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Insights into the mechanisms controlling the residual corrosion
rate of borosilicate glasses
Stephane Gin 1✉, Xiaolei Guo2, Jean-Marc Delaye1, Frédéric Angeli1, Kamalesh Damodaran1, Véronique Testud3, Jincheng Du4,
Sebastien Kerisit 5 and Seong H. Kim 6

Borosilicate glasses are widely used to confine high-level radioactive wastes. The lifetime of these materials could reach hundreds
of thousands of years if leaching of the glass into groundwater enables the formation of a passivating gel layer. Even in this regime,
the glass will never stop corroding as thermodynamic equilibrium between glass and solution cannot be achieved. Therefore,
accurate predictions of glass durability including passivation, require a deep understanding of the mechanisms controlling the so-
called residual rate. However, despite tremendous efforts, these mechanisms remain poorly understood. Here, focusing on the
behavior of the soluble elements of the International Simple Glass (B, Na, and Ca), we show that the residual rate is controlled by
the behavior of B, a glass former supposed to dissolve instantaneously when in contact with water and thus widely considered as
an ideal tracer. We then demonstrate that B release is controlled by multiple processes highly dependent on the pH. At the
beginning of the passivating layer formation, the hydrolysis of B-O-Si linkages is rate-limiting and has an activation energy of
∼60 kJ mol−1, a value slightly lower than that for breaking Si-O-Si linkages. Once the fraction of closed pores resulting from gel
restructuring is high enough, then diffusion of both reactants (water molecules) and some products (mainly Baq, Caaq) through the
growing gel layer becomes rate-limiting. Consequently, B and Ca accumulate in an inner layer referred to as the active zone, with
potential feedback on the B-O-Si hydrolysis. A new paradigm, including B as a key element of the system, is proposed to develop a
comprehensive model for the corrosion of borosilicate glass.

npj Materials Degradation            (2020) 4:41 ; https://doi.org/10.1038/s41529-020-00145-2

INTRODUCTION
For decades, borosilicate glasses have been designed to
immobilize high-level radioactive waste produced in nuclear
power plants1. The United States, France, Japan, the United
Kingdom, and Germany, among others, have produced thousands
of metric tons of nuclear waste glass, and then poured in stainless
steel canisters, while being cooled, to dispose of them in a
geological repository2. Owing to the presence of long-lived fission
products and minor actinides, the typical time scale for the safety
demonstration of such disposals is ∼1 million years1,3. Repository
developers have adopted a multi-barrier, defense-in-depth
approach in which the primary barrier is the glass waste form
itself4. But groundwater is expected to infiltrate the repositories,
causing glass to corrode5,6. Depending on temperature (25–90 °C)
as well as solution and glass composition, corrosion rates of
nuclear waste glasses can vary over 4 to 6 orders of magnitude
(from a few µm/day for the initial dissolution rate measured in
dilute solutions to a few nm/year for the residual rate measured in
silica saturated solution). A low temperature, Si-rich solutions with
pH25 °C between 9 and 10 lead to extremely low corrosion rates7,
which are expected to translate to glass package lifetime on the
order of 105–106 years. However, despite being arguably the most
important glass corrosion regime, the residual rate regime remains
poorly understood and glass scientists are unable to accurately
predict glass durability in the passivation regime8,9.
In 1984, Grambow hypothesized that corrosion of silicate

glasses never stops because of the metastable nature of the
material10. As a result, and unlike minerals, once saturation with

respect to the silicate matrix is achieved in the surrounding
solution phase, glass continues to corrode at a low, residual rate
potentially controlled by glass hydration and subsequent release
of soluble elements (mainly alkali and boron). A general rate law
was derived from this idea along with concepts arising from
transition state theory (TST)11:

r ¼ r0 1� H4SiO4½ �
K

� �
þ rr (1)

where r is the glass corrosion rate, r0 is the initial (or forward)
dissolution rate, [H4SiO4] is the activity of orthosilicic acid at the
glass surface, K is the equilibrium constant (which equals the
activity of orthosilicic acid at saturation) and rr is a constant term
standing for the residual rate. The corrosion rate, r, corresponds to
the time dependence of the transformation of the pristine glass
into dissolved species plus alteration products (gel, secondary
phases), which can be monitored either by the progress of the
hydration front into the glass, or the release of mobile glass
cations in the bulk solution. Boron or sodium are typically used as
the corrosion tracer because of their high solubility and low
retention in the alteration products. In Grambow’s approach,
because hydrolysis reactions take place in series regardless of the
complexity of the glass, the whole corrosion process is predicted
to be controlled by its slowest elementary reaction. Grambow
then theorized that, for borosilicate glasses used as containment
matrices for nuclear waste, the rate-limiting reaction was the
breaking of the fourth bond linking a SiO4 tetrahedron to the
silicate network to form an aqueous silicate species, which led to
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the simple first-order affinity term in Eq. 112. Regardless of the
robustness of the theoretical foundations of this law, it is a fact
that most of the kinetic models developed to date have inherited
the affinity term from Grambow’s pioneering work13–19. Since
then, it has come to light that the gel formed by condensation of
partially or totally detached species from the glass surface can
limit transport, and that dissolved glass components other than Si
must be considered in the affinity term9,20,21. An apparent
diffusion coefficient for one or several species was considered to
globally account for the phenomenon of passivation13–15,22,23.
However, the fundamental reason why glass still corrodes once
the affinity term vanishes and the mechanisms that control this
residual rate have remained elusive. Beyond Grambow’s hypoth-
esis relying on hydration24, several other individual or coupled
possible rate-controlling mechanisms have been evaluated, such
as ion-exchange24–26, precipitation of secondary phases26, gel
dissolution14, and diffusion of water27, silicon24 or tracing
elements22 through the gel, but no definitive demonstration has
been made. Consequently, no model is currently comprehensive
enough to accurately predict the residual rate of a given glass
corroded in a given set of experimental conditions. Several
reasons account for this profusion of hypotheses: (i) many intrinsic
and extrinsic factors affect glass behavior (composition and
structure of the glass, temperature, pH, solution composition,
and radioactivity), which make the development of a unified
approach challenging, (ii) residual rates are generally extremely
low, resulting in small amounts of alteration products, which, in
turn, make detailed characterizations difficult, and, last but not
least, (iii) the discovery of a correlation does not imply that the
root causes have been identified.
To bring to light the mechanisms that control the residual rate,

we performed extensive characterization of samples of the
International Simple Glass (ISG)—a 6-oxide aluminoborosilicate
glass used as a reference by the glass corrosion community28—
corroded for 6 years at pH 7 or 9 in a silica-saturated solution (i.e.,
r = rr according to Eq. 1). These samples are of great interest
because their rr differ by approximately a factor of 6, i.e., rr(pH7)
=∼6·rr(pH9)29,30. The gels formed in these experiments have been
deeply investigated at different stages of the reaction27,29–34, and
more samples are still under corrosion and thus available for
further investigations. Previous characterizations concluded that
the gel composition, pore volume, pore size, and structure are
similar at pH 7 and pH 9, only their thickness differs significantly
(by a factor ∼6)27,29–34. The origin of this difference remained
unclear because it is opposite to what is observed in dilute
conditions35. It was then thought that addressing this question
would improve the understanding of the rate-limiting mechan-
isms of the residual rate. This study consists of three complemen-
tary experiments. In Experiment 1, we compared the time-
dependent composition of gels formed at pH 7 and 9. In
Experiment 2, we analyzed the glass response following a pH
change (coupons corroded for 6 years at pH 9 were put in
solutions at pH 3, 5, or 7, respectively). Time-of-flight secondary
ion mass spectrometry (ToF-SIMS) and inductively coupled plasma
mass spectrometry (ICP-MS) were employed to analyze the altered
coupons and the leaching solutions after the change in pH,
respectively. To support the interpretation of the results, Experi-
ment 3 was conducted with pristine glass specimens to
parameterize the release rate of B as a function of pH and
temperature. The results of these three experiments collectively
prove that the status of B as an ideal corrosion tracer must be
reconsidered. Furthermore, we demonstrate that the residual rate
is governed by the coupled effects of slow diffusion through the
growing gel and pH-dependent hydrolysis reactions within a
reactive interfacial region.

RESULTS
Experiment 1
In the conditions of Experiment 1 (static, 90 °C, Si-saturated
solution, pH 7 or 9), glass corrodes at a constant volume and no
secondary minerals precipitate. This means that corrosion trans-
forms a given volume of glass into the same volume of gel29,32. In
Fig. 1, the time evolution of the gel thickness is determined from B
and H ToF-SIMS depth profiling (Fig. 1a–d and Supplementary
Figs. 1-2) and from B concentrations in the leachate (Fig. 1e). The
two datasets are consistent and indicate that, in both tests, ISG
starts corroding at a high rate, which then drops markedly after a
few weeks, and eventually becomes nearly constant. This is in
agreement with previous studies, which demonstrated that the
gel must grow and mature/reoganize before it significantly
impacts the rate27,36–38. In the following, the term residual rate
refers to the near-constant rate after the passivating gel is formed
(typically between 200 and 2000 days in Experiment 1). Hence, rr
equals 0.2 ± 0.1 nm·d−1 at pH 7, based on both solution and SIMS
data. The value derived from B concentration is slightly under-
estimated as some B is retained in the gel (Fig. 1a). However, by
combining data displayed in Supplementary Figs. 1, 2 it can be
calculated that the mean retention factor of B in the gels formed
at pH 7 is around 12%, which implies that the rate in
underestimated by 100/(1 - 0.12)= 14%, a value which remains
within uncertainties. The value of rr at pH 9 equals 0.03 ±
0.02 nm·d−1, based on SIMS data only. It is worth noting that the
samplings were highly diluted prior to their analysis by ICP-OES
because of the high concentration of K in the leachates. Moreover,
Experiment 1 was conducted at low glass-surface-area to solution-
volume ratio (S/V) which implies a low concentration of glass
components in the leachate. Consequently, variations of B
concentration over time remained within uncertainties for the
test at pH 9 and rr could not be calculated from these data.
Although the value of rr at pH 9 is given with a large uncertainty, it
is close to that reported from a 14-year long experiment with glass
powder and no K in the leaching solution (0.06 ± 0.02 nm·d−1)39.
Globally, B and H profiles recorded in corroded samples from

Experiment 1 are anti-correlated and display a sharp interface
between the gel and the pristine glass. Nonetheless, looking
closely at those profiles, 3 sublayers can be distinguished (Fig. 2).
Note that all depth profiles of the samples from Experiment 1 can
be processed the same way. From the pristine glass toward the
solution, a first layer, referred to as the hydrated glass (HG), is
delineated by the H front and the inner B front, which is given by a
normalized concentration of B, C(B), of 0.5 (half-height of the sharp
gradient between the pristine glass and the gel layer); a second
layer, called active zone (AZ), is comprised between the inner and
outer B fronts at C(B)= 0.5 and C(B)= 0.2, respectively; and a third
layer, the bulk gel (BG), is delineated by C(B)= 0.2 and the outer
surface of the gel. The position of the outer layer of the AZ at C(B)
= 0.2 corresponds to the transition observed on all the samples
from Experiment 1 between the sharp interfacial gradient and the
low concentration gradient, when it exists (durations >7 days).
Importantly, defining the front positions based on Ca rather than B
would lead to the same results. With Na, results might be slightly
different, mainly because Na is less retained in the gel than B and
Ca. A previous study showed that B and Na dissolve congruently
at pH 4, a pH value that favors Na+/H+ exchange35. As Na is less
energetically bonded to the glass network than B, and thus more
prone to undergo hydrolysis, the behavior of B, Na, and Ca in our
experiments implies that the dissolution of B likely limits that of
Na and Ca. It is reminded that, in previous studies, a thin
outermost precipitated layer with a thickness of ∼10 nm was
identified based on its isotopic signature being close to that of the
solution29,30. This layer was not considered in the following
analysis because it forms at the very beginning of the reaction and
does not evolve over time; thus, it is not a diffusion barrier29. The
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HG layer displays anti-correlated H/Na profiles characteristic of
ion-exchange reactions42 and a moderate depletion in B and Ca.
The AZ is characterized by a H peak, the absence of Na, and
intermediate retention factors for B and Ca. The BG has a near-
constant composition with a low retention factor for the mobile
glass cations. This delineation matches the textural analysis of the
gels performed by spectroscopic ellipsometry and water adsorp-
tion isotherms, showing a porosity increasing with the

replacement of mobile glass cations by hydrous species31. Here,
we show that the concentrations of B, Na, and Ca are low and
constant over time in the BG whereas they are higher and time-
dependent in the other two layers (Supplementary Fig. 1). B and
Ca tend to accumulate in the AZ and HG whereas these layers are
depleted in Na. Additionally, the growth rate of each layer
decreases following BG > AZ > HG (Supplementary Figs. 2-3).
Therefore, most of the B released into the bulk solution comes

Fig. 1 Solid and solution data from Experiment 1 conducted with ISG specimens corroded at 90 °C in a silica-saturated solution at pH 7 or
9. a, b ToF-SIMS profiles of B and H at various durations for the test conducted at pH 7. For B, intensities were normalized to that of Zr, an
immobile element, and the resulting ratio was normalized to the mean value of B/Zr in the pristine glass. For H, intensities were normalized to
the mean value in the pristine glass. Therefore, B data are quantitative whereas H data are qualitative. c, d Same as a-b for the test conducted
at pH 9. In a–d, vertical dashed lines are placed at C(B)= 0.5 (boundary between the bulk gel and the active zone). The shift of the H front with
time is clearly visible at pH 9. e Gel thickness calculated from B release in solution.
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from the transformation of the AZ into BG. Based on this analysis,
we hypothesize that the dissolution of B within the AZ and the
diffusion of dissolved species through the gel are the rate-limiting
mechanisms controlling the ISG residual rate in the tested
conditions. It is worth noting that the key role of the AZ was
highlighted in a recent work on the effects of radiolysis on glass
corrosion43.

Experiment 2
To go further and address the aforementioned hypothesis, glass
coupons recovered from the pH 9 experiment were corroded for
an additional 43 days at pH 7 or 35 days at pH 5 and 3 (Experiment
2). More details are given in Supplementary Table 4. Because rr
increases with decreasing pH, changing the pH after the
passivating gel has been formed will help identify the rate-
limiting mechanisms. Figure 3a compares the response of the
coupon re-corroded at pH 7 to that of a control sample (a coupon
first corroded for 6 years at pH 7 and then corroded for another
stage of 43 days at pH 7). Despite the fact that the two coupons
do not have the same gel thickness, they corroded at the same
rate: 0.12 ± 0.02 nm d−1 for the pH 9 sample and 0.11 ± 0.02 nm
d−1 for the control sample. The control test is in line with
Experiment 1, meaning that preparations for Experiment 2 (rinsing,
and immersion of the pre-corroded coupon in a fresh K-free
solution within the short preparation period) did not affect the

glass response. Therefore, dropping the pH from 9 to 7 induces an
acceleration of the rate by a factor of ∼4, with no detectable delay
due to the presence of the passivating gel. Considering
experimental uncertainties, this factor agrees with the difference
in residual rates obtained at pH 7 and 9 (Experiment 1). It must be
pointed out that this impact is only detectable from solution
analysis. Indeed, the ToF-SIMS profiles of B before and after this
second stage of corrosion at pH 7 are similar (Supplementary Fig.
4). According to solution data, the increase in gel thickness is only
5 nm after 43 days (Fig. 3a), which is less than 2% of the gel
thickness formed at pH 9 and is thus too small to be detected by
ToF-SIMS (Supplementary Fig. 4). In contrast, Experiment 2
performed at pH 3 and 5 induced larger changes easily detectable
by ToF-SIMS (Fig. 4b, c). These acid corrosion tests yielded
extensive changes in the gel thickness and composition (see the
difference with the reference sample, Fig. 4a). First, the gel
thickness increased by 400 nm and 250 nm at pH 3 and pH 5,
respectively. Second, the new gels formed in acid solutions were
Na-depleted but retained large fractions of B and Ca, two
elements known to be highly soluble in acid pH. Third, the part
of the gels initially formed at pH 9 eventually retained more B and
Ca than before the pH change. These last two observations
indicate that the 3 mobile glass cations were dissolved at a higher
rate due to the acid attack and that B and Ca were trapped in the
passivating gel. To further confirm the quantification of B and Ca
retention in the alteration layer by ToF-SIMS depth profiling, the
sample re-corroded at pH 5 was also analyzed by X-ray
photoelectron spectroscopy (XPS) (Supplementary Note 1, Sup-
plementary Table 1, Supplementary Fig. 5). Good agreement was
obtained between the two techniques.
The results of Experiment 2 support the following mechanistic

interpretation. Acid hydrous species (H+, H3O
+) diffuse through

the passivating gel formed at pH 9 and react with Na, B and Ca in
the pristine glass, and Na diffuse out faster than B and Ca. The
accumulation of B and Ca in the different parts of the gel can be
explained by a lower diffusivity of B(aq) and Ca(aq) compared to
hydrous species or by precipitation of Ca-borate phases.
Geochemical calculations performed with the Chess code44 show

Fig. 2 Identification of the various sublayers within the gel:
hydrated glass (HG), active zone (AZ), bulk gel (BG). For glass
cations i, intensities are normalized to that of Zr, an immobile
element, and the resulting ratio is normalized to the mean value of i/
Zr in the pristine glass. For H, intensities are normalized to the mean
value in the pristine glass. Therefore data for glass cations are
quantitative whereas they are only qualitative for H. a Snapshot of
the various layers characterized by their compositions from ISG
structural model generated from molecular dynamics simulations32.
b Elemental profiles obtained for the sample pH 7 - 2312 days.
c Zoomed-in view of the interfacial area with details of the HG and
AZ. The interfacial gradient can result from either a real chemical
gradient or a rough interface30,40,41.

Fig. 3 Effect of a decrease in pH on ISG samples altered for 6 yr at
pH 9. Equivalent thickness of altered glass calculated from B
released during a 43-day immersion at pH 7, and comparison to a
control test. B concentrations in Experiment 2 are measured with a
better accuracy than in Experiment 1 because leachates are free of K
and analyses are conducted by ICP-MS which offers a low
detection limit.
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that precipitation of Ca-borate minerals seems unlikely below pH
6, but that precipitation of B hydroxide cannot be ruled out
(Supplementary Note 2, Supplementary Table 2, Supplementary
Fig. 6). Nonetheless, if nuclei form in pore water, they could
partially or totally clog pores. Indeed, a previous study found that
tracing molecules of 1 nm in size could not enter the passivating
gel formed at pH 729. Collin et al also showed that the water
content and mobility in those gels decreased in the presence of
large alkali ions such as K+ or Cs+ in pores36. Although more work
is needed to identify the chemical speciation of B and Ca retained
in the gel, the findings of this study demonstrate, for the first time,
that a passivating gel can act as a trap for mobile glass species,
especially B, which has extensively been used as a glass corrosion
tracer. Consequently, the use of this element as a corrosion tracer
should be considered cautiously.
To estimate the consequences of B and Ca retention in the gel

on further glass corrosion, we performed a quick test consisting in
placing a coupon of pristine ISG in a solution at pH∼6.5, saturated
with respect to SiO2 and highly concentrated in B (∼5 M), Ca
(∼2 M), and Na (∼0.2 M), in order to mimic the mean concentra-
tions recorded in the gels. After one day, the coupon was
withdrawn, rinsed, dried and analyzed by ToF-SIMS. Supplemen-
tary Fig. 7 shows that around 5 nm of glass were corroded,
whereas, according to Experiment 1, more than 200 nm of
corroded glass were expected in the absence of B, Ca and Na.
Although this single experiment provides preliminary results, it
strongly suggests that high concentrations of B and Ca in the
leachate reduce the rate of dissolution of B from the glass, and
thus, by extrapolation, that the retention of B and Ca in the gel
limits the extent of corrosion.
To summarize, the two first experiments of this study show that

B release could be limited by several factors (hydrolysis, transport
of hydrous species, transport of hydrolyzed species, and
potentially precipitation within the gel) as is the case for Si. To
better understand the links between the various mechanisms
involving B and Si, and to lay the foundations for a model of the
residual rate, the behavior of B in the absence of a passivating gel
must be understood. ISG has a slightly larger number of B-O-Si
linkages than Si-O-Si linkages45, suggesting that B dissolution
must strongly impact both the dissolution of the silicate network
and the formation of the gel.

Experiment 3
To this end, parametric studies (Experiment 3) were conducted
with pristine ISG samples corroded in controlled pH and
temperature conditions with solutions pre-saturated with respect
to amorphous silica in order to prevent silicate network
dissolution. In all tested conditions, B was linearly released up to
a few tens or hundreds of nm depending on the temperature, and
the B release then followed a square-root-of-time dependency,
likely because diffusion through the remnant Si-rich layer became
limiting. A maximum rate, rm(B), was derived from the initial linear
release and an apparent diffusion coefficient, DB, was calculated
according to the Fick’s equation within the parabolic release
regime (see the Methods section for details) (Supplementary Table
3, Supplementary Fig. 8). Figure 5a shows the maximum
dissolution rate of B as a function of pH in silica-saturated
solution (red circles) and compares it with that in dilute solution
(blue circles) obtained by Inagaki et al.35 In dilute solutions, rm(B)
corresponds to the so-called initial or forward dissolution rate. In
acid pH, the two datasets are comparable to each other meaning
that the initial release of B is not impacted by the presence of
dissolved silica. With increasing pH, rm(B) continuously diminishes,
and beyond pH 6-7, it becomes lower than the dissolution rate of
Si in dilute solutions (green circles). In the silica-saturated solution
at basic pH, either the high condensation rate of Si–O–Si
linkages46 could impact the accessibility of B sites and thus could

Fig. 4 Effect of a decrease in pH on ISG samples altered for 6 yr at
pH 9. Elemental ToF-SIMS profiles of glass cations and H. a Before
the pH swap. b After a 35-day immersion at pH 3. c Same as b but for
the re-corrosion stage at pH 5. For b and c plots the orange dotted
line indicates the position of the pristine glass surface before the pH
swap. Therefore the gel located in between the orange and the
black lines was formed during the stage of acid corrosion.
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reduce the dissolution rate of B, or the intrinsic dissolution rate of
Si–O–B linkages is reduced. This requires further investigations.
Interestingly, the continuous and monotonic trend displayed by
rm(B) over a broad pH range may suggest that the same reaction
could control B dissolution between pH 3 and 9. According to first
principles simulations, this reaction implies the nucleophilic attack
of H+ on B and the hydrolysis of B–O–Si by H2O

47. The apparent
activation energy for B release at pH 3 is 59 ± 5 kJ mol−1 (Fig. 5b), a
value close but slightly lower than that for Si dissolution (64 ± 3 kJ
mol−1 from pH 3 to 5.6)35. From the parabolic trend following the
initial release of B, an apparent diffusion coefficient of B was
calculated at 90 °C (Fig. 5d):

DBðm2s�1Þ ¼ 10�13:65�0:51pH (2)

The corresponding activation energy at pH 3 is 60 ± 6 kJ mol−1

for the release rate of B in the parabolic regime, same as that
associated to rm(B). This leads to the conclusion that temperature
has a negligible effect on the transport rate of reactants and
reaction products through the growing Si-rich layer, as compared
to the hydrolysis of B-O-Si linkages. In basic pH (pH 9), the
activation energy for B release in the parabolic regime is same as

that determined at pH 3 (Fig. 5c). This result must be considered
when further experiments will discuss the cause of the slow B
release rate in silica saturated and basic solutions.
The results of Experiment 3 can be used to estimate the gel

thickness that would have formed during the second stage of
Experiment 2 (35 days at pH 3 or 5, and 42 days at pH 7) in the
absence of a passivating gel. Application of Fick’s law with the
diffusion coefficients given by Eq. 2 gives a gel thickness of 50 µm,
15.5 µm, and 5 µm at pH 3, 5, and 7, respectively. Although these
values are extrapolated from short-term data, the value at pH 3 is
in fair agreement with results from a previous study (Supplemen-
tary Fig. 9)7. These values are 2 to 3 orders of magnitude higher
than the thickness of actual gels formed during the second stage
of Experiment 2. The most likely hypothesis to account for this
difference is to consider that the gel formed at pH 9 reduced the
flux of reactant species (H2O, H3O

+) reaching the AZ. This
hypothesis was also supported by O isotopic tracing experiments
with gels formed at pH 727 and by MD simulations38. Interestingly,
these simulations explain that the formation of small ring
structures hindering water mobility within the gel is tied to
medium range structures within the pristine glass.

Fig. 5 pH and temperature effects on B release rate in Si-saturated solutions. a B dissolution rate in silica saturated solutions (red symbols)
compared to literature data obtained far from saturation, i.e., in extremely dilute solutions (C(Si) <1mg·L−1). Green (Si) and blue symbols (B)
correspond to the so-called initial or forward dissolution rate, determined far from saturation. b Arrhenius plot for maximum dissolution rate
of B, rm(B), from experiments conducted at pH 3 in Si-saturated solutions. c Arrhenius plot for diffusion coefficient of B, D(B), from experiments
conducted in Si-saturated solutions at pH 3 and pH 9. d) Apparent diffusion coefficient of B, D(B), as a function of pH90 °C from experiments
conducted at 90 °C in Si-saturated solutions.
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DISCUSSION
To summarize, our experiments show that, in contrast to the
commonly accepted notion of B as an ideal tracer of glass
corrosion at any reaction progress, B can be retained in highly
passivating gels. In such cases, Na seems to be a better tracer.
More importantly, the findings of this work indicate that B
dissolution in the so-called active zone limits the dissolution of all
the soluble elements (i.e., Na and Ca in the case of ISG). In other
words, if B–O–Si bonds are not broken, Na and Ca atoms in the
vicinity of B cannot dissolve. This result suggests that B plays a
greater role on glass durability than what thought before. In the
present study, we demonstrated that the release rate of B in silica-
saturated conditions, and by extension the residual rate, can be
limited by three mechanisms: (i) the rate of hydrolysis of B-O-Si
linkages, which has been parameterized as a function of pH and
time for the diffusive regime; (ii) the inward diffusion of H+ or
H3O

+ through the passivating gel; and (iii) the outward diffusion
of aqueous B species through the passivating gel with potential
precipitation in nanopores. Processes (i) and (ii) are dominating in
Experiment 1 and Experiment 2 at pH 7, whereas process (iii) is key
in Experiment 2 at pH 3 and 5. All these three mechanisms are not
independent and cannot be decoupled from the other mechan-
isms involving Si (Fig. 6). Indeed, ISG contains slightly more Si-O-B
than Si-O-Si linkages and a very low number of B–O–B linkages45.

As a result, when a B atom is dissolved, two silanol groups are
formed and can condense to form a new siloxane bond. Multiple
condensation reactions eventually affect the transport of aqueous
species through the process of pore closure. Furthermore, if
dissolved B and Ca from the active zone re-precipitate in
nanopores, it can, in turn, reduce the inward diffusion of hydrous
species. It is important to bear in mind that the gel network is a
dynamic structure that evolves and matures owing to hydrolysis
and condensation reactions involving Si. The current kinetic
models, even those including passivation14,15,48, do not ascribe
any role to B, except that on the pH owing to the acid-basic
properties of B(OH)3/B(OH)4

−. This relies on the assumption that B
dissolution and transport are faster than the other mechanisms.
Although this assumption is valid when far from saturation with
respect to silica, it needs to be revised in the passivating regime.
The findings in this study thus pave the way to a new model for
glass corrosion (Fig. 6). The next step will be to implement the
mechanisms reported in this article in a reactive transport code
with a discretization of the alteration layer to account for the
various steps of glass corrosion when a pristine glass is placed in
contact with water:

● Congruent dissolution of the glass elements in neutral and
basic pH conditions, or incongruent dissolution in acid pH
conditions, until silica-saturated conditions are achieved

● Beyond saturation, further dissolution of B until significant
amount of pores are closed within the gel. Parameterization of
B dissolution is given in this article. Ca and Na dissolution is
imposed by that of B. To a first approximation, a first-order
rate law including an affinity term can be used to describe the
pseudo-equilibrium between the Si-rich passivating layer and
the bulk solution.

● Reduction of water diffusion depending on the fraction of
remaining open pores in the passivating layer.

● Reduction of B(aq) and Ca(aq) diffusion depending on the
fraction of remaining open pores in the passivating layer.

● Reduction of B dissolution rate at the glass interface according
to the local concentration of B(aq) and Ca(aq). This would
enable the precipitation of borate minerals in the pores with
potential consequences on the transport of water molecules.
This part requires more parametric studies.

There is still a lack of understanding to correlate porosity of the
gel with the diffusivity of aqueous species. Molecular dynamics
and Monte Carlo simulations are promising means to decipher the
structure and properties of nanoporous networks20,49–51, but more
work is needed to parameterize laws for reactive transport models.
Furthermore, although we have focused on a simple glass that
does not form secondary silicate minerals, borosilicate nuclear
waste glasses are known to form phyllosilicates, calcium silicate
hydrates, and/or zeolites as corrosion products52–56. The precipita-
tion of these minerals disrupts the passivating layer57–59. This type
of mechanism is already implemented in reactive transport codes,
but with no retroaction on the transport properties of the gel60.
Furthermore, passivation is generally described by an apparent
diffusion coefficient applicable to one or all species60. Beyond the
development of mechanistic models, the results of this study
provide clues to determine the most favorable geochemical
environment to guarantee the safety of geological disposals of
nuclear wastes.

METHODS
Materials
ISG (60.2 SiO2, 16.0 B2O3, 12.6 Na2O, 5.7 CaO, 3.8 Al2O3, and 1.7 ZrO2 in mol
%) was produced in 2012 by MoSci Corporation (Rolla, MO, USA) and has
been served since then as a reference material for glass corrosion
studies28,61.

Fig. 6 Conceptualization of the mechanisms controlling the
residual rate. a Schematic outline of the proposed glass corrosion
model. The corrosion rate corresponds to derivate of the transfor-
mation of the pristine material into alteration products (dissolved
species, gel, secondary minerals) with respect to time. The residual
rate regime starts when Si-saturation of the contacting solution is
achieved. The restructuration of the gel which eventually leads to
the formation of a diffusion barrier for water and dissolves species is
intimately tied to the release of mobile elements from the glass
structure. b Interplay between the mechanisms involved in the
residual rate regime.
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Leaching experiments
Experiment 1 is described in details in previous articles27,29,30. It consisted of
two batch of experiments conducted at 90 °C, fixed pH90 °C (7 or 9) with
glass coupons corroded in a solution initially close to saturation with respect
to amorphous 29SiO2 (C0(Si)= 141mg L−1 at pH90 °C 7 and C0(Si)=
275mg·L−1 at pH90 °C 9). Unless otherwise specified, all pH values were
measured at 90 °C in this study. The solutions also contained a large amount
of K, an element used to dissolve 29SiO2, which eventually contributed to
improving passivation properties of the gel36. At various time durations,
solution samples or coupons were taken for analysis. In Experiment 2, glass
coupons altered for 2312 days in Experiment 1 were taken out of the leaching
solution, rinsed quickly with deionized water, then immersed in a fresh
solution for a second short stage of corrosion at a different pH. This second
stage of corrosion was conducted at 90 °C, in solution saturated with respect
to amorphous 28SiO2, with no addition of K and at fixed pH90 °C of 3, 5, 7, or
9. The experimental matrix is given in Supplementary Table 4. Solution
samples taken during the second stage were analyzed by ICP-MS and 2
coupons were characterized at the end of Experiment 2 by ToF-SIMS.
Experiment 3 consisted of a series of parametric tests conducted with pristine
ISG samples corroded at various temperatures (30, 50, 70, and 90 °C) and pHs
(3, 5, 7, and 9). The tests were designed to measure the initial release rate of B
when silica saturated conditions are achieved but before the gel becomes
passivating. Therefore, all the tests in these series were conducted in solution
saturated with respect to amorphous 28SiO2. Polished glass monoliths or glass
powder (63–125 µm) with a specific surface area of 535 cm2.g−1, as
determined by the Brunauer Emmett and Teller (BET) method were
employed for these short duration tests (from a few hours to a few days).
Solution samples were taken at regular intervals and were analyzed by
UV–visible spectrophotometry.

Solution analysis
The solutions from Experiment 1 were diluted by a factor 10–30 to lower
the concentration of K and were analyzed by inductively coupled plasma-
optical emission spectroscopy (Thermo Scientific, ICAP 6300 DUO). Because
of the high dilution, B concentrations were slightly above detection limit
(0.05mg L−1). A relative uncertainty of 10% was considered. The solutions
from Experiment 2 were analyzed by inductively coupled plasma-mass
spectrometry (Thermo Scientific, ICAP Q). Continuous monitoring of
cleanliness of the analysis device, adjustment of calibration to the
measured concentrations and dilution adapted to the low volume of
solutions supplied and all elements present in the matrix, made it possible
to obtain a detection limit for B of ∼1 ppb with relative uncertainty of 10%.
Solution from Experiment 3 were analyzed by colorimetry with a Merck
Spectroquant kit and a Cary Varian UV–visible spectrophotometer at a
wavelength of 405 nm (concentration range: 0.05–2mg L−1, error 5%). For
each tested condition, B release was initially linear and then became
parabolic. The initial linear portion of the B curve was used to determine
the maximum dissolution rate of B, rm(B), and the parabolic portion of the
curve was used to determine the diffusion coefficient of B through the
remaining Si-rich layer, D(B). rm(B) was calculated as follow:

rm Bð Þ ¼ d
dt

NLðBÞð Þ ¼ d
dt

C Bð Þ
S
V xB

 !
(3)

where NL(B) is the normalized mass loss of the glass calculated from B, C(B)
is the concentration of B in the solution, S/V is the glass-surface-area-to-
solution-volume ratio, and xB the mass fraction of B in the glass. D(B) was
calculated from the following formula which results from the application of
the second Fick’s law to a semi-infinite diffusion medium22:

NLðBÞ
ρ

¼ 2

ffiffiffiffiffiffiffiffiffiffiffi
D Bð Þt
π

r
(4)

where ρ is the glass density (2.5 g cm−3). Uncertainties on rm(B) and D(B)
were ±30% and [−50%, +100%], respectively. Note that in Experiment 1,
where it was previously demonstrated that the gel results from an
isovolumetric process (gel thickness= thickness of altered glass), and that
the retention factor of B in the gel is low, NLðBÞρ gives a good estimation of
the gel thickness.

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)
analysis
ToF-SIMS analyses were performed by Tescan Analytics, Fuveau, France
using a ToF-SIMS5 spectrometer (IonTof––Münster, Germany). The

following conditions were applied: sputter beam of 1.0 keV, 300 nA O2
+,

abraded area of 200 × 200 µm2, analysis beam of 25.0 keV, 0.2 pA Bi+,
analyzed area of 60 × 60 µm2, charges compensated by an electron gun.
Data acquisition and post-processing analyses were performed using the
SurfaceLab 6 software. A profilometer was used to measure the crater
depth at the end of the analysis. Data are normalized to Zr, an immobile
element in the gel, and displayed as a function of depth considering the
same sputtering rate in the alteration layer and pristine glass. More details
are given in recent articles29,30,62.

DATA AVAILABILITY
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