.7Ca0-1.7Zr0,-3.8A1,05-16.0B,05-60.15i0, (mol%) sim-
plified from the French inactive surrogate of the R7T7 nuclear
waste, SON68. Here we report on the assessment of the forward
rate for ISG over a range of pH values and temperatures, together

Published in partnership with CSCP and USTB



with an evaluation of the rate law parameters. In addition we
report on the performance of ISG, at essentially the same pH as
that studied by Gin et al,'® but in a Ca(OH), imposed high pH
which is more representative of likely disposal conditions in the
UK than a KOH imposed elevated pH.

RESULTS

Acidic and alkaline conditions—forward dissolution rate and rate
law parameter determination under dilute conditions
Investigations to establish suitably high solution flow-rate (q) to
sample-surface-area (S) ratios (logio([g/S//(ms™")]) to represent
dilute conditions and sustain dissolution at the forward rate (q/S
sweeps), were first undertaken at pH(RT) 9 and 40°C; such

Table 1. Rate parameters for B, Na and Si obtained by linear multi-
variate regression analysis of SPFT data obtained in the basic regime
logrolko/gm=2d™") n E,/kJ mol™
B 8.62 +0.54 0.34+0.03 79.5+3.5
Na 8.79+0.75 0.34+£0.04 80.3+4.8
Si 7.95+0.73 0.38+0.04 774+47
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conditions are expected to be representative of the GDF (see
Supplementary Table 1). The g/S sweep is shown in Fig. 1a, in
which the dissolution rates show little dependence on g/S instead
being scattered around mean dissolution rates of 0.0156 gm==d™"'
(B), 0.0131 gm=2d™" (Si) or 0.0145 g m™d™" (Na). This is consistent
with the data of Neeway et al.'® who reported an invarient
response at 90 °C using the same buffer solutions as those used
here. In addition, data showing the determination of steady-state
conditions for a selection of experimental conditions are provided
in Supplementary Figures 1a and b. Note that steady-state rates
are only representative of a forward rate conditions if they fall on a
plateau of a g/S sweep.

The forward dissolution rate (R;, where i is Si, B or Na) of the ISG
at pH(RT) 9 and 40 °C was obtained from the mean value of the
dissolution rates measured at log,0[(g/S)/(m s7)] in excess of -7.4.
This value for logqol(g/S)/(ms™)] (or one in excess of this value)
has been used in numerous other SPFT studies of alkali-
borosilicate glass.'””2° A logq0l(g/S)/(ms™)] value of -7.0 was
chosen to conduct rate law determination experiments, with
confidence that dilute conditions, enabling the accurate measure-
ment of forward dissolution rates, would be maintained over all
temperatures studied; the data of Neeway et al.'® indicates that a
logiol(g/S)/(m s™)] value of -7.0 is sufficient to achieve forward
rate conditions at 90°C which is expected to be the most
aggressive condition studied here. Forward rates (Rg, Rs; and Rya)

b) 50
v Na
Na fit
L P
N B fit
‘E 30k Y 4
L0 Y . v *
-~ 20+ Y - ]
=z .
10 Y
»
/
0 4 1 L L
0 200 400 600 800
Time /d
) 1.2
10 -
¥
o 08 % 1 I 3
_Jz Y
Z o6
)
z
0.4
v B
02 — Al
0.0 [ e Il |
0 200 400 600 800
Time /d
) 0.10
e pcT
0.08 ®  MmCC1
Fit to all data
~
I
£ 006 ‘I
Yy |
S
7 0.04 |-
=z
002 &
L
0.00 I. o 1 1 ol
0 200 400 600 800 1000

Calcium concentration /mg L 1

Fig.2 Leaching data for ISG in saturated Ca(OH), solutions: a PCT and b MCC-1 normalised mass loss of Na and B; ¢ PCT normalised mass loss
of B, Al and Si divided by normalised mass loss of Na and d MCC-1 normalised mass loss of B and Al divided by normalised mass loss of Na; e
PCT and MCC-1 calcium concentration in solution as a function of time; f normalised mass loss of Si as a function of Ca concentration in
solution. Points are means of two samples and error bars the associated standard deviations. Lines drawn as a guide to the eye except in (a, b)

where NL; = Atan~" (£) has been used and (f) where a decaying exponential fit (NLs; = 0.1616exp(—0.0175[Ca/(mgL™")])) has been used
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from all experiments are provided in Supplementary Table S2,
which also details the experimental conditions and average
steady-state concentrations of B, Si and Na in ppm.

The forward dissolution rates of B (Rg), as a function of pH and
temperature are shown in Fig. 1b together with data from Neeway
et al.'® demonstrating a good correlation between the two
datasets. All of the forward dissolution rate (R;) data from the basic
pH regime (pH 8-12) for B, Na or Si were used as input to perform
a linear multi-variate regression (LMR) on the following Equation:

Ea
2.303RT

to extract the rate law parameters (k,, n and E,) in Eq. (1). The
parameters determined for all three elements are given in Table 1
and the resultant calculated rates at each temperature studied in
the basic pH regime for B are shown as solid lines in Fig. 1b.
Dissolution rates for Si are compared with other data in the
literature in Fig. 1c. In some experiments particles were examined
by SEM after the test. This revealed features indicative of localised
preferential attack (Fig. 1d) and also what appear to be
dehydration cracks (Fig. 1e and Supplementary Figure S2).

logo(Ri) = l0g1(ko) — nlogsg(ay+) — @

Hyperalkaline conditions

The leaching behaviour of ISG in a saturated Ca(OH), solution
exhibited the conventional reduction in normalised loss rate with
increasing time in both PCT and MCC-1 tests (Fig. 2a, b), although
the normalised mass losses for Na, B and Al obtained from MCC-1
are significantly larger than those obtained from PCT (compare
Fig. 2a with 2b). The glass particle surface area to solution volume
ratio in the PCT tests will reduce with time as the particles
agglomerate due to the precipitation of presumed calcium silicate
hydrate (C-S-H) phases; EDS showed that the phase formed on the
surface of the alteration layer was rich in Ca, Si and O (H not being
detectable by EDS) and the needle-like morphology is typical of C-
S-H phases. Although C-S-H precipitation occurred in both PCT
and MCC-1 (see Fig. 3), in PCT most of the Ca was removed from
solution by 112 days, whereas with MCC-1 the amount of Ca in
solution remained relatively unchanged even after 720 days,
despite a small initial drop during the first 3 months of the test
(Fig. 2e). Throughout the MCC-1 test no Si was detected in
solution indicating that there was always sufficient excess Ca
present to both react with Si to form C-S-H phases and to maintain
the Ca concentration in solution. In PCT, Si was detected in
solution throughout the test with the concentration increasing
with time as the concentration of Ca in solution decreased (Fig. 2f),
after an apparent incubation period of ~3 days. Based on solution
analysis, incongruent leaching was seen in all experiments, with
the leaching of B and Na being closer to congruent in MCC-1 (NLg/
NLys ~0.8) than in PCT (NLg/NLy,~0.6) (Fig. 2c, d). Initial
normalised loss rates (not to be confused with the forward rate
measured in SPFT) and final normalised mass loss rates, r; and ry,
for B and Na release are given in Table 2. The rates at t =0 day
and 720 days have been calculated by empirically fitting the NL;
curves with NL; = Atan™' (§); the fits are shown in Fig. 2a, b. The
initial values were higher for MCC-1 but the final values were
higher for PCT.

Cross-sections of MCC-1 monolith samples exposed to the Ca
(OH), environment for periods of 30-720 days show the
development of a banded alteration region (Fig. 3a-f). From
180 days irregular deposits also appeared on the outermost
surface. EDS indicates that the deposits have a Ca/Si ratio of ~2.2
at 180 days that declines to ~1.7 at 720 days; the Ca/Si ratio of the
alteration layer was always lower than that of the precipitates
(Table 3). The banded appearance of the alteration layer below the
actual glass surface is evident in both secondary (not shown) and
back-scattered electron (BE) imaging modes (Fig. 3); elemental
mapping has shown the layers to be Ca-rich and alternately Zr-rich

npj Materials Degradation (2018) 29

and Zr-poor as compared to the original glass (Table 3 and Fig.
3h). In addition, the layer closest to the glass (seen at 180, 540 and
720 days) had a higher Ca content and an intermediate Zr content
compared to the original glass (Fig. 3h). In all of the layers the Si
and Al content was less than that in the original glass.

Micro-focus XRD performed on a thin section of the 720 day
sample, sectioned to analyse the alteration layer, indicated that
portlandite (Ca(OH),; PDF card[01-076-0571]) was present. Some
additional peaks were also observed (Fig. 3i), however, despite an
extensive search no satisfactory match has proven possible. The
portlandite is thought to be present in the precipitates formed on
the outside of the alteration layer; as the solution that the samples
were in contained an excess of Ca(OH), powder it is possible that
portlandite detected by XRD originated from the solution, rather
by precipitating out of solution.

DISCUSSION

As shown in Fig. 1a, good agreement was found between the data
collected in this study and that of Neeway et al.'® and the
combined data sets were used to obtain the rate parameters in
Table 1. Figure 1c shows that the silicon foward rates (Rs;),
obtained at different pH and T are smaller by factors varying
between 2 and 7 than those obtained by Inagaki et al.?' using the
micro-channel-flow through (MCFT) methodology (depending on
specific pH and temperature, Supplementary Table S3); data
obtained at logl[(g/5)/(m s™")] = =5.1. Fournier et al.*? also report a
forward rate for Si obtained at 90 °C and pH (90°C) 10 in SPFT of
16.7gm=2d™" (Supplementary Table S3). The data of Fournier
et al. were obtained at log[(g/S)/(ms™")] =—4.8; this represents
very dilute conditions which would give results below the
detection limit in the work undertaken here. Thus the difference
in results may be due to the higher flow rates used by Inagaki
et al. and Fournier et al. The solution pH buffer utilised by Inagaki
et al.?' contained KCl and HCl and that utilised by Fournier et al.>
contained KOH; it is possible that K participated in ion-exchange
reactions with alkali elements (i.e,, Na) in the glass, enhancing the
dissolution rate.?® Alternatively alkali and alkaline earth salts have
also been shown to increase the dissolution rate of both
amorphous silica?* and crystalline quartz®® In contrast, the use
of TRIS buffer, to stabilise the solution in the range pH(RT) 7 to 9 in
this investigation, and more widely utilised'”'?%2%728 precludes
these effects, although it has been suggested that TRIS can
complex with B and thus accelerate the dissolution of borosilicate
glasses.?® However, from pH(RT) 9 to 11 we did use a LiCl/LiOH
buffer that could be subject to the same issues. The effects of
buffer selection for glass durability assessment requires further
investigation.

Although the forward rates measured by Fournier et al.* are in
clear disagreement with those calculated from the data con-
sidered here, using the data in Table 1 gives a predicted forward
rate for the pH and temperature conditions utilised by Fournier
etal. of 4157342 gm=2d"". The very large error bands quoted in
this predicted forward rate is due to the fact that a normally
distributed error band for log,y(R;) becomes a log normally
distributed error band for R; with a significant asymmetry in the
positive and negative error bars. Wider investigations (not detailed
here) indicate that similarly large errors in the predicted forward
rates, R;, (as distinct from log,,(R;) values) arise with all dissolution
data sets reported in the literature especially for higher
temperatures and pH values (see, for example, Corkhill et al.)*°
Thus while the forward rate measured by Fournier et al. is
significantly faster than the rates obtained here, the reported rate
actually lies within the error band given by the rate parameters
obtained in this work. Reduction of the errors in the predicted
rates requires significantly larger data sets to enable a reduction in
the individual error terms for the rate parameters.

Published in partnership with CSCP and USTB
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Fig.3 a—f show back-scattered electron images (BEI) of cross-sections of ISG monoliths after MCC-1 testing in Ca(OH), for 30, 90, 180, 360, 540
and 720 days; g BEI of an ISG monolith cross-section after MCC-1 testing in Ca(OH), for 540 days, displaying >20 bands in the alteration layer; h
average elemental content of bands in the alteration layer compared to the base glass; i micro-focus XRD pattern of the precipitate region of

the 720 day sample

An alternative explanation for the discrepancy in the rates lies in
the cracking seen on some particles post-testing (see Fig. 1e).
Previously when such features have been observed it has been
suggested that they arise from preferential local attack rather than
being indicative of dehydration cracking of a hydrated layer under
the SEM vacuum.'® However, the features marked “A” in Fig. 1d
(and Supplementary Figure S2), which clearly do reflect localised
chemical attack—in the case of Fig. 1d possibly along pre-existing
cracks generated during the powder production process—are
quite different from the features marked “B” in Fig. 1e (although
we do note that there are some regions of localised attack like
features “A” in Fig. 1d apparent in Fig. 1e); the latter are strongly
reminiscent of dehydration cracking observed on other SEM
samples. The presence of dehydration cracking for these high pH
samples may indicate the formation of a gel layer which would
mean that the SPFT was not always yielding true forward rate
conditions, presumably due to difficulties in setting suitably high
flow rates for the most aggressive solution conditions. In addition,
the continued drop in the SPFT dissolution rate with increasing
time, as shown in Figure S1b, indicates that a steady state
dissolution rate is not clearly obtained even after 120 days even

Published in partnership with CSCP and USTB

when a surface area correction is applied. Thus, although the data
obtained here are in line with those of Neeway et al,'® the
possibility that at least some of the data (see, for example, the
datapoint for 70°C, pH(RT) 11 in Fig. 1b), and hence the fitted
parameters, do not relate to true forward rate conditions cannot
be ruled out. However whether we use the current dataset or that
of Fournier et al.,?* the question regarding the size of the error
bars in any fitted parameters remains.

The rate parameters in Table 1, derived from SPFT, predict the
forward rates for B and Na at pH(RT) 11.6 and 50°C to be
0.527321gm=2d~" and 0.577]2 gm~2d™" respectively. The PCT-
B and MCC-1 experiments involve static solutions so that feedback
effects can occur, meaning that the initial rates measured using
these protocols are, as expected, lower than the predicted forward
rates. For PCT-B the initial rates were lower by a factor of 10 and
for MCC-1 they were lower by a factor of 5. It should also be noted
that the PCT-B and MCC-1 data were obtained in a Ca(OH),
solution, which is not suitable for the SPFT methodology as Ca
(OH), precipitation on the inlet, and C-S-H precipitation on the
outlet, is likely to lead to pipe blockages. However, the ratio of the
predicted forward rate for B, to that for Na, is 0.85, which is similar

npj Materials Degradation (2018) 29
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Table 2. Initial (r; and final (r) normalised mass loss rates for boron and sodium from the 50 °C PCT and MCC-1 tests

r(B)/g m=2d”’ r(B)/g m2d™ riNa)/g m=2d™ rNa)/g m=2 d™"
PCT 0.051 +£0.003 (71+0.1)x107™* 0.080 +£0.007 (1.11£0.04)x 1073
MCC-1 0.29+0.08 (1.12+0.03) x 1073 0.36 £ 0.06 (2.5+0.1) x 1073

Rates at t =0 day and t =720 day calculated by fitting the data with NL; = Atan™' (f?), with errors calculated from errors in the fitting parameters

to the level of incongruency seen in the MCC-1 data at longer
times (see Fig. 2d).

Precipitation of C-S-H phases on the glass surface is in line with
previous observations on the behaviour of some ILW glasses in Ca
(OH), solutions,® where the solution can act as the primary source
of Ca. Formation of C-S-H phases during the alteration of ISG has
also been reported by Gin et al."* and Abdelouas et al.*' however
these authors observed the precipitation of C-S-H when ISG was
altered in a KOH solution at pH 11.5' or the formation of
tobermorite (a crystalline C-S-H phase) when ISG was altered
under different relative humidities.?’ In both of these cases the Si
and Ca consumed in forming C-S-H must originate from the glass.
Despite this, it is notable that the Ca/Si ratios reported by Gin et al.
(0.60 + 0.05 after 307 days in KOH) and Abdelouas et al. (the Ca/Si
ratio for tobermorite is 0.83) are significantly higher than that of
the unaltered glass (0.09). For the Ca(OH), solution studied here,
due to the external Ca source, the Ca/Si ratio of the C-S-H
precipitates was significantly higher still at 1.81+0.18 after
360 days. Also in the current work the concentration of Ca in
solution dropped significantly, albeit not to zero, during the PCT
experiments (Fig. 2e), further indicating that the solution acts as a
Ca source for the formation of alteration products, although the
presence of some Ca in the C-S-H products originating from the
glass cannot be ruled out by the current experiments. In the MCC-
1 tests the concentration of Ca in solution changed only by a
limited extent throughout the test (Fig. 2e), while the concentra-
tion of Si in solution remained below detection limits. The much
lower glass surface area in the MCC-1 test, as compared to PCT,
means that C-S-H formation, which occurs on the glass surface not
elsewhere in the vessel, is able to consume all the available Si
while having only a relatively small effect on the concentration of
Ca in solution. This suggests that there is a reduced level of Ca in
solution that must be achieved before Si is observed in solution, in
agreement with previous observations on a model ILW glass® and
a sample of MW-25% simulant waste glass altered in Ca(OH),."°

The Ca/Si values (Table 3) measured on the MCC-1 samples
suggest that tobermorite-type (Ca/Si=0.83) alteration products
might form at earlier times, with other phases, such as afwillite
(Ca/Si=1.5) possibly becoming prevalent later on. However,
PHREEQC geochemical modelling suggests that afwillite is in
equilibrium (saturation indices of 0.36, 0.57, 1.00, 0.49 and 0.70 for
90, 180, 360, 540 and 720 days respectively) and that tobermorite
should be supersaturated (saturation indices of 11.61, 12.18, 13.44,
11.97 and 12.63 for tobermorite-11A for 90, 180, 360, 540 and
720 days respectively) with respect to the leachate solution from
90 days onwards. The C-S-H precipitates have higher Ca/Si ratios
than the alteration layers for each of the 180, 360, 540 and 720-
day monoliths, with the ratio decreasing with time. As C-S-H
phases with high Ca/Si ratios (~2) have not previously been
reported for glass dissolution in Ca-rich solutions, this suggests
that other, possibly amorphous, Ca-rich, phases may also be
present in addition to afwillite and tobermorite. The identification
of portlandite rather than calcite by micro-focus XRD results
indicates that the N, atmosphere glovebox successfully prevented
carbonation of the samples during the experiments.
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The C-S-H precipitates were formed in radiating, acicular
clusters on the surface of the alteration layer, but did not form a
consistent layer on the surface of the whole sample. The cluster
sizes ranged from 4 to 13 um and always appeared on the outside
of the sample, rather than within the alteration layer, or between
the alteration layer and the glass surface, indicating that they form
by precipitation from solution, rather than a re-ordering of the
alteration layer. Geochemical modelling with PHREEQC indicates
that the formation of crystalline C-S-H precipitates, particularly
tobermorite-9A, tobermorite-11A and tobermorite-144, is thermo-
dynamically favourable in Ca-rich systems with only a relatively
small concentration of Si (<10 ppm) in solution (see also
Jennings®? and Corkhill et al.'); for example the calculations give
saturation indices of 2.98, 3.92 and 0.14 for 9A, 11 A and 14A-
tobermorite respectively after 30 days with a Si concentration of 1
ppm. The PHREEQC calculations also suggest that zeolitic phases
might not be expected to be saturated during the dissolution of
ISG in Ca(OH), (negative saturation index values for all zeolites at
all timepoints), although this could be due to insufficient
thermodynamic data. No evidence of zeolite formation was seen
in this work, which is in contrast to the work of Gin et al.'* who
observed the formation of zeolites on monolithic samples of ISG in
a KOH leachant, and a consequent resumption of alteration. As the
formation of zeolites has been postulated to be responsible for an
increased rate of dissolution over longer timescales by Gin and
Mestre,** the absence of zeolite phases in this investigation could
explain the very significantly lower final normalised mass loss
rates reported here compared to those reported by Gin et al,
although it should be noted that their experiments were
conducted at 90°C rather than the 50°C used for the MCC-1
experiments here. In this study, the final normalised mass loss
rates calculated for the MCC-1 experiment were (1.75 £ 0.01) x 10~
3gm™=d™ for B and (25+0.1)x102gm™2d™" for Na, whereas
the value for B mass loss rate calculated by Gin et al. for ISG in an
eq1uivalent experiment with KOH as the leachant was ~1.5gm™
d.

A significant feature of the alteration layers seen in the MCC-1
experiments was the presence of Zr-rich and Zr-poor bands; in
general the Zr-poor bands had a Zr concentration less than that of
the original glass whilst the Zr-rich bands had a Zr concentration
greater than that of the original glass (see Table 3 and Fig. 3h). For
the 90 day data both the Zr-rich and Zr-poor bands had Zr
concentrations in excess of that of the original glass; it is not clear
why the 90 day data is different and thus this data is not
considered further in the following. Gin et al. have observed the
presence of a Zr-rich film on the outer surface of ISG altered at pH
11.5 in KOH solution; they suggested that this is due to the re-
precipitation of less soluble components following complete glass
dissolution, however they did not report the banding seen here.'
The formation of a ZrO, rich layer on the surface of the zirconia
containing glasses developed for the reinforcement of cements is
believed to be a critical in ensuring the improved durability of
these glasses in cementitious environments***> although again,
banding has not been reported. While ZrO, is generally thought to
improve the durability of glasses, especially in alkaline environ-
ments, in work on nuclear waste glasses it has been concluded
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Table 3. Alteration layer and precipitate chemistry on MCC-1 monoliths tested at 50 °C: Zr content of the Zr-rich and -poor bands compared to the
base glass and the Ca/Si ratio in the alteration layer and the precipitates. Measurements made by EDS
Time 30 days 90 days 180 days 360 days 540 days 720 days
Zr/Zr gjass
Zr-rich phase 1.5+£0.2 3.8+0.5 2.0+0.2 24+0.2 14+03 1.3+£0.2
Zr-poor phase 0.8+0.2 1.7+£04 06+0.1 0.8+0.2 0.8+0.3 1.0+£0.1
Ca/Si ratio
Zr-rich phase 0.93+0.10 0.75+0.05 1.42+£0.25 1.63 £0.09 1.67 £0.17 1.41+£0.10
Zr-poor phase 0.60 +0.08 1.04 £0.07 1.42+0.20 146 £0.14 1.55+£0.14 1.39+0.16
C-S-H precipitates ND ND 2.19+0.11 1.81+0.18 1.89+£0.21 1.73+£0.21
ND not detectable

that the presence of zirconia in an alteration layer impedes
reorganisation of that layer*®*” and thus can impact negatively on
the longer term durability of the glass. It seems likely that the glass
has to contain a certain minimum concentration of ZrO, for any Zr
enriched layer to form; in some associated work on a Magnox
waste glass, that contains approximately 50% of the ZrO, in ISG,
no Zr-rich regions were identified on the surface of the samples.®

Banded alteration layers have been reported on glass surfaces
in a number of cases including many archaeological glasses.
Although climatic variations have been suggested as an explana-
tion of banding in archaeological samples, in laboratory experi-
ments such as those considered here constant external conditions
are imposed and thus some type of self-organisation phenom-
enon is required to explain the formation of the layers. Geisler and
co-workers have suggested that banding in the alteration layers
on the surface of glass can be explained by a self-organisation
process involving coupled dissolution-reprecipitation on the
surface of glass>?*° They argue that the underlying glass
dissolution is congruent throughout, but that after the initial
stage of dissolution, a silica gel layer develops and as this ripens,
glass dissolution continues at the interface behind a silica gel
layer. This model suggests that local compositional and pH
changes occur in the pore solution that is present between the
silica gel layer and the glass surface, and that diffusion of the
species from the pore solution to the bulk solution is limited by
the silica gel layer. These local compositional variations and pH
changes can then lead to the development of layered structures
such as those observed here. As noted above the solution can act
as the Ca source and hence Ca content of the alteration layer is ~5
times higher than the original glass (Fig. 3h). Figure 3g also shows
that the Si and Al contents of all of the bands in the alteration
layer are less than that of the original glass, and that the Al/Si
ratios are decreased compared to the original glass. Congruent
dissolution of the glass would result in Si enrichment of the Ca
(OH), solution leading to the precipitation of C-S-H or, based on
the Al content, C-A-S-H phases (Fig. 3h). Apart from the Zr content
the Zr-rich and Zr-poor bands had similar compositions (Ca:Al:Si
ratios of 1.53:0.05:1 and 1.44:0.06:1 respectively, averaged over the
samples from the latter 4 time points); the inner layer differed
slightly with a Ca:Al:Si ratio of 0.95:0.06:1. Solubility of Zr varies
with pH and thus local variations of pH such as those proposed by
Geisler and co-workers could explain the observed banding,
although some variation in the other gel components might also
have been expected.

Recently Wang et al.”" have proposed a mathematical model for
a self-organising system that leads to the development of bands
with time. In the current work however, there is no clear evolution
in either the number or the thickness of the bands with time,
although there is some compositional evolution at early times (see
Table 3). In addition localised areas with large numbers of bands
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have been observed (Fig. 3g); it is notable that the feature in Fig.
3g has a more complex surface profile than the areas shown in Fig.
3a-f, which might have led to more rapid local variations in
solution concentration and thus an increased number of bands.
However the lack of a clear time dependence for layer formation
means that the model of Wang et al. cannot be readily applied to
the current data.
Overall in this paper

1. Rate parameters for ISG have been derived from SPFT data.
The ISG forward rate data reported here for the pH range
8-12 and temperatures of 40-70°C are consistent with
those of Neeway et al.'® While the discrepancies between
the rate data reported here and by others may be due to
differences in flow rates and buffer solutions it is notable
that they are within the error bands of the rates predicted
from the rate parameters, due to the large asymmetric rate
parameter error bands that arise from using data fitted on a
logarithmic function.

2. There is evidence of localized preferential attack and
dehydration cracking on the surface of some particles from
the SPFT conducted under the most aggressive (highly pH)
conditions. In addition, longer duration SPFT experiments
indicate that true steady state was not always achieved.
Hence aspects of the SPFT protocol may need revisiting.

3. MCC-1 tests showed that Ca rich (compared to the base
glass) alteration layers and C-S-H alteration products form
after 30 days and 180 days, respectively, on the surface of
ISG altered in a Ca(OH); solution at 50 °C (pH = 11.6, SA/V =
10 m™). The Ca/Si ratio of the alteration products is initially
high and decreases with further increases in immersion
time, whereas the Ca/Si ratio of the alteration layer starts
low and increases when the C-S-H alteration products form.

4. Zr banding is seen within the alteration layer at all
immersion times tested in the high pH MCC-1 experiments.
The formation of bands indicates that some form of self-
organisation process must occur during the dissolution of
ISG, although no clear time dependence is observed.

METHODS

Glass fabrication and preparation

The ISG was fabricated in 2012 by the MoSci Corporation (Rolla, MO, USA),
as described by Gin et al."* The lot number of the batch used in all
experiments was L1201 2601-M1205 0803. The ISG was crushed and sieved
to a size fraction of 75-150 um diameter (used in SPFT and PCT-B
investigations) and the intial surface area, Sy, of the crushed glass was
calculated using the geometric formula, assuming spherical particles'”

3m

So=—
Pro
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where m is the mass of the glass sample in g, p is the glass density
(250Mgm™ for the ISG, measured in this investigation by helium
pycnometry and also by Gin et al)*? and ro is the the average initial
particle radius in m.

10 x 10 X 5 mm coupons were cut from a section of glass using a Buehler
IsoMet® Low-speed Saw with a Buehler Series 15 LC wafering blade,
lubricated with Buehler IsoCut® fluid. The coupons were ground to a P800
finish using a Buehler EcoMet 250 Pro, with Buehler SiC abrasive paper. The
ground coupons were cleaned ultrasonically for 5 min in ultra-high quality
(UHQ) water and then in isopropanol for 3 x 5 min, with fresh isopropanol
used for each period. After cleaning, the coupons were stored in a
desiccator until required.

Solution preparation

Acidic and alkaline experiments (SPFT). Buffer solutions with pH (measured
at room temperature - RT) 7, 9 and 11 were prepared from measured
amounts of organic tris hydroxymethyl aminomethane buffer (TRIS) (0.01,
0.05 and 0.05M, respectively) added to UHQ (182MQcm™) water,
adjusted to the desired pH values with 15M HNOs. The UHQ water was
produced by a Millipore Direct-Q (UV) 3 water purification system. Buffer
solutions for pH 11 and 12 were prepared from 0.01 M LiCl and ultra-high
quality (18.2 MQ cm) water and were adjusted to the desired pH values
with 1 M LiOH. In the acidic range, buffer solutions for pH(RT) 4.5 and 5.5
were prepared from 0.01 M HNOs added to UHQ water, adjusted to the
desired pH with 9.9x 107 M & 1x 1072 ammonium hydroxide (NH,OH)
respectively.”* Supplementary Table 3 shows the pH (RT) and the modelled
pH at the experimental temperatures. These modelled values were
computed using PHREEQC geochemical modelling and EQ3NR thermo-
dynamic software packages.'>**

Hyperalkaline experiments (PCT-B and MCC-1). Al leach tests and solution
preparations were carried out in a flowing nitrogen atmosphere, in a
glovebox, to prevent carbonation; leach tests were conducted at 50 °C
using a LT Scientific OP39-UF oven. Ca(OH), solutions: nitrogen was first
bubbled through UHQ water, for >24h to remove CO,. The Ca(OH),
leachant was produced by adding an excess of Ca(OH), powder (>0.92 g
L™") to UHQ water in a HDPE vessel. It was then shaken vigorously in order
to achieve full dissolution of the Ca(OH),, and allowed to sit for several
hours in order for the excess Ca(OH), to settle to the bottom of the vessel.
The solution was filtered prior to the PCT-B experiments.

Leaching experiments

SPFT methodology. The SPFT method is a standard dynamic dissolution
test in which fresh solution constantly flows over a sample.'’2%2745~%8 |
this investigation, pump flow-rates varied from 10-80 mLd™" for the initial
q/S sweep (Supplementary Table S1) and the mass of the ISG sample varied
between 0.29-1g. The experimental parameters used for determining
dissolution rates and the range of temperature (40, 50 and 70 °C) and pH
(RT) (4.5-11) values chosen to ascertain the rate law parameters described
in Eqg. (1) are provided in Supplementary Table S2.

Effluent samples were collected at regular intervals and flow-rates
determined gravimetrically. The elemental release was measured by
analysing effluent solution for Si, B, Na and Al concentrations using
inductively coupled plasma optical emission spectroscopy (ICP-OES,
ThermoScientific iCAPDuo6300). All tests were performed until the
elemental releases and thus normalised B, Si and Na dissolution rates
attained steady-state conditions. Steady-state conditions were defined by
having at least three dissolution rate measurements near the end of the
test (to eliminate the influence of dissolving fine fragments attached to the
glass particles) that did not deviate by more than 15% from their mean
value and where the sample had lost no more than 30% of its original
surface area. The mean dissolution rate from >3 measurements at steady-
state for each test was then recorded.

Dissolution rates were calculated using:
= (G —Go)g @

f.S
where r; represents the normalised dissolution rate of element i (=Si, B, Na
orAl)ing m=2d™", C; the concentration of element i in the effluent solution
(mg L™, G0 is the background concentration of element i in the input
buffer solution (both in mg L™, and f; the mass fraction of element i in the
glass (unitless). Note that the surface area, S, changes throughout the
duration of the experiment as the glass dissolves.
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A surface area correction model developed by McGrail et al.'” was
applied to calculate the change in S. This correction determined the mass
of glass m; (g) that remained at each time interval (j):

1
m; = mo *% > qkCrilty + Qjcjj% j=>1 (5)
k=1

where my is the initial mass of the glass (g) (Supplementary Tables S1 and
S2) and the summation term represents the accumulated mass loss from
time step k=1 to time step j — 1, calculated based on B loss (Cg). The
second term (in the brackets) represents the average total mass loss from
time step j — 1 to j. Hence, the surface area at time point j, §; (m?), can be
using:

3 i3 23
S = org 0 ) (6)

Modifications to the rate data due to the application of the shrinking
core model are demonstrated in Supplementary Figure S1b. Determination
of the experimental uncertainty of the dissolution rates accounted for the
uncertainty associated with each parameter described in Eq. (4). For these
uncorrelated random errors, the standard deviation of a function f(x)) is
given by:

@)

where o is the standard deviation of f(x)), x; is the parameter pertaining to
element i and g; is is the standard deviation of par%meter 0;. Substituting
Eqg. (4) into Eq. (7), and using a relative error, 6, = + gives

N 2 /4 2

oc,.Cis) +(0c, G, . . .
(8,61s) +(6esGio)” + 02 + 6%, + 62 (®)
(Gis — Gio) '
from which the experimental uncertainty on r; can be derived. Relative
errors of 10%, 10%, 3 and 15% were ascribed to G, C;,, f; and S respectively
and errors between 5 and 15% were ascribed to g values based on
gravimetric measurements.

PCT-B methodology. Powdered samples (75-149 um particle size fraction)
were washed and prepared in accordance to the ASTM standard.*® Tests
were carried out at 50 °C in a 500 mL HDPE vessel, with 400 mL of leachant
and ~22.8 g of glass to give a glass-surface area-to-leachant-volume (SA/V)
of 1200 +60m™"; in line with our previous work on the effects of Ca(OH),
solutions.®*® An Advantec USY-1 ultrafilter unit filled with a slurry of Ca
(OH), powder and UHQ water, was added to the test vessel in order to
maintain the pH of the leachant. Duplicate tests and two blanks were run
for 1, 3,7, 14, 28, 56 and 112 days.

MCC-1 methodology. Following the ASTM standard®® monoliths were
placed onto perfluoralkoxy (PFA) teflon baskets, to prevent direct contact
with the excess Ca(OH),, in a Savillex 60 ml PFA teflon standard jars, with
40ml of the Ca(OH), solution giving an SA/V of 10m™". Tests were
conducted in duplicate with two blanks at 50 °C for 30, 90, 180, 360, 540 or
720 days. After testing altered coupons were gently rinsed with ~2mL
UHQ water, in order remove any remaining Ca(OH), without washing off
precipitates. The altered coupons were not sectioned after removal from
solution, but each intact coupon was mounted in epoxy resin, ground to a
P1200 grit finish on a Buehler EcoMet 250 Pro, then polished using 6, 3 and
1 um diamond paste, and analysed using scanning electron microscopy
(SEM; either on a Hitachi TM3030 desktop microscope or an FEl Inspect F)
and energy dispersive x-ray spectroscopy (EDX). Triplicate EDX measure-
ments were taken for each phase at each time point.

Micro-focus X-ray diffraction (u-XRD). Data were collected on a thin-
section of the 720-day MCC-1 monolith on the microXAS (X05LA) beamline
at the Swiss Light Source, Paul Scherrer Institute, Switzerland. The section
was mounted onto a glass slide placed on a motorised stage positioned at
an angle of 25° to the monochromatic incident 17.2 keV beam, which had a
spot size of 7 um by 2 um. The diffraction patterns were measured with a
PILATUS 100K hybrid pixel array detector mounted 46 mm behind the
sample with a W beamstop in place. A Si standard was used for calibration.

Solution analysis. On completion of SPFT, PCT-B and MCC-1 tests, 5 mL
aliquots of leachate were taken, of which 4 mL were acidified with 1 vol. %
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69% HNOs and analysed by ICP-OES (ThermoFisher iCAPDuo 6300) and
1 mL used for pH measurement.
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