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ARTICLE OPEN

Borosilicate glass alteration in vapor phase and aqueous
medium
Sathya Narayanasamy 1✉, Patrick Jollivet1, Christophe Jégou1, Mélanie Moskura2, Abdesselam Abdelouas3,
Thibault Charpentier 2✉ and Frédéric Angeli 1✉

A Na-alumino-borosilicate glass and its Ca-doped counterpart were altered in vapor phase (98% relative humidity) and aqueous
medium at 90 °C. Both the alteration media were enriched in 17O. Characterization of the altered samples pointed out some
differences between glass alteration in aqueous medium and vapor phase in terms of the alteration kinetics, the effect of Ca-doping
on glass chemical durability, the behavior of elements in the gel layer, and the structure of the gel layer. Some of the key results are
the recondensation of boron in the gel layer formed in the vapor phase and the utility of Rotation Echo DOuble Resonance Nuclear
Magnetic Resonance spectroscopy to qualitatively distinguish between signals from the pristine glass and hydrated gel layer within
a sample that was not altered to the core. The results gave rise to inferences about glass alteration mechanisms in both the
alteration media and the differences between them.

npj Materials Degradation            (2022) 6:86 ; https://doi.org/10.1038/s41529-022-00298-2

INTRODUCTION
Vitrification of high-activity radioactive waste is one of the most
effective approaches for the containment of the radioactive
wastes. The resulting “nuclear waste glasses” may be disposed by
storage in a deep-geological repository with engineered barriers
for human and environmental protection. For example, in France it
is envisaged that such a repository will be constructed in the
North-eastern part of the country in a Callovo-Oxfordian clay layer
that is located 500 m beneath the earth’s surface. In such a
repository, the nuclear waste glasses might be exposed to both
humid conditions and saturated conditions1. The evaluation of the
environmental safety aspect of this disposal system strongly
depends on the predictions of the long-term stability and
chemical durability of these nuclear waste glasses in both
conditions. Many studies have focused on the behavior and
chemical durability of nuclear waste glasses of different composi-
tions in saturated conditions (referred to as aqueous alteration in
this study) within a range of experimental parameters2–9. Such
studies have enabled us to gain a generalized understanding of
the glass-water reaction mechanisms10–17. Some of these experi-
mental data have been useful to develop geochemical, empirical
or structure-based models to predict glass alteration rates, at least
during specific alteration stages18–24. On the other hand, the
studies investigating nuclear waste glass alteration in humid
conditions (referred to as vapor hydration or vapor phase
alteration) are relatively fewer25–32. A generalized understanding
of the predominant glass alteration mechanisms in the vapor
phase is yet to be achieved. The following study has been carried
out within this framework.
Experimental vapor phase hydration of two borosilicate glasses

has been carried out in this study, alongside aqueous alteration
experiments at a very high glass surface area to solution volume
(SA/V) ratio. Such a high SA/V ratio facilitates the practicality of
conducting experiments with the 17O isotope in the solution and

having sufficient quantity of altered samples for NMR
characterization.
The series of experiments in this article were carried out with

the following objectives: (i) study the similarities and differences
between glass alteration in vapor phase and aqueous medium at a
very high SA/V ratio; (ii) compare the global structure of altered
layer formed in vapor phase and aqueous medium; (iii) based on
the comparison, gain further understanding of the predominant
mechanisms of vapor hydration of glasses.
The two glass compositions chosen for the study are: a

quaternary Na-alumino-borosilicate glass, named Q (composition
in mol% of oxides, 57.5 SiO2–15.3 B2O3–19.2 Na2O–8.1 Al2O3) and
the same glass but comprising CaO, named QCa (52.7 SiO2–14.6
B2O3–19 Na2O–7.5 Al2O3–6.2 CaO). This choice was based on the
fact that simplified compositions facilitate the understanding of
influence of specific elements, which in turn might give insights
into glass alteration mechanisms. Specifically, the influence of Ca
was chosen to be studied since its effect on glass aqueous
alteration across different SA/V regimes and progress of glass
alteration are relatively well understood6,33–35. This understanding
might help us to gain insights into the effect of Ca in vapor phase.
Table 1 lists the series of experiments that were carried out with

their main parameters. Experiments 1 and 3 are aqueous alteration
experiments conducted with glasses Q and QCa respectively in a
17O enriched aqueous medium. These powder samples were used
for NMR spectroscopy studies for the investigation of the local
environments of 17O, 11B, 23Na, 27Al and 29Si in the altered
samples. Experiments 2 and 4 are duplicate experiments for 1 and
3 respectively, which are useful to follow alteration kinetics. Only
powder samples were used for aqueous alteration experiments to
be able to impose the very high SA/V ratio. Experiments 5 and 6
are vapor phase experiments conducted with the glass Q in a 17O
enriched vapor phase. Powder and monolith samples were used
respectively according to the characterization method used.
Similarly, experiments 7 and 8 are vapor phase experiments
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conducted with the glass QCa. Experiments 5 and 6 were carried
out in a single reactor and experiments 7 and 8 were similarly
carried out in another single reactor.

RESULTS
Alteration kinetics
Glass alteration in both media resulted in the formation of an
altered or gel layer on the glass surface. This section provides
information on the altered glass percentage and altered layer
thicknesses for each glass. It also gives information on the effect of
Ca on glass alteration kinetics in aqueous medium and
vapor phase.

Aqueous alteration. Figure 1 shows the evolutions of pH and the
altered glass percentage for the glasses Q and QCa
(experiments 1–4).
The average pH90°C of the leachate of the glass Q in experiment

2 was 9.2 (±0.2). There was no pH evolution with time starting
from the very first sampling done after 7 days of leaching. SE
images of the altered glass powders at the end of the experiment
did not show the presence of any secondary precipitates
(Supplementary Fig. 1). The pH value is consistent with other
aqueous alteration experiments conducted at a very high SA/V
ratio18.
The average pH90°C of the QCa-leachate in experiment n°4 was

9.6 (±0.2). The pH value remained stable throughout the
experimental duration. XRD analysis of the QCa glass powders
(experiment 4) after aqueous alteration indicated the formation of
calcite (Supplementary Fig. 2).
According to the evolution of the altered glass percentage of

glass Q shown in Fig. 1, almost 86% of the glasses were altered
within 28 days for the experiment 2 and it was expected that

experiment 1 would also follow a similar evolution. The pH90°C

measurement on the 56th day showed a decrease from 9.2 to 8.4.
Since there was concern that this decrease might be due to zeolite
precipitation, which in turn might deteriorate the gel layer, this
experiment was stopped after 59 days of aqueous alteration. It
was judged that 86% of alteration was sufficient to study the gel
layers using NMR spectroscopy. The alteration of the QCa glass on
the other hand was comparatively slower with only 46% alteration
after 28 days. Therefore, the alteration was continued until
213 days, after which around 64% of the glass had altered. This
comparison of the altered glass percentage of the Q and QCa
glasses clearly shows the positive effect of the incorporation of Ca
in the glass on the glass chemical durability. This is in contrast to
Ca effect in vapor phase and this will be addressed further.

Vapor phase alteration
SEM images: Glass Q: SEM images help to physically distin-

guish the altered layer morphology due to density differences
between the pristine glass and the gel layer. A portion of the
altered monoliths from experiments 6 and 8 in Table 1 were
enrobed in epoxy resin, polished to an optical surface finish, and
observed in BSE for cross-section images (see Fig. 2a). According
to this image, the glass Q has a clearly distinguishable altered layer
of approximately 1 µm thickness. The gel layer seems homo-
geneous and appears fractured and detached intermittently.
Direct observation of the altered surface (Fig. 2c) indicates the
presence of some scattered unidentified secondary phases. XRD
pattern shows the presence of a small peak that could correspond
to kaolinite (Supplementary Fig. 3). Kaolinite is often identified on
naturally weathered/hydrothermally altered basaltic volcanic
glass36, although its effect on glass alteration kinetics is not well
known.
Glass QCa: According to the cross-section BSE image in Fig. 2b,

the altered layer in the glass QCa seems to be around 1.7 µm thick
approximately, although the contrast between the gel layer and
the pristine glass seems to be very low. The gel layer appears
homogeneous. The direct observation of the altered surface (Fig.
2d) shows some scattered unidentified precipitates. The XRD
pattern did not contain any peaks (Supplementary Fig. 3).
According to the SEM results, it seems that the glass QCa has
altered more than the glass Q for the same duration in vapor
phase. This could suggest a slightly negative effect of Ca in vapor
phase at 90 °C. In previous work, the glass QCa altered slightly
faster than the glass Q in vapor phase at 50 °C too27.
ToF-SIMS: Figure 3 shows the normalized ToF-SIMS profiles of

the monolith samples altered in experiments 6 and 8. Using these
profiles, the altered layer depth and the depth of penetration of
hydrogen and 17O ions into the gel layer were calculated to be
277, 308, and 269 nm, respectively, for the glass Q and 285, 341,
and 284 nm, respectively, for the glass QCa. Surprisingly, the gel
layer thickness measured using ToF-SIMS does not correspond
with the thickness measured through SEM images. In literature, a
good correspondence between gel layer thickness measured
between SEM and ToF-SIMS has been frequently reported27,29–31,
which makes the discrepancy in our study enigmatic. The
following hypothesis could be considered, although it is not
verifiable for these samples. During ToF-SIMS analysis, the same
speed of abrasion was used for the entire sample (secondary
phases, gel, and pristine glass). If the gel layer were abraded at a
much quicker rate than the pristine glass due to a lower density,
this could result in an underestimation of the gel layer thickness.
In another study on the vapor hydration of SON68 nuclear waste
glass simulant, it was shown that the altered layer thickness could
be underestimated by a factor of up to 4 from ToF-SIMS
measurements32. Based on the ToF-SIMS results, it could be said
that the addition of Ca in the QCa glass has an almost negligible
effect on the vapor hydration rate.

Fig. 1 pH and altered glass percentages time evolution. Solution
analysis results for the aqueous alteration experiments 1, 2, 3 and 4 in
Table 1: (top) Evolution of pH with time (fixed error of ±0.2 based on
measurement device); (bottom) evolution of percent of altered glass
with time (error calculated from the propagation of the error values
associated with the boron concentration measured using ICP-OES).
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Behavior of elements in the gel layer
Vapor phase alteration. The ToF-SIMS profiles shown in Fig. 3 also
describe the behavior of elements in the gel layer. The H intensity
peaks is slightly higher than the SiOH intensity at the gel surface
and the gel-glass interface. The profiles of 17O and 18O, sourced
from the saline solution used to control the vapor phase, are
uniformly enriched in the gel layer region, and do not show peaks
at the surface or the gel-glass interface, unlike the H profiles.
These profiles suggest that the gel layer is quite homogeneous in
nature.
In both glasses, boron is the most depleted element in the gel

layer. Its average retention factor in the gel layer is only around 9%
for the Q glass and around 13% for the QCa glass (based on Fig.
3a, b). The ToF-SIMS normalized profiles indicate that there might
only be a slight depletion of Al and Na in the gel layer for both
glasses. The surface of both Q and QCa glasses showed some
scattered secondary phase precipitation. This could perhaps
explain this loss. Na slightly peaks at the gel-glass interface like
the H profile.
By closely observing the ToF-SIMS profiles in our previous

studies, a similar combined enrichment of Na+ and H+ has been
observed in some cases27,31,37.
In case of the QCa glass, there is a significant depletion of Ca

in addition to that of boron. Additionally, there is an increasing
trend in Ca-concentration towards the surface of the gel layer.
This could be related to the formation of Ca-containing
secondary phases. Although, XRD patterns on monoliths did
not indicate the formation of any phases. It is possible that the
quantity of phases was insufficient, or the phases were poorly
crystalline.

The gel-glass interface thickness of the QCa glass as defined
by the profiles of H and O (≈100 nm) seems to be much wider
than that of the Q glass (≈60 nm) (from Fig. 3). The gel-glass
interface thickness of the QCa glass as defined by the boron
profile (≈60 nm) is also larger than that of the Q glass (≈30 nm).
The difference in the interfacial thicknesses that were deter-
mined by the boron profiles and that of the H, SiOH and O
profiles suggest that in both glasses, there exists a hydrated
layer without any element loss between the pristine glass and
gel layer.

Aqueous alteration. The Normalized mass Losses of elements
(NL) with time for the glasses Q and QCa are given in
Supplementary Table 1. The NL values of boron are the highest.
The high solubility of boron during aqueous alteration of glasses
and its negligible retention in the gel layer is quite well known in
the field and it is for this reason that it is used as a glass alteration
tracer38. The nominal composition of elements in the gel layer
(excluding boron, hydrogen, and oxygen) at the end of the
experiment can be calculated using the relation
Retention factor RFi ¼ 1� NLðiÞ

NLðBÞ. The calculated RFi values and
the gel layer composition are provided in Table 2. The relative
retention of Si and Al in the gel layer is almost 100%. In pristine
glass, we can assume that all the Al is in 4-coordinated state i.e.
[AlO4]−. Na+ ions play the role of charge compensator for these
[AlO4]− units6,20,39. From the pristine glass composition, it can be
seen that there is an excess quantity of Na than Al in the glass (for
both Q and QCa). Na also plays the role of charge compensators
for four-coordinated boron (BO4) units. The remaining Na is
present as network modifiers in the glass next to non-bridging

Fig. 2 SEM images of glasses altered in vapor phase. SEM images of Q (left) and QCa (right) glass altered in vapor phase (experiment no. 6
and 8, respectively, in Table 1); a cross-section BSE image of vapor-hydrated glass Q; b cross-section BSE image of vapor-hydrated glass QCa;
c SE image of direct observation of vapor-hydrated glass Q surface; d SE Image of direct observation of vapor-hydrated QCa glass surface.
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oxygen atoms. In the gel however, Na retention is only around
48% for the Q glass and 33–36% for the QCa glass. Looking at the
gel layer composition, the at. mol% of Na is quite close to that of
Al for both glasses. This suggests that the Na that were present as
network modifier in the glass and most of the Na that played the
role of charge compensator to BO4 units have been leached out
and only the Na+ ions which played the role of charge
compensator to [AlO4]− have been retained in the gel layer. Such
an interpretation assumes that the Al is present in the
4-coordination state in the gel layer too. The retention of Ca in
the gel layer is approximately 98% in the QCa glass, which is much
higher than in QCa altered in vapor phase. The retention of Ca in
the gel layer has a passivating effect3,33,40,41. According to Table 2,
at least a small portion of Ca2+ must be playing the role of charge
compensation for [AlO4]− units. This Al-Ca synergy effect in the gel
layer is well-known for its passivating properties. XRD identified
the presence of calcite in the altered glass powders. One of the
mechanisms by which Ca in the gel layer may be passivating is by
precipitation in the pore water of the gel layer, which slows down
water diffusion through the gel layer40. Despite secondary phase
precipitation, QCa can be considered to have a passivating gel
layer, since the precipitate that formed is calcite and not calcium-
silicate-hydrates (CSHs) that could have an antagonistic effect34.

Structure of the gel layer
In this section, the NMR spectroscopy results are presented to
study the structural evolution of the glass network as a result of
alteration in aqueous medium (denoted AM) and vapor phase
(denoted VP). In the case of experiments 5 and 7, i.e., Q and QCa

glass powders altered in vapor phase, a peculiar behavior of the
glass powders was observed. When the vapor phase reactors were
opened at the end of the experiment, liquid water appeared to
have condensed on top of the powders. It is unknown if this water
condensation occurred over the course of the duration of the
experiment as a result of capillary condensation on the powders
or if it occurred at the end of the experiment while the reactor was
cooled to room temperature before being opened. In any case,
the comparison between the two different methods of alteration
still remains interesting. Based on the objective of the study and
to easily distinguish between the experiments, the glass powders
altered in experiments 5 and 7 are still referred to as vapor phase
or VP samples. The powder samples were dried overnight at 90 °C
before NMR spectroscopy was performed.

17O NMR. The 17O MAS NMR spectra of pristine Q and QCa
glasses were recorded on approximately 200mg 17O enriched
pristine glasses (denoted as pg-17O) of the same composition
prepared via sol-gel synthesis method. Supplementary Figs. 4 and
5 show MAS NMR spectra of 11B, 23Na, 27Al and 29Si nuclei in the
pristine non-enriched glass (denoted as pg) and in the pg-17O.
These data confirms that the structure of the two pristine glasses
of the same theoretical composition, but using different synthesis
routes and 17O isotopic abundance, have a very close structure (in
terms of the speciation of the probed elements). Therefore, the
17O spectra of the gel layer formed on the unenriched glasses can
be compared with the environment of 17O in the enriched pristine
glasses.
Figure 4 shows the 17O MQMAS NMR spectra. Q-AM shows clear

evidence for the recondensation of Si and Al with 17O from the

Fig. 3 ToF-SIMS. Normalized ToF-SIMS profiles of glass Q and glass QCa monoliths altered in vapor phase (experiments 6 (a, c) and 8 (b, d)).
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aqueous medium. But there is no evidence for boron recondensa-
tion with 17O. For the samples Q-VP and QCa-VP, there is clear
evidence for boron recondensation in the gel layer with 17O
coming from the vapor phase, along with the expected Si and Al
recondensation in the gel layer. Additionally, there is also
evidence of 17O recondensation with Na as Si-17O-Na only in the
QCa-VP sample. 17O does not recondense with Ca in the QCa-VP
sample. In the Q-VP sample, 17O does not recondense with Na. The
2D MQMAS spectrum of QCa-AM is unfortunately too noisy to
draw clear conclusions. This may be because of the weaker
alteration of the QCa-AM sample (55.3 ± 2.3%) relative to the other
samples.
Figure 5 shows the 17O MAS NMR spectra. Differences are

observed in the 50–100 ppm region, notably for the Q-VP samples.
Only the pristine and vapor phase altered samples (Q-VP and QCa-
VP) have a contribution in the 50–100 ppm range (attributed to
B-17O-B species, according to the MQMAS spectra shown in Fig. 4),
whereas the Q-AM and QCa-AM do not show any signal in this
region. Figure 5c, d show the isotropic projection of the MQMAS
spectra (that is the dimension free of second order quadrupolar
broadening seen in the MAS dimension). These spectra confirm
that the additional contribution around 50–100 ppm in the 17O
MAS dimension is mainly due to the presence of B-17O-X species
in both the pristine and altered samples42.
It can be noticed from Fig. 5c that in the glass Q, the ratio of

Si-17O-Si and Si-17O-Al proportions is similar in the pristine glass
and the gel formed in aqueous medium. In the gel formed in
vapor phase, the proportion of Si-17O-Si is much higher than
Si-17O-Al. In contrast, Fig. 5d shows that the proportion of Si-17O-Al
is very high in the QCa-VP sample than the Si-17O-Si. Also, in the
pristine glass of both Q and QCa, the Si-17O-B proportion is higher
than the B-17O-B species. However, in the altered Q-VP and QCa-
VP samples, the proportions of both Si-17O-B and B-17O-B are
similar (according to Figs. 4c, f and 5c, d). The signal to noise ratio
in the QCa-AM sample is very poor in the Figs. 4e and 5d to draw
meaningful conclusions.

29Si, 27Al, and 23Na NMR. Figure 6a, b show the 29Si MAS NMR
spectra for the Q and QCa glasses. The 29Si MAS signal of the QCa-
VP sample clearly shows four resolved peaks at −93, −98, −104
and −110 ppm, which correspond to Q1Si(3Al), Q2Si(2Al), Q3Si(1Al)
and Q4Si(0Al) structures of NaY-zeolites43 These signals coming
from the zeolites can be filtered out using CPMAS as shown in Fig.
6c suggesting that the zeolites were dehydrated by the 90 °C
heating before NMR characterization. There is much less
difference in the CPMAS spectra as it probes mainly the
protonated zone in the alteration layer. The crystallinity of the
zeolites were probably poor since the XRD pattern did not indicate
their presence.
The 27Al MAS NMR spectra shown in Fig. 6d–f show that Al is

exclusively in 4-fold coordination state44. In the altered Q and QCa
samples, a narrower IVAl signal is detected. Such a narrowing has
been already observed in the 27Al MAS spectra of glass alteration
gels6,45 and is usually associated with the presence of water

molecules in Al surroundings46, which reduce the local electric
field gradient and thus the induced quadrupolar broadening. VP
and AM samples show similar 27Al MAS NMR spectra, except for
the gel layer formed on the QCa sample altered in vapor phase
(QCa-VP) which has a narrower peak than the other three gels and
also shows a slightly more positive shift. The peak position (≈60
ppm) also indicates that there is a contribution from zeolites43.
The 27Al CPMAS NMR experiment suppresses the signal contribu-
tion from the zeolites (as in 29Si experiments, thus corroborating
the dehydration of the zeolite) and the CPMAS spectra of the QCa-
VP sample shown in Fig. 6f resembles that of the other three
samples. These results seem to confirm the precipitation of
zeolites in the QCa powder sample altered in vapor phase.
The 23Na MAS spectra shown in Fig. 6g, i of the altered samples

exhibit narrowing of the peaks at a similar peak position, with a
more positive chemical shift, compared to the unaltered samples.
This reduction in linewidth and positive chemical shift is
associated with an increase in hydration of the samples44.
However, in the 23Na CPMAS NMR spectra in Fig. 6h, j, similar
line shapes are observed for all samples and the narrower
components of the 23Na MAS spectra (for the samples Q-AM and
QCa-VP) are strongly attenuated. Only in the QCa-VP sample, the
MAS spectra shows a small contribution around δiso 4.5–5 ppm
next to the distinctive sharp peak at around δiso −6.5 ppm. This
suggests that some of the Na+ ions are in a slightly different
environment than the rest since δiso is sensitive to Na-O bond
distance and coordination of the Na+ ions. The NMR spectra
associated with NaY-zeolites in the literature seem to vary
depending on a number of parameters47,48. Therefore, it is
difficult to attribute any peak positions or characteristics observed
in this study to that of the NaY-zeolites for the 23Na NMR spectra.
These narrow peaks are more likely to result from more hydrated
Na species enabling a higher mobility, thus inducing a motional
narrowing mechanism. This mobility can result in a loss of
efficiency of the cross-polarization (CP) magnetization transfer
from 1H to 23Na, thus explaining the observed differences
in CPMAS.

11B NMR. Figure 7 shows the experimental and simulated 11B
MAS NMR spectra of the pristine and altered samples. The
chemical shift of BO4 lines is more positive in the altered samples
by about 0.8–1.3 ppm when compared to that of the pristine
samples. This shift could be linked to a change in the first and
second neighbors of boron atoms. It can also be observed that the
altered samples have a higher fraction of BO4 than in the pristine
glasses. This suggests that BO3 units are more soluble than BO4

units and are therefore leached more rapidly as was already
observed in literature for alteration of borosilicate glasses in
aqueous medium38,49. This is true for vapor hydration of
borosilicate glasses as well since recent finding suggested that
the loss of boron from the gel layer is most likely in the form of B-
(OH)3 species50 that can be volatile at higher temperatures and
concentrations51. Although, unlike ref. 50, there is no clear
evidence of transformation of 4-coordinated BO4 units to

Table 2. Calculated retention factor of elements in the gel layer at the end of the experiment for the aqueous alteration experiments and
composition of gel layer and pristine glass (excluding boron, oxygen and hydrogen).

RFi At mol% in pristine glass (excluding B, H, and O) At mol% in gel (excluding B, H, and O)

Exp. 1 (Q) Exp. 2 (Q) Exp. 3 (QCa) Exp. 4 (QCa) Q QCa Q QCa

Si 0.994 0.995 0.989 0.989 51.34 47.07 62.33 60.82

Al 1.000 1.000 1.000 0.998 14.41 13.39 17.59 17.49

Na 0.480 0.479 0.327 0.359 34.25 33.97 20.08 14.52

Ca 0.985 0.976 5.57 7.17
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3-coordinated BO3 units. It is possible that the evidence might be
masked due to the possibly faster dissolution rate of the BO3 units
than the transformation rate of the BO4 units.

X-{1H} Rotational Echo DOuble Resonance (REDOR) experiments.
Since samples may not have been altered to the core, the NMR
signals in the altered samples are the superposition of the signals
from the residual pristine glass and the gel layer. In order to clarify
this, REDOR experiments were carried out on all four altered
samples. These experiments were found to be more robust and
sensitive than CPMAS experiments. These experiments allow us to
quantify the fraction of B, Al or Na in the sample that is in close
proximity to protons, and thus can be considered as part of the
altered sample or gel layer. Its principle is to collect first a
(reference) spin echo decay S0(t) on 11B, 27Al or 23Na and then, in a
second experiment, the echo decay S(t) while irradiating 1H with a
rotor-synchronized train of 180° pulses, which aims at reintrodu-
cing the (11B/27Al/23Na)-1H (magnetic) dipolar interactions. This
causes an additional decrease of the echo intensity that is
controlled by (11B/27Al/23Na)-1H proximities. The part of the echo
decay that is only due to (11B/27Al/23Na)-1H dipolar interactions
can then be extracted from a normalized difference signal
denoted as ΔS(t)={S0(t)-S(t)}/S0(t). Thus, the renormalized REDOR
signal ΔS(t) approaches 1 if all the 11B/27Al/23Na nuclei are
(dipolar)-coupled to the 1H. Note that selective pulses on the

11B/27Al/23Na central transition are applied so that contribution of
the satellite transitions can be ignored (and indeed, no spinning
sidebands are observed in the data). Once the REDOR curve is
plateauing, it can be considered that the residual signal is due to
un-coupled nuclei, that is non-hydrated B/Al/Na species (i.e., in the
residual core glass) in our case. This is confirmed by the images
shown in Supplementary Fig. 6 showing that the REDOR filtered
MAS spectrum is close in shape (not in intensity because of the
echo filtering) to the MAS NMR spectrum of the glass. According
to the ΔS(t) REDOR curves shown in Fig. 8, the hydrated fraction of
species in the altered samples is as follows: ≈70% of 11B, 27Al and
23Na in the Q-AM sample, ≈65% 11B and ≈60% 27Al and 23Na in the
QCa-AM sample, ≈80% 11B and 23Na and ≈70% 27Al in Q-VP
sample and ≈85% 11B and ≈80% 23Na and 27Al in the QCa-VP
sample. See Supplementary Figs. 7–9 for S0(t) and S(t) curves for
11B{1H}, 27Al{1H}, and 23Na{1H}, respectively.

DISCUSSION
The following paragraphs discuss the inferences about glass
alteration mechanisms that can be drawn from the alteration
kinetics results
In aqueous medium, the glass Q has altered faster than the glass
QCa. The role played by Ca on glass alteration kinetics across a
range of pH and SA/V ratio is well documented in the

Fig. 4 17O MQMAS NMR spectra. a pristine Q glass enriched in 17O (Q-pg enriched 17-O); b unenriched Q glass altered in 17O-enriched
aqueous medium (Q-AM); c unenriched Q glass altered in 17O-enriched vapor phase (Q-VP); d pristine QCa glass enriched in 17O (QCa-pg
enriched 17-O); e unenriched QCa glass altered in 17O-enriched aqueous medium (QCa-AM); f unenriched QCa glass altered in 17O-enriched
vapor phase (QCa-VP).
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literature34,40,41. In this case, the value of pH is not high enough to
trigger the precipitation of Calcium-Silicate-Hydrates (CSHs) or
zeolites, which may increase the glass alteration rate52. The SA/V
ratio is high enough to quickly form a gel layer with good Ca-
retention that has a strong passivating effect and has reduced the
glass alteration rate33,41,53. Therefore, the slower alteration of the
glass QCa can be attributed to the effect of Ca, which is positive
under the given conditions. Based on the evolution of the altered
glass percentage in Fig. 1 and its comparison to standard glass
alteration profiles available in the literature3,53, it can be said that
the glass alteration with time evolved with different mechanisms
being rate-controlling at different times. Inter-diffusion, network-
hydrolysis, gel layer formation by condensation/precipitation of Si,
Al, Ca and water diffusion through the gel layer successively must
have been the rate-controlling mechanisms of glass alteration.
However, the slower alteration of the glass QCa relative to the
glass Q suggests that the glass alteration rate was rather
predominantly controlled by the water diffusion rate through
the gel layer. This also indicates that the gel layer was formed
before the first sampling of the aqueous solution conducted at
7 days after the start of the experiment. The NMR results show
evidence of hydrolysis followed by condensation/precipitation of
Si and Al in the gel layer with 17O coming from the aqueous
medium.
In vapor phase, the alteration rates of glass Q and glass QCa are

almost similar, with the glass QCa having a slightly higher
alteration rate. This may be due to two possible reasons. The first
one is that there might be a negative effect of Ca, as it can be
supposed that the pH of the system must be highly basic and at
significant reaction progress, CSHs or zeolites may be beginning
to precipitate. It has been shown that the precipitation of zeolites
could increase the alteration rate by destabilizing the gel layer due
to Si, Al, Na and Ca losses52,54. This hypothesis could be supported
by the fact that the NMR signal of the QCa-VP suggested the
presence of zeolites. The NMR was carried out on glass powders.

The XRD pattern of the monolith sample of QCa did not suggest
the presence of any secondary phases, although SE image of the
glass surface (Fig. 2(d)) indicated the presence of some
unidentified secondary phases. Despite the evidence for the
precipitation of secondary phases in the QCa glass, it is not clear if
it acts a driving force for the higher glass alteration or is merely a
consequence of glass alteration without any impact on the rate.
The other possible reason for the slightly higher alteration of

the glass QCa is that the glass QCa is less polymerized than the
glass Q. The NBO fraction of the pristine glass Q is 0.036, whereas
for the glass QCa it is 0.11127. If network hydrolysis was one of the
predominant rate-controlling glass alteration mechanisms in
vapor phase, and if the QCa gel layer was not passivating with
Al-Ca synergy, this would explain the slightly higher alteration of
the QCa glass. In vapor phase, there is clear evidence for the
hydrolysis and condensation/precipitation of Si, Al, Na and even B
with 17O supplied by the vapor phase. However, it is not clear if
hydrolysis acted as a rate-controlling mechanism.
For aqueous medium, the alteration kinetics was followed

periodically through regular sampling of solution and therefore an
evolution of the altered glass percentage with time was
established. However, in vapor phase, the extent of glass
alteration for the Q and QCa glasses were simply compared at
the end of the experiment. Therefore, a direct comparison of the
evolution of the rate-controlling mechanisms over time between
glass alteration in aqueous medium and vapor phase cannot be
made. It is possible that unlike aqueous medium, network-
hydrolysis was the predominant rate-controlling mechanism in
vapor phase. It is also possible that the alteration rate evolution in
vapor phase followed a similar path to alteration rate in aqueous
medium with Ca-retention in the gel layer in synergy with Al, but
zeolites precipitation resulted in a state of “alteration resump-
tion”52 for the glass QCa towards the end and ultimately ended-up
being the more altered glass.

Fig. 5 17O MAS NMR spectra. a, b The pristine samples enriched in 17O (called pg-17O), samples altered in aqueous medium (called AM) and
samples altered in vapor phase (called VP) of the a Q glass and the b QCa glass; c, d projections in the isotropic dimension of the 17O MQMAS
NMR spectra for the Q and the QCa samples respectively (pristine, altered in vapor phase and in aqueous medium).
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The significant results from the study of behavior of elements
in the gel layer are discussed in the below paragraphs
In aqueous medium, information on the behavior of elements in
the gel layer was mostly extrapolated from the measurement of
concentration of glass species in the alteration solution in the
form of retention of elements in the gel layer (given in Table 2).
Table 2 assumes that there is no boron retention in the gel layer
even though the 11B{1H} NMR REDOR of the Q-AM and the QCa-
AM suggest the presence of boron in the proximity of 1H. It is
known that there could be boron retention in the gel layer close
to the interface and the retention of boron increases as a gradient
towards the pristine glass11,14,38. The thickness of this interface
with a gradient boron retention could be up to a few tens of nm.
In a powder sample with such a small particle size and numerous
grains, which have not been altered to the core, it is not surprising
that there is enough boron in the numerous interfaces to generate
a signal for the 11B{1H} NMR REDOR experiments (and in CPMAS
experiments, see supplementary information). It is still valid to
assume that in a gel layer formed in aqueous medium, boron
retention is negligible as it is one of the most soluble elements in
the glass and remains the best tracer for calculation of glass
alteration rate11,38.
For the monolith samples altered in vapor phase, the ToF-SIMS

profiles provide direct insights into the behavior of elements in
the gel layer. The ToF-SIMS profiles portray clearly distinguishable
three zones: the pristine glass, an interface, and a gel layer. Firstly,
it is noticeable that the interface of the QCa glass is wider than the

interface of the Q glass. This could be because the hydrated radius
of a divalent cation is larger than that of a monovalent cation. The
presence of hydrated Ca2+ ions in the interface might be the
reason behind the larger interface for the Ca-containing glass.
Next, for both glasses, the interfacial thickness marked by H, SiOH
and 17,18O is larger than that marked by the boron profile. This
suggests the presence of 2 zones within the interface: a layer close
to the pristine glass that is hydrated without loss of elements,
followed by a zone where the element loss begins.
The H and 17,18O profile shapes are similar in the interface. This

suggests that in the interface, H2O molecules may be predomi-
nantly present, suggesting penetration of water molecules. In the
gel layer, the H and 17,18O profile shapes are dissimilar. The water
molecules might have dissociated to form silanol and Na-OH
groups. Therefore, the H and 17,18O profile shapes in the gel layer
might be more influenced by the glass species they are associated
with. 17O recondensed with Si, Al and B in the gel layer according
to NMR results. The profile shapes of these elements in the gel
layer, including that of SiOH, are straight and similar to that of 17O.
The H profile shape seems to be more closely associated with

the Na profile. The H+ and Na+ ions might engage in ion-
exchange reactions but may remain fairly close to each other and
result in ToF-SIMS profile shapes that are quite similar. Both Na
and H profiles peak at the interface. Perhaps this could be
explained based on the Molecular Dynamics study carried out by
Jabraoui et al. on the glass-water interface55. During the initial
interaction between glass and water molecules, there is a high

Fig. 6 29Si, 27Al and 23Na MAS and CPMAS NMR spectra. a, b 29Si MAS NMR spectra of the unaltered (pristine) glass of natural isotopic
abundance (pg), glass altered in vapor phase (VP) and aqueous medium (AM) for the Q and QCa glass respectively; c 29Si CPMAS spectra for
QCa glass altered in vapor phase (VP) and aqueous medium (AM) and 29Si MAS NMR spectra of the unaltered pg sample; d, e 27Al MAS NMR
spectra of pg, VP and AM samples of Q and QCa glasses respectively; f 27Al MAS and CPMAS NMR spectra for AM and VP samples of QCa glass;
g 23Na MAS NMR spectra of pg, VP and AM samples of the Q glass; h 23Na MAS and CPMAS NMR spectra for AM and VP samples of the Q glass;
i 23Na MAS NMR spectra of pg, VP and AM samples of the QCa glass; j 23Na MAS and CPMAS NMR spectra for AM and VP samples of the
QCa glass.
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affinity between Na+ and water molecules. Therefore, while water
molecules penetrate the glass network, partially adsorbed water
molecules may surround Na+. This might reduce the mobility/
diffusivity of Na+ and increase its retention in the interface where
there are more water molecules55. Meanwhile, as the water
molecules dissociate in gel layer and reactions such as network-
hydrolysis/condensation/ion-exchange/inter-diffusion occur, Na+

ions in bulk gel layer become more mobile and are able to migrate
within the gel layer or towards the surface to form precipitates.
The next important result to address is the boron loss and

boron recondensation in vapor phase. Boron loss is evidenced
through the ToF-SIMS profiles (87–91% loss) on the monolith
samples. For the powder samples, the change in the ratio of BO4/
BO3 in altered samples compared to the pristine samples signify a
loss of boron, although not quantified.
In this study, there was an extremely small amount of water

condensation on the glass powders altered in vapor phase. It is
unclear if the water condensation on glass powders happened
during the experiment or at the end of the experiment while
cooling down the reactors to room temperature. Therefore, there
is a possibility that at least some of the boron might have been
leached out into the solution, especially for the powder samples.
There did not seem to be any water condensation on the monolith
samples altered in the same reactor. The reason behind the water
condensation in vapor hydration experiments, only on powders
and not on monoliths, could be the high surface area of the glass
powders.
Many vapor hydration studies on borosilicate glasses have

shown the loss of boron from the gel layer through ToF-SIMS
profiles on glass monoliths27,29,30. Zhang et al. showed the
conversion of [4]B to [3]B species and the formation of B-(OH)3
species due to the hydrolysis of trigonal [3]B network formers.
Orthoboric and metaboric species can be volatile, especially at
higher temperatures (>40 °C) and humidity27,50,51. Therefore, the
evaporation of boric acid could be at least one of the mechanisms

of boron loss from the gel layer during vapor hydration. This leads
to some more questions regarding the limits to boric acid
evaporation from gel layer with regards to time/temperature/
vapor pressure/transport through gel layer/quantity of boron that
could be lost through boric acid volatility etc.
Loss of boron through evaporation during aqueous alteration

experiments has not been reported. A reasonable hypothesis is
that boron loss by evaporation is more favored from a solid
surface to vapor phase (sublimation) rather than from a liquid
surface. Boric acid is soluble in water. The solubility limit of boric
acid is 275 g L−1 at 100 °C56. It is very likely that B-(OH)3 species
volatilize as they are formed on monoliths altered in vapor phase
and there is not sufficient quantity of water to dissolve boric acid.
As the water quantity increases, boric acid dissolves in solution
and therefore is not transported by vapor.
Regarding boron recondensation in the gel layer, the presence

of B-17O-B and Si-17O-B species in the gel layer formed in vapor
phase confirms boron recondensation, at least on the powder
samples altered in vapor phase. The monolith samples altered in
vapor phase only show evidence for loss of boron, but perhaps it
is also possible that the 9–13% boron retained in the gel layer of
the monolith samples are in fact recondensed boron. Another
possibility is that the water condensation on the powders during
vapor phase experiments might have inhibited boron loss by
evaporation, but insufficient to leach out the boron. As a result,
boron recondensation might have occurred only in the powder
samples.

The global structure of gel layer formed in the two media are
compared in the following paragraphs
Even though based on NMR spectroscopy results, the VP and AM
systems seem overall similar, there are some differences to
be noted.
(i) According to the quantity of hydrated boron species in the

altered sample, the VP samples have a higher fraction of the

Fig. 7 11B MAS NMR spectra. Experimental and simulated 11B MAS NMR spectra of pg, AM and VP samples; (left column) Q glass and (right
column) QCa glass. The spectra have been simulated as described in refs. 15,65. Four (pg) components have been fitted using the pristine glass
(2 × BO3 and 2 × BO4). While keeping the pg NMR parameters constant, two components have been fitted for the altered glasses (1 × BO3 and
1 × BO4). For altered glasses, the residual glass contribution was found to be around 10 (±5)%.
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hydrated species than the AM samples (as shown by REDOR NMR
experiments). This is true for the hydrated Na species as well. This
can be interpreted in two ways. One is that the gel layer formed in
vapor phase is thicker and the other one is that the gel layer
formed in vapor phase retains more water molecules. The former
explanation is more likely. It is also supported by the fact that
alteration kinetics show that QCa-VP has a thicker altered layer
than QCa-AM for the same duration of alteration and Q-VP was
anyway altered for a much longer duration than Q-AM. Therefore,
the rate/degree of alteration of the VP samples is greater than the
AM samples. This is confirmed by the REDOR NMR experiments
and shows the potential of this technique to eventually be
calibrated to calculate the glass alteration rate.
(ii) According to the REDOR NMR results, among the AM

samples, Q is more hydrated; and among the VP samples QCa is
slightly more hydrated, i.e., in aqueous medium, the glass Q alters
faster than QCa and in vapor phase QCa alters at a slightly faster
rate than Q. This shows that despite the doubts regarding water
condensation on powder samples of Q-VP and QCa-VP, both the
monolith and the powder samples altered in vapor phase follow
the same trend where the glass QCa is slightly more altered than
the glass Q.
(iii) Evidence for recondensation of boron with 17O species is

conclusively found only for VP samples. It is not surprising that
boron did not recondense with 17O in the gel layer formed in
aqueous medium since boron recondensation was not reported
before despite the many glass alteration studies in aqueous
medium. The recondensation of Si and Al in aqueous medium is
attributed to the solubility of the dissolving glass species and
boron does not recondense in aqueous medium due to relatively
higher solubility in water.

There is also evidence of recondensation of Na with 17O in the
QCa-VP sample, but not of recondensation of Ca. Alloteau et al.
suggested that during the alteration of glasses in vapor phase,
NBO sites (Si-O−Na+) may actually play a catalytic role, resulting in
the recondensation of Na with 17O from the water (refer to the
three step reaction process given in the reference)57. Since Ca2+ is
ionically bonded to two NBO sites on average, it might be difficult
or might require more water molecules for such a recondensation
reaction to occur. Moreover, Ca2+ is less retained than Na+ in the
gel layer formed in vapor phase and Ca2+ has a tendency to form
secondary phases such as calcite during vapor hydration27,57. It is
not clear why Na+ does not recondense with 17O in the Q-VP
sample. It was already hypothesized that the loss of elements from
the hydrated layer formed in vapor phase might trigger a
reorganization of the hydrated layer into a gel layer. The catalytic
role played by the NBO sites might also be a result of the
reorganization of the gel layer due to loss of elements. In QCa-VP
there is a significant loss of boron as well as Ca, whereas in Q-VP
there is only a significant loss of B. Therefore, there might not be
enough reorganization activity in the Q-VP gel layer to promote
the recondensation of Na with 17O.
(iv) In the Q-VP sample, there is a higher fraction of Si-17O-Si

than Si-17O-Al, whereas the Si-17O-Si and the Si-17O-Al proportions
are comparable in the Q-AM sample and the pristine Q glass. One
of the hypotheses that can be put forward is that in vapor phase,
the [AlO4]- entities may be less soluble/hydrolysable by the water
molecules from the vapor phase than the Si tetrahedral units. As a
result, fewer Al atoms might have hydrolyzed and recondensed
with 17O than Si atoms.
In the QCa-VP sample on the other hand, the fraction of

Si-17O-Al is higher than the Si-17O-Si. This could be due to the
precipitation of zeolites containing Si and Al.

Fig. 8 REDOR NMR. REDOR ΔS(t) curves for the altered glass samples Q-AM, Q-VP, QCa-AM and QCa-VP; a 11B{1H} REDOR ΔS(t) curves;
b 27Al{1H} REDOR ΔS(t) curves; c 23Na{1H} REDOR ΔS(t) curves.

S. Narayanasamy et al.

11

Published in partnership with CSCP and USTB npj Materials Degradation (2022)    86 



The below paragraphs discuss the differences between glass
alteration in vapor phase and aqueous medium
In this study, the results have shown that glass alteration in vapor
phase gave different alteration kinetics, different behavior of elements
in the gel layer and different structure of altered layer than the glass
alteration in aqueous medium. These differences are probably due to
different rate-controlling mechanisms with time of alteration.
Based on the fact that only a very small amount of water is

available for glass to react with in vapor phase, it could be
considered that glass alteration in vapor phase could be similar to
glass alteration in aqueous medium at an extremely high SA/V
ratio. However, some studies have argued that glass alteration in
vapor phase is distinct to glass alteration in aqueous medium
because of some vapor-phase alteration mechanisms like “glass
hydration without dealkalization,” which were not encountered in
studies of glass alteration in aqueous medium and other aqueous
alteration mechanisms like “repolymerization,” which have not yet
been observed in vapor phase conditions. It has been suggested
that the chemical properties of the glass-water system are
modified with the alteration conditions58,59. Nevertheless, the
understanding gained on aqueous alteration of glasses has been
useful to understand glass alteration in vapor phase.
Based on the results in this study, the following hypotheses for a

mechanism of gel layer formation in the vapor phase could be put
forth. There is a hydration mechanism without loss of elements that
first occurs at the glass-vapor interface forming a hydrated layer next
to the pristine glass. This hydration mechanism could simply be
penetration of water molecules. As the thickness of this hydrated layer
increases, the structure of hydrated layer that is towards the vapor
phase reorganizes into a gel-layer. This may be driven by water
dissociation into H+ and OH- species at the surface and in the gel
layer and its progression into the hydrated layer by means of
interdiffusion and hydrolysis mechanisms, the loss of boron as B(OH)3
and other elements migrating to form secondary phases. In other
words, the interaction of the hydrated layer with the vapor phase
promotes its reorganization into a gel layer and the hydrated layer
that is close to the pristine glass remains as such for at least a few tens
of nm. This proposed mechanism for gel-layer formation in vapor
phase is different from the different models proposed for gel layer
formation in aqueous medium.
It is not possible, with the available information, to explain the

differences between glass alteration in the two media as an effect of
increasing SA/V ratio alone. Vapor hydration is a dynamic process with
a continuous supply of “pure/fresh” water molecules in contrast to a
static AM experiment with a very small volume of water.
The possibility that the solvation properties of the adsorbed/

bound water molecules may be different than that of liquid
water58 must be considered. These questions make it more
challenging to use tools such as geochemical modeling to predict
glass alteration rates in vapor phase.
To recapitulate this study and the main results, a quaternary Na-

alumino-borosilicate glass and the same glass doped with CaO were
altered in vapor phase and aqueous medium at a very high SA/V ratio.
For the same duration of alteration, the Ca-doped glass altered more
in vapor phase than in aqueous medium. For alteration in vapor
phase, the Ca-doped glass altered slightly more than the non-doped
glass. The two possible reasons hypothesized are: (i) Precipitation of
zeolites increased the alteration rate or (ii) Network-hydrolysis is the
predominant rate-controlling vapor hydration mechanism, which
resulted in the less polymerized glass (the Ca-doped glass) being the
more altered one. For alteration in aqueous medium, the Ca-doped
glass altered less than its non-doped counterpart, probably due to the
formation of a more passivating gel layer.
During vapor hydration of powders, there is also evidence for

recondensation of boron, Si, Al and Na with 17O isotopes supplied
by the vapor phase. Boron is also lost in the gel layer formed
during vapor hydration. It seems that one of the possible

mechanisms for boron loss could be the evaporation of B-(OH)3
species formed by the hydrolysis of trigonal BO3 species.
There are some aspects revealed in this vapor hydration study

that merit to be probed further with more meticulous experi-
mentation and characterization such as the possibility of water
condensation on glass powders vs. the dry appearance of
monoliths and the quantification of boron evaporation from glass
powders. These could provide insights into differences between
glass alteration in vapor phase and aqueous medium and vapor
hydration mechanisms.

METHODS
Glass synthesis
The glasses that were altered in vapor phase and aqueous
medium were unenriched glasses. i.e. glasses of natural isotopic
abundance. These glasses were altered in a medium enriched
(40%) in 17O isotope and were characterized by NMR spectroscopy
to study the local environment of oxygen (17O) atom incorporated
into the gel layer. In order to compare the oxygen environment in
the gel layer and in the pristine glass, pristine glasses enriched in
17O isotope (80%) of same theoretical composition were
synthesized and characterized by NMR spectroscopy.

Synthesis of unenriched glasses using oxide precursors
Approximately 200 g of the glasses were synthesized by heating the
oxide precursors (SiO2, H3BO3, Na2CO3, Al2O3 (and CaO for QCa)) in a
Pt-Rh crucible for 3 h at 1450 °C and annealing them in a graphite
crucible for 1 h at 620 °C. After 1 h of annealing, the temperature of
the furnace was decreased to 300 °C at a rate of 0.5 °Cmin−1 and then
it was turned off. The glass blocks thus obtained were cut to make
optically polished monoliths (surface roughness <1 μm) of dimensions
(2.5 × 2.5 × 0.1 cm3) and the remaining glass pieces were then
crushed with tungsten carbide balls in a Retsch MM400 ball-mill
apparatus to obtain glass powder. Glass powders of particle size
0.45 < ø < 2 μm were obtained by decantation (application of Stokes’
law for terminal velocity of glass particles of 1 micron radius falling
through 99.99% pure acetone solvent and using 0.45 μm pore-size
membrane filter). A small quantity of the glass powders was dissolved
in an acid solution (10 HCl+ 5 HNO3+ 4 HF) and their compositions
were analyzed using Inductively Coupled Plasma –Optical Emission
Spectroscopy (ICP-OES) (Thermo Scientific iCAPTM 6000 series)
(composition in mol% of oxides, Q: 57.5 SiO2–15.3 B2O3–19.2
Na2O–8.1 Al2O3; QCa: 52.7 SiO2–14.6 B2O3–19 Na2O–7.5 Al2O3–6.2
CaO). The density of the glass Q and QCa as measured by the He
pycnometer was 2.44 g cm−3 and 2.5 g cm−3, respectively. The
specific surface area of the Q and QCa glass powders as measured
by BET was 5m2 g−1 and 4.64m2 g−1, respectively.

Synthesis of glasses via sol-gel method (alkoxide precursors). Two
batches (200 mg each) of the Q and QCa glasses were prepared
using a sol–gel process. Metal-alkoxide precursors (Si(C2H5O)4,
B(C2H5O)3, Al(C2H5O)3, NaOC2H5 (and Ca (CH3O)2 for QCa)) were
mixed with anhydrous C2H5OH and stoichiometric proportion of
enriched water (80% 17O) according to Eq. (1) in one batch and
water of natural abundance in the second (reference) batch.

M� O� Rð Þ þ nH2
17O ! M 17OH

� �
nþn ROH (1)

(In Eq. (1), M=metal of charge n+; R= organic group)
After hydrolysis reactions, wet-gels were formed, which were

then dried in an oven at 90 °C. These well-mixed powdered dry-
gels were then melted in two separate platinum foils in an oven,
under argon atmosphere. The powders were subjected to a
dehydration step at 160 °C for 1 h and then the temperature of the
oven was raised to 1200 °C at a rate of 4.7 °C min−1 and the
glasses were melted at this temperature for 25 min. The platinum
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foils are then immediately removed from the oven and glassy
masses form almost instantaneously upon rapid cooling. The
resulting glasses were crushed in a Retsch MM200 ball-mill
apparatus to obtain glass powders. The first batch containing 17O
enriched glasses was used for NMR spectroscopy experiments and
the second batch containing natural abundance glasses was
analyzed for chemical composition using ICP-OES spectroscopy
(composition in mol% of oxides, Q: 64.3 SiO2–10.3 B2O3–16.4
Na2O–9.1 Al2O3; QCa: 58.1 SiO2–8.3 B2O3–15.3 Na2O–8.8 Al2O3–9.5
CaO). The differences in composition between the unenriched
glasses and the glasses enriched in 17O are due to the evaporation
of boron and sodium oxides during melting. However, according
to the comparison of the NMR spectra of both glasses, the glass
structural characteristics are quite similar.

Glass alteration protocols
Aqueous alteration. Experiments 1 to 4 in Table 1 describe the
glass alteration experiments in aqueous medium. Approximately,
250mg of Q and QCa glass powders (0.45 < ø < 2 μm) were
leached by 2.22 g and 2.06 g of 40% H2

17O enriched DI water
respectively in PFA containers to achieve very high SA/V ratios of
570,440m−1 and 563,710 m−1, respectively (experiments 1 and 3,
respectively). 40% H2

17O enriched DI water is also enriched in 18O.
The first PFA container was placed in a second larger PFA
container with water to minimize water loss. This setup was placed
in an oven at 90 °C. The glass Q was altered for 59 days and the
glass QCa was altered for 213 days. At the end of the experiment,
the pH of the solution was measured, and the leachate was
sampled, ultra-filtered using a 10000 Dalton membrane filter
(~2 nm) and diluted in 0.5 N HNO3 and analyzed using ICP-OES to
calculate the altered glass fraction.
A duplicate experiment was carried out for each glass using DI

water of natural isotopic abundance (experiments 2 and 4). Refer
to Table 1 for sample masses and SA/V ratio. 100 μL of leachate
was periodically sampled to follow alteration kinetics. This
precaution was taken to monitor the evolution of glass alteration
and prevent the possible formation of a large quantity of
secondary phases at high SA/V ratio and temperature conditions
that may destabilize the gel due to formation of zeolites, as
observed in literature52,60,61.
The concentrations of the elements of interest (Si, B, Na, Ca, Al)

were analyzed by ICP-OES. The rate of glass alteration corresponds
to the slope of the evolution of the Normalized mass Loss of boron
(usually boron is considered as a tracer since it is highly soluble
and is not usually retained in gel layer or in secondary phases, but
only in the gel–glass interface11,38) (NL in g m−2) with respect to
time62. NL is calculated using the Eq. (2) as shown below:

NL ið Þ ¼ CðiÞ
SA
V � xðiÞ (2)

i denotes the element; C denotes the concentration of the
element at a given time in gm−3; SA/V is the surface area of glass
to solution volume ratio in m−1; x denotes the mass fraction of the
element in glass.
The equivalent thickness of altered glass (Eeq) can be calculated

depending on sample geometry. For glass powders, (Eeq) can be
calculated using the Eqs. (3)–(5).

Eeq ¼ 1� 1� AGfð Þ13
� �

� R0 (3)

R0 ¼ 3
ρ � SS (4)

AGf ¼ C Bð Þt�Vt þ
Pt�1

j¼1 C Bð Þj�Vsj
m0 � x Bð Þ (5)

AGf is the fraction of altered glass calculated from boron
concentration; R0 is the initial glass grain radius in m; SS is the
specific surface area of glass powders in m2 g−1; Vt is the leachate
volume at time t in m3; Vsj is the volume sampled at time j in m3;
m0 is the initial mass of glass powders in g; ρ is the density of glass
in gm−3.

Vapor phase hydration. Approximately 300mg of Q and QCa
glass powders (0.45 < ø < 2 μm) (experiments 5 and 7, respec-
tively) with natural abundance of oxygen were each taken in a
PTFE cup placed in a PTFE container. 3.25 wt% of NaCl was
prepared using 40% H2

17O enriched water and added at the
bottom of each container to impose 98% relative humidity (RH) at
90 °C 63. After alteration, these powders were characterized by
NMR spectroscopy to study the global structure of the gel layer
that incorporates 17O isotopes from the vapor phase. A
(2.5 × 2.5 × 0.1 cm3) monolith of each glass (experiments 6 and
8) was also placed above the NaCl solution in the same reactor, to
analyze the thickness of the altered layer formed using Scanning
Electron Microscope (SEM) and study the behavior of elements in
the gel layer by Time of Flight-Secondary Ion Mass Spectrometry
(ToF-SIMS). This set-up was placed inside a stainless-steel
autoclave, which was in-turn placed inside an aluminum over-
container to avoid rapid heating and cooling of the reactor set-up.
The entire vapor phase alteration protocol is based on the
protocol used in the cited refs. 25,26,28–30. The two reactors, each
containing the Q and QCa samples respectively, were placed in an
oven at 90 °C for 213 days. These durations were adapted to
obtain a significant proportion of gel in the altered powders. At
the end of the experiment, the reactors were cooled to ambient
conditions and the samples were retrieved and stored in
aluminum foils/Eppendorf tubes in ambient conditions until
characterization.
The altered samples were characterized using SEM (Zeiss

Gemini Supra 55, JEOL JSM 6330 F), X-Ray Diffraction (XRD, Philips
X’Pert diffractometer) and ToF-SIMS (SSIMS ON TOF 5 – IONTOF).
For the ToF-SIMS analysis, Bi1+ primary ions at 25 KeV and 1.5 pA
were used for the analysis cycles of secondary positive ions. Bi3++

primary ions at 25 KeV and 0.03 pA were used for the analysis
cycles of secondary negative ions. Area analyzed was 50 × 50 μm2.
Surface neutralization was carried out using electron pulse at low
energy (<20 eV). O2

+ primary ions at 1 KeV and 300 nA were used
for the abrasion cycles of secondary positive ions. Cs+ primary
ions at 1 KeV and 60 nA were used for the abrasion cycles of
secondary negative ions. The area eroded was 250 × 250 μm2.
At the end of the analysis, the depth of the crater (portion of the

sample analyzed) is measured using a mechanical profilometer
and is used for depth calibration. Thus, at the end of the analysis,
we obtain the intensities of different elements as a function of the
depth of the sample analyzed (depth profiles). The profiles were
normalized with respect to the intensity of each element (C) in the
pristine glass (denoted as PG) and with respect to the intensity of
Si (CSi) at given depth as shown in the Eq. (6) below.

Normalized intensity ¼
C
CSi

C
CSi

� �
PG

(6)

Altered layer depth ¼ x0 at which 0:5�
CB
CSi

CB
CSi

� �
PG

¼ 0

0
B@

1
CA (7)

In many vapor hydration studies, boron is the element that is
the most depleted in the altered layer (in depth and in
quantity)25,27,29,31,37,50. Retention of boron in the gel layer is often
less than 10–20%. Therefore, it is used as a tracer to calculate the
depth of the altered layer using Eq. (7).
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Often, the depth of hydrogen penetration is compared to the
thickness of boron depletion during vapor hydration. The
hydrogen penetration depth is calculated from the ToF-SIMS
profiles using Eq. 8 as shown below. The CH avg: Gel layerð Þ refers to the
average of the normalized H intensity in the gel layer. Similarly,
the depth of penetration of 17O and 18O are also studied. These
depths are also calculated using Eq. (8) by replacing CHðavg: Gel layerÞ
with C18 or 17Oðavg: gel layerÞ .
Depth (x) of hydrogen penetration is the depth at which the

normalized H intensity is equal to a value calculated using the Eq.
(8) given below.

NormalizedH intensity ¼ CH avg: gel layerð Þ þ 1

2
(8)

NMR spectroscopy
NMR data were collected on a Bruker 500WB Avance II spectrometer
operating at a magnetic field of 11.72 T, using a 4-mm Bruker CP-
MAS probe at a spinning frequency of 12.5 kHz. For 27Al, 23Na and
11B, a short single pulse excitation of 1 µs in length (tip angle of
about 15°–20°) was used to acquire quantitative spectra with a
recycle delay of 1 s for 27Al, 23Na and 2 s for 11B. 17O MAS NMR
spectra were acquired using a rotor-synchronized spin echo pulse
sequence (i.e., with a spin echo delay of one rotor period and soft
selective pulses on the central transition) in order to minimize the
baseline distortion due to the ringing signal. For 17O two-
dimensional multiple quantum MAS (MQMAS) spectra, the Z-filter
three pulse sequence64 was used. For 11B MQMAS experiments,
Z-filter and RIACT two pulse sequence were used for optimized
acquisition of the BO4 and BO3 peaks, respectively, as detailed in
Refs. 15,65. 29Si MAS NMR spectra were acquired using a 90° pulse
after a presaturation period (composed of a train of about twenty
90° pulses with a 2ms delay between the pulses) and a recycle delay
of 20 s (no change in lineshape were observed for longer recycle
delay). For REDOR experiments soft selective 90° and 180° pulses
(radio frequency 10–20 kHz; 180° pulse duration of 8–10 µs) were
applied on the central transition (1/2↔ 1/2) of the observed nucleus
(here 11B, 23Na and 27Al), and a rotor-synchronized train of 180°
pulses of 9 µs in length for 1H49,66,67. Chemical shifts are referenced
to an external sample of 1M boric acid solution (19.6 ppm) for 11B,
1M AlCl3 solution (0 ppm) for 27Al, 1 M NaCl solution (0 ppm) for
23Na, powder tetrakistrimethylsilane (TKS) with the highest intensity
peak situated at−9.9 ppm (from that of TMS) for 29Si and at 0.2 ppm
for 1H, and H2

17O (enrichment 40%, 0 ppm). We observed that 1H
decoupling did not impact the resolution of the spectra for all
observed nuclei, suggesting that the MAS spinning frequency was
high enough to average out 1H-X dipolar couplings in our altered
samples. All data were processed and fitted using in-house software
(T. Charpentier) with procedures described in refs. 15,65,68.
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