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Abstract

Additional single-pass flow-through (SPFT) experiments have been conducted with a complex, simulated waste glass
at 40°C in moderately alkaline media. Results are compared to those obtained in the experiments described in Part I,
and with published data obtained in long-term, static, batch dissolution experiments with this glass formulation.
Dissolution rate laws for the glass must account for the rate influencing effects of both dissolved Si and Al species. These
experiments have shown that on a mole per mole basis, dissolved Al has a more significant influence on the glass
dissolution rate than dissolved Si under these experimental conditions. The very low ‘long-term’ dissolution rates re-
ported in static batch dissolution experiments reflect near saturation conditions that are not attained in SPFT tests as a

result of solution flow-through. © 2000 Elsevier Science B.V. All rights reserved.

PACS: 21.41 Kw; 82.55.+e; 82.20.wt; 82.70.Gg

1. Introduction

This work describes the results of a series of sys-
tematic experiments to objectively evaluate the controls
on the dissolution rate of a simulated waste glass in
moderately alkaline media at 40°C. This non-radioactive
borosilicate contains a complex mixture of simulated
fission product oxides with a composition similar to that
generated during Magnox fuel reprocessing. Experi-
ments have utilised a single-pass flow-through (SPFT)
apparatus [1].

In Part I [2], the results of SPFT experiments were
presented in which the solution flow rate and glass sur-
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face area were systematically varied across the experi-
mental matrix using the same input buffer solution in
each test. The solution composition within the reaction
cells was influenced only by glass-solution reactions and
secondary processes (including the development of sec-
ondary reaction products). The results indicate that
surface reaction-controlled dissolution of this complex
glass is congruent under these experimental conditions.
Dissolution is accompanied by the formation of sec-
ondary Al-K-Fe-Mg-Si-bearing gels under test condi-
tions where higher concentrations of glass derived
solutes accumulate in solution.

The findings described in Part I also indicate that
the rate of dissolution is influenced by dissolved Al and
Si species. The experimental dissolution rates are con-
sistent with a rate law containing an activity product
term including both Al and Si species (it ()"

0.51
aH4Si04)’
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The additional experiments described in this paper
were designed to systematically evaluate the effects of
dissolved Si and Al on the glass dissolution rate at
constant flow rate (¢, m*® s~!) to glass surface area (s, m?)
ratio. Input buffer solutions differed in each case such
that the dissolved Al and Si concentrations varied sig-
nificantly across the experimental test matrix. The ex-
periments were designed to isolate the dissolution rate
influencing effects of dissolved Al and Si at constant pH
and temperature. An additional series of experiments
were conducted in which ethylenediamine tetra-acetic
acid (EDTA) was present in the buffers to complex
dissolved Al

The experimental data and model predictions are
compared with those described in Part I, and with
published data obtained in long-term, static, batch dis-
solution experiments with this glass [3-5].

2. Experimental methodology
2.1. Single-pass flow-through experiments

The nature of the glass and the design of the exper-
imental apparatus used in this study were described in
Part I [2].

Three sets of 16 experiments were performed for
periods of between 12 and 15 days. Experimental details
are summarised in Table 1. The solution flow rate and
the mass of glass in the reaction cell were effectively
equal in each experiment within a given set. Thus each
experiment within a given set was conducted at the same
nominal g/s (m s~!) ratio, whilst the input solution
concentrations of Si and Al were varied independently
across the experimental matrix.

Buffer solutions were prepared using a base buffer
comprising a solution of 0.00018 M KOH (Apache
Chemicals) +0.005 M KCl (Baker). Additional ingredi-

Table 1

ents were added to this base buffer mixture to generate
solutions with the required chemistry. Concentrated
‘stock’ Si and Al solutions were prepared from analytical
grade Na,SiO; - 5H,O (Sigma) and AI(NO,) - SH,O
(Baker) reagents, respectively. The pH of each of these
solutions was adjusted to the base buffer pH (10.25) via
addition of NaOH and HNO;. For the MW-EDTA
experiments a pH-adjusted EDTA solution was pre-
pared from analytical grade Na,EDTA (Fischer Scien-
tific).

In the MW-Si experiments the input Si concen-
trations ranged from 0 to 55 mg 17! Si. In the MW-
Al experiments the input Al concentrations ranged
from 0 to 0.9 mg 1-!. In the MW-EDTA experiments
input Si concentrations ranged from 0 to 59 mg 1= Si
and Na,EDTA was added to the KOH/KCI buffer
mixture resulting in an EDTA concentration of
0.005 M.

The MW-Si and MW-EDTA experiments were con-
ducted at a nominal g/s ratio of 8 x 107 m s~!. The
MW-ALI experiments were conducted at a higher nomi-
nal g/s ratio of 2 x 1077 m s~!. The higher g/s ratio was
used in the MW-AI experiments to ensure that Si con-
centrations in the reaction cells remained low.

Following collection, all solution samples were
acidified to 1% nitric acid (Fisher Ultrex grade) and
subsequently analysed by ICP-AES. Aluminium was
below practical detection limits (20 pg 17!) in many of
the MW-Si experiments.

2.2. Rate determination

The pH-corrected normalised dissolution rates (g
m~2 d') reported in this study have been calculated
using the expressions given in Part I (Section 2.4). All
rate measurements are based on ‘steady-state’ boron
concentrations in the reaction cell output solutions.

Solution compositions in the MW-Si, MW-Al and MW-EDTA SPFT experiments

Experiment ID Buffer composition pH range* [Si] range (mg 1-1)® [Al] range (ug 1-")®
MW-Si 1.8 x 10™* M KOH 9.83-9.50 2-55 <DL-132¢
5.0 x 107 M KCl
+ NaZSiO3 . SHzo
MW-AI 1.8 x 104 M KOH 10.23-9.97 0.8-1.21 169-429
5.0 x 107> M KClI
+ AI(NO,), - SH,O
MW-EDTA 1.8 x 10™* M KOH 10.50-10.23 9-66 46-338

5.0 x 107 M KCl
5.0 x 1073 Na,EDTA
+ Nagsi03 . 5H20

#pH measured at room temperature (modelled pH values at 40°C are 0.46 pH units lower [2]).

® Concentration in the output solution determined by ICP-AES.
° Concentration less than the detection limit (20 pg 1!, Pool [17]).
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3. Results and discussion
3.1. Solution compositions and modelling

The chemistry of the solutions used in these experi-
ments is summarised in Table 1. Dissolution rates, so-
lution pH values and modelled activities of H;SiO, and
Al(OH), (aq) in each experiment are shown in Tables 2—
4. The rate and solution activity values shown in these
tables are based on analyses of the final three solution
samples collected from each reaction cell.

Because of the differing chemistries of the buffer
solutions used in these experiments, it was not possible
to exactly match solution pH values between the dif-
ferent sets of experiments. However, pH variations
were generally small within a given set of the experi-
ments (maximum pH variation being observed in the
MW-Si experiments with a range of 0.33 pH units). As
shown in Table 1, pH values ranged between 9.04 and
9.37 in the MW-Si experiments, 9.51-9.71 in the MW-
Al experiments and 9.97-10.04 in the MW-EDTA
experiments.

Given these differences in pH and buffer solution
composition, it is important to assess the speciation of Si
and Al in each set of experiments. Fig. 1 shows the
modelled distribution of the major Si and Al species in
the buffer solutions used in this study. Geochemical
modelling calculations using PHREEQC [6] suggest that
the dominant Si species in each experiment are the un-
dissociated silicic acid molecule (H;SiO4) and the con-
jugate base (H;SiO, (aq)), the latter dominating in the
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Fig. 1. Speciation of Si and Al in the buffer solutions: (a) mol%
of major aqueous Si species in a KOH/KCI buffer solution
containing 5 mg 1= Si in the pH range 8-11 at 40°C (bars de-
note the pH range in each set of experiments) and (b) mol% of
the major aqueous Al species in a KOH/KCI buffer solution
containing 0.005 M Na,EDTA +0.5 mg I"! Al in the pH range
8-11 at 40°C (the shaded region shows the pH range in the
MW-EDTA experiments).

Table 2

Data from the MW-Si experiments
Test ID log;pq/s (m s7h) pH? Rf® Rate (g m2 d7!)° Al(OH), ¢ H,Si0,¢
MW-Si_l -7.11 9.33 1.056 0.084 £+ 0.009 4.52 x 10° 4.56 x 10°
MW-Si_2 -7.11 9.37 1.015 0.082 +0.011 4.52 x 10° 6.20 x 10°
MW-Si_3 -7.12 9.21 1.176 0.078 £ 0.107 3.77 x 10¢ 8.55 x 10°
MW-Si_4 -7.12 9.37 1.015 0.088 £ 0.009 5.26 x 10° 8.37 x 10°
MW-Si_5 -7.12 9.35 1.034 0.088 £ 0.008 3.26 x 10° 9.98 x 10°
MW-Si_6 -7.13 9.12 1.280 0.131 £ 0.008 1.88 x 10° 1.50 x 10*
MW-Si_7 -7.12 9.04 1.383 0.131 £ 0.002 1.88 x 10° 1.70 x 10*
MW-Si_8 -7.16 9.23 1.162 0.124 £ 0.009 1.38 x 10° 2.57 x 10*
MW-Si_9 -7.12 9.12 1.281 0.166 £ 0.043 - 3.96 x 10*
MW-Si_10 -7.13 9.04 1.387 0.192 £+ 0.051 - 5.43 x 10*
MW-Si_11 -7.13 9.06 1.357 0.223 +0.398 - 6.23 x 10*
MW-Si_12 -7.11 9.06 1.362 0.163 +0.012 - 7.88 x 10*
MW-Si_13 -7.13 9.04 1.389 0.144 £+ 0.041 - 8.75 x 10*
MW-Si_14 -7.14 9.08 1.339 0.153 +0.016 - 1.01 x 10°
MW-Si_15 -7.12 9.07 1.348 0.138 £ 0.023 - 1.31 x 10°
MW-Si_16 -7.14 9.06 1.381 0.129 £+ 0.020 - 1.50 x 10°

#Estimated pH at 40°C, given by the measured pH (at room temperature) minus 0.46 pH units.
®Rate correction factor [2].
“Mean pH corrected rate of glass dissolution based on steady-state B output concentrations, uncertainties are 95% confidence limits

(n=3).

9 Activities modelled using PHREEQC [6].
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Table 3

Data from the MW-Al experiments
Test ID loglo q/S (m Sil) pH“ Rf® Rate (g m—2 dil)c a(A|(0H);d aH4S;04d
MW-AL_1 -6.63 9.51 0.891 0.104 £ 0.001 5.77 x 106 3.66 x 10°
MW-AL 2 —6.65 9.72 0.730 0.069 £ 0.003 5.58 x 10° 1.61 x 10°
MW-AL_3 —-6.67 9.66 0.769 0.074 £ 0.003 6.52 x 10° 1.84 x 10°
MW-Al 4 -6.67 9.71 0.733 0.076 £ 0.003 7.70 x 10° 1.92 x 10°
MW-ALS —-6.66 9.77 0.697 0.076 £ 0.001 8.49 x 10° 1.77 x 10°
MW-AL 6 —6.66 9.60 0.816 0.082 £ 0.001 8.56 x 10° 1.18 x 10°
MW-AL_7 —-6.67 9.73 0.719 0.067 £ 0.003 9.02 x 10° 1.68 x 10°
MW-AL_8 —-6.70 9.52 0.881 0.087 £ 0.001 9.46 x 10° 2.39 x 10°
MW-AL9 —6.65 9.73 0.724 0.065 £ 0.008 9.32 x 10° 1.99 x 10°
MW-AL_10 —6.68 9.76 0.701 0.066 £ 0.003 9.75 x 10° 1.61 x 10°
MW-AL_11 —-6.70 9.69 0.746 0.070 £ 0.003 1.08x 1073 2.71 x 10°
MW-AL_12 —6.68 9.55 0.856 0.080 + 0.007 1.16x1073 1.95 x 10°
MW-AL_13 —-6.66 9.59 0.825 0.070 £ 0.002 9.58 x 10° 1.62 x 10°
MW-AL_14 —6.66 9.53 0.874 0.076 £ 0.002 1.27 x 10° 1.75 x 10°
MW-AL_LS —6.65 9.63 0.796 0.071 £ 0.002 1.42 x 10° 1.45 x 10°
MW-AL_16 —-6.68 9.56 0.850 0.078 £0.011 1.55 x 10° 1.44 x 10°

#Estimated pH at 40°C, given by the measured pH (at room temperature) minus 0.46 pH units.

®Rate correction factor [2].

“Mean pH corrected rate of glass dissolution based on steady-state B output concentrations, uncertainties are 95% confidence limits

(n=3).
94 Activities modelled using PHREEQC [6].

Table 4

Data from the MW-EDTA experiments
Test ID logmq/s (m Sil) pHa Rf® Rate (g m—2 (,171)C aAl(OH);d aHASiOAd
MW-EDTA_1 -7.11 10.04 0.537 0.198 £ 0.048 3.02 x 1076 4.02 x 10-¢
MW-EDTA_2 -7.12 10.02 0.547 0.200 £ 0.050 2.65 x 1076 7.62 x 10°
MW-EDTA_3 -7.13 10.02 0.547 0.195 £ 0.048 5.95 x 107¢ 9.32 x 10°
MW-EDTA_4 -7.13 10.03 0.543 0.177 £0.015 572 x 107° 9.45 x 10°
MW-EDTA_S -7.13 10.02 0.549 0.208 £ 0.040 4.86 x 107¢ .11 x 107*
MW-EDTA_6 -7.14 10.00 0.561 0.198 £ 0.023 1.16 x 10°¢ 1.12x 107*
MW-EDTA_7 -7.14 10.01 0.554 0.201 £ 0.052 495 % 10°¢ 1.30 x 107#
MW-EDTA_8 -7.14 9.98 0.570 0.197 £0.026 2.97 x 1076 1.75 x 1074
MW-EDTA_9 -7.13 9.95 0.584 0.235 £ 0.046 4.02x 10°¢ 2.54 x 107
MW-EDTA_10 -7.13 9.92 0.605 0.214 £ 0.036 1.72 x 10°¢ 3.14 x 1074
MW-EDTA_I11 -7.13 9.92 0.604 0.232 £ 0.049 2.34 x 10°¢ 3.44 x 1074
MW-EDTA_I2 =7.12 9.93 0.600 0.194 £ 0.048 1.30 x 10-¢ 4.02 x 107#
MW-EDTA_13 -7.13 9.87 0.633 0.156 £ 0.085 1.16 x 10—¢ 440 x 107
MW-EDTA_14 -7.13 9.84 0.651 0.176 £ 0.024 7.67 x 1077 5.45x 1074
MW-EDTA_I15 -7.13 9.77 0.697 0.163 £0.030 4.31 x 1077 8.34 x 107*
MW-EDTA_16 -7.13 9.78 0.690 0.174 £ 0.056 7.74 x 1077 8.62 x 1074

“Estimated pH at 40°C, given by the measured pH (at room temperature) minus 0.46 pH units.

®Rate correction factor [2].

“Mean pH corrected rate of glass dissolution based on steady-state B output concentrations, uncertainties are 95% confidence limits

(n=3).
4 Activities modelled using PHREEQC [6].

higher pH experiments. In the MW-Si experiments, the
H,SiO4 species is predicted to dominate, comprising
between approximately 60% and 80% of the total dis-
solved Si. In the MW-Al and MW-EDTA experiments,
the anionic H3SiO, (aq) species is important, comprising

between approximately 30% and 40% and between 60%
and 80% of the total Si, respectively.

In the MW-Si and MW-Al solutions, the major
Al species is the tetrahydroxoaluminate anion
(Al(OH), (aq)) and over 99% of the Al atoms in the
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solution are predicted to be present in this form. Minor
Al species include the neutral Al(OH)g(aq) species and
the Al(OH); (aq) cation. In the MW-EDTA solutions,
additional AI-EDTA complexes are present. The pre-
dominant Al species in these solutions are Al(OH), (aq)
and AI(OH),EDTA3"(aq) anions. Geochemical model-
ling suggests that the AI(OH), (aq) anion becomes in-
creasingly important as the solution pH increases.

3.2. Results of the MW-Si experiments

Data from the MW-Si experiments are summarised
in Table 2. The MW-Si experiments were conducted
with a mean g¢/s ratio of 7.63 x 10~ m s~!. Variations in
the solution flow rate over the duration of the experi-
ments were minimal (RSD < 5%). Input solution pH
values ranged from 9.04 to 9.37 (a spread of 0.33 pH
units). As shown in Table 2, log,,¢/s values in the MW-
Si experiments ranged from —7.11 to —7.16. Output Si
concentrations ranged from 2 to 55 mg 1=!'. Al concen-
trations ranged from 40 to 132 pg 17!, but in many cases
the concentration of this element was below the ICP-
AES detection limit.

Dissolved Al concentrations in the reaction cell out-
put solutions generally decreased with increasing dis-
solved silica concentration. This suggests that Al
concentrations were controlled by the development of a
secondary, aluminosilicate phase (possibly a hydrosili-
cate gel), as identified in Part I. In the most Si-rich so-
lutions precipitation of this phase within the cells
resulted in output Al concentrations below ICP-AES
detection limits.

3.3. Results of the MW-Al experiments

Data from the MW-Al experiments are summarised
in Table 3. The mean g¢/s ratio in the MW-Al experi-
ments was 2.19 x 107 m s~!. Input solution pH values
ranged from 9.51 to 9.77 (a spread of 0.26 pH units).
Output Al concentrations ranged from 169 to 429 pg 1!
Steady-state Al concentrations were up to ten times
higher than those in the MW-Si experiments, whilst the
Si concentrations were in the range of 0.76-1.21 mg 17!

3.4. Results of the MW-EDTA experiments

Data from the MW-EDTA experiments are sum-
marised in Table 4. The MW-EDTA experiments were
conducted with a mean g/s ratio of 7.53 x 10° m s~!.
Solution pH values ranged from 9.77 to 10.04 (with a
spread of 0.27 pH units across the matrix). Output Si
concentrations ranged from 9 to 66 mg 1-!. The output
Al concentrations ranged from 46 to 338 pg 171

As in the MW-Si experiments, there was a general
negative correlation between the output Si and Al con-

centrations. However, in contrast with the MW-Si ex-
periments, Al concentrations were above the ICP-AES
detection limit in each MW-EDTA experiment. The
enhanced solubility of Al in this solution matrix is
consistent with the slightly higher solution pH and the
formation of AI-EDTA complexes, as discussed in Sec-
tion 3.1.

3.5. Rates of dissolution vs the activity of orthosilicic acid

In Fig. 2, rates of glass dissolution in the MW-Si
experiments are plotted vs the activity of silicic acid.
Dissolution rates generally decrease as the activity of
orthosilicic acid increases in the MW-Si experiments
where Al concentrations were below ICP-AES detection
limits. However, in experiments where dissolved Al was
present at quantifiable levels, the dissolution rates de-
viate significantly from this trend. It is clear from this
plot that the dissolution rate does not show a simple
linear dependence on silicic acid activity, as predicted by
the model of Grambow [7], and this further confirms the
findings of the MW-F experiments reported in Part .

Fig. 3 shows a plot of the dissolution rates in the
MW-Si and MW-EDTA experiments vs the activity of
orthosilicic acid (data from the MW-Si_1 to MW-Si_8
experiments are not shown). The trendline in Fig. 3 is a
line of best fit defined by linear regression of these data.
This represents a fit to a Grambow style rate law [7] of
the type

0.3 1 1
® MW-Si (Al < D.L)
1 O MW-Si
O MW-AI
0.2
Rate
(gm=®d7)

0.1

0 } }
0.00 0.0005 0.0010 0.0015
aH4SiO4

Fig. 2. Rates of glass dissolution (based on steady-state B
concentrations) in the MW-Si and MW-ALl experiments vs the
activity of orthosilicic acid. Solid circles indicate dissolution
rate data in the MW-Si experiments in which Al was below the
ICP-AES detection limits (Al < DL). The trendline is shown as
a guide for the eye, see text.
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Fig. 3. Rates of glass dissolution (based on steady-state B
concentrations) in the MW-Si and MW-EDTA experiments vs
the activity of orthosilicic acid. The line shows a linear regres-
sion through the MW-Si data for tests in which Al was below
the ICP-AES detection limits (Al < DL). Values of R, and
aH4SiOss, are extrapolated by linear regression analysis (see
text). Saturation with respect to chalcedony, silica gel and
amorphous silica are shown.

r:k+<1—%), (1)

where r is the normalised dissolution rate (gm=2d "), k.
the dissolution rate constant at pH 9.38 and 40°C, Q the
activity of silicic acid in solution (am,sio,(aq)) and K is the
activity of silicic acid at ‘saturation’. Values of k, and K
are estimated by linear regression at 0.196 +0.012 (g
m~2 d!) and 4.35 x 1073 4 6.88 x 107#, respectively.

Saturation with respect to three potential secondary
silica phases is also shown in Fig. 3. Thermodynamic
modelling suggests that a number of the experimental
systems are supersaturated with respect to chalcedony
and near saturation with respect to silica gel. All systems
are undersaturated with respect to amorphous silica (the
most soluble silica phase in the data compilation of
Nordstrom et al. [8]). Note that the extrapolated value
of K (in Eq. (1)) far exceeds the predicted activity of
silicic acid at saturation with each of these phases.

Thus thermodynamic modelling using a reasonable
set of potential solid silica phases and widely accepted
thermodynamic data [8] indicates that silica ‘saturation’
with respect to this glass cannot occur as the value of K
(4.35 x 1073) extrapolated from this data set is nearly
double that predicted at saturation with respect to
amorphous silica at the test temperature and pH (a value
of 2.54 x 1073). However, as noted by Fleming [9], the
solubility of freshly precipitated silica is approximately
double that typically reported in solubility studies with
‘aged’ amorphous silica.

3.6. The influence of dissolved Al species

As shown in Fig. 2, the lowest dissolution rates in the
MW-Si experiments are observed in the experiments
conducted with the least concentrated Si-spiked buffer
solutions. Where dissolved Al concentrations were
quantifiable, rates of dissolution generally decrease as
the concentration of dissolved Al increases. These data
strongly suggest that the presence of dissolved Al influ-
ences the rate of glass dissolution under these experi-
mental conditions. Moreover, it is impossible to
rationalize these data with a dissolution rate law based
on the activity of orthosilicic acid alone.

One modelling approach is to use a Grambow style
rate law that includes an additional term to describe the
inhibitory role of Al. Such a rate law may be formulated
as follows:

0
r= k+aa£1(i|1hih)(aq) (1 - ]? . (2)

Here r, k;, Q and K are the parameters defined in
Eq. (1). The additional terms are the activity of the
‘inhibitory’ Al species (aa; and the fitting parame-
ters o and f.

Eq. (2) has been fit to experimental data from the
MW-Si and MW-ALI experiments using a non-linear re-
gression technique [10]. The resulting ‘Al-inhibition
model’ is

r=ky x 1.79 x 1072(£3.72 x 107%) X a5 (2q)

« (1_%), (3)

where the values of k, and K are 0.196 (g m~2 d~') and
4.35 x 1073, respectively (as in Eq. (1)). The uncertain-
ties in the fitting parameters (« and f5) are standard er-
rors in the regressed values. The resulting fit is shown in
Fig. 4.

Application of this model produces glass dissolution
rates that decrease rapidly as the activity of
Al(OH), (aq) increases at low dissolved Al concentra-
tions. This is in accordance with the results of the MW-
Si experiments where rates decrease appreciably in the
presence of detectable levels of dissolved aluminium (see
Fig. 2). At higher Al concentrations the dissolution rate
is less dependent on the Al(OH), (aq) activity, as ob-
served in the MW-AI experiments. Such an effect can be
explained if there are a limited number of reaction sites
at the glass surface that may react with the dissolved Al
producing aluminosilicate groups that are relatively in-
ert and resistant to dissolution. At higher Al concen-
trations, all such sites are effectively ‘filled’ and addition
of further Al to the solution does not significantly reduce
the glass dissolution rate.

Numerous studies have shown that glass dissolution
rates may be influenced by the presence of dissolved Al.

(inhib) )
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Fig. 4. Rates of glass dissolution (based on steady-state B
concentrations) in the MW-Si, MW-Al and MW-EDTA ex-
periments vs the modelled activity of the tetrahydroxyaluminate
anion. The line shows predicted rates based on Eq. (3) (see text)
fitted to the experimental data obtained in the MW-Si and
MW-AI experiments.

In number of models this has been attributed to reaction
affinity effects (e.g., [11,12]). However, this cannot be the
case when Al is not a glass constituent (e.g., [13]). Also,
Al strongly inhibits dissolution of amorphous silica [14].
Thus it seems likely that Al plays an inhibitory role
during glass dissolution, although reaction affinity ef-
fects cannot be ruled out in the case of glasses containing
Al. Spectroscopic studies have shown that dissolved Al
reacts with surface silanol sites to form aluminosilicate
groups [15]. Formation of such stable groups may ef-
fectively passivate reactive sites, leading to reduced glass
dissolution rates.

3.7. The influence of EDTA

Experimental studies of glass and mineral dissolution
have shown that dissolution may be catalysed by organic
ligands that are able to form surface or solution com-
plexes with metallic components. For example, Gin [11]
has shown that dissolution of the R7T7 glass is catalysed
by organic acids (particularly those containing two or
more functional groups).

Data obtained in our MW-EDTA experiments sug-
gest that the presence of 0.005 M EDTA does not di-
rectly influence dissolution rates. Observed rates in the
MW-EDTA experiments are of a similar magnitude to
those in the MW-Si experiments where Al was not de-
tected in the reaction cell output solutions. Thus there is
no direct evidence of catalysis by EDTA. However, from
examination of Fig. 4 and the tabulated rate data, it
would appear that the presence of EDTA reduces the

rate influencing effects of dissolved Al This is likely a
reflection of the differing speciation of Al in the MW-
EDTA experiments. In the presence of EDTA significant
quantities of Al (and other metals) are complexed by this
ligand. One possibility is that this ‘chelated” Al does not
interact with reactive sites at the glass surface and hence
does not influence the dissolution rate (i.e., in the pres-
ence of EDTA the affinity of Al for the glass surface is
effectively reduced).

3.8. Long-term, static, batch dissolution experiments

The results of relatively long-term, static, batch dis-
solution experiments at 90°C with the MW glass have
been reported and analysed by various authors (Zwicky
et al. [3], Werme et al. [4], Chambers et al. [5]). Samples
of the MW glass were equilibrated with water in poly-
tetrafluoroethane (PTFE) reaction vessels for periods of
up to one year. Experiments were conducted with glass
monoliths (glass surface area: solution volume ratio
(SA/V) =10 m™!) and glass powders.

During the experiments the concentrations of glass
derived solutes increased rapidly until an apparent Si
‘saturation’ was attained after 91 and 7 days in the
monolithic and powder experiments, respectively [3,5].
Following attainment of Si ‘saturation’, concentrations
of soluble glass components (such as B) increased less
rapidly.

Forward or initial rates of glass dissolution have been
determined from the results of experiments with glass
monoliths. Final or ‘long-term’ dissolution rates have
been determined in experiments with glass powders
where Si ‘saturation’ was attained. Values of the initial
and final rates were estimated by linear regression of
normalised mass losses based on boron vs time in the
monolithic and ‘Si-saturated” powder experiments.
Zwicky et al. [3] report initial glass dissolution rates of
1.1 g m~2 d~' and final dissolution rates (under condi-
tions of ‘apparent Si saturation’) of 0.009 g m~2 d~! at
90°C. Thus the final or ‘residual’ rates calculated from
these data are reported to be of the order of 100 times
lower than the initial rates [3].

3.9. Comparison of the combined data

Data obtained in the SPFT experiments presented
here may be compared directly with those obtained in
the MW-F experiments described in Part I, and with the
results of the long-term, static, batch dissolution exper-
iments described above.

Fig. 5 is a plot showing dissolution rates in each
SPFT experiment vs the activity of silicic acid. This plot
illustrates a number of points:

1. Maximal rates are observed in the MW-EDTA exper-
iments where aH;Si0, remains low and in the MW-Si
experiments where Al was below ICP-AES detection
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Fig. 5. Comparison of the experimental dissolution rates in the
MW-F, MW-Si, MW-Al and MW-EDTA experiments (refer to
the key) vs the activity of orthosilicic acid. The solid line shows
a linear regression through the MW-Si data obtained in tests
where Al was below the ICP-AES detection limits (Al < DL).
The dashed line shows a linear regression through the MW-F
data for tests in which Al was below the ICP-AES detection
limits. The vertical line indicates amorphous silica saturation at
pH 9.38 (40°C) (see text).

limits. Extrapolating the linear trends shown in Fig. 3

predicts zero dissolution rates at silicic acid activities

far in excess of those predicted at saturation with
amorphous silica.

2. Comparable rates are observed in the MW-F, MW-Si
and MW-AI experiments where Al was detected in
the leachate. It would appear that the presence of dis-
solved Al (in the absence of EDTA) strongly reduces
the dissolution rate under these experimental condi-
tions.

3. The lowest rates are observed in the MW-F_13-MW-
F_15 experiments. Here, Al was below detection lim-
its and reaction cell solutions were relatively concen-
trated with glass derived solutes. Gel development
was comparatively extensive in these tests.

The results of the MW-AI experiments indicate that
the presence of small quantities of Al significantly sup-
presses the glass dissolution rate in systems where the
silicic acid activity is also very low. On the contrary, the
presence of relatively large amounts of dissolved silica in
the absence of significant quantities of dissolved Al leads
to only a small suppression of the dissolution rates in the
MW-Si experiments. Thus under these experimental
conditions, it would appear that Al has a far more sig-
nificant effect on the glass dissolution rate than silicic
acid on a ‘mole per mole’ basis.

The Al-inhibition model has also been applied to the
data obtained in the MW-F experiments, as shown in
Fig. 6. The model (Eq. (3)), parameterised by fitting data

0.2 +—= f f } }
s Model
0.16 A -+
0.12 4 +
Rate
(@m?d") T\ i +
0.08 Lt I { 1
0.04 + T

0.00 1.00 200 3.00 4.00 5.00
aH,Sio, x 10°

Fig. 6. Rates of glass dissolution (based on steady-state B
concentrations) in the MW-F experiments vs the activity of
orthosilicic acid. Model line shows predicted rates based on the
Al inhibition model (Eq. (3)).

obtained in the MW-Si and MW-AI experiments, does
not provide good agreement with the MW-F data set.
As discussed in Part I, data from the MW-F experi-
ments are consistent with a glass dissolution rate law
that includes a mixed Al/Si ‘affinity’ term. Fig. 7 shows
rate data from the MW-Al and MW-Si experiments
plotted along with the MW-F data vs a Al - Si product
term. In these plots, the trendlines are linear regressions
through the MW-F data, and are the predicted disso-
lution rates based on the rate laws discussed in Part I.
In Fig. 7(a) the pH-corrected rate values are plotted
vs the activity product a}jip- (uq) * @fiisi0,- The trendline
gives predicted dissolution rates based on the following
rate law, which has been parameterised using data ob-
tained in the MW-F experiments, as described in Part I

Bl o
R=Ry|1— (OH), (aq) “"H4SiO4 ’ (4)
Karsi

where R is the rate of glass dissolution (g m~2 d~'), R,
the apparent rate constant under these experimental
conditions (40°C, pH 9.38) and Kj;s; is a constant de-
fined as the activity product @G- (g * @liisio, Which
corresponds to a hypothetical zero rate of dissolution
(not observed experimentally). Values of Ry and Kas;
estimated from these data by linear regression are
Ry =0.1834+0.006 gm=2d~! and Ka15; = 0.012 £ 0.001.
This provides reasonable agreement in the case of the
MW-Si data, but somewhat over-predicts the dissolution
rates in the MW-AI experiments.

The calculated activities and pH-corrected rate
values are subject to the combined uncertainties in the
geochemical modelling calculations and the dissolution
rate pH correction procedure. Fig. 7(b) compares
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Fig. 7. Rates of glass dissolution (based on steady-state B
concentrations) in the MW-F, MW-Al and MW-Si experi-
ments. The plots show: (a) pH-corrected rates vs the activity
product term and (b) non-pH-corrected rates vs the concen-
tration product terms (see text and Part I). Linear regression
trendlines are drawn through the MW-F data only. The dashed
lines are 95% confidence limits about the regression line and r
values are the product moment correlation coefficients.

non-pH-corrected rates with the molar concentration
product [AI**[Si]**'. The corresponding rate law
takes the form

RR, <1 - [AHO'%[Si]O'SI >’ (5)
Karsi

where values of Ry and Kj5 are estimated by linear
regression at 0.162 +0.007 gm~2 d~! and 0.014 & 0.001,
respectively. There is reasonable agreement between the
combined experimental data and predicted rates when
non-pH-corrected rates and the molar concentration
product [A1*%[Si]*" are considered. The mixed Al/Si
rate laws are certainly more consistent with the com-
bined rate data than Eq. (1).

It is useful to compare the results of the MW-F_15
and the MW-Si_16 experiments. In the MW-F_15 and
MW-Si_16 experiments the Si concentration in the
output solution was 55 mg 1-'. The B release rate in
the MW-F_15 experiment was 4 times lower than that in
the MW-Si_16 experiment even though Si concentra-
tions are comparable and Al concentrations are low

(below detection limits) in each case. The principal
difference between these two tests was that the MW-
Si_16 experiment was run at ¢/s ratio approximately 125
times larger than the MW-F_15 test. Consequently, the
concentration of other glass-derived solutes was much
lower in the MW-Si_16 test as compared with the MW-
F_15 test.

The experiments described here were designed to in-
vestigate specifically the rate influencing effects of dis-
solved Al and Si. It should be noted that this complex
glass also contains a variety of minor components, in-
cluding REE (Nd, Ce, La), Sr and Zr. Note that in the
MW-F experiments (described in Part I), the reaction
cell solutions become ‘concentrated’ with glass derived
solutes, particularly at low ¢/s ratios. One possibility is
that these minor elements also influence the glass dis-
solution process by contributing to the reaction ‘affinity’
or by surface reactions at reactive sites. Further, sys-
tematic experiments would be required to fully evaluate
this possibility.

Long-term experiments with this and other glass
formulations in static batch reactors indicate that long
term rates of dissolution in quasi-saturated systems are
considerably lower than forward dissolution rates, typ-
ically by factors of between 100 and 1000 times [16].
‘Forward’ and ‘final’ rates of dissolution in long-term,
static, batch dissolution experiments with this glass
formulation are reported to differ by a factor of 100 at
90°C [3].

Note that in the SPFT experiments the lowest
dissolution rates were observed in the MW-F experi-
ments conducted at the lowest ¢/s ratios (MW-F_13—
MW-F_15). The highest dissolution rate was
0.2354+0.046 (MW-EDTA_11) and the lowest was
0.0334+0.006 g m~2 d~' (MW-F_15). Thus dissolution
rates in the flow-through experiments described in this
work vary by a maximum factor of 7. In the context
of a rate law containing an affinity term, and assuming
a forward dissolution rate of 0.183 +0.006 g m=> d~',
this lower rate corresponds with 86% saturation with
respect to the rate limiting reaction. The residual rate
reported for this glass in the 90°C static, batch dis-
solution experiments described above (0.009 g m™2
d~!) represents 99% saturation compared to the re-
ported forward dissolution rate (1.1 g m=2 d=') [3].
This level of saturation is not approached in the SPFT
experiments described here as a result of the solution
flow-through.

4. Conclusions

The results presented here indicate that both dis-
solved Si and Al influence the dissolution rate of this
complex borosilicate glass. It has been demonstrated
that the rate influencing effects of dissolved Al are far
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more significant than those of Si on a mole per mole
basis under these experimental conditions (40°C,
moderately alkaline media). Complexation of Al by
EDTA reduces the rate influencing effects of dissolved
aluminium. In these experimental systems, Al solubility
is limited as a result of the formation of secondary
gels. These findings indicate that processes which
moderate Al solubility or aqueous speciation (such as
secondary phase development or the presence of or-
ganic ligands) are likely to influence the dissolution
rate of this glass.

The experimental results presented here further sub-
stantiate the conclusions drawn in Part I. A rate law
containing only the activity of silicic acid, such as the
model proposed by Grambow [7], is likely to over pre-
dict dissolution rates in systems where dissolved Al is
present in significant concentrations and where Al spe-
ciation is not influenced by chelating ligands such as
EDTA. The combined data is generally consistent with
glass dissolution rate laws of the form given by Egs. (4)
and (5). It is impossible to rationalize the experimental
data with a dissolution rate law based on the activity of
orthosilicic acid alone.

These conclusions are based on data obtained in
relatively short-term, dynamic experiments (maximum
duration 19 days). The rates are likely to exceed those
obtained in long-term, static tests where significantly
reduced rates are typically observed. The validity of
the rate laws has only been demonstrated in short-
term experiments in mildly alkaline media at 40°C.
Care must be taken when extrapolating this behaviour
to a potential repository environment. In such a sys-
tem, it is envisaged that the glass will eventually
contact relatively slow moving groundwaters. Unless
secondary phases form that accelerate the glass reac-
tion rate by lowering the solution activities of dis-
solved Si and Al species, long-term dissolution rates
under such quasi-static conditions may be notably
lower than those reported here (as in long-term, static,
batch dissolution experiments where near ‘saturation’
conditions are attained). Such rate laws would be
conservative when applied in a repository performance
assessment context since overestimated waste glass
dissolution rates would likely result in an overestimate
of the associated risk.
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