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Dissolution mechanisms of boro-silicate glass
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Experiments of dissolution of a soluble boro-silica glass were performed at 37 ◦C in a saline
solution without and with 50, 75 and 100 ppm of added silica. After reaction silica
concentration was measured by AAS and colorimetry and fibers were investigated by
SEM-EDS and XPS. The results give informations on the dissolution velocity of the glass
and the factors controlling the formation rate of the gel layer and its composition. The
dissolution velocity measured at the unaltered glass-gel interface is not significantly
decreased by the silica concentration in solution whatever its origin (leaching of the glass
fibres or initial addition). Accordingly, gel formation is controlled by the chemical reactions
rate at, or near, the boundary of the unaltered core. The composition and the stucture of the
gel layer are depending on the silica concentration in solution above a threshold of about
50 ppm. The framework of the gel appears to play the more important role in the
dissolution velocity of the glass. C© 2000 Kluwer Academic Publishers

1. Introduction
The knowledge of long-term dissolution rates of artifi-
cial glasses in geological environments has important
practical applications (e.g.: nuclear wastes disposal).
In this respect [1, 2], a two-step approach may be de-
veloped involving i) an experimental identification of
the short-term aqueous corrosion mechanisms and ii) a
long term extrapolation using a geochemical modelling
based on the precipitation of silicate phases. Accord-
ingly, the phenomenology of glass-water interactions
has to be precisely known.

Since the pioneering works of Douglas and Izard [3],
Douglas and El Shamy [4] Boksay et al. [5] the disso-
lution of both natural and artificial silicate glasses has
been studied by different authors [6–10]. Three impor-
tant classes of leaching reactions have been recognized
and discussed by Casey and Bunker [11]: (i) hydra-
tion, (ii) ion exchange reactions, leading to the for-
mation of a leached material by replacement of mod-
ifier cations with hydrogen ions and (iii) hydrolysis
reactions.

The dissolution kinetics of the gel layer is dependent
on the composition of the solution and, for example,
the general equation by Aagaard and Helgeson [12]
has been applied to borosilicate glass alteration [13].
In the simplest rate equation [13] the hydrolysis of the
Si–O bond is supposed to be the limiting step in the dis-
solution process. Far from “saturation”, the dissolution
rate (first order law) is a simple function of the activ-
ity of H4SiO4. Close to “saturation”, the corrosion rate
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of a borosilicate glass drops by several orders of mag-
nitude from the initial rate but a steady state is never
reached. The reasons for such a continuous release of
SiO2 remain obscure and different explanations have
been suggested [8, 14].

The gel layer may be considered as a modified resid-
ual glass “skeleton”, the material leached after ionic ex-
change beeing repolymerized into a porous silica-rich
network [10]. A synthesis of all the observations made
on gel layers formed after corrosion of the borosilicate
reference glass R7T7 used for the storage of nuclear
wastes [8] is in agreement with this conclusion.

In contact with water, glass is superficially hydrated.
Then, through ionic exchange is created a leached sur-
face whose evolution gives birth after hydrolysis then
liberation of dissolved silica and local repolymerization
to a porous gel layer.

Indeed, an issue generally not adressed is the distinc-
tion of hydrolysis reactions resulting in gel formation
with liberation of mobile silica from other developing at
the gel-solution limit (gel dissolution). Both may lead
to an increase of dissolved silica but a priori they are
not controlled by the same factors.

To adress this issue requires a method for determin-
ing the thickening rate of the gel layer under unsteady
state conditions. In this respect, experiments using glass
fibres and SEM-EDS studies of their sections after cor-
rosion, permit a geometrical determination of the thick-
ening rate of the gel, as well as its chemical character-
ization [15, 16].

0022–2461 C© 2000 Kluwer Academic Publishers 967



2. Materials and method
2.1. Solid materials
A relatively soluble boro-silicate glass (courtesy: Saint-
Gobain Recherche, Aubervilliers, France) was selected
for this study. Indeed, the composition of the glass fibres
was as following: 61% SiO2, 16% Na2O, 11% B2O3,
7% CaO, 3% MgO, 1% Al2O3 and 1% P2O5. Fibres of
textile type with uniform diameters (10± 1 µm) were
used.

2.2. Reacting solutions
The dissolution of the fibres was investigated in a saline
solution (K0) previously used by Scholze and Potter
[17, 18] which contained as main components NaCl,
NaHCO3, NH4Cl and glycine. The pH of the solution
was 7.6± 0.2. Soluble silica, introduced as SiCl4, was
added to K0 solution at amounts of 50, 75 and 100 ppm
(K50, K75 and K100 solution respectively).

2.3. Experimental procedures
For each run 30 mg of fibres (about 3 cm long) were
introduced, on a Teflon grid, in a Teflon reactor with
250 ml of solution (S/V = 0.192 cm−1). The reactor
was then introduced in an oven regulated at 37± 1◦C for
leaching durations from 1 day to 60 days. Experiments
were carried out in non stirred solutions. After each run,
the fibres were pulled out, rinsed with deionized water,
and dried for weighing and investigations by XPS and
SEM. The solution was filtered with a 0.45µm pore size
filter before determination of the silica concentration by
AAS (HITACHI Z-8100) and by a colorimetric method
(yellow silico-molybdate complex). Al was looked for
but not detected by AAS (Al< 10 ppb).

2.4. Investigations of reacted fibres
The surface of the fibres was directly analysed by XPS
using an AEI ES200B spectrometer fitted with a Mg
anode. Water content was measured by micro-GTA us-
ing a CAHN RG electrobalance. SEM studies and EDS
analysis were performed with a JEOL WINSEM appa-
ratus on polished sections of fibres included in epoxy
resin.

3. Results and interpretations
3.1. Relative weight loss
The relative weight loss was calculated as follows.

p = m0−mt

m0
(1)

wherem0 is the initial mass of the glass fibres (in g)
andmt the mass of glass fibres at timet (in g).

The dissolution kinetics of the glass fibres, expressed
by relative weight loss (p), are displayed in Fig. 1. We
notice that a plateau is reached for the same duration,
at about 18–20 days, whatever the concentration of the
initial added silica ([SiO2]i). On the other hand, we

TABLE I Correlation between the plateau values of the relative weigth
loss (pf ) and the silica concentration ([SiO2]f ) in ppm when the glass
dissolution is complete in the four different solutions

K0 K50 K75 K100

pf .90 .87 .76 .63
[SiO2]f 66 63 55 52

Figure 1 Variation of the relative weight loss (p) versus time (in days).

notice a decreasing of the plateau value (pf ) in relation
with the amount of added silica.

3.2. Solution analysis
The pH of the solution slightly increases at 8.3± 0.3
during the dissolution. Analysis of silica in solution per-
formed by AAS or a colorimetric method give identical
results. This confirms that silica in solution is only as
H4SiO4 form. To compare the differents solutions the
value of [SiO2]i was deduced of the measured concen-
tration of soluble silica.

The kinetics of dissolution as soluble silica are shown
in Fig. 2. As observed for the weight loss, no signifi-
cant concentration variation occurs after about 20 days.
Moreover, weight loss and soluble silica concentration
are well correlated. This relation is shown in Table I for
the plateau values.

3.3. Scanning electron microscopy
SEM observations of cross sections of altered fibers
(Fig. 3) show a thicker gel layer when silica was
added in solution. Moreover, for experiments with
[SiO2]i = 100 ppm, the bulk radius of the reacted fi-
bres remains nearly constant while it decreases with
leaching time for other runs. Then, when the glass is
entirely dissolved (t = tf , about 20 days) the diameter
of the residual gel is about 4µm without added silica
and 9µm with 100 ppm of added silica. A schematic
representation of the dissolution kinetic of the fibres is
displayed in Fig. 4 for K0 and K100 experiments.
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TABLE I I Comparaison between the Al/Si atomic ratio, determined
at the surface of the hydrated layer by XPS, and measured in the whole
layer by EDS. Na/Si ratio was only determined from XPS analyses

Time (day) Al/Si (XPS) Al/Si (EDS) Na/Si (XPS)

K0 3 0.15 — 0.24
7 0.18 — 0.21

10 0.23 0.14 0.15
14 0.17 0.17 0.19
18 0.24 0.17 0.14
21 0.19 0.17 0.13
28 0.24 0.15 0.19
60 0.24 0.17 0.17

K50 3 0.15 — 0.14
7 0.14 — 0.10

14 0.16 0.12 0.10
21 0.18 0.11 0.15
28 0.17 0.10 0.10

K75 18 0.09 — 0.04
21 0.09 0.07 0.02
28 0.12 — 0.06

K100 3 0.06 — 0,07
7 0.10 0.05 0.06

14 0.07 0.03 0.06
21 0.08 0.04 0.07
28 0.06 0.04 0.04
60 0.09 0.04 0.05

Figure 2 Variation of the concentration of SiO2 (in mg· L−1) versus
time (in days). For K50, K75 and K100 experiments the initial value
(50, 75 or 100 mg· L−1) was substracted from measured concentration.

3.4. Composition of the hydrated
superficial layer

XPS and EDS analysis data (Table II) indicate that
the hydrated layer is essentially siliceous with variable
amounts of aluminium and sodium. The Si/Al atomic
ratio of the outer part of the hydrated layer, determined
by XPS on a 6 nmscale depth, is depending on [SiO2]i
but does not vary significantly during each run. The
Si/Al ratio determined, for largely reacted fibres, by
EDS, which gives a mean composition on one to two
micrometers, is lower than the former.

Thermogravimetric analysis of totally reacted fibres
(i.e. without unreacted glass core) complements the

TABLE I I I Outer and mean molar composition of the hydrated sur-
face layer

K0 K50 K75 K100

Outer Mean Outer Mean Outer Mean Outer Mean

Al2O3 1 1 1 1 1 1 1 1
SiO2 10 12 12 18 20 28 26 52
Na2O 1 — 1 — 1 — 1 —
H2O — 18 — 20 — 32 — 55

characterization of the hydrated product. The Table III
gives, for K0, K50, K75 and K100 experiments and
per 1 mole of Al2O3, the molar composition of the hy-
drated surface layers calculated from XPS (outer values
of Al2O3, SiO2 and Na2O), EDS (mean values of Al2O3
and SiO2) and thermogravimetric data (mean values of
H2O).

The agreement between outer and mean Si/Al ratio is
good for experiments without added silica, as previouly
described [15], but poorer and poorer as the initial added
silica concentration increases.

3.5. Dissolution velocity
The dissolution velocity of the glass at the unaltered
core-hydrated layer interface,v1 in µm/day, is defined
by the relation:

v1 = −r0
dz1

dt
(2)

wherez1= r1/r0 is a dimensionless parameter,r1 the
radius of the unaltered core andr0 the mean radius of
the initial glass fibres (i.e. 5± 0.5µm).

Usually, the dissolution kinetics of glasses is
characterized by “leaching rates” expressed in
g · cm−2 · day−1 or mol· cm−2 · s−1 [8], by reference to
the solubilization of a glass component (e.g.: B, Na or
SiO2). Indeed, leaching rates are equivalent to dissolu-
tion velocities only when glass dissolution is congruent
[19] but not when a residual surface layer, which pos-
sibly contains this element, is formed, as in the present
case. On the other hand, the dissolution velocity can
be geometrically measured from cross section of fibres
at different durations of reaction and calculated from
relative weight loss using a previously described mod-
elling [15].

3.5.1. SEM data
The Fig. 5 shows the variation versus time ofz1 directly
determined from SEM photos of cross-sections of the
fibres. In this representation, a straight line would re-
flect a constant dissolution velocity. Actually, the curves
present a slight curvature indicating a slowing down
with time. The initial dissolution velocity (vi ) deter-
mined from the tangent to the experimental curves at
t = 0, scatters in the range 0.25 to 0.35µm/day (i.e.
0.30± 0.05µm/day), as indicated in the Fig. 4 by the
dashed and the dotted lines respectively, whatever the
initial concentration of added silica in solution.
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Figure 3 SEM backscattered electron images of the glass fibers (sections) showing the outer gel layer and the unaltered core: a) K50, 7 days; b) K100,
7 days.

Figure 4 Schematic representation of the dissolution kinetic of the glass
fibres without and with 100 ppm of added dissolved silica (K0 and K100
experiments).r0: initial radius of the fibre;r1: radius of the unaltered
core;r2: radius of the bulk fibre (with the outer gel layer);tf : time when
the dissolution of the glass fibre is complete (about 20 days).

3.5.2. Modelling
In a previous paper [15] describing the dissolution of
the same glass fibres in solutions K0 ([SiO2]i = 0) was
developped a model relatingz1, the relative radius of the
unaltered core, to the relative weight loss. Assuming a
cylindric shape of the fibres all along their dissolution,
one has the relation:

z1 = r1

r0
= [1− βp]1/2 (3)

whereβ is a dimensionless parameter whose value may
be experimentally determined when the dissolution of
the glass core is complete.

We note from Equation 3 that ifz1= 0 thenp= pf
andβ = 1/pf .
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Figure 5 Variation of the relative radius of the unaltered fibre (z1) mea-
sured by SEM versus time (in days). The dotted line corresponds to a
dissolution velocity of 0.35µm · day−1 and the dashed line to a dissolu-
tion velocity of 0.25µm · day−1.

Figure 6 Variation of the relative radius of the unaltered fibre (z1) calcu-
lated from Equation 3, withpf = 0.9, 0.87, 0.76 and 0.63 for respectively
K0, K50, K75 and K100 experiments, versus time (in days). The dotted
line corresponds to a dissolution velocity of 0.30µm · day−1 and the
dashed line to a dissolution velocity of 0.20µm · day−1.

This model assumes a constant composition of the
gel layer all along the dissolution, it is virtually true for
[SiO2]i = 0 but not for other experiments with added
silica. However, it is possible for all runs to draw ki-
netic dissolution curves, asz1= f (t) (Fig. 6), using the
Equation 3 from the measured relative weight loss and
its plateau value (pf ) for β.

The initial dissolution velocities (v0) estimated from
the tangent to the experimental curves att = 0 scatter in
the range 0.2 to 0.3µm/day (i.e. 0.25± 0.05µm/day )
as indicated in Fig. 6 by the dashed and the dotted lines
respectively.

TABLE IV Mean gel density of fully reacted fibres (ρh) determined
from the relative weight loss (pf ) and the relative radius of the “fibres”
(zh) observed by SEM when glass dissolution is complete

K0 K50 K75 K100

pf .90 .87 .76 .63
zh .36 .44 .70 .92
ρh 1.9 1.7 1.2 1.1

Eventually, the estimations of dissolution velocities
derived both from SEM data and weight losses give
close results. They indicate that dissolution velocity
is only slightly modified by addition of silica in solu-
tion and that a minor decrease (at least for K0 experi-
ments) is observed when the thickness of the layer is the
highest.

3.6. Apparent density of the gel
The mean apparent density of the gel of completely re-
acted fibres (z1= 0) may be estimated from SEM pho-
tos and the corresponding weigth loss using the follow-
ing mass-balance equation:

ρh = ρ 1− pf

z2
h

(4)

with zh= e/r0 (when z1= 0 then z2= zh), whereρ
(= 2.5 g/cm3) is the unaltered glass density,ρh the mean
density of the hydrated layer in g/cm3 ande the thick-
ness of the hydrated layer inµm.

The mean density of the gel, calculated with Equa-
tion 4, is indicated in the Table IV for the four series of
experiments. The results show a decrease of the density,
certainly to correlate to an increase of the layer porosity,
when the silica concentration in solution is the highest.

3.7. Variation of the gel composition
In a previously described model for [SiO2]i = 0 [15]
the mass of the hydrated layer mh was correlated to the
mass of unreacted glassm1 by:

mh = α(m0−m1) (5)

whereα is a dimensionless parameter which represents
the mass of the hydrated layer (in g) per g of dissolved
glass.

The model assumed that Al was entirely accumu-
lated in the gel layer and that the composition of the
layer remained constant during dissolution. The first
hypothesis is always confirmed at the sensitivity level
used (10 ppb) but the second is virtually correct only if
[SiO2]i = 0. However, for other experiments the varia-
tion of the gel composition with [SiO2]i is continuous
and moderate (except for K100).

Theα parameter can be calculated from the alumina
concentration of the anhydrous glass (Ca= 1%) and the
molecular weigth of the gel per 1 mole of Al2O3 (Mh).

α = Ca
Mh

Ma
(6)

whereMa is the molecular weight of alumina (=102 g).
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Figure 7 Variation of theα parameter versus silica concentration (in
mg· L−1). XPS and XPSc: initial values from XPS data with two esti-
mations of the water content, EDS and wl: mean values from EDS data
and weight loss, max: calculated maximum value.

Using Equation 6, three estimations of this parameter
were calculated: two initial values from the composi-
tion of the gel determined by XPS at the beginning
of the reaction with two H2O contents (the mean H2O
content of Table III and the same one corrected by the
outer/mean SiO2 ratio) and one mean value from the
mean composition of the gel determined by EDS.

In addition, from the model, another estimation of
α parameter (mean value) can be deduced from the
plateau value of the weight loss on fully reacted fibres.

α = 1− 1

β
= 1− pf (7)

The variation of theα parameter is represented in
Fig. 7 versus [SiO2] for K0, K50, K75 and K100 ex-
periments. The two initial values are plotted at the ini-
tial silica concentration and the two mean values at the
mean concentration of silica in solution (initial+ final
concentration divided by 2).

The curve obtained with these different estimations
shows that the increase of theα parameter occurs only
above a threshold of around 50 ppm of silica. Then,
above about 100 ppm of dissolved silica the increase
is still higher. Moreover, the maximum value of theα
parameter can be calculated from the composition of
the glass (with the Si/Al ratio of the glass) and an esti-
mation of the H2O content. We find a value (α= 0.82)
compatible with the curve determined from Equations 6
and 7.

4. Discussion and conclusions
Previous experiments, performed in saline solution,
have shown that the dissolution velocity of the glass
did not appreciably decreased neither with the silica
concentration in solution nor with the thickness of the

Figure 8 Schematic representation of the glass dissolution with forma-
tion of a gel by aggregation of alumino-silica (and silica) particles issued
from the breakdown of the glass network.

gel layer. New experiments with added silica in the so-
lution corroborate these results even though both com-
position and thickness of the gel layer are modified. In
this respect, the variation of the gel composition is well
described by theα parameter which represent the re-
tention factor of peculiar glass components in the gel,
mainly Si and Al.

4.1. Mechanisms of the glass dissolution
A possible explanation of our results is as follows.

The first step of the glass dissolution is the hydration
of the solid and consequently the hydrolysis of the more
easily hydrolysable bonds≡Si–O–Na,≡Si–O–B= and
≡Si–O–Ca– bonds which liberates, on one hand, solu-
ble ions and, on the other hand, slightly soluble silica
particles and insoluble alumino-silica particles (Fig. 8).
The presence of silica particles is assumed as result-
ing from lower hydrolysis rate for≡Si–O–Si≡ bonds.
Actually, alumino-silica particles are slightly soluble
in renewed solutions as previously demonstrated [15].
In this hypothesis, these reactions lead to the breakdown
of the glass network but not to a complete solubilization
of the material.

The second step is the hydration of the polymeric sil-
ica particles (depolymerization) which liberates soluble
monomeric silica according to the following reaction:

(SiO2)x + 2H2O→ (SiO2)x−1+ H4SiO4 (8)

The third step is the migration of soluble ions and
monomeric silica towards the solution (through the
porosity of the gel layer when formed).

The rate of glass dissolution is depending of the na-
ture of the solution. Indeed, it is well known that NaCl
acts as a catalyst in the solubilization of silica [20].
However, the first step (breakdown of the glass net-
work) is not significantly slowered by the accumula-
tion of silica in solution as shown by the weak varia-
tion of the dissolution velocity during the reaction. On
the contrary, the second step (hydration of the poly-
meric silica particles) and the third step (diffusion of
monomeric silica) are depending on the concentration
of monomeric silica in solution. If this concentration
is low, the silica particles will be completely dissolved
and monomeric silica will diffuse towards the solution.
When the amount of soluble silica in solution is in-
creased, the hydrolysis of silica particles is slowered
and these ones are possibly trapped into the gel layer.
In the same way, the gradient of the concentration of
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monomeric silica in the gel layer is less important and
the diffusion of silica towards the solution is slowered.

Finally, when the solubility (of amorphous silica ?)
is reached (at about 150 ppm), the flux of monomeric
silica towards the solution is stopped (Fig. 8) and poly-
meric silica particles no longer dissolve. In other words,
steps 2 and 3 no longer occur while the reaction of hy-
drolysis (step 1) is not stopped as demonstrated by ex-
periments with 100 ppm of added silica (which final
concentrations are of about 150 ppm).

4.2. Gel formation
As the breakdown of the glass network leads to the liber-
ation of particles, the gel is assumed to grow, nearby the
hydrated glass, by aggregation of non soluble alumino-
silica particles and, if the amount of monomeric silica
in solution is sufficiently high (i. e. when the reaction
(8) is limited), silica particles (Fig. 8). This interpreta-
tion is compatible with an increase of theα parameter,
above a threshold, with the silica concentration (Fig. 6).
In this hypothesis, the threshold value (about 50 ppm as
SiO2) will represent the maximum concentration corre-
sponding to relation 8 with the same rate for dissolution
and condensation process.

The gel layer does not modify, in a significant extent,
the dissolution rate of the glass (Figs 5 and 6). In other
word, the accessibility of water molecules (and OH−
ion) to the glass-gel interface and, consequently, the hy-
drolysis rate of the easily hydrolysable chemical bonds
are not significantly reduced. The porosity of the gel
plays an important role in the dissolution process since
it facilitates, the hydration of the glass at the glass-gel
interface and, at the same time, the migration of the
dissolved species towards the solution. In this respect,
the thickness and the apparent porosity of the gel layer
(Table IV) both increase with the silica concentration
in solution.

By another way, the gel composition is fixed during
its formation, as indicated by XPS analysis at the gel-
solution interface (Table II). Moreover, when the silica
concentration is low, the gel framework is deformable
as shown by the backward movement of the bulk fibres
(Fig. 4 and Table IV). A possible explanation is that the
silico-alumina (and silica) particles, which form the gel,
are bridged by weak bonds. In this respect, the sodium
ion, present in the solution and in the glass, possibly acts
as a bridging ion [20]. On the contrary, if the external
silica concentration is high, the transformation glass-
gel practically occurs without volumetric modification.
This result is then compatible with the gel formation by
aggregation, near the glass surface, of alumino-silica
particles with larger and larger silica particles as silica
concentration increases in the solution.

4.3. Rate of dissolution
In a first time, for a given solution, the rate of disso-
lution (initial velocity) is related to the proportion of
easily hydrolysable chemical bonds, i. e., to the glass
composition. Then, after the formation of a superficial
gel layer, the dissolution rate is essentially depending
on the accessibility of water molecules to the surface
of the unaltered glass through the gel layer, i. e., to the
gel “structure”. Two conditions, elevated proportion of
easily hydrolysable chemical bonds and, high porosity
of the gel layer must be combined to obtain a relatively
soluble glass. In this respect, additions of monomeric
silica in the initial solution modify the gel structure (and
its composition) by increasing its porosity. On the con-
trary, to have a slightly soluble glass a dense protective
gel must be formed during alteration to limit the rate of
hydrolysis of≡Si–O–Si≡ bonds.
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