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Simplified borosilicate glass powders were irradiated by 952 MeV **Xe ions and then altered in a
solution at a high S/V ratio at pH 9 and 90 °C for 33 days. Compared to the alteration of a non-irradiated
sample, the irradiated sample altered 3-5 times more. Overall, both the gels had a similar structure as
indicated by 2°Si, ?’Al, *Na, and 7O NMR experiments. Nevertheless, according to ''B and '"H NMR
experiments, differences were observed in the quantity and speciation of B retained in the gels. The
results suggest that the glass alteration mechanisms responsible for passivation are not changed
because of the irradiation-induced structural damages. However, the alteration kinetics, gel
morphology related to porosity, and the degree of maturation are different. It seems that the gel formed
on irradiated glass matures faster and retains B, which in turn influences the glass dissolution rate.

Radioactive waste, generated principally from the nuclear fuel cycle used for
power generation, is classified based on the activity and the half-life of its
radioactive constituents'. The radioactive waste, whose activity is in the
order of several billion Bq/g, is classified as high-activity radioactive waste’.
Many countries, including the USA, UK, France, Japan, China, and India,
have decided to immobilize the high-activity radioactive waste by
vitrification”. This results in the production of radioactive glass blocks,
where the calcined radioactive fission products and actinides are mixed with
borosilicate glass frit and melted together. The radioactive elements become
a part of the borosilicate glass network, either as network formers or as
modifiers, and thus immobilized"”. Deep underground geological storage of
these nuclear waste packages with multiple natural and engineered barriers
is a viable long-term solution to their disposal'’. Under such disposal
conditions, eventually the radioactive glass will be exposed to water.
Therefore, it is necessary to understand the behavior of glass under such
circumstances. It is logistically challenging to conduct glass-water leaching
experiments with radioactive glass samples and thoroughly characterize
them. Therefore, studies are often conducted on simplified glasses and
surrogate glasses that simulate the composition of radioactive glass but are
inactive’"”. These studies help to understand the influence of different
parameters such as glass composition, structure, water composition, pH,
temperature, duration etc. on glass alteration kinetics and mechanisms.
Glass typically reacts with water and forms an altered glass layer often
characterized as a gel layer. Glass alteration and gel formation can be a result
of a combination of mechanisms such as inter-diffusion, complete dis-
solution of silicate network, precipitation, partial network hydrolysis

followed by in-situ condensation of silanol or hydrolyzed low-soluble spe-
cies, gel-reorganization with time'*™'. This gel layer might also play a crucial
role in glass alteration kinetics. The composition and pore structure of the
gel layer might influence the transport properties, affect the diffusion of
water molecules and other species through the gel, and act as a passivation
barrier that reduces the glass alteration rate over time'>'"™".

An additional factor that can influence the glass alteration is the
radiation damage in a radioactive glass sample, which contains alpha, beta,
and gamma emitters that cause electronic excitation and ionization, and
atomic displacements. The recoil nucleus from the alpha decay of the minor
actinides in the glass causes significant structural modifications to the glass
network. Detailed information about the radiation damage in nuclear waste
glasses can be found in literature**"*’. The radiation damages could be
studied by either preparing actinide-doped simplified or surrogate waste
glasses or by external irradiation of inactive glass samples. Both methods
have their advantages and disadvantages. However, studying externally
irradiated samples is less challenging.

A few studies compared the leaching of actinide-doped/irradiated glass
samples with their inactive surrogates. The comparison showed that there
are some notable differences in the alteration kinetics. The magnitude of the
difference could vary depending on glass composition and other experi-
mental parameters”**, For example, the effect of alpha emitters on the
initial glass alteration kinetics, studied using a comparison of actinide-doped
R7T7 (the French reference nuclear waste glass) and its irradiated and
inactive surrogates, was shown to be insignificant for the alteration
(leaching) conditions (90°C)*. Another study comparing ISG
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(International Standard Glass), which was externally irradiated to simulate
the damage induced by atomic displacements, with its non-irradiated pair
showed that the initial glass dissolution rate increased by a factor of 2 (pH 9,
90 °C)”. The R7T7 glass and the ISG glass have very similar Si/B, Si/Na, Si/
Al, Si/Zr, and Si/Ca molar ratios, but the R7T7 glass is a complex glass with
approximately 30 oxides, and the ISG glass contains only six oxides.
Another simplified glass having similar Si/B, Si/Na, and Si/Al molar ratios is
the CJ2 glass, which is a quaternary borosilicate glass. The use of simplified
glasses aids in a better comprehension of the influence of glass composition
and other factors as well as in gaining insight into glass alteration
mechanisms as there are fewer parameters that affect the overall result
observed”. Since the objective of the study is to understand better the pos-
sible mechanistic differences in the glass alteration due to the structural
differences induced by irradiation, CJ2 glass is well suited for this study.
Two earlier studies compared the CJ2 glass alteration between non-
irradiated and irradiated glass™". One of these studies presented the com-
parison between the alteration of CJ2 glass irradiated by 7 MeV Au ions and
its non-irradiated pair”. This study effectively showed that irradiation affects
the inter-diffusion mechanism more than it affects the network-hydrolysis
mechanism. The study also shows that the irradiation effect on hydrolysis
diminishes with time because of a faster gel-reorganization of the irradiated
glass™. The other study discussed the comparison between a CJ2 glass irra-
diated using 952 MeV **Xe ions prior to alteration and its non-irradiated
pair’. Both the irradiation conditions mentioned above simulate the nuclear
damages induced in the glass due to the ballistic effects of the recoil nuclei
from the alpha decay of the minor actinides. However, the impact range for
the 7 MeV Au ion is around ~2 pm, whereas it is ~63 um for the 952 MeV
"X e ions. The latter study discussed in detail the structural damages inflicted
by the irradiation and the effects it had on glass alteration. Briefly, the initial
glass dissolution rate increased by approximately five times, and the nor-
malized mass loss of boron over a longer alteration duration (33 days)
increased by a factor of 1.7 to 2.5 times. The study concluded that even though
the irradiation increased glass alteration rates, the alteration mechanism
seems to be the same in both cases™. In addition, the authors also suggested
that the gel-reorganization in the irradiated glasses could be faster. This study,
which is complementary to the previous one”™, presents a similar experiment
designed with the goal to understand and compare the gel structure, alteration
mechanisms, and extent of reorganization. CJ2 glass powders of particle size
between 6-8 pm were completely irradiated by 952 MeV **Xe ions (the same
conditions as the previous study)*. The powders were then altered at high
S/V 90 °C and pH 9 for 33 days in a solution enriched with "7O. The gel layer
formed during this alteration incorporated the VO from the solution, which
was then probed by NMR analysis. The results were compared with the same
experiment performed on the non-irradiated CJ2 glass powders. The study
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gives some insights into the potential differences caused by irradiation on the
gel formation and maturation.

Results

Impact of heavy ions irradiation on glass structure

The previous study on the radiation effect on the alteration behavior of the
CJ2 glass discusses in detail the impact of ~952 MeV **Xe heavy ions
irradiation on the pristine glass structure™. Briefly, the irradiation made the
glass more depolymerized. The "B MAS and MQMAS NMR data showed a
strong decrease in the fraction of 4-coordinated BO, species (B") in the
glass (48 £ 2% to 37 + 2%). There is also a peak shift of the three-coordinated
BO; species (B™), which suggests that there is a higher B/Si mixing after
irradiation. The *Na, ”’Al, and **Si MAS NMR spectra reflect the decrease in
glass polymerization of the irradiated samples as well. The change in density
was not measured accurately. Nonetheless, a decrease in density of the
irradiated sample was observed qualitatively through a decrease in the
refractive index determined by Spectroscopic Ellipsometry.

Impact of heavy ions irradiation on glass alteration

Figure 1 presents the SEM cross-sections of the irradiated and non-
irradiated altered samples. The contrast in the presented images has been
enhanced to improve the distinction between the unaltered glass core and
the gel layer. All the acquired SEM images of the altered glass powders are
presented in Supplementary Tables 1 and 2 in the supplementary data
without any pretreatment. Due to the varying orientation of the grains, the
gel layer thicknesses can only be estimated approximately from these SEM
images. The altered layer thicknesses of the CJ2 Alt. (the altered
CJ2 sample) varied from 170 nm to 660 nm approximately. The altered
layer thickness of the CJ2 Irr. Alt. (the altered and irradiated CJ2 sample)
varied between 870 nm to 2.22 um. A few grains seemed to be altered to the
core. However, this may be due to the orientation of the grain in the epoxy
resin. These data translate to approximately 10-20 volume % alteration of
the CJ2 Alt. sample and approximately 50-70 volume % alteration of the
CJ2 Irr. Alt. sample. The alteration of the irradiated sample seems to be
three to five times higher.

NMR analysis of altered glass powders

At the end of the alteration experiment, the recovered altered glass powders
were rinsed in DI water through a vacuum pump filter. The recovered
powders (approximately 70-80 mg) were packed in a rotor for NMR ana-
lysis and kept in the oven at 50 °C to evaporate intergranular water and the
free water molecules in the pores of the gel layer. The mass loss with time was
followed by periodically weighing the rotor. The mass loss curves are shown
in Fig. 2 for the irradiated and non-irradiated samples. The rate of mass loss
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Fig. 1 | SEM cross-section images of altered glass powders. (Left) SEM image of the altered CJ2 glass powders. (Right) SEM image of the irradiated and altered C]2 glass

powders.
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is the same for both samples up to a certain time (3 h). The mass loss is linear
as a function of the square root of time until this point. After this, the rate of
mass loss from the irradiated and altered sample slows down, deviating from
linearity with respect to the square root of time. As the rate of mass loss in the
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Fig. 2 | Mass loss from altered glass powders stored in the rotor in an oven at 50 °C.
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Fig. 3| "'B NMR spectra and REDOR data. a ''B MAS NMR spectra of the
unaltered irradiated sample (pink line), irradiated and altered sample (red line), the
unaltered non-irradiated sample (cyan line), and the non-irradiated and altered
sample (navy-blue line). b ''B MAS NMR spectra of the irradiated and altered (red
line) and the non-irradiated and altered sample (navy-blue line) after the samples

irradiated sample seemed to reach saturation, the heating was stopped. The
heating of the non-irradiated sample was continued for up to 7.5 h.

Figure 3a shows the ''B MAS NMR spectra of the irradiated and non-
irradiated samples before and after alteration. Since the samples are not
altered to their core, the signals in the altered samples come from boron in
the unaltered fraction and hydrated boron that may be present in the gel
layer or gel-glass interface. In the CJ2 Irr. Alt. sample, there is a contribution
of the BO, peak at positive NMR shifts (about 2 ppm) compared to the
pristine glass ''B MAS NMR spectra. This contribution is absent in the CJ2
Alt. spectra. This could mean that there is possibly a difference in the boron
environment in the CJ2 Irr. Alt. sample and the CJ2 Alt. sample.

Interestingly, we note the presence of a narrow peak at 5 ppm that may
correspond to tetra-coordinated borate complexes that have been observed
in ionic liquids with a high concentration of boric acid™. This peak is only
present in the CJ2 Irr. Alt. sample. Similarly, a peak at around 12.5 ppm is
present only in the CJ2 Alt. sample but absent in the CJ2 Irr. Alt. sample.
This could correspond to hydrated or aqueous tri-coordinated boron spe-
cies such as B;05(OH),”. For high mobility species (such as in a liquid) the
width of the line is dominated by the quadrupolar T2 (transverse relaxation
time, which is the time constant for the exponential decay of the transverse
magnetization after an RF pulse). As BOs has a strong Cq, versus BO,, it
could explain why the BO; peak is larger than BO,. For both peaks, the
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were heated again at 50 °C. ¢ ''B Echo, ''B {'H} REDOR corresponding to the BO,'
component at ~ —0.5 ppm, and the delta for the non-irradiated and altered sample
and d "B Echo, "B {'H} REDOR corresponding to the BO,' component at
~ —0.5 ppm, and the delta for the irradiated and altered sample.
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question remains whether these two species form a part of the gel network or
are present in the pore water. As is observed from 'H and O MAS NMR
(vide infra) spectra shown later, a significant amount of liquid-like water
(i.e., very narrow peak under MAS conditions) was present in the samples.
The samples were placed again in an oven at 50 °C overnight in order to
remove this “free” water.

Figure 3b shows the ''B MAS NMR spectra acquired on the altered
samples after the final heat treatment. These spectra show that in the CJ2 Alt.
sample, the peak at 12.5 ppm is removed. This confirms that the altered gel
layer had accessible pore water containing dissolved three-coordinated
boron species before heating. The spectra now closely resemble the unal-
tered glass spectra. Similarly, in the CJ2 Irr. Alt. sample, the sharp peak at
5 ppm that was attributed to tetra-coordinated boron complexes is also
removed. However, the peak seems to have shifted closer to 0 ppm assigned
to BO, species. Despite the thermal treatment, there is still a significant
difference between the unaltered (irradiated) glass spectra and the altered
glass spectra. This confirms the retention of boron in the gel formed during
the alteration of the irradiated sample. It also shows that the boron spe-
ciation/environment in the pore water of the gel is quite different between
the two samples.

In order to further investigate the hydrated boron species, NMR
REDOR experiments were performed as discussed in an earlier
publication™. Briefly, the REDOR signals permit us to determine efficiently
the fraction of one species associated with another. For close nuclei (few A),
arapid increase of the REDOR signal is observed, whereas, for more distant
nuclei (under our experimental conditions, can be estimated to be of the
order of 10 A), slow growth is observed (dephasing caused by distant proton
atoms). Considering that these two cases correspond to species that are part
of the altered glass, the plateauing value can be seen as a qualitative esti-
mation of hydrated species. These two cases will be illustrated below. The "'B
MAS NMR spectra of unaltered glasses can be deconvoluted into four main
contributions (BO5', BO5%, BO4' and BO,’). An additional BOs-aq com-
ponent was identified for the CJ2 Alt. sample. For the CJ2 Irr. Alt., in which
the ''B MAS NMR spectra show a shift in both the BO5; component and the
BO, component, BO;s-hyd, and BO4-hyd components were identified
additionally using cpMAS experiments (shown in Supplementary Fig. 1 in
part 2 of the Supplementary Data). Figure 3c, d shows the ''B {'H} REDOR
MAS NMR of the CJ2 Alt. and the CJ2 Irr. Alt. sample respectively for the
BO,4' component (~—0.5 ppm). The REDOR curves associated with the
other components are shown in Supplementary Fig. 2. These results show
unambiguously that hydrated boron species are retained in the gel layer of
the CJ2 Irr. Alt. glass. Although it is difficult to ascertain an exact fraction, it
seems that a majority of the ''B signal from the irradiated and altered sample
is from the hydrated gel layer. To explore this point further, deconvolution
of the 'B MAS NMR spectra of the samples before the second heating was
performed (supplementary Figs. 3 and 4) by regrouping the BO;' and BO3*
components into a single BO; component for the glass and likewise for the
merged BO, component. In the case of the non-irradiated and altered
sample, 20% of spectra were from the BO; (aq) peak at ~12.5 ppm, which
disappeared after the second heating. In the case of the irradiated and altered
sample, 36% of the signal corresponds to hydrated BO, species, and 24% of
the signal corresponds to hydrated BO; species. Therefore, 60% of the boron
signal seems to be from the gel layer. Considering that the boron con-
centration in the gel and the glass is probably different and the boron
retention in the gel layer is not known, this cannot be directly attributed to
an altered glass fraction.

Figure 4a shows the “Na MAS NMR spectra of the irradiated and non-
irradiated CJ2 samples before and after alteration. The NMR spectra of *Na
in a hydrated environment, i.e., in the altered layer, typically show a peak
that is narrower than the spectra in unaltered glass and displays a higher
MAS chemical shift***". This is the case in this study as well. Because of the
reduction of the line-width upon hydration, the spectra easily allow dis-
tinguishing between Na signals from pristine glass and the Na signals from
the gel. This is more evident in the CJ2 Alt. sample, where the altered glass
percentage is low (thus with a strong pristine glass component).

Supplementary Fig. 5 in the supplementary data shows the deconvolution of
these spectra, which indicates that the altered glass fraction of the CJ2 Alt.
the sample is 24%, and that of the CJ2 Irr. Alt. sample is 79%. The Na
concentration in the gel layer is lower than its concentration in the pristine
glass. Therefore, this cannot be attributed directly to an altered glass fraction.
However, considering that both samples might have the same Na percent in
the gel layer, the CJ2 Irr. Alt. has a higher fraction of altered glass. The
spectra also show a sharp peak at 0 ppm, characteristic of Na in an aqueous
environment (0.1 M NaCl aqueous solution is used as a reference for *Na
chemical shift at 0 ppm). This peak disappears when the samples are heated,
as shown in Fig. 4b. The Na MAS NMR peak of the heated CJ2 Irr. Alt.
sample shows some additional small peaks at 1 ppm and —5 ppm, which
remain unexplained. It might be possible that the Na speciation slightly
changed during the heating of the altered samples, or it could be due to the
formation of some sodium carbonate-type secondary phases with the for-
mation of NaOg and NaO; type configurations®.

Figure 4c shows the A1 MAS NMR spectra of the irradiated and non-
irradiated samples before and after alteration. Similar to Na, the Al MAS
NMR spectra are typical of altered glasses'****. The peak of Al in a more
hydrated environment is narrower than in glass, with a slightly higher MAS
chemical shift. The presence of water molecules, which are subjected to
vibrations, close to aluminum, decreases the effective electric field gradient
and, consequently, the quadrupolar interaction and line-width of the *’Al
MAS NMR spectra. The difference in intensity of the two components
(broad: pristine glass; narrow: altered glass) between the unaltered and
altered spectra also corroborates well with the fraction of altered glass in the
irradiated and non-irradiated samples. An attempt was made to decompose
the Al MAS NMR spectra to identify the contribution from the gel layer
and the remaining unaltered glass (Supplementary Fig. 6). It seems that the
fraction of the altered glass is overestimated, as the results indicate that the
altered glass fraction of the CJ2 Alt. sample is 50% and that of the CJ2 Irr. Alt.
is 100%. This is higher than what is estimated through the deconvolution of
the Na MAS NMR spectra (Supplementary Fig. 5). The reason for this
difference is not clear. No differences were observed in the spectra after
heating (spectra not shown here), suggesting that there is no Al accessible to
the pore water of the gel layer. Figure 4d, e shows the ” Al {'"H} REDOR MAS
NMR of the CJ2 Alt. and the CJ2 Irr. Alt. sample respectively. These results,
in line with the "'B {"H} REDOR, show that less than 10% of the Al in the
CJ2 Alt. sample is in close proximity to 'H and that ~50-60% of the *’Al in
the CJ2 Irr. Alt. the sample is in close proximity to 'H. This again confirms
that the CJ2 Irr. Alt. the sample has a higher fraction of altered glass.

As suggested above, the 'H MAS NMR spectra shown in Fig. 5a cor-
roborate the presence of pore water in the CJ2 Alt. sample. Figure 5b shows
the "H MAS NMR spectra acquired at two different spinning frequencies
and under static (i.e, non-spinning) conditions. The presence of strong
spinning sidebands and the increase in the 'H peak width at a very low
spinning rate support the confinement of the water at a meso/nano-scale’*’.
In the CJ2 Irr. Alt. sample, there does not seem to be a significant amount of
pore water, but there is an indication of the presence of free water within the
gel and silanol and Al-OH species. Figure 5c shows the 'H MAS NMR
spectra of the altered samples after heating to remove the excess pore water.
As expected, the sharp peak corresponding to the pore water has dis-
appeared. However, the spectra are quite different between the gel formed
on a non-irradiated glass and irradiated glass. The mean resonance that can
be assigned to molecular water is shifted. Figure 5d, e shows the 'H MAS
NMR-Hahn-Echo (HE) spectra with increasing echo delay values of the CJ2
Alt. and CJ2 Irr. Alt. samples respectively. The Hahn-Echo-pulse sequence
comprises initially a 90° pulse to excite the nuclear spins followed by a 180°
pulse after a time delay (t) to refocus the dephased spins. The echo is formed
at time 2t. When the 90° RF pulse is applied, the 'H nuclear spins are aligned
perpendicular to the static magnetic field resulting in a transverse magne-
tization and the detectable NMR signal. Afterwards, the nuclear spins begin
to go out of phase with each other due to spin-spin interaction and the local
electronic environment, resulting in a decreased signal intensity. If the H
concentration is higher with more H-H interaction (dipolar magnetic
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Fig.4|”Naand ” AIMAS NMR and REDOR data. a ?’Na MAS NMR spectra of the
unaltered irradiated sample (pink curve), irradiated and altered sample (red curve),
the unaltered non-irradiated sample (cyan curve) and the non-irradiated and altered
sample (navy-blue curve). b ?Na MAS NMR spectra of the irradiated and altered
(red line) and the non-irradiated and altered sample (navy-blue line) after the
samples were heated again at 50 °C. ¢ Al MAS NMR spectra of the unaltered

irradiated sample (pink curve), irradiated and altered sample (red curve), the
unaltered non-irradiated sample (cyan curve), and the non-irradiated and altered
sample (navy-blue curve). d ”Al Echo, 7Al {'H} REDOR, and the delta for the non-
irradiated and altered sample, and e Al Echo, ¥ Al {'H} REDOR, and the delta for
the irradiated and altered sample.

interactions), the decrease in the signal intensity occurs faster (faster T2-
spin-spin relaxation time). Thus, the echo signal after the time delay gives
information about the interactions between the protons in the sample. For a
short 1, the echo signal is relatively strong and might resemble the 'H MAS
NMR spectra. For a longer T, the dipolar interactions between the protons

dephase the proton spins and result in a decreased signal intensity. There-
fore, for the same echo delay, higher H-H interactions (that can be related to
proton density) will result in a higher decrease in the signal intensity. In the
CJ2 Alt. sample, the variation of the echo delay results in a strong decrease of
the molecular water peak, allowing the resolution of the hydrogen-bonded
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Fig. 5 | '"H MAS NMR spectra. a '"H MAS NMR spectra of the irradiated and non-
irradiated altered samples. b 'H MAS NMR spectra of the non-irradiated and altered
sample at different spinning frequencies. ¢ 'H MAS NMR spectra of the irradiated
and non-irradiated altered samples after heating again at 50 °C. d 'H MAS
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NMR-Hahn-Echo spectra with varying echo delay of the non-irradiated and altered
sample. e '"H MAS NMR-Hahn-Echo spectra with varying echo delay of the irra-
diated and altered sample.

(hb) silanol species and isolated silanol (f) peaks. In contrast, in the CJ2 Irr.
Alt. sample, there is no change in the line shape, suggesting a weaker proton
network in terms of H-H distances and, thus, weaker hydrogen bonds.
Figure 6a, b presents the 7O MAS NMR spectra of the non-irradiated
and irradiated altered samples. As a reminder, the unaltered glass samples
were not enriched in 7O, but they were altered in a solution enriched in 7O
(90%). Therefore, the 7O observed in the altered samples results exclusively

from the incorporation and reactivity of the alteration solution within the
gel network. The CJ2 Alt. sample presents a very sharp and intense peak
confirming the presence of nanoporous water in this sample. Figure 6¢
presents the 7O MAS NMR spectra acquired after additionally heating the
sample at 50 °C to remove the pore water. The spectra of the CJ2 Alt. and
CJ2 Irr. Alt. are remarkably very close in shape, and differ in the relative
fraction of Si-OH. Figure 6d shows the Hahn-Echo observations. The echo
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causes the Si-OH component to be strongly attenuated. The decrease is
ascribed to the strong dipolar coupling between 7O and 'H in the Si-OH
p air41,42.

Apart from this, both the irradiated and the non-irradiated samples
show evidence of the formation of (Si, Al)-"O-H, (Si, Al)-"O-(Si, Al),
suggesting the recondensation of the less soluble glass network formers
within the gel layer. Figure 6e, f show the YO MQMAS NMR spectra of the
altered samples. Note that in such experiments, the (Si, Al)-OH components
are filtered out. In both the non-irradiated and irradiated samples, the
presence of Si-’O-(Si, AL, and Na) can be seen. Only in the CJ2 Irr. Alt.
sample, a weak signal of Si-O-B is observed, indicating that a small pro-
portion of boron recondensed within the gel layer. The presence of Si-"O-B
in the CJ2 Irr. Alt. the sample is better observed in the isotropic projection of
the MQMAS spectra shown in Fig. 6g. The isotropic projection of the
MQMAS spectra obtained after the samples were heated at 50 °C are pre-
sented in Fig. 6h. There seem to be differences between the ratio of the Si-O-
Si and Si-O-Al peaks and the signal for the CJ2 Irr. Alt. the sample seems
more attenuated in the Si-7O-B region. However, this difference is mainly
due to the acquisition conditions of the spectra. The spectra in Fig. 6g were
acquired with a MQMAS shifted echo (2 ms) pulse sequence®, and the
spectra in Fig. 6h were acquired with a Z-filter sequence™. This highlights
the precautions needed while attempting to quantify the Si-O-X (X=Si, Al, B)
fractions. Supplementary Fig. 7 shows a comparison of different acquisition
conditions on the CJ2 Irr. Alt. sample after the second heating. Nonetheless,
there are no remarkable differences in the ’O environment of the CJ2 Irr.
Alt. before and after heating.

Moreover, the oxygen environment is very similar in the two samples
(CJ2 Alt. and CJ2 Irr. Alt.) as shown in Fig. 6h. These results show that the
gel networks of the sample that was irradiated and altered and non-
irradiated and altered are nearly identical in terms of Si/Al mixing, thus
recondensation mechanisms are the same in both samples.

Figure 7 shows the ’Si MAS and cpMAS spectra of the altered samples.
The spectra indicate that the overall gel structure is similar and any minor
differences might be attributed to differences in the altered glass percentage.

Discussion

Impact of heavy ions irradiation on glass structure

In this study, the radiation dose (~73 MGy) is above the “saturation dose”
(estimated to be ~26 MGy) at which the structural changes induced by
irradiation attain a maxima***"*’. The high energy of the irradiating '**Xe
ions and the long impact range simulate the nuclear damages induced in the
glass due to the ballistic effects of the recoil nuclei from the alpha decay of the
actinides. Another study focusing on the effect of irradiation on glass
alteration of the same glass used a lower energy ion with a much lower range
(7 MeV Au ions, fluence of 2 x 10" at/cm’, impact on first two microns of

the material, radiation dose ~40 MGy)"'. This study also simulates the
nuclear damages in a radioactive glass. It seems that the damage due to
irradiation in both studies is consistent, although the intensity of the Raman
peaks in the study with the lower dose of irradiation indicate that the
damages might be to a lesser extent’’. The higher energy of the irradiating
ions in this study might have left tracks along its trajectory in the glass. This
potentially augments the structural damage due to irradiation. In an actual
radioactive glass, the incorporated minor actinides do not leave such irra-
diation tracks’**”. The range and energy of the recoil nucleus are much
smaller than that of the **Xe ions used in this study.

Impact of heavy ions irradiation on glass alteration

In this study, the irradiated glass is altered approximately three to five times
more than the non-irradiated glass. In the previous study conducted on the
same glass with the same irradiation conditions™, a similar 33-day long
experiment was conducted on monoliths. The main differences are the S/V
ratio (1 vs. 142 cm™") and solution composition. In the previous study, the
solution was close to saturation with respect to amorphous silica—and likely
at saturation with respect to the aluminosilicate gel that forms on the glass—
since the beginning of the experiment, whereas in this study, the initial
solution did not contain Si. In the previous study”, the alteration increased
by a factor of 1.7 to 2.5, which is lower than the three to fivefold increase in
this study. However, the initial glass dissolution rate measurement carried
out in dilute solutions showed an increase in alteration by a factor of 5.6 for
the previous study. Therefore, the impact of irradiation on alteration in this
study is closer to the impact on the initial glass dissolution rate than the glass
alteration rate under saturated conditions. The higher S/V ratio in this study
would have resulted in a rapid saturation of the solution with respect to
aluminosilicate gel. However, the alteration in the initial few hours, before Si
concentration reached saturation, was probably sufficient to ensure an
overall higher observed effect of irradiation.

The effect of irradiation on glass alteration is dependent on glass
composition and irradiation conditions™***"*****’, Therefore, the compar-
ison is not straightforward. Nevertheless, studies show that the internal or
stored energy of the irradiated glass is higher’>***. The alteration kinetics of
the irradiated or damaged glass is also higher. For the simpler glass com-
positions such as CJ2 and ISG, the effect of irradiation on glass alteration
kinetics seems to be higher, especially the short-term alteration rates™”.
When studying the effect of irradiation and doping with **Cm on glass
structure and the long-term alteration rate, it was shown that the ISG glass
with the same Si/Al Si/Na, Si/B molar ratios as the SON68 glass, was a good
surrogatezz. However, at short experimental durations, the effect of irra-
diation on glass alteration kinetics was more pronounced in the ISG than in
the SON68™. Experiments designed specifically to observe the effect of
irradiation on glass alteration mechanisms have shown that there is a more
pronounced effect of irradiation on the inter-diffusion mechanism than the
network-hydrolysis mechanism’". This is attributed to the fact that irra-
diated glass has more free volume due to swelling. It is around 1.91 + 0.25%
for the CJ2 glass (data not yet published, but measurement acquired using
the same method in the cited literature****’) and around 1.7% for the ISG
glass®, both irradiated under the same condition as the cited literature
(7 MeV Auions)’". For the irradiation conditions in this study, the increase
in free volume was not measured accurately, but the decrease in density was
observed”. The increased free volume might allow more water diffusion into
the glass™. The inter-diffusion mechanism for the CJ2 glass consists of
boron dissolution, which facilitates Na leaching’". Similar mechanisms may
be controlling the residual glass alteration rate’.

Under the alteration conditions in this study (pH 9, high S/V ratio,
90 °C, initially dilute conditions), both network-hydrolysis as well as inter-
diffusion mechanisms would have occurred. Therefore, it is not possible to
unravel the irradiation effect on a particular mechanism.

Impact of heavy ions irradiation on gel structure
The results presented in this study give some strong indications that the
structure of the gel layer formed on the irradiated glass is close to that of the
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gel layer formed on a non-irradiated glass. This is shown by the 7O, *Na,
7Al and *Si NMR experiments, which show similar environments for
hydrated sodium and aluminum, a similar aluminosilicate network struc-
ture in both gels despite the significant variation in the glass alteration rate.

However, some results (notably ''B MAS NMR spectra) show that the
gel layer formed on the irradiated glass is quite different from the gel layer
formed on a non-irradiated glass in certain aspects. The noticeable differ-
ences are discussed below.

The primary difference lies in the retention and speciation of boron in
the gel layer. As evidenced by the presence of narrow peaks associated with
free water ('H MAS NMR) dissolved (i.e., liquid-like) Na (*Na MAS NMR)
and three-coordinated boron species (''B MAS NMR), the gel layer of the
non-irradiated altered sample contained a notable amount of pore water.
After the second overnight heating of the samples (to remove all the pore
water), the "B MAS NMR spectra closely resembled that of the unaltered
sample. This suggests that almost all the boron from the gel layer is lost. The
""B-'H REDOR experiments, too, showed that there was not a significant
amount of ''B in the close proximity of 'H in the sample.

On the other hand, the gel layer of the irradiated altered sample,
although devoid of pore water at initial conditions of NMR measurements
(as confirmed by '"H MAS NMR spectra), still contains a small amount of
hydrated four-coordinated boron species ('B MAS NMR). "O MQMAS
spectra showed signals of Si-"O-B species, indicating that the boron in the
gel layer hydrolyzed and recondensed within the gel layer with ’O from the
leaching solution. The "'B MAS NMR spectra acquired also indicated the
presence of boron species that were clearly distinct from those present in the
irradiated and unaltered glass and were four coordinated. The additional
heating modified the environment of the hydrated four-coordinated boron
species observed earlier in the gel layer. This shows that a significant amount
of boron is retained in the gel layer formed on the irradiated and altered
glass. These results highlight two phenomena that are less common and less
known (and therefore less discussed in the literature) that would merit a
deeper discussion: boron retention in the gel layer and apparently different
boron speciation in the gel layer due to irradiation.

Boron retention in the gel layer is relatively unusual during the alteration
of a borosilicate glass. Boron is an element with very high solubility limits in
aqueous solution. It is, therefore, generally used as a tracer of glass alteration
along with Na when it is not involved as a charge compensator for other
species such as Al" or Zr"". However, recent ToF-SIMS analyses of altered
monoliths have shown that boron can be retained in the gel layer. This has
been observed especially during the alteration of irradiated glasses”**",
glasses altered for a long duration®™*, and certain glass compositions'**’. It
seems that, in all these cases, the alteration solution concentration was far
from saturation with respect to boron-related secondary phases. Therefore,
the retention of boron in the gel layer is probably related to an inability of the
boron to migrate out of the gel layer. It can be hypothesized that boron
retention in the gel layer is linked to gel maturation unless it is an effect of glass
composition. The gel layer formed during glass alteration can be character-
ized as “dynamic”, if gel restructuring advances rapidly or it can be char-
acterized as “mature”, if the gel restructuration is lower. This phenomenon
was studied and demonstrated by altering ISG gels of different ages in iso-
topically marked water™’. The gel maturation process can also refer to the
evolution of the porous nature of the gel layer. In general, a gel layer initially
formed has smaller pores, and with progressing alteration, the pore-size
increases and the overall porosity decreases™™. The evolution of porosity is
also probably correlated to the restructuration dynamics of the gel layer.

The boron that is dissolved at the gel-glass interface must diffuse
through the gel layer either through the pore channels and open porosity or
through the gel layer itself, whose restructuration may create pathways for
boron to diffuse out of the gel layer. In literature, it has been shown that
while a nanoporous graphene membrane with a pore size of around 0.36 nm
can effectively filter out three-coordinated hydrated B(OH)s, a pore size of
around 0.84 nm can allow at least some of the hydrated B(OH); to pass
through”. Therefore, it would seem that the pore channels in the gel layer
should be at least around 1 nm to allow the diffusion of hydrated B(OH);. It

can be postulated that while a young gel might be dynamic enough for the
diffusion of hydrated boron species through the gel layer towards the
leaching solution, an older gel or mature gel might not continue to reor-
ganize itself to allow the passage of boron through breaking and reforming
its Si-O-Si/Si-O-Al bonds. The boron diffusion through the gel layer
towards the solution in a mature gel might be limited to the available open
pore channels greater than 1 nm in diameter, resulting in at least a partial
retention of boron in the gel layer.

While gel maturation generally progresses with time™, it can be faster
or slower depending on the initial pore volume created by the depart of the
soluble elements (hence inducing a composition effect)'**. Accordingly, the
irradiated altered glass might have a higher initial pore volume due to
swelling, and therefore, might mature faster. If the rate of gel maturation is
dependent on the rate of glass alteration, then it may also be a possible
explanation for boron retention in the gel layer formed on the irradiated
glass. Experiments on the alteration of irradiated and non-irradiated ISG
glass samples at 90 °C and pH 9 have shown that the gel layer formed on an
irradiated glass does effectively mature faster™®. The study also shows that the
gel layers formed on the non-irradiated glasses also reach a similar state of
maturation but after a longer alteration duration.

Regarding the boron speciation, it seems that the gel layer formed on
the irradiated glass contains hydrated four-coordinated boron species in the
pore water, whereas, in the non-irradiated glass, only three-coordinated
boron seemed to be present. This is despite the fact that before glass
alteration, the irradiated glass contained less four-coordinated boron. Such
four-coordinated boron species in the gel layer have not been observed
before. Even in a case where NMR analysis was performed on a boron-
retaining gel formed on a non-irradiated glass during alteration in an
unsaturated vapor phase™, the boron speciation was different. These results
highlight the necessity to study boron speciation in the gel layer over the
course of drying.

Boron speciation in solution is dependent on pH, boron concentration,
and even the presence of Na and Ca, which may form complexes with
hydrated boric acid species™”. It is complicated to examine pH effects in
nanoconfined pore water. However, if the gel maturation entraps the
hydrolyzed boron within the gel layer, then it is conceivable that the boron
speciation might vary due to a higher boron retention within the gel layer or
pore water. The higher fraction of SiOH in the gel layer of the irradiated glass
may also play a role in determining the boron speciation. If the pH in pore
water was increased due to a higher fraction of -OH endings in the gel layer,
then that may also be responsible for the different boron speciation. It is
unclear if the different boron speciation is an effect of the pre-irradiation or
not. For clarity, NMR analysis would have to be performed on a boron-
retaining gel that was formed under similar conditions on a non-
irradiated glass.

The next difference is noticeable in the 'H MAS NMR-Hahn-Echo
spectra with varying echo delay. The 'H MAS NMR of the non-irradiated
and altered glass displays a standard behavior observed in the literature on
the gels of non-irradiated and altered glasses'”**. With an increasing delay,
the area under the spectra decreases (especially at the molecular water peak
position at around 5 ppm), giving the possibility to estimate the water
content percentage in the gel™’. The irradiated and altered sample does not
show the same decreasing behavior with the echo time. In brief, it suggests
that the hydrogen bonds are weaker in the gel layer of the irradiated and
altered sample. Literature on the adsorption studies on porous materials
suggests that there may be differences in the interaction between a porous
adsorbent and adsorbate depending on the pore structure. When the pore
size is smaller, there is a stronger interaction between the pore walls and the
diffusing/adsorbing species™®. Therefore, this noticeable difference in the
'"H MAS NMR-Hahn-Echo spectra suggests a different pore morphology of
the gel layer formed on the irradiated sample, likely with a larger average
pore size. In the initial glasses before alteration, the density decreases with
irradiation because of swelling™. It has been shown in the literature that
during the alteration of the CJ2 glass, the gel layer forms by a mechanism of
in-situ aluminosilicate network-hydrolysis and condensation, accompanied
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by loss of boron and network modifying sodium ions through hydrolysis/
inter-diffusion mechanism'’. Consequently, the first gel formed by this
mechanism “inherits” structural features from the glass. This could result in
a gel layer formed on the irradiated glass that might have a higher porous
volume because of the swelling (i.e. density decrease). The previous study
that presents some TEM images of the CJ2 monoliths altered for 33 days
suggested that the irradiated and altered sample seems to have better-
defined pores than the non-irradiated and altered sample®. Another study
on the ISG glass irradiated with 7 MeV Au ions also showed that the irra-
diated and altered sample was more porous for the same duration of
alteration as its non-irradiated pair™.

A more porous gel with larger pores might also explain the higher
alteration kinetics of the irradiated and altered sample. It has been shown in
the literature that a gel formed during alteration at pH 7, which contained a
higher fraction of larger pores, altered faster than a gel formed at pH 9 with a
smaller average pore size™. In the cited study™, it was shown that the two gels
also showed differences in the hydrous species present within the gel layer
and that the gel with the larger pores had weaker hydrogen-bonded species.

Another study also discussed the differences in the hydrous species in
the gel layer depending on the pH of the alteration solution™. The slight
positive shift in the peak of the 'H MAS NMR of the irradiated and altered
samples could be because of a higher fraction of the hydrogen bonded Si-OH
and some differences in the nature of the hydrous species.

In summary, according to the previous study”, irradiation of the CJ2
glass resulted in (i) a decrease in the glass network polymerization, (ii)
increase in the fraction of three-coordinated boron in the glass, and (iii)
decrease in density. These changes resulted in an increased glass alteration
during the 33 days of alteration. The overall gel structure seems to be similar
to a gel formed on a non-irradiated glass, suggesting that the mechanism of
formation of both gels must be similar. However, the gel seems to show
differences in pore morphology with a potentially higher pore size for the
irradiated and altered sample. Moreover, unlike the gel formed on non-
irradiated glass, the gel retains boron, which can be considered as a sign that
the gel is more mature. In other words, the gel is more reorganized and
might be more passivating, i.e., it reduces the alteration rate considerably.
The speciation of the retained boron was also different.

In concurrence with several studies™****", it is certain that the gel layer
of an irradiated glass will attain maturation/passivation faster. At longer
alteration durations, this passivation might lead toward minimizing the
overall difference in the alteration kinetics between irradiated glass and non-
irradiated glass. The exact mechanism that triggers this earlier passivation is
unclear. It could be the initially higher void volume due to swelling, which
promotes a faster reorganization. It could also be a consequence of the faster
alteration. The role played by the retained boron on passivation remains to
be clarified as well. It is likely an effect of gel maturation, which entraps at
least some boron within the gel layer. However, the question remains if there
exists a feedback mechanism of boron retention in the gel layer on alteration
kinetics.

It should also be considered that these studies were conducted in a
static environment. The passivation effect of the gel layer is dependent on
the alteration environment. It has been shown in the literature that a gel
layer that is already considered passivating might become unstable under
certain conditions. For example, if the alteration environment becomes
conducive to the formation of secondary phases such as silicates, then this
triggers the dissolution of the gel layer to form precipitates”*”. Therefore, a
thorough understanding of the alteration environment is crucial for the
prediction of the long-term behavior of radioactive glass.

In this study, the gel structure formed on an irradiated glass was studied
using NMR characterization to gain insights into the effect of the structural
damage inflicted by the alpha emitters. There are several aspects to be
explored before a complete understanding of the gel structure of a radio-
active glass can be obtained. The effect of structural changes by other types of
irradiation, a coupled effect between the pre-existing structural damage due
to irradiation, and ongoing modifications in the gel structure due to

radioactive elements entrapped in the gel layer remain to be further explored
and understood.

Experimental methods

The Na-aluminoborosilicate glass used in this study is called CJ2, and its
composition in mole percent of oxides is as follows: 64.9 Si0O,-17.3
B,05-13.6 Na,0-4.1 ALOs;. The glass synthesis is described in the
literature®. Briefly, the glasses were synthesized using the melt-quench
method at 1450-1500 °C, followed by an annealing step. The synthesized
glass block is homogeneous. The granulometry of the glass powder used for
alteration with or without irradiation is between 6-8 um. The geometric
surface area of the powders is 3564 cm’>g™".

Irradiation of pristine glasses

The irradiation carried out at the beamline SME at GANIL facility in Caen is
described elsewhere in more detail®®. Briefly, ~952 MeV (7 MeV u™') *Xe
ions were used for irradiation at a fluence of 7.5 x 10'"* ion cm > Normal
incidence heavy ions (**Xe) at room temperature irradiated the cleaned
glass powders pasted using carbon tape onto aluminum sample holders. The
range of irradiation is ~64 um. Therefore, the heavy ions irradiated the
grains homogeneously. The radiation dose received by the powder sample is
equal to approximately ~73 MGy.

Alteration of non-irradiated and irradiated glasses
Hereafter, CJ2 refers to the non-irradiated CJ2 glass powders and CJ2
Irr. refers to the irradiated CJ2 glass powders. The alteration solution
consists of an isotopically enriched water (90.7% "7O) adjusted to pH 9
at 90°C. The pH was adjusted using LiOH (0.00045 mol/L). The
alteration duration is 33 days. The reactor is a perfluoroalkoxy (PFA)
container with precautions in place to avoid solution loss due to eva-
poration. The Sgpo/V (geometric surface area of the glass powder
divided by the solution volume) ratio of the experiment is 142.6 cm ™.
The geometric surface area of the glass powders was calculated by
considering that the glass powders are spherical®. Considering that the
actual surface area of the glass powders, if measured with BET, might be
approximately two times higher, the true Sgpr/V ratio is also
approximately two times higher®. Considering the results available in
the literature for the alteration of the CJ2 glass at 90 °C and initially
pure water at a much lower Spp1/V ratio (80 cm ™), the glass alteration
rate dropped by a factor of 30 compared to the initial rate after 28 days
of alteration’. Due to the higher S/V ratio in the current study, the
alteration solution will attain saturation rapidly with respect to
amorphous silica, with very little fraction of altered glass. The glass
alteration rate is also expected to rapidly decrease and attain a steady
state that is approaching the residual glass alteration rate®. Although
the alteration kinetics will not be followed over time, the gel layer at the
end of the experiment can be compared to a gel layer that is young, but
with passivating properties.

At the end of the experiment, the glass powders are thoroughly rinsed
in DI water to ensure that precipitates do not form after the end of the
experiment.

SEM analysis

A field emission Scanning Electron Microscope (SEM) Zeiss Gemini Supra
55, JEOL JSM 6330 F was used to observe cross-sections of the altered glass
grains to measure the thickness of their altered layers. The glass grains were
set in an epoxy resin overnight and polished to a surface roughness of less
than 1 um before SEM observation. The polished resins were mounted on a
metallic sample holder with an aluminum tape connecting the observable
surface with the bottom of the sample holder and coated with carbon (a few
nm) for image acquisition. The SEM images show the cross-sections of
altered grains with an unaltered glass core surrounded by an altered gel layer
of varying thicknesses. This method allows observing the cross-section of
the altered grains.
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NMR Characterization

A Bruker 500WB Avance II spectrometer, at 11.72 T magnetic field, was used
for NMR data acquisition. A 4-mm Bruker CP-MAS probe at a spinning
frequency of 12.5 kHz was used. Quantitative spectra of *’Al, *Na, and "'B
were acquired using a short single pulse excitation of 1 s in length with a tip
angle of about 15°~20°. The recycle delay for  Aland *Na was 1 s,and for ''B,
itwas 2 s. A rotor-synchronized spin echo-pulse sequence, consisting of a spin
echo delay of one rotor period and soft selective pulses on the central tran-
sition, was used for 7O MAS NMR spectra acquisition to minimize the
baseline distortion due to the ringing signal. A Z-filter three-pulse sequence™
was used for ’O two-dimensional MQMAS spectra. Z-filter and RIACT two
pulse sequences, detailed in literature™*, were used for optimal acquisition of
the BO4 and BO; peaks, respectively, in the "B MQMAS experiments. For
{"B/*Na/* Al, "H} REDOR experiments, soft selective 90° and 180° pulses, of
radio frequency 10-20 kHz and 180° pulse duration of 8-10 s, were applied
on the observed nuclei’s (''B, Na and “Al) central transition (1/2 < 1/2),
and a rotor-synchronized train of 180° pulses of 9 us in length were applied
for 'TH”"*. A 90° pulse after a presaturation period, composed of a train of
about twenty 90° pulses with a 2 ms delay between the pulses, and a recycle
delay of 20 s was used for the Si MAS NMR spectra. Chemical shifts of ''B,
7Al, *Na, and *’Si were referenced to external samples of 1 M boric acid
solution (19.6 ppm), 1 M AlCl; solution (0 ppm), 1 M NaCl solution (0 ppm)
and powder of tetrakistrimethylsilane (—9.9 ppm) respectively. All data were
processed and fitted using in-house software (T. Charpentier) with proce-
dures described in literature'***.

Data availability
Data is provided within the manuscript or supplementary information files.
Raw data can be provided upon reasonable request.
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