NH,
43
3

ELSEVIER

Journal of Nuclear Materials 295 (2001) 83-96

journal of
nuclear
materials

www.elsevier.nl/locate/jnucmat

SON 68 nuclear glass alteration kinetics between
pH 7 and pH 11.5

S. Gin ¥, J.P. Mestre

Commissariat & I'Energie Atomique (CEA), Valrhol Marcoule, DDRVISCD, BP 17171, 30207 Bagnols-sur-Céze cedex, France

Received 17 October 2000; accepted 11 January 2001

Abstract

The effect of the pH was investigated on the mechanisms of SON 68 (R7T7-type) glass alteration under ‘saturation’
conditions in order to delimit the pH range within which a stable, protective gel is formed. Static experiments were
conducted at 90°C with an S/V ratio of 50 cm™! at various imposed pH values: 7, 8, 9.5, 10, 10.5, 11 and 11.5. An
additional experiment was conducted with no restriction on the pH. The kinetic study showed that a protective gel
formed in all the test media, although its stability was pH-dependent: at pH 11 or higher, the precipitation of a po-
tassium and sodium aluminosilicate led to the degradation of the gel and the lose of its protective properties. This
phenomenon resulted in renewed glass alteration, leading to complete and rapid degradation of the glass into alteration
products. The aluminosilicate precipitation was found to be limited by the solubility of aluminum. Below pH 10, this
type of secondary phase is unlikely to precipitate and the gel should remain stable. This study, based on thermodynamic
and kinetic considerations, suggests that aqueous alteration of the French SON 68 nuclear glass results in the formation
of a protective gel with long-term stability between pH 7 and pH 10. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

This experimental study addresses two objectives:
determine the pH range within which the alteration of
the French SON 68 (R7T7-type) nuclear glass results in
the formation of a protective gel constituting a diffusion
barrier and limiting the dissolution of species from the
glass; and determine the possible causes of a long-term
degradation of the protective gel properties.

The pH is a key parameter in the evolution of sili-
cates in geochemical cycles, mainly because the species
H;0" and OH™ take part in the hydrolysis and con-
densation reactions involving the covalent Si-O bond
[1]. The effect of the pH on the reactivity of silicates is
generally investigated through catalytic phenomena (the
influence of the H;O" or OH™ ion concentration in
highly dilute media) as well as through the concept of
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equilibrium and solubility that may be shifted or mod-
ified by the pH [2,3].

From a kinetic standpoint, these mechanisms are
described by a product of terms in laws describing the
dissolution or precipitation of minerals or of silicate
glasses [4]. Catalytic phenomena are generally included
with the activation energy term in the macroscopic ini-
tial rate term, and the notion of an equilibrium between
the solid and fluid is described by a chemical affinity
function f(AG) that is related to the limiting mechanism
for many authors [5].

In the simple case of a pure SiO, phase, the disso-
lution reaction can be written as follows:

The reaction rate is expressed

r= ke BT (1 - S0, )

where £t is the kinetic constant, n the coefficient of the
pH-dependence of the reaction rate, Ea the activation
energy, an,sio, the HySi0y activity in solution, and K the
phase solubility. Increasing the solution pH, increases
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the rate of hydrolysis of the Si—O bond and increases the
solubility through dissociation of H4SiO4 into H;SiO,
and HZSiOi’ according to the following reactions:

H,SiO, + OH™ « H;Si0, + H,O0, (3)
H,SiO; + 20H™ « H,Si0}™ + 2H,0. (4)

Recent theoretical and experimental work on nuclear
glass has led the authors to question the use of such
laws to describe the alteration kinetics of this type of
matrix [6-12]. The primary reason for the discrepancy
between the ‘classic’ kinetic laws based on the theoret-
ical work by Aagaard and Helgeson [4] and the exper-
imental data is related to the fact that the chemical
affinity laws do not take into account the gel that forms
between the glass and solution, and which tends to limit
exchanges by diffusion between the solid and the solu-
tion, preventing a thermodynamic equilibrium from
being reached between the hydrated glass and the bulk
solution.

When considering the protective effect of the gel, the
influence of the pH on the evolution of the alteration
kinetics of a nuclear glass could thus be expected to be
more complex than for the pure silica phase mentioned
above — notably because of the additional link in the
causality chain: the pH modifies the chemical reactions
of hydrolysis and condensation of the glass species; the
kinetics of the chemical reactions affect the gel structure,
and thus, the diffusion coefficient of the reactive species
within it.

This paper presents and discusses the results of a
series of experiments in which the French SON 68
(R7T7-type) nuclear glass was altered under ‘saturation’
conditions at 90°C at various imposed pH values rang-
ing from 7 to 11.5. This pH range is broader than the
range expected in contact with the glass in a geological
repository scenario, notably because of the buffering role
of the nearfield engineered barrier.

The effect of the pH on the dissolution kinetics of
SON 68 glass had previously only be described under
‘initial rate’ conditions [13]; this work showed in par-
ticular a double catalytic effect on the glass dissolution
reaction: by H* or H;O™ ions in acidic media, and by
OH" ions in basic media. As with most aluminosilicates,
the initial dissolution is minimal at near-neutral pH [14].
Under saturation conditions, the effect of the pH on the
glass alteration kinetics is largely unknown. Only a few
integral experiments are available in which the pH was
imposed by the environmental materials (clays, ce-
ment. . .), but in this type of experiment it is difficult to
isolate the specific effect of the pH on the glass alteration
rate since the environmental materials are generally not
neutral. Under saturation conditions, the pH could have
the following effects:

e modify the silica saturation conditions, i.e., the ap-
parent solubility of the glass;

e modify the protective effect of the gel, related to the
pH effect on the recondensation of silicate species;
e precipitate secondary phases liable to control the
glass alteration kinetics.
The possible occurrence of these phenomena was
investigated by static tests at 90°C with a glass-surface-
area-to-solution-volume (S/V) ratio of 50 cm™! at var-
ious imposed pH values: 7, 8, 9.5, 10, 10.5, 11 and 11.5
(the equilibrium pH of SON 68 glass at this S/V ratio
and temperature is 9.1). An additional control experi-
ment was conducted with no restriction on the pH. The
50 cm~! S/V ratio was selected to ensure that Si ‘satu-
ration’ conditions favorable to the development of
protective gels were quickly reached.

2. Experimental protocol
2.1. Introduction

The static tests were designed to observe the glass
alteration kinetics by analysis of solution samples taken
at various intervals over a 20-month period. The reac-
tors were 120 ml Savillex PTFE containers in which
SON 68 glass powder (4.65 g of 63-100 um size fraction)
was placed in contact with 80 ml of ultrapure water.
Eight tests were conducted at a constant temperature of
90°C: seven tests at imposed pH values of 7, 8, 9.5, 10,
10.5, 11 and 11.5, and one with unrestricted pH. The
experimental conditions are summarized in Table 1.

2.2. Glass specimen preparation

The test glass was the French SON 68 inactive ref-
erence glass (composition: Table 2). The 63-100 pum size
fraction was obtained by milling and sieving glass
fragments obtained after crushing sample rods with a
hammer. The powder was cleaned ultrasonically in ac-
etone, then in alcohol, and finally in ultrapure water,
The specific surface area as determined by the BET
method using Kr was 860 & 40 cm? g,

Table 1

Characteristics of imposed-pH solubility tests

Parameter Value

Mode Static

Temperature 90°C

S/V ratio 50 cm™!

Solution volume 80 ml

Glass SON 68 (inactive reference glass)

Powder mass 4.651 g

pH Imposed: 7, 8, 9.5, 10, 10.5, 11 and 11.5
+1 test at unrestricted pH

pH adjustment Manual

Duration 20 months

Elements analyzed Si, B, Na, Al, Ca, Li, Mo
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Table 2
SON 68 (R7T7-type) glass composition
Oxide wt% Element wt% Oxide wt% Element wt%
SiO, 45.48 Si 21.26 Y,0; 0.20 Y 0.16
AL O3 491 Al 2.60 MoO; 1.70 Mo 1.13
B,0; 14.02 B 4.35 MnO, 0.72 Mn 0.46
Na,O 9.86 Na 7.31 CoO 0.12 Co 0.09
CaO 4.04 Ca 2.89 Ag,0 0.03 Ag 0.03
Li,O 1.98 Li 0.92 Cdo 0.03 Cd 0.03
ZnO 2.50 Zn 2.01 SnO, 0.02 Sn 0.02
710, 2.65 Zr 1.96 Sb,0; 0.01 Sb 0.01
Fe, 05 291 Fe 2.04 TeO, 0.23 Te 0.18
NiO 0.74 Ni 0.58 Cs,O 1.42 Cs 1.34
Cr,03 0.51 Cr 0.35 BaO 0.60 Ba 0.54
P,0s 0.28 P 0.22 La, 03 0.90 La 0.77
U0, 0.52 U 0.46 Ce,0; 0.93 Ce 0.79
ThO, 0.33 Th 0.29 Pr;, O3 0.44 Pr 1.36
SrO 0.33 Sr 0.28 Nd,0; 1.59 Nd 1.36
(6] 45.21

2.3. Test procedure

The leaching solutions consisted of ultrapure water
with KOH and HCI titrating solutions prepared from
Normapur products. The pH was adjusted at 90°C and
verified before initiating the test. The test starting point
was the moment the powder was introduced into the
reactor, which included a magnetic stirring rod and was
placed on a stirring device inside an oven regulated at
90°C £ 2°C.

The pH was checked periodically and adjusted to the
setpoint value if outside the following tolerance limits:
pH 7: 6.5-7.5
pH 8: 7.7-8.5
pH 9.5: 9.3 -9.7
pH 10: 9.8 — 10.2
pH 11: 10.8 - 11.2
pH 11.5: 10.8 — 11.7
Note. The amplitude of the acceptable variation
range depended on the setpoint pH value (it is increas-
ingly difficult to stabilize the pH as the value moves
away from the glass equilibrium pH).

Solution samples were taken at the following inter-
vals: 1, 14, 28, 56, 97, 152, 240, 372 and 594 days. Each 1
ml sample was ultrafiltered to 10,000 dal. (cutoff
threshold: approx. 2 nm), then, diluted in two volumes
of IN HNOj;. ICP-AES analysis was used to determine
Si, B, Na, Al, Ca, Li and Mo with an uncertainty range
of 3-5% depending on the elements.

2.4. Expression of results

The altered glass percentage was determined at each
sampling interval from the following relation
CgV

%G, = 107" oXs”
B

)

where Cy is the boron concentration (mg 17') in solu-
tion, V' is the solution volume (/), my is the initial glass
powder mass (g) and X3 is the boron mass fraction in the
glass. Boron is an good alteration tracer for this type of
glass, as it is primarily a network former and is not re-
tained in the alteration products [15].

The normalized mass loss was calculated from the
following relation:

Gi

N = x5y ©

where C; is the concentration (mg17') of element i in
solution, S/V is the ratio (m~!) between the glass surface
area and the solution volume, and X; is the mass fraction
of element i in the glass. NL;, expressed in g m~2, is used
to assess the quantity of altered glass when calculated
for the mobile elements (B, Na), and to determine the
retention capability of the alteration products for the
less mobile elements (notably Si). In the case of a highly
altered glass specimen, the grain size reduction is taken
into account by means of the shrinking-core model de-
scribed by Jégou [12].

The retention factor of element i in the glass alteration
products is defined by comparison with boron (the glass
alteration tracer) in the following relation:

NL;
=1——.
=13 ™)
The glass alteration rate is defined as follows:
~ d(NLg)
TR ®)

where r is expressed in g m~2 d~' and NLg in g m2. The
maximum glass alteration rate observed in dilute media
is termed the initial rate, designated ry. The initial rate
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characterizes the glass resistance to hydrolysis, and de-
pends only on the temperature and pH [13].

2.5. Characterization of the altered glass samples

SEM observations (JEOL JSM6330F, 15 kV, EDS
analysis with PGT system) were performed on samples
altered for 240 days at pH 11.5. We performed direct
observations of the altered grain surface to reveal the
presence of crystallized phases at the interface gel/solu-
tion, and also observations of cross-sections through
altered glass powder (grains were embedded in Araldite
AY 130 resin and wet-polished with SiC paper) in order
to study the chemical composition of the gel.

The altered glass powder was also characterized by
X-ray diffraction (Seifert XRD 3000 diffractome-
ter + scintillation counter, Cu cathode with Bragg-
Brentano detection geometry).

3. Results
3.1. pH Variation

Fig. 1(a) shows the evolution of the pH (measured at
90°C) in the experiment at pH 7. Note the very frequent
pH corrections required during the first three months of
the experiment to maintain the pH within the setpoint
range (6.5-7.5); during the first days, the pH occasion-
ally even exceeded 8. After the first 100 days, the pH
varied slowly, and the corrections were therefore, less
frequently necessary. Expressed in terms of H' ion
consumption during glass alteration (Fig. 1(b)), the pH
variation shows two characteristic phases: the proton
consumption increased very rapidly from 0 to 40 days,
then leveled off. This phenomenon is discussed below in
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T + % Fe3
a
o © 0% ¢ % ?ob
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6 4 (4
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(a) Time (days)

relation with glass dissolution, and notably with the
interdiffusion of protons and alkali metal cations from
the glass.

Fig. 2(a) shows the evolution of the pH (measured at
90°C) in the experiment at pH 8. The H ion con-
sumption was about 100 times lower than at pH 7 (Fig.
2(b)); otherwise, the curves obtained at pH 8 are similar
in shape to the results at pH 7.

No pH adjustment was necessary during the experi-
ments at pH 9.5, 10 and 10.5. During the tests at pH 11
and pH 11.5, the pH remained at the setpoint value for
about 100 days (pH 11) or 56 days (pH 11.5) before
slowly diminishing to 10.8; the pH values were not
corrected during either of these tests.

3.2. Glass alteration

3.2.1. Altered glass fraction after 1 day and after 594 days

Fig. 3 shows the altered glass fractions after 1 day
and after 594 days for all eight experiments. Under
conditions far from saturation (after 1 day), the altered
glass quantity was relatively independent of the pH in
the range from pH 7 to pH 10, and corresponded to an
altered glass thickness of about 20 nm.

Note. The alteration measured after 1 day does not
correspond to initial rate conditions indicated in Table 3.
Depending on the pH, the mean alteration rates between
0 and 1 day ranged from 7,/20 to r,/100.

Over the longer term (594 days), the altered glass
fraction was highly pH-dependent. The minimum al-
teration was observed at pH 9.5. The alteration in-
creased sharply above and below the minimum value,
with significantly greater pH-dependence in highly basic
media than in neutral or slightly basic media. The glass
specimen was almost totally altered after 240 days at pH
11.5.
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Fig. 1. (a) pH versus time in experiment at imposed pH 7; (b) H* ion consumption by the glass dissolution reaction, estimated from

10~ N HCI make up volume.
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Fig. 2. (a) pH versus time in experiment at imposed pH 8; (b) H" ion consumption by the glass dissolution reaction, estimated from

10~! N HCI make up volume.
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Fig. 3. Altered glass fractions after 1 day and after 594 days
versus imposed leaching solution pH.

Table 3
Initial dissolution rate of SON 68 glass versus pH at 90°C (from

Advocat [16])

pH ro(gm=2d")
7 0.9
8 1.8
9.1 4.7
9.5 5.0
10 10.4
10.5 16.4
11 24.1
11.5 42.0

3.2.2. Normalized boron mass loss

The normalized glass mass losses calculated from the
boron release are shown in Fig. 4 for the tests conducted
at pH 7 to 10.5. In each case, the normalized mass losses
increased rapidly during the first few weeks and more
slowly thereafter.
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Fig. 4. Normalized glass mass loss versus time calculated from
boron release for tests at pH 7 to pH 10.5.
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Fig. 5. Normalized glass mass loss versus time calculated from
boron release for tests at pH 10.5, 11 and 11.5. (Note loga-
rithmic scale on Y-axis, unlike Fig. 4.)

Fig. 5 shows the normalized glass mass losses calcu-
lated from the boron release for the tests at pH 10.5, 11
and 11.5. At pH 11.5 the alteration rate diminished
sharply between 10 and 50 days, followed by renewed
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alteration until practically all the grains were trans-
formed into alteration products. The same phenomenon
was observed at pH 11, although the renewed alteration
occurred much later than at pH 11.5. No such renewed
alteration occurred at pH 10.5. The mechanism involved
in this phenomena must be identified in order to con-
sider the possibility of such behavior at pH values more
representative of actual repository conditions.

3.3. Alteration rate

The variation of the glass alteration rate over time in
the test media is shown in two ways. The rates are in-
dicated in g m~2 d™! versus time between 0 and 594 days
(Fig. 6), then compared in Fig. 7 with the initial rate ry,
which depends on the pH according to a relation of the
type Toprx) = Fopnr) X 1067 where x > 7 [16]. The
initial rate was calculated for each test at the setpoint pH
(Table 3). The r/ry ratio reflects the drop in the glass
alteration rate from the maximum rate in each test.

Fig. 6 shows a rapid drop in the glass alteration rate
that is relatively pH-independent in the range between
pH 9 and pH 10.5, with a slower drop in the rate at pH

AEH00 oo
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rigmad)
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1608 S
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Fig. 6. Glass alteration rate versus time in various media at
imposed pH. The accuracy of the rate below 103g m2 d™" is
poor and the fluctuations are not significant. Note that below
pH 11 the final rates are relatively independent of the pH.
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—%—pH 105
—A—pH 11
—@—pH11.5

—==— unrestricted pH
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Fig. 7. Evolution of the ratio between the alteration rate (r)
and the initial rate (r9). The precision on the r/ry ratio below
10~* is poor and the fluctuations are not significant.

7-8, as well as at pH 10.5 and 11. The alteration kinetics
were radically different above pH 11. A final rate on the
order of 104 g m~2 d' was reached after 250 days at
pH values up to 10.5. The existence and consequences of
a residual alteration rate on the long-term behavior of
nuclear glass is a major issue that will be addressed in
future work.

Considering that the initial rate is highly pH-depen-
dent (Table 3), it is also of interest to discuss the drop in
the glass alteration rate compared with the initial rate.
Fig. 7 illustrates a number of points:

e In the pH range from 9 to 11, the alteration rate
dropped by over four orders of magnitude from the
initial rate o within about one month.

e The uncertainty on the rate calculation was too great
for values below 10~*r, to attribute the fluctuations
in the r/ry ratio to a particular mechanism.

e At pH values above the glass equilibrium pH (9.1),
the rate drop was pH-independent, at least until re-
newed alteration occurred at the very basic pH values.

e Below the glass equilibrium pH, the importance of
the rate drop diminished with the pH.

e Renewed alteration at pH 11 and 11.5 caused the
glass alteration rate to increase by a factor of 20 com-
pared with the rate under saturation conditions.

3.4. Dissolved silicon concentration

The silicon concentrations measured by ICP-AES in
solutions filtered to 10 000 dal. are shown in Fig. 8§,
which highlights the following points:

e The Si concentrations were identical at pH 7, 8 and

9.5.

e The Si concentrations were slightly higher with unre-
stricted pH than at pH 9.5, even though the free pH

was below 9.5.
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Fig. 8. Silicon concentration in the leachate versus time during
7 tests at imposed pH and one test at unrestricted pH. The data
points at pH 7 and pH 8 coincided.
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e The Si concentrations increased sharply with the pH

above 9.5.

e The rate calculated from silicon diminished signifi-
cantly over time but never ceased entirely.

e The renewal of alteration at pH 11 and 11.5 resulted
in a sharp rise in the silica solubility.

At neutral or slightly basic pH values, the stable silica
form is H4SiOy4. As the pH rises, this species dissociates
into H3SiO, and HZSiOi’ anions according to the fol-
lowing reactions:

H,Si0, — H3Si0, + H  (K)), )

H;Si0, « H,Si0;” +H™  (K,), (10)

where K; = 10717 and K, = 107'*7 at 90°C [17].

If the glass could be considered as a form of pure
silica, glass dissolution could be expressed simply as
follows:

(Si0) 4. + HoO — H,SiO;. (11)

glass
The glass solubility would be equal to the H4SiO4 con-
centration at saturation. This hypothesis constituted the
basis for developing the first-order kinetic model:

r=r 1—% :ro(l—%), (12)
CH4SiO4 CSi

where Cjjgo, corresponds to the glass solubility [18].
Ciiisio,» unlike Cg', is not pH-dependent. Egs. (9) and
(10) can be used to establish the relation between the
dissolved silicon concentration and the pH:

K K
CSi:CH4SiO4<1+W+1(y—zm)' (13)

The H,4SiO4 concentration was calculated from Eq. (13)
for all the tests. The variations over time of the loga-
rithm of the H4SiO,4 concentration between 1 and 594
days are plotted in Fig. 9 for all the tests. The HySiO4
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Fig. 9. H4SiO4 concentration in the leachate versus time. The
calculation assumes the coexistence of only the following spe-
cies: H4Si04, H3SiO; and stiOi’A The solubility limits of
three pure silica phases are indicated in broken lines.

concentrations were not identical in all the tests, al-
though the should be if Cj;o, corresponded to the glass
solubility. At pH values above 9.5, the H;SiO,4 concen-
tration tended to increase in time, even though the glass
alteration rate dropped by over four orders of magni-
tude from the initial rate r, (Fig. 9). This result indicates
that from a kinetic standpoint the glass cannot be con-
sidered as a form of pure silica, and that Egs. (11) and
(12) are not suitable for modeling glass alteration.

The retention factors of Si in the glass alteration
products, fs;, calculated from Eq. (7) are pH and time
dependent. Generally they increase until 28 days and
remain almost constant after. The values fg; are close to
0.9 at pH 7 (i.e. 90% of the hydrolyzed Si remains in the
gel) and decrease with pH in the range [pH 7; pH 10]
until 0.45. Above pH 10, f5; are not pH-dependent as
long as the gel remains protective.

3.5. Renewed alteration at pH 11 and 11.5

3.5.1. SEM and XRD characterization of the alteration

products

Renewed alteration was observed at pH 11.5 about
50 days into the experiment (Fig. 5). Direct SEM ob-
servation of the altered grain surface (Fig. 10) revealed
the presence of two types of crystallized phases: honey-
comb structures characteristic of phyllosilicates [19] and
radiating acicular crystals (the latter were not observed
at lower pH values).

SEM observations of cross-sections through altered
glass powder grains (Figs. 11 and 12) reveal a peripheral
layer about 6 pm thick consisting mainly of acicular
crystals, and an inner layer ranging from 5 to 30 pm
thick with no specific structural features. The phyllosi-
licates are not visible on the cross-sections. The pristine
core is clearly visible in the grains observed along their
major diameter. The EDS element maps of these grains
(Fig. 13) indicate the presence of Na in the core region,
confirming that the glass was unaltered. The aluminum
distribution was very heterogeneous, with higher con-
centrations in the outer layer.

The outer crystal-rich layer and the inner alteration
layer were submitted to a more detailed SEM examin-
ation on the cross-sections (Fig. 12); the EDS map for
this region (Fig. 14) shows the following features:

o the acicular crystals consisted of Si, Al, K and Na;

e the inner alteration film was highly depleted in Al (a
phenomenon that had never been observed before);

e potassium from the KOH solution used to adjust the
pH to 11.5 was present in the alteration film, but also
in large quantities in the external crystals;

e iron and, to a lesser extent, zinc were concentrated in
a thin film between the acicular crystals and the alter-
ation film, this could well be the phyllosilicate layer
(Fig. 10).

e Zr and the rare earth elements were found in the gel.
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Fig. 10. (a) SEM image of the surface of glass grains altered at pH 11.5; (b) 4x enlargement of Fig. 10 (a) (the honeycomb structure

beneath the acicular crystals is characteristic of the phyllosilicates).
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Fig. 11. SEM image of a cross-section through a glass grain
altered at pH 11.5.
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Fig. 12. SEM image of a cross-section through the outer por-
tion of a glass grain altered at pH 11.5, showing the acicular
crystals and the underlying gel layer.

Glass powder grains altered at other pH values were
also observed directly. Only the grains altered at pH 11
and 11.5 developed external acicular crystals consisting
of Si, Al, K and Na; only phyllosilicates were observed
on the other grains.

The glass powder altered at pH 11.5 was also char-
acterized by XRD. A single-phase was clearly observed
(Fig. 15): a potassium aluminosilicate K,Al,Si;Oy,,-
xH,O (JCPDS file 16-692). The characteristic phyllosi-
licate phase was not detected, either because of its
limited crystallinity or its limited abundance. This find-
ing is consistent with the SEM chemical analysis results.
The substitution of Na for K in this phase has no sig-
nificant effect on the mesh parameters, suggesting that
the precipitated phase could consist of (K,Na),Al-
Si40y,, xH,0O. This phase will be designated
Alc, Al Si4Oy; in the remainder of this study.

3.5.2. Behavior of dissolved species

The renewed alteration observed during the experi-
ment at pH 11.5 was accompanied by a sudden drop in
the dissolved Al concentration and a major increase in
the dissolved silicon concentration although the dis-
solved silicon flow remained well below that of the al-
teration tracers (B, Na, Li). This resulted in greater
silicon retention in the alteration products. It is not
impossible that a fraction of the silicon was present in
colloidal form, but as all the solutions were analyzed
after ultrafiltration to 10000 dal., no data are available
to confirm this.

The dimensions of the Alc,Al,Si;O, crystal can be
estimated from Figs. 10-13 at approximately
5%0.7x 0.7 pm? (i.e. 2.45 pm®) with some 20 vol.%
crystals in the outer layer. Assuming a crystal density of
2.5 g cm™* by analogy with other aluminosilicates, and
based on an aluminum mass fraction of 12% in the
crystal, the quantity of aluminum contained in these
phases is about 120 mg. This value corresponds to the
total amount of Al initially available in the glass; it is
also 50 times greater than the dissolved Al concentration
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Fig. 13. EDS map of the zone corresponding to Fig.

in solution when the alteration resumed. The aluminium
in the Alc,Al,Si4O4, crystals, therefore does not come
mainly from the solution. In view of the Al depletion of
the gel, as shown by the EDS maps, it is reasonable to
conclude that the gel is the primary source of aluminum
for the Alc,Al,SiyO, phase. The precipitation of the
Alc,AlSiyOy, phase can thus be related to the renewal
of glass alteration.

4. Discussion
4.1. Overview

The results show that the minimum glass alteration
occurred at pH 9.5, a value slightly higher than the glass
equilibrium pH (9.1 under these conditions). The pH
corrections performed for the tests at pH 7 and 8 and the
pH variations measured during the tests at pH 11 and
11.5 show that the pH slowly tends toward the equilib-
rium value. After 594 days of static-mode alteration at
90°C and 50 cm™!, the minimum alteration obtained at
pH 9.5 corresponded to an altered glass thickness of 65
nm. This thickness is equivalent to the alteration mea-

11 (SON 68 glass grains altered in a solution at pH 11.5.

sured on the same glass at higher S/V ratios (200 cm~>
[16]; 2000 cm™! [20]).

The observed decrease in the alteration rate was in-
dependent of the pH for values ranging from 9.5 to 11.5
(until renewed alteration occurred). Below the glass
equilibrium pH, however, the rate reduction was less
significant at lower pH values.

Quasi steady-state dissolved silicon concentrations
were reached in a few days for the tests conducted at pH
values below 10.5. In more basic media, the silicon
concentrations increased significantly with the pH and
continued to do so appreciably over time. Strictly
speaking, regardless of the pH, saturation of the solu-
tion with respect to silicon (indicating a solubility limit)
was not observed within the experimental time frame.
The following discussion will refer to ‘quasi steady-state’
conditions or ‘apparent solubility’ with regard to this
aspect of silicon behavior.

Renewed glass alteration was observed after 50 days
at pH 11.5 and after 250 days at pH 11. SEM and XRD
examinations revealed the presence of an alkali metal
aluminosilicate, the precipitation of which may be re-
lated to the renewal of glass alteration. The effect of the
pH on the gel formation mechanisms and on its pro-
tective properties are discussed below, as are the
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Fig. 15. XRD diagrams of SON 68 glass powder altered at
pH 11.5. All the identified peaks correspond to the
K,AlLSiO4,xH,O phase (JCPDS file 16-692).

occurrence and effects of the precipitation of secondary
phases.

4.2. Importance of interdiffusion

The interdiffusion mechanism leads to preferential
release of the alkali metal ions associated with non-
bridging oxygen atoms in the glass [21,22]. Although this
mechanism is known to predominate during the initial

g. 14. EDS elemental map of the outer portion of a glass grain altered at pH 11.5.

stages of glass alteration, its role at advanced stages of
reaction progress remains uncertain.

In all the tests at pH values ranging from 7 to 10.5,
lithium was released at a higher rate than boron: this
phenomenon could be characteristic of interdiffusion.
Conversely, sodium was found to be less mobile than
lithium, and sometimes less mobile than boron; the so-
dium appears to be retained in the gels and alteration
products. Assuming the dissolved boron corresponds to
the hydrolysis front and the lithium to the interdiffusion
front, the thickness of the ion exchange region can be
shown to increase in time. At pH 7, for example, the ion
exchange region grew from 6.5 nm after 7 days to 65 nm
after 594 days. This result could be interpreted by pos-
tulating that interdiffusion — in fact, the diffusion of
molecular water in the pristine glass — could be reason
for a residual alteration rate. This explanation, which is
consistent with the interpretation proposed by Gram-
bow [23], will remain a simple hypothesis as long as a
clear correlation cannot be demonstrated for various
glass compositions between the residual rate and the
water diffusion coefficient within the glass structure.

4.3. Apparent glass silica solubility

The term ‘apparent solubility’ is subject to various
interpretations, and must be clarified here before pur-
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suing the discussion. Quasi steady-state silicon concen-
trations are generally observed after a few days or weeks
during glass alteration tests. These quasi steady-state
conditions result from the competition between the hy-
drolysis flow and the condensation flow responsible for
the formation of the gel. Because these mechanisms
depend to a large extent on the characteristics of the
external environment, we use the term ‘apparent glass
solubility’ to designate the quasi steady-state conditions
reached by the system (glass—gel-solution-external me-
dium).

Assuming the quasi steady-state silicon concentra-
tions measures after 100 days of alteration correspond to
the apparent glass solubility at that point in time, we
compared the experimental data with the true solubility
curves of two silica polymorphs: amorphous silica and
chalcedony (Fig. 16).

SON 68 glass has in the past been compared with
chalcedony, mainly because the apparent solubility of
the glass at unrestricted pH is close to the true solubility
of chalcedony. The present study shows that the glass
behavior is quite different from that of a pure silica
phase. While the apparent solubility of the glass varies
little between pH 7 and pH 9 (as is also the case with
pure silica), it increases much less with the pH than does
the solubility of chalcedony or of amorphous silica (Fig.
16).

The fact that the apparent solubility increases more
slowly with the pH for SON 68 glass than for chalce-
dony or for amorphous silica is the evidence of the effect
of the gel-forming elements other than silicon (Al, Ca,
Zr, REE, etc.). Studies of the kinetically limiting role of
these elements [6,24] have demonstrated that their
presence in the glass contributes to the formation of
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Fig. 16. Apparent glass silicon solubility versus pH, compared
with true solubility of pure silica phases. For SON 68 glass, the
indicated values are dependent not only on the temperature but
also on the ability of the medium to supply or remove silica.
This dependence on the medium distinguishes the apparent
solubility from the true solubility.

more protective gels and tends to diminish the apparent
glass solubility.

4.4. Relation between glass alteration kinetics and silicon
behavior

Silicon has generally been considered the kinetically
limiting element [18,25]; most of the kinetic laws thus
established, direct relations between boron (alteration
tracer) and silicon. However, recent studies [11,12] have
shown that this relation is not so direct. The results of
the present study shed new light on this issue.

Fig. 17 reveals a linear relation between the quantity
of altered glass NL(B) and the dissolved silicon concen-
tration at pH values ranging from 9.5 to 11.5:

NL(B) = 1.6 x 107*Cs;  #* = 0.990. (14)

Outside this pH range, the relation between NL(B) and
Cg; is no longer linear. At pH 7 and pH 8 the altered
glass quantity increases although the Si concentration
remains constant. Intermediate behavior is observed at
pH 9.1 (corresponding to the experiment at unrestricted
pH).

The relation between the quantity of altered glass and
the dissolved silicon concentration can be interpreted in
two ways: it may be assumed that the increasing ap-
parent solubility of the glass with the pH is responsible
for the increased glass alteration or, on the contrary,
that the silicon concentration increases because the glass
is altered to a greater extent at very basic pH values (in
which case the silicon concentration is the consequence
of the altered glass quantity).

The only driving force behind glass dissolution was
long considered to be the difference in the silicon con-
centration (between the saturation value and the in-
stantaneous value at time ) at the glass/gel interface.
The French LIXIVER model is based on this hypothe-
sis, arising from theoretical considerations proposed by
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Fig. 17. Altered glass quantity NL(B) versus dissolved silica
concentration in tests at imposed and free pH. The data are
plotted up to 200 days at pH 11 and 56 days at pH 11.5. The
subsequent renewal of alteration in both cases reflects a radical
change in the limiting mechanism.
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Grambow [18] in 1985. Recent findings suggest the ex-
istence of several driving forces for glass dissolution [11].
It has been established that the difference between the
true solubility associated with the chemical potential of
the glass and the dissolved silicon concentration con-
stitutes a powerful and permanent driving force glass.
Jégou [6] showed that when a pristine glass sample was
placed in a solution apparently saturated with Si, it was
altered until a protective gel formed. The failure to reach
the true solubility is attributable to the reverse reaction
of gel formation and secondary phase precipitation. We
have also established that the nonprotective gel formed
during the initial-rate phase also constitutes an other
driving force [11]. This can be explained by the fact that
the nonprotective gel develops a large specific surface
area, and exhibits a strong silicon sorption capacity.
Saturation of some or all of the gel is a prerequisite to
the formation of a protective gel. Inasmuch as the initial
glass dissolution rate increases rapidly with the pH, the
quantity of non-protective gel formed under initial-rate
conditions also increases significantly with the pH. This
explains why the quantity of glass that must be dissolved
to saturate the gel is pH-dependent. When the non-
protective gel becomes saturated with respect to Si, the
gel becomes protective (i.e., constitutes a significant
diffusion barrier) and a quasi steady-state Si concen-
tration is established as the hydrolysis and condensation
flows tend to balance. The quasi steady-state concen-
tration does not represent a thermodynamic equilibrium
between the glass and solution; it corresponds to a dy-
namic steady-state — the difference in the chemical po-
tential between the glass and the bulk solution, which
constitutes the permanent glass dissolution motor, is
offset by the diffusion barrier effect of the gel.

We noted that between pH 9.5 and pH 11.5 the
decrease in the glass dissolution rate was independent
of the pH (Fig. 7). In view of the preceding discussion,
this implies that the gels formed between pH 9.5 and
pH 11.5 exhibit the same protective properties. We also
noted that the silicon fraction retained in the gel was
independent of the pH 9.5 and pH 11.5. The recon-
densed silicon fraction is, thus, independent of the pH
within this range. It is, therefore, reasonable to assume
that the dissolved silicon concentration — i.e., the dif-
ference between the hydrolyzed quantity and the re-
condensed quantity — is proportional to that dissolved
glass mass. A major conclusion can, thus, be formu-
lated at this point: at pH values exceeding 9.5 and in
the absence of precipitation resulting in degradation of
the gel, the gel exhibits protective properties indepen-
dent of the pH.

The conclusions reached in the pH range between 9.5
and 11.5 cannot be extended to less basic pH values, for
which the gel properties appear to differ. The data ob-
tained at pH 7 and pH 8 show that silicon retention in
the gel is considerably greater than at pH 9.5-11.5 (90%

at pH 7 and 85% at pH 8, versus about 40% at
pH > 9.5) and yet, the gels formed under these condi-
tions are considerably less protective: the alteration rate
diminishes to a much smaller extent at these pH values
than for pH > 9.5 (Fig. 7). The silicon fraction retained
in the gel is, thus, not the only parameter involved in the
protective gel effect, and the condensation mechanism
responsible for the gel formation is appreciably modified
by the pH. Further data concerning the gel structure
must be available before proceeding with the interpre-
tation of the results.

In view of these arguments, it would appear more
reasonable today to consider the steady-state concen-
tration of dissolved Si as a consequence of the glass
dissolution decrease, rather than a true equilibrium. This
new interpretation could lead us to revise the expression
of the glass dissolution kinetic laws.

4.5. Possibility of renewed alteration at pH < 10.8

Morphological and chemical examination of the
surface of the glass powder grains altered at pH 11.5
revealed an outer region of secondary phases and an
inner layer characteristic of the alteration gel. The EDS
maps clearly show the heterogeneous aluminum distri-
bution within the glass alteration products: Al tends to
accumulate in the Alc,Al;Si4Oy, crystals that the de-
velop around the periphery of the alteration film. The
aluminum balance shows that this element comes mainly
from the gel. This is an important point, as it suggests
that the precipitation of the Alc,Al;Si,O,, phase is di-
rectly related to the renewal of glass alteration. The most
likely scenario to account for the glass behavior at pH
11.5 is the following.

1. A protective gel forms during the first few days of the
experiment, causing the glass alteration rate to dimin-
ish sharply from the initial rate ry (Fig. 7). The alumi-
num is strongly incorporated in the gel, despite its
high pH-dependent solubility.

2. The high solubility of Al (32mg™!) and Si
(740 mg 17') after 56 days at pH 11.5 lead to the nu-
cleation of Alc,Al,Si4O4, of crystals at the gel/solu-
tion interface.

3. The growth of these crystals consumes the dissolved
Al and Si, and then the Al from the gel.

4. The dissolution of the Al in the gel and its precipita-
tion in the Alc,Al,Si40, crystals cause the gel to lose
its protective properties, resulting in a significant re-
newal of glass alteration.

5. When all the aluminum from the gel has been con-
sumed, dissolution of the glass supplies Al directly
to the Alc,Al,SiyOy; crystals.

The above process results in the complete transforma-

tion of the glass powder into alteration products without

the formation of a new protective gel layer (Fig. 3).
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This scenario establishes a causal relation between
the precipitation of the Alc,Al;Si;O;, phase and the
renewal of glass alteration. What then might be the
limiting mechanism in this process, and what is the oc-
currence probability of such a phenomenon at less basic
pH values? This is an essential question: the fact that the
phenomenon was not observed below pH 11 does not
exclude the possibility of its long-term occurrence. Re-
newed alteration occurred after 50 days at pH 11.5 and
250 days at pH 11. A purely kinetic limitation therefore
cannot be ruled out.

The phase identified by XRD is not listed in the
thermodynamic  database. = However, herschelite
(Si,Al(Na, K)Og, 3H,0) is a known mineral that is ob-
served during the alteration of some low- and interme-
diate-level nuclear glasses [26], and its composition is
similar to that of the phase that precipitated in our ex-
periment. The dissolution reaction for herschelite is

Naoj LO.SALSig.OOG, 3H20 (Sohd) + 4H* (aq)
=0.5Na*(aq) 4+ 0.5K" (aq) + Al'*(aq)
+ 28i(OH)}(aq) + H,0. (15)

Log K was estimated at 7 for this reaction 90°C [27]. The
saturation index was calculated for the glass alteration
solution in all the experiments of this study (Fig. 18).
The saturation index I; is equal to log (Q/K), where Q is
the ion activity product. The evolution of the leachate
saturation index for herschelite versus the pH shows that
the solutions in all the tests were largely oversaturated
with respect to this mineral. Herschelite precipitation is
thus, thermodynamically possible even at pH 7. The fact
that none was observed at this pH (and the fact that it
has never been observed in experiments with SON 68
glass at pH < 10), therefore, cannot be explained by
thermodynamic constraints.
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Fig. 18. Herschelite saturation index (LogQ/K) calculated from
the chemical composition of the glass alteration solutions (data
points for pH 7 to pH 11.5).
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Fig. 19. Molar ratios of the main constituents of the
Alc, AL Si404, phase calculated from the glass alteration solu-
tion analysis results, showing a major Al deficit with respect to
the Alc,Al,Si;O), phase.

Fig. 19 shows the variation of the molar ratios of the
dissolved species Si/Al, Si/Na and Al/Na versus the solu-
tion pH. The Si/Al and Si/Na ratios are both 2:1 in the
Alc, Al Si,O1, phase and the Al/Na ratio is 1:1 (assuming
Alc = Na). Fig. 14 shows that above pH 9 the Si/Na ratio
in solution is close to the ratio in the Alc,Al,Si,O, phase.
The Si/Al and Al/Na ratios, however, are far from the
solid-phase values even at very basis pH levels. At pH
11.5, the Si/Al ratio in solution is 10 times higher than in
the solid, whereas, the Al/Naratiois 15 times lower. These
differences increase as the pH diminishes. If precipitation
of the Alc,Al,SiyOy, phase is assumed to be initiated by
the solution — which would appear to be the case since no
crystals are observed in the gel — then the limiting pa-
rameter appears to be the dissolved aluminum concen-
tration in solution. The fact that the aluminium solubility
is low, particularly at pH < 10, probably limits the
number of crystals liable to precipitate. The crystal den-
sity above which growth occurs from the gel is unknown,
but it is reasonable to assume that below pH 10 the Al
deficit is sufficient to inhibit the process.

5. Conclusion

The pH appears to be a key parameter in the long-
term behavior of SON 68-type nuclear glass because of
its considerable influence on the glass alteration kinetics.
In order to take this effect into account in a long-term
behavior model, we must first understand how the pH
modifies the protective properties of the gel and the
apparent solubility of the glass.

This study has revealed the need for discriminating
between the mechanisms above and below the glass
equilibrium pH. The mechanisms of gel formation and
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its protective properties are pH-independent below the
glass equilibrium pH (about 9 at 90°C), but are pH-
dependent above the equilibrium value. We have also
shown that the gels formed at pH > 9 are more pro-
tective than those formed between pH 7 and pH 9.

We have established a dissolution/reprecipitation
mechanism in highly basic media (pH > 11) resulting in
the loss of the gel protective properties and renewed glass
alteration leading to the complete transformation of the
glass powder into alteration products. The Alc, Al,Si,Op;
phase that precipitates consumes elements from the gel,
notably aluminum. We have shown that the solubility of
aluminum limits the development of this phase. Under
these conditions, pH values below 10 should limit the
onset and avoid the consequences of such precipitation.
This crucial conclusion, which concerns the long-term
durability of the gel, is supported by the results of an ex-
periment in which a protective gel was perturbed by
modifying the solution pH: we have shown that the glass
does not react to an upward shift in the pH as long as it
remains below 10. The pH-dependence of the apparent
glass silica solubility differs from that of a pure silica
phase, mainly because silicon is not the only kinetically
limiting element. Moreover, although the development of
highly protective gels leads to the establishment of quasi
steady-state silicon concentrations in solution, we have
shown (1) that these quasi steady-state conditions are only
an approximation of reality, as the silicon concentrations
increase slowly but steadily over time, and (2) that they
depend on extrinsic factors such as the S/V ratio and,
more generally, the protective properties of the gel — and
thus, on the gel formation conditions. For these reasons,
we have prudently referred to the ‘apparent glass silicon
solubility’ to distinguish this phenomenon from the true
thermodynamic solubility.
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