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Abstract

Incorporation of iodine (I) into high-pressure vitrified glasses appears to be a potential
solution for the immobilization of '*°I radioisotopes. Under those conditions, I dissolution is
strongly enhanced, however, the impact I dissolution has on the glass structure remains to be

determined to assess the matrix durability.

We have studied experimentally the change in I solubility and speciation in a series of sodium
aluminoborosilicate glasses (Na20 ranging from 10 to 40 mol.%) held at 0.25 and 1.0 GPa
and 1250°C. As expected, the I solubility increases with pressure conditions, with increasing
Na20 and is positively correlated to the glass optical basicity. The I speciation determined by
XPS is changing with the initial loaded source of iodine (either 12 or 120s) with a predominant

iodide form (I') in the glass structure.

The investigation of the oxygen environment in the I-bearing glasses using O 1s XPS revealed
that I dissolution induces an apparent oxygen loss within the glass structure. This result is
consistent with our current view on I dissolution mechanisms. Furthermore, the subsequent
simulations of the O 1s XPS spectra suggest that I dissolution consumes non-bridging oxygen
to form bridging oxygen. This change in the oxygen speciation points toward an increase in

the glass durability that is an important aspect for nuclear waste immobilization.
Introduction

From the valley of radioactive isotope produced by nuclear activities, '*’I isotope represents a
problematic nuclear waste. '?°I is one of the radioisotopes that has a long half-life (i.e. 15.7
My)', has a high-mobility in the environment*> and is noxious for the human health®®. Hence,
iodine radioisotope is a major troublesome element that requires an adequate, specific solution
for its immobilization. Although '*I is produced in small quantity by the nuclear activity, we

are requested to propose a reliable matrix to immobilize it in a durable way for environmental,
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societal and health considerations. The main difficulty is that iodine cannot be immobilized
using a standard borosilicate glass vitrification protocol owing to its strong volatility at high-

temperature’'!.

So far, several countries (i.e. France and UK) have dealt with this nuclear waste by
discharging %I into the sea'’!?; however, the efficiency of the isotopic dilution into the sea
appears limited leading to localized abnormal concentration in '2’I*3, Up to now, no ideal

solution has been found; however, several matrices have been considered for immobilizing

13,14 15,16

iodine radioisotopes such as: phosphate glasses'*>'*, silver-based compounds'>>'°, crystalline

17-19 20,21.

phases or glass-ceramics”™“'; each of these with their advantages and drawbacks. More
recently, a potential reliable solution has been put forward and involves the use of high-
pressure syntheses conditions that allows solubilizing iodine in the structure of melt held at
high-pressure and high-temperature that is then quenched to a glass. The results obtained with
this protocol are encouraging. Jolivet et al.>> showed that the I solubility is multiplied by
almost three orders of magnitude for Low Activity Waste (LAW) aluminoborosilicate glass
composition held under high-pressure conditions at 1 GPa in comparison to I solubility
obtained for comparable glass composition at ambient pressure! !>, For International Simple

Glass (ISG) composition that is analogous to the active R7T7 glass used in France**, Jolivet et

al.? obtained I solubility close to 1.5 mol.% at 1 GPa.

Unlike other volatile species with application to various domains (i.e. H20*?7 or CO2%%),
our knowledge on the I behavior in glass is lacking microscopic and macroscopic information.
Previous experimental studies showed that I solubility is enhanced in more depolymerized
borosilicate glass composition?>#%; T solubility is affected by the presence of B203*>37; 1
solubility is influenced by the nature of network modifying cation (alkalis or alkaline-

earth)***>38, Finally, recent work>* demonstrated that I solubility increases strongly with the

use of oxidized 120s source as compared to non-oxidized I2 source. Strangely enough, the
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effect of increasing network modifying cations on I solubility is not clearly established for

aluminoborosilicate glasses.

At atomic scale, iodine adopts different dissolution mechanisms. The most common iodine
form is iodide species (I") that is charge compensated by alkalis cation
preferentially?>36373940 Morizet et al.>* also identified other dissolution mechanisms under
oxidizing conditions with the presence of iodate species (I°*) and in some particular
circumstances periodate species (I’"). Under those oxidizing conditions, the I>* cations form
103" units*! charge compensated by available alkalis or alkaline-earth cations. In those
dissolution mechanisms, both type of species (I and 103°) are not bonded to the glass network
(Si, Al or B units) but instead occupy the voids in the glass structure induced by the presence

of network modifying cations (alkalis or alkaline-earth cations).

Although recent studies significantly improved our current level of knowledge on the iodine
behavior in aluminoborosilicate glasses, there are still grey areas that requires additional
systematic studies in order to propose a reliable matrix for the immobilization of iodine
radioisotopes. For instance, the impact of iodine on the glass structure is not known with

certainty, regardless of the iodine form. Previous investigations*>*

suggested that the iodine
dissolution might induce an increase in the glass degree of polymerization; however, there is
actually no clear evidence for that. The degree of polymerization can be described by the
proportion of Non-Bridging Oxygen (NBO) and Bridging Oxygen (BO)**** species within the
glass structure. Whereas it can be calculated for aluminosilicate glasses, the situation is a little
more complicated for aluminoborosilicate glasses combining and mixing Si, Al and B
subnetworks*->*, Obtaining robust evidences on the change in the degree of polymerization is
a crucial information as the change in polymerization is a proxy of the glass durability: an

increase in glass polymerization will correspond to an increase in the glass durability®*>,
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The increasing degree of polymerization upon iodine dissolution hypothesis is consistent with
the fact that alkali cations are consumed for charge compensating the negative charge on I or
I03™ species. Whether there is a clustering between iodine species and alkali cations due to
channeling process in the glass structure®, which could reduce the glass durability is not
determined yet. The observed decrease in the glass transition with increasing iodine content?’
is in opposition to an increase in the degree of polymerization of the glass structure. To our
knowledge, the work from Morizet et al.* is currently the most advanced in the study of the I
dissolution. In their work, they propose two chemical reactions for explaining the I dissolution
in borosilicate glasses as I and 103™ and speculating on its impact on the glass structure. They
suggest that 1) NBOs are consumed and converted into BOs in agreement with current
suggestion and 2) there is a loss in oxygen into the fluid phase. This latter point is surprising
and has not been verified owing to experimental difficulties in measuring the composition of

the fluid phase after the experiments.

In the present work, we used an experimental approach to investigate the change in |
solubility, speciation and dissolution mechanisms on sodium aluminoborosilicate glass
compositions that were equilibrated at high-pressure with a [-bearing fluid phase. The
recovered glass samples were characterized quantitatively and qualitatively to determine the
existence of an oxygen loss and the potential increase in the glass degree of polymerization

resulting from the I incorporation.
Experimental method
Starting compositions

In the present work, we investigated a series of sodium aluminoborosilicate glasses: BISNaX
with 15 mol.% B203 and X corresponding to different Na2O contents ranging from 10 to 40

mol.% Na20. Several studied compositions (i.e. BISNal0 and B15Na20) were chosen such as
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to represent close analogues to the LAW aluminoborosilicate glass compositions®®>?. At 30
and 40 mol.% NaxO the glass compositions do not correspond to a reliable matrix for the
immobilization of radioisotopes. Nonetheless, these compositions remain pertinent to study in
order to investigate the systematic evolution of the I solubility in nuclear waste glasses as a
function of the alkali content for future modelling. In the investigated compositions the Al2O3
is kept constant at 5 mol.% and the SiOz is progressively replaced by the Na2O. Studying this
glass series has a double aspect: 1) we will evaluate the effect of increasing Na2O content on
the I dissolution, 2) we will study the change in I dissolution along with the change in the

polymerizing degree (i.e. decreasing SiOz2).

Starting material were prepared from spec pure powder SiO2, Al203, B203 and NaxCOs. The
oxide powders were mixed in an agate mortar and ground under ethanol. Each starting powder
was poured in a Pt crucible and melted at 1200°C in a box furnace (i.e. a decarbonation step
was done at 950°C). The samples were quenched by dropping the bottom of the Pt crucible

into a cold-water bath and the recovered sample consists in a clear glass.
High-pressure syntheses

Recovered I-free glasses were crushed and loaded into 2.5-2.9 mm Pt capsule for the high-
pressure experiments. Prior to the glass powder (~50 mg), we loaded a known amount of I> or
1205 as a source for iodine (~10 mg, see Table 1): between 5 and 12 mol.% I. We loaded a
lower amount of I for the 0.25 GPa experiments as we experienced several capsule bursts for
this pressure condition at higher I initial charge. Nonetheless, the initial I content is high
enough to insure the I saturation during the experiments. After filling, the Pt capsule is welded

shut by arc welding.

We conducted the high-pressure experiments in an Oxford-type end-load piston-cylinder

apparatus. We used a % inch and a 1 inch pressure plate for the 1 and 0.25 GPa experiments,
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respectively. We used % and 1 inch talc-Pyrex assemblies for the experiments. The high-
pressure assembly consists in an outer talc sleeve, intercalated Pyrex sleeve and graphite
furnace with straight walls. The Pt capsules are then placed inside Magnorite© ceramic
pieces. For % inch, two Pt capsules (i.e. with the same glass composition loaded with either I
or [20s) are collated together; for 1 inch, four Pt capsules are collated in the middle part of the
assembly. The experimental protocol for the high-pressure experiments has been described in
previous works?’. For 1 GPa, the assembly is pressurized to 1 GPa, the temperature is
increased up to 550°C and hold for 5 min to allow materials relaxation, then the final
temperature (1250°C) is reached manually. For 0.25 GPa, the assembly is pressurized to 0.5
GPa and temperature is increased to 550°C and left 5 min for relaxation, then the final
temperature (1250°C) is reached. During the final heating step, the volume relaxation induces
a pressure drop down to 0.25 GPa. The run duration for the 1 GPa experiments was set to 2h.
Due to rapid graphite furnace degradation during the experiment, the run duration for 0.25
GPa experiments could not exceed 30 min. This aspect does not affect our results considering
that we still obtain a glass at the end of the low-pressure experiments. During the experiment,
the temperature is monitored by a Eurotherm accurate to +1°C that is connected to a type S
thermocouple (Pt-PtRh10). We applied a 10% correction to the pressure to account for
internal frictions involved in talc compression. The experiment is stopped by cutting-off the
power and the quench is performed isobarically. For % inch experiments, the quench rate is
estimated to ~100°C/s in the first 500°C. For 1 inch experiments, the quench rate is lower and
estimated to ~70°C/s in the first 500°C. The integrity of the capsule was checked after the
experiment. The recovered samples consist in colored (i.e. brown) clear glasses coated all
along with an excess iodine indicating that there was an excess an I fluid phase during the
experiment. This excess iodine is removed with ethanol and glass pieces are then dried at

60°C for a few minutes.
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Analytical methods
Scanning Electron Microscopy Energy Dispersive Spectroscopy (SEM EDS)

The major element and iodine concentrations have been determined using Scanning Electron
Microscopy with Energy Dispersive Spectrometer (SEM EDS). The glass chips were mounted
into epoxy resin plugs polished to 1 um. Measurements were conducted on a JEOL JSM
5800LV SEM (IMN Jean Rouxel), equipped with a SDD SAMx dispersive spectrometer. The
analytical conditions were 15 kV for voltage and 0.5 nA for current. We conducted the
acquisitions on a 20 um spot size to avoid Na loss under the electron beam. At least five scans
of 60 s were collected on each sample at different location on the glass chip. We used the
following internal standards for quantifying the elements: corundum for Al2O3, wollastonite
for Si02, NaCl for Na20, and RblI for I. The B203 was not quantified in the glasses owing to
its low molecular mass. Based on the replicated measurements, we obtain an uncertainty on
major element measurements that is better than 5% in relative to the value and comparable to
the error reported in previous works on the same analytical equipment®>**3, For the
particular case of iodine, the typical error bar based on replicated measurement is better than
+0.2 mol.%. Data in mol.% are provided in Table 1 along with the error that is calculated
from the standard deviation of the replicated measurements. The reported error represents the

homogeneity in the element distribution within the glass sample.
Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)

The B203 content in each sample is determined using a Laser Ablation-Inductively Coupled
Plasma-Mass Spectrometry (LA-ICP-MS, LPG Nantes). The spectrometer is an ArF excimer
laser (193 nm, Analyte G2, Photon Machines) that is coupled to a quadrupole ICP-MS
(Varian Bruker 820-MS). The ablation is performed in a HelEx II 2-Volume Cell with He as

carrier gas. We used a laser energy density of 4.54 J.cm™ and with a repetition rate of 10 Hz.
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The acquisitions were performed in spot mode with a diameter of 110 um and an estimated
depth of 20 um. Each glass has been analyzed with five acquisitions throughout the sample
chip in order to obtain a standard deviation error on the B2O3. The acquisition time was set to
30 s., preceded and followed by a 30 s. blank acquisition. The washout time of the ablation

cell was approximately 30 s.

LA-ICP-MS acquisition for B20s content is designed to complement the major element
results obtained by SEM EDS. The data is calibrated against several glass samples. We
recorded the ''B and ?’Al isotopes and this latter one was used as an internal standard. We
used the aluminoborosilicate glasses investigated by Jolivet et al.*® that have been
characterized using multiple techniques (SEM EDS, ''B MAS NMR and ICP Optical
Emission Spectrometry) for the quantification of B203. In particular, we used the LJS and ISG
glasses studied in Jolivet et al.®® having 25.2 and 16.5 mol.% B20s, respectively. The standard
deviation on the measured B203 is better than 0.6 mol.% for most of the glasses. For
B15Nal0-0.25GPa-I> and B15Nal0-0, we obtained a larger error at +1.3 and 1.4 mol.%,

respectively; suggesting a slight heterogeneity in the glass compositions.
X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) measurements were performed on each glass sample
to determine the I, O, B, Si and Al signatures. We carried out the XPS analyses on a Kratos
Nova spectrometer (IMN Jean Rouxel) using a monochromatic Al Ka radiation operating at
1486.6 eV (15 kV, 20 mA). Due to the insulating nature of the glasses, we used neutralization
of the surface. We analyzed glass chips (several mm?) corresponding to a surface fracture
from the bulk of the experimental charge. The surfaces were not prepared and the analyses
were conducted on raw glass surfaces, hence avoiding possible surface contamination. The
glass chips were loaded into the sample chamber under high-vacuum conditions (<10 mbar).

The spot size on the sample is 300x700 um? area of analyses. We recorded survey spectra at a



226  pass energy of 160 eV corresponding to an overall instrument resolution of 1.95 eV and a step
227 of 0.5 eV from -5 to 1200 eV. High-resolution spectra of I 3d, O 1s, B 1s, Al 2p, Si 2p and C
228  1s core levels were recorded. The instrumental resolution was determined to be 0.54 eV at a
229  pass energy of 40 eV using the Fermi edge of the valence band for metallic silver. We used
230  and energy step of 0.1 eV. We acquired the final spectrum with a cycling mode (between 5
231 and 10 scans on each sample) for each element and we did not observe any modification of
232 each individual acquisition that would suggest an alteration of the glass under the X-ray beam.
233 A few glass chips were analyzed several times for replicated measurements (see Table 2 for
234 BI15Na20-0.25GPa-12 and B15Na20-1GPa-I2 showing two analyses denoted -a and -b). We

235  calibrated the XPS spectra using the adventitious C 1s in the binding energy at 284.8 eV.
236  Results
237  lodine solubility as a function of Na20O, iodine source, pressure and optical basicity

238  We show the change in iodine solubility in mol.% I as a function of Na2O in Figure 1. The
239  corresponding data are given in Table 1 for the mol.% I and Na2O. As mentioned in Figure 1,
240 the different series are categorized as a function of pressure conditions (0.25 and 1 GPa) and
241 as a function of I source (I2 and 1205). We clearly observe that increasing Na>O between 10
242 and 40 mol.% induces an increase in the I solubility. For instance, the I solubility for

243 B15Nal0 glasses is less than 1 mol.% I whereas I solubility reaches almost 6 mol.% I for
244  B15Na40 glasses. In detail, the change in I solubility appears non-linear as a function of Na2O
245  regardless of the pressure conditions and I source. Each trend has been fitted with a second
246  order polynomial function as a guide for the eye. Surprisingly, in the literature data there has
247  not been much evidences of the increasing I solubility with increasing network modifying
248  cations. Cicconi et al.>**7 showed that I solubility is weakly influenced by SiO2 / (SiO2 +

249  B203). More recently, Vénague et al.’® demonstrated that I has higher affinity to Na as

250  compared to other alkalis (K, Li and Cs). In a similar way, Morizet et al.>* concluded that I is
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also preferentially associated to Na as compared to Ca. The experimental studies from Jolivet
et al.?? and Morizet et al.*> are the only one to show that there is an increase in the I solubility

1.22 worked on

with the increasing concentration of network cations; however, Jolivet et a
different glass compositions that contain both Na and Ca at different ratios. In the present
work, we go further and demonstrate that I solubility is positively correlated to the increasing
concentration of Na20O. Interestingly, it would be pertinent to provide comparable
experimental evidences for other cations and decide with which cation I has the higher

affinity. This question is not entirely answered and is rather complex. It seems there is an

interplay between network modifying cations and network forming cations™,

We also see from the results in Figure 1 that the I solubility is increasing with increasing
pressure. This is especially visible for the B15Na30 and B15Na40 glasses. As an example for
B15Na30, I solubility is 1.7 mol.% at 0.25 GPa and increases to 2.2 mol.% at 1 GPa. The |
solubility increase seems less pronounced for B15Na20 with a change between 0.5 and 0.8
mol.% I from 0.25 and 1 GPa. Previous studies'!?* reported a solubility of ~0.7 mol.% for
comparable glass compositions (25-30 mol.% network modifying cations Na20O and CaO)
synthesized at ambient pressure. The 1.7 mol.% obtained for I solubility in B15Na30
synthesized at 0.25 GPa is almost three times the I solubility obtained at ambient pressure.
This result confirms that the application of high-pressure conditions is an adequate solution
for the immobilization of '?°I radiotoxic isotopes; especially considering that the present

experiments performed at 0.25 GPa are feasible from the industrial viewpoint.

We also show that using different I source induces a change in the I solubility. It appears that
I solubility is higher in glasses equilibrated with 120s initial source than in glasses equilibrated
with L2 initial source. The increase in the I solubility from Iz to [20s is non-linear with sodium
content and appears to be more pronounced for B15Na40 glass. At 1 GPa, we measured a

solubility of 4.4 and 5.8 mol.% I for B15Na40 glasses equilibrated with I and 1205 fluid
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phase, respectively. Morizet et al.>* showed the same behavior on a Na-Ca glass series at 1.5
GPa. They ascribed the observed change to the change in I speciation within the glass from I
to I°" when Iz or 120s is used as the I initial source, respectively. However, we will show that

it is a little more complicated than the only change in iodine speciation from I to I°".

We also have the reported in Figure 2 the change in the I solubility as a function of the glass
optical basicity (Aciass) calculated from the major element composition and using the equation

of Duffy®!:
Xi
Agiass = Zy_i:ZXi X A; Eq. 1

Where Xi corresponds to the molar fraction of oxygen atoms for each oxide and vi is the
basicity moderating parameters of the oxide i. We took 0.870, 1.613, 1.887 and 2.174 for
YNa20, YA203, Ysio2 and yB203, respectively; as reported in Komatsu et al.%?. It should be pointed
out that those values can only approximate the calculation of the Aciass considering we do not
have access to the change in the glass structure as a function of pressure conditions in the
current work. It is currently known that pressure induces a change in the distribution of BO3
and BO4 units in the glass structure®>-*%363_ Dimitrov et al.*® reported a ysos4 = 4.17 and
Duffy®’ reported a yBo3 = 2.47 that would modify the Aclass value substantially. Nonetheless,
we show that an increase in the Aciass is accompanied by an increase in the I solubility. We
added the corrected compiled data points from Morizet et al.*> after we detected a slight
miscalculation on the optical basicity values. Ultimately, the Aciass could be used as a unique
compositional parameter for calculating I solubility in glasses. The Aciass is intimately
correlated to the nature of the oxygen species within the glass and its electron donation

68-70

capability®® ", therefore, by extent, the I solubility in glass should be correlated to the

different oxygen species: NBO and BO.

Element spectra obtained by X-ray Photoelectron Spectroscopy (XPS)
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Typical XPS spectra obtained on different glasses are shown in Figure 3. All spectra were
treated with CasaXPS© software and are represented background subtracted in Figure 3. We
fitted the spectra with a U2 Tougaard function as a background’!. We show XPS spectra for
the two glass series: B15NaX I and B15NaX 120s synthesized at 1 GPa, and for all glass
compositions from Nal0 to Na40. For each series, we show I 3ds»2, O 1s, B 1s, Si 2p and Al
2p (Figure 3A-E and Figure 3F-I for BI5NaX I> and B15NaX 120s, respectively). It should be
pointed out that prior to each spectrum simulation, the entire peak area for each element is

extracted using CasaXPS© integration module.

The I 3ds2 spectra are accompanied with typical spectrum simulations to further discuss the I
speciation. The I 3ds2 spectra exhibit two or three peaks depending on the I initial source
(Figure 3A and F). There is a peak at ~619 eV assigned to I" species, one at ~621 eV assigned
to I° species and one at ~624 eV assigned to I>" species. The peak assignment has been
described in previous similar studies**3*4%#! The peak for I°* is essentially present in the
experiments with [20s as the initial source and almost absent in the experiments with I2. In
some cases, we observed the presence of I° (Figure 3A for B15Nal0 and B15Na20). The
S/TEM imaging of B15Na20-1GPa-12 (see Suppl. Mat. 1) did not reveal the presence of
nanometer fluid inclusions; therefore, it suggests that the observed 1° species is actually
dissolved in the glass structure. The I 3ds. peaks were fitted with Voigt lines; in some cases
we performed peak model testing for the percentage of the Gaussian component to improve
the fit of the I and 1° species. The I°* appears well-separated from the two others and the fit
was conducted without constraints with a Voigt 30% Gaussian line. The I speciation results
expressed as the % of the species are provided in Table 2 and the entire set of simulation can
be found in Suppl. Mat. 2. The derived I speciation in Table 2 corresponds to the I speciation
in the glass bulk owing to the used XPS beam size. In the current state, we cannot access

whether there is a particular segregation of the iodine species that could result from
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channeling effect in the glass structure.>® This aspect is prime importance and requires further
investigation as the glass chemical durability could be dramatically affected by such a

phenomenon.”

The spectra obtained for O 1s, B 1s, Si 2p and Al 2p consist in an almost symmetrical peak
located at ~532, ~193, ~103 and ~74 eV binding energy, respectively. The typical simulation
obtained for the B 1s, Si 2p and Al 2p is not shown in Figure 3 for clarity. For Si 2p, we fitted
the spectra using two Voigt lines with 30% Gaussian component with the same width and
separated by 0.61 eV accounting for the 2pi/2 and 2p32 lines underneath the Si peak. We
applied the same procedure for the Al 2p peak and the peak doublet was separated by 0.42 eV.
The fitting of the Al 2p spectrum has been complicated by 1) the low spectral signal to noise
due to the low Al203 concentration (see Table 1) and 2) the presence of Pt 4f signal at ~72 eV
and ascribed to polluting Pt particles remaining after capsule opening. The B 1s was fitted
with a single Voigt line with 30% Gaussian component. The error on the fit obtained from
CasaXPSO© is dependent on the intensity of the peaks is inherent to the signal to noise ratio.
For instance, for the samples with low I content (B15Nal0 and B15Na20 glasses) the standard

deviation obtained can be as high as 3% on each I species.

In Figure 3, we observe that for O 1s, B 1s and Si 2p the peak position is changing as a
function of composition. There is a systematic negative shift in binding energy with
increasing Na2O. This shift is well-documented in previous works and is directly correlated to
the change in the glass chemical composition and by extent to the glass optical basicity>>"37°,
This apparent shift is not visible for I 3d and Al 2p spectra. For Al 2p spectra, this is probably
due to the low resolution on the peak. The derived peak positions for Si 2p and B 1s are given
in Suppl. Mat. 2. The simulated peak position varies from 102.2 to 103.0 eV for Si 2p3/2 and

from 192.2 to 193.2 eV for B 1s. These changes are above any possible analytical error

considering the used XPS resolution (£0.1 eV).
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Determining oxygen species from XPS fitting

In the present work, we focused on the change in oxygen concentration and speciation upon I
dissolution. We show several typical O 1s spectrum simulations in Figure 4 for all the glass
compositions obtained at ambient pressure without iodine: BI5Nal0-0, B15Na20-0,
B15Na30-0 and B15Na40-0. These spectrum simulations represent the starting point for the
subsequent simulations of the I-bearing O 1s XPS spectra (see Table 2). At high binding
energy (~536 eV) there is a visible peak assigned to the Auger electron of the Na KLL and
this peak increases in intensity with increasing Na2O content as seen in Figure 4. The fit of the
O 1s spectra was conducted with several Voigt lines. It should be emphasized that the
proposed fit represents only one possible solution and alternative solutions may be

considered.

The O 1s XPS spectrum fitting was first conducted on the 1 bar glass O 1s XPS spectrum for
each composition considering that these glasses have been used for all the subsequent high-
pressure experiments. The simulation procedure has been done as follow: 1) one peak was
placed and optimized for the Na Auger, 2) the number of peaks for oxygen species is
determined based on the glass composition, 3) the peaks are positioned and optimized
according to the current literature knowledge, 4) the simulation obtained on the 1 bar O 1s
XPS spectrum is then propagated to the other spectra for the same composition and 5) a new
optimization of the peak parameters is conducted for I-bearing glass spectra. Due to the lack
of available XPS data for aluminoborosilicate glasses, we applied constraints on the fit. We
fixed the FWHM as identical for each category of oxygen species: BO and NBO. It should be
emphasized that the proposed approach using the simulation of the O 1s XPS spectra is a first
stone and additional work combining O 1s XPS and advanced '"O NMR techniques would be

appropriate for investigating the glass O speciation in a thorough way. The entire set of
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simulations can be found in the Suppl. Mat. 2 and the change in the proportion of each oxygen

species as a function of iodine content is discussed later on.

In the investigated glass compositions, the nature of the expected oxygen species can be
determined using the Dell et al.* model predictions and subsequent implementation by Du
and Stebbins> for Al-bearing glasses. The nature of the oxygen species in the
aluminoborosilicate glasses can be asserted considering the R’ ([Na20] / [Al203 + B203]) and
K’ ([Si02] / [Al203 + B203], see Table 1) values of the glass compositions defined by Du and

Stebbins>?:

e For B15Nal0, the R’ is above 0.5 and the glass composition should have only BO
species and we expect no NBO in this glass composition.

e For BI5Na20, the R’ is comprised between 0.5 and the R’MAX (0.5 + K’/16) for
which, in this glass region, there is coexistence between BO and NBO species: Si-O
..Na". We should not expect the presence of B-O"..Na" that corresponds to a NBO
linked to a boron species that is necessarily a BOs.

e For BI5Na30 and B15Na40, the R’ is above the RD1 (0.5 + K’/4). In this range of
glass composition, in addition to the BO species mentioned above, the proportion of
NBO increases significantly and there is apparition of B-O"..Na". The excess Na

induces the conversion of BO4 into BO3 with one or two NBOs.

The simulations obtained in Figure 4 were conducted according to the previous description.
The B15Nal0-0 exhibits two peaks located at ~532.0 and 532.7 eV that are assigned to two
types of bridging oxygen species. For instance, in sodium silicate glasses, Nesbitt et al.”’
proposed the existence of two different BO species: Si-O-Si moiety and BO-Na moiety in
which there is a sodium cation located in the BO vicinity. In our study, the story is a little

more difficult to apprehend considering that there is a mixing between several subnetworks:
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Si- B- and Al-network. Owing to the lack of O 1s XPS data on aluminoborosilicate glasses,
we will refer to BO#1 and BO#2 (see Figure 4 and Table 2). The same peaks were found in
the other glass compositions with a position and FWHM slightly varying (see Table 2). In
between B15Nal0-0 and B15Na20-0, we observe an inversion in the peak intensity for the
BO#1 and BO#2. This inversion is currently unexplained; however, a difference in the mixing
of the structural network units could be the reason for this inversion’!. The simulation
propagation to the I-bearing O 1s spectra of the same glass composition led to similar results
suggesting that such inversion is not an analytical artefact but is inherent to the glass

composition itself.

Surprisingly, we observe that another peak is required to fully reproduce the spectrum for
B15Nal0-0 and located at 529.8 eV. According to previous data”’*° this peak is assigned
NBO species and possibly to Si-O"..Na*; although it is not supposed to be present in this glass

composition with the Dell et al.*’

model. This peak appears to increase slightly in intensity for
B15Na20-0. We expected this peak to increase in intensity for the more depolymerized
B15N30-0 and B15N40-0, but it does not seem to be the case. However, for BISN30-0 and
B15N40-0 another peak was required and is located at ~531.1 eV and is assigned another type
of NBO species that is possibly B-O"..Na" species’®. Since B has a higher electronegativity
value than Si on the Pauling scale, it implies that B atoms have a higher tendency to attract the
oxygen electrons and we expect to find the B-O"..Na" peak position at higher binding energy.
As aresult, it explains that B-O"..Na" peak position is shifted to higher binding energy as
compared to the peak position for Si-O"..Na". In the depolymerized glass compositions, the B-

O..Na' peak appears more intense than the Si-O"..Na" peak suggesting that the added Na

atoms act preferentially as a network modifier on the B network.

For B15Na30-0 and B15Na40-0, ~16 and ~22% NBOs are expected according to Dell et al.*’

model. As shown in Table 2, the simulation results are overestimated as compared to the
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model calculation: 34 and 48% NBOs for B15Na30-0 and B15Na40-0, respectively. This
could be due to an analytical artefact considering that XPS is a surface analysis method and it
has been shown that glass surface has higher concentration in depolymerized network units
(i.e. higher NBOs) than the glass bulk itself®!. Alternatively, it could be related to the way the
spectra are simulated and the lack of constraints we have on the position of the different
oxygen species. Moreover, it should be emphasized that we cannot preclude from an effect of

pressure and/or iodine on the XPS peak parameters.

We observed the presence of an additional peak for one I-bearing glass sample: B15Na20-
1GPa-1205; and located at ~533.8 eV (see Figure 3 and Suppl. Mat. 1 and 2). Currently, the
peak assignment is not clear; however, previous data mentioned the presence of Si-OH peak
at ~533 eV®!. Therefore, this peak could correspond to the presence of H20 in the structure of
B15Na20-1GPa-1205. As a result, we discarded this sample in the study of the oxygen loss

and change of oxygen speciation upon iodine dissolution.
Discussion
Evolution of the | speciation upon experimental conditions

The change in the I speciation for the different high-pressure experiments is shown in Figure
5 and categorized as a function of the glass composition. There are several interesting points

to be drawn from the evolution of the I speciation. The first is that using 12Os as an initial

IS+

source for iodine induces an increase in the I species oxidation state (i.e. I°"). Except for

B15Na20-1GPa-1205, I>* species can represent more than 28% of the dissolved I and up to

63% in B15Na40-1GPa-1205. This result is in agreement with the previous study by Morizet

1‘34

et al.”* demonstrating that I atoms release electron and combine to available O atoms to form

>*

105" clusters within the glass structure*'. However, the achieved I°* concentrations in the

present work are lower than the one reported in Morizet et al.** in which I°* can reach up to
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90% of the total iodine species. We suspect that there is an experimental issue for this
difference. In the present work we have used 2.5-2.9 mm diameter Pt capsule whereas
Morizet et al.>* used 5.0-5.4 mm one. It is not clear if this difference affects the I speciation
and experimental tests have to be conducted. As mentioned, there is a particular issue with
B15Na20-1GPa-1205 in which the proportion of I°* is close to 0. We suspect that this sample

incorporated H20 that prevents the conversion of iodine into I°* units.

We also see that the proportion of I° is important in the B15Nal0 glasses with almost up to
40% of the I speciation for B15Nal0-1GPa-12. As mentioned earlier, S/TEM did not reveal
the presence of nm-size bubbles suggesting that 1° species are actually dissolved within the
glass structure. In complement to the I dissolution mechanisms proposed by Morizet et al.>*,

an additional dissolution reaction for I° is taking place:

[Jie o pnett Eq.2

1.40

This contrasts with previous assertion in Morizet et al.*’ suggesting that the existence of 1°

species was due to the presence of fluid inclusions filled with I because of the excess iodine

in the fluid phase during the experiments.
Evidence for O loss upon | dissolution

Recently, Morizet et al.>* proposed two dissolution mechanisms for I" and I°* in

aluminoborosilicate glasses synthesized under high-pressure conditions, such as:

21;”6”/ flutd 4 g+, 0-NBO o Mnt [~ 4 gozf tuid/melt g 0BO Eq.3

21{ tutd/melt 57” oftuia/melt o yn+ 0= NBO o Mt (103), + g 0BO Eq. 4

In both chemical reactions, there is a strong interplay between I species and the O species.

The net result is to consume NBO species that are converted into BO species due to the
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charge compensation of I and 103™ requirements by Na" cations. Those mechanisms imply
that I dissolution induces an increase in the degree of polymerization of the glass and
therefore potentially increasing durability. Moreover, in Eq. 3 this conversion is also

accompanied by an oxygen loss into the fluid phase.

Measuring the composition of the fluid phase after the experiments is complicated and the
possible O loss is currently not determined. In the present work, we have tried to determine
the change in the O concentration within the glass using the quantitative XPS measurements.
Using the total peak areas and the obtained spectrum simulations (see Figure 3 and 4), we
have calculated an apparent atomic percentage of oxygen (at.% O) rationalized to either B or

Si or the sum of B, Si and Al with the following equation:

A0 1s A0 1s A0 1s
at.% 0 = RSFQ 15 RSFQ 15 RSF( 15 Eq. 5
AB 1s Asi2p Ap1s , “Asizp | Aalzp :
T T
RSFp1s RSFg; 5p RSFp 15 RSFsizp RSFpap

In Eq. 5, Ai corresponds to the entire peak area and the RSF is the Relative Sensitivity Factor
that is dependent on the element energy line. It should be pointed out that the use of B 1s, Si
2p and Al 2p is justified by the fact that those elements are the network former elements and
are the elements that actually carries the different oxygen species. In the investigated glass
compositions, the B2O3 content is almost constant (see Table 1), hence any variation in the
at.% O will be directly related to the change in the oxygen content. Although Al 2p peak
intensity is low and not always correctly defined (see Figure 3 and Suppl. Mat. 2), we should

rigorously consider it as a network former element.

In a second step, for each glass composition, we normalized the obtained at.% Oi to the at.%

O obtained for the initial glass synthesized at 1 bar (at.% Oo) such as:

- _ at%oy
AOl/o T at%o, Eq. 6
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Hence, for initial glasses the AOoo = 1. In doing so, we calculate a variation in the oxygen
concentration (AOin) as compared to the initial oxygen concentration in the pristine ambient
pressure glasses. The results are shown in Figure 6 as a function of I content and normalized
to all network elements (B 1s Si 2p and Al 2p, Figure 6A), only B 1s (Figure 6B) and only Si
2p (Figure 6C). Data are reported also as a function of the glass compositions. We observe
that, invariably, there is a decrease in the AOio with increasing I content. It suggests that
oxygen is lost upon I dissolution therefore confirming the proposed mechanisms in Morizet et
al.3* for I" species. Surprisingly, there seems to be also an oxygen loss observed for the
samples synthesized with 1205 and exhibiting I°* species. The most important change in the
AOip is observed for BI5Na40 glasses and corresponding to the highest I content. However,
there is an outlier with the data point for B15Nal0-0.25GPa-12 in Figure 6C that we do not
explain. Except for this particular point, we believe that the observed trends are not issued
from any possible analytical or experimental artefacts: 1) the B2O3 content is constant
therefore the trend observed in Figure 6B reflects the oxygen loss at constant network unit;
and 2) the pressure conditions (0.25 and 1 GPa) are identical in between the glass
compositions. The AOip trends in Figure 6 do not have the same slope (i.e. values) and we
suggest that the observed AOio only reflects a relative oxygen loss. Intuitively, the AOin < 1
also suggests that, at constant glass composition, the glass structure polymerizes owing to the

rearrangement of the network units upon oxygen loss.
Change in the oxygen speciation as a function of | dissolution

In their work, Morizet et al.** suggested that the oxygen speciation should change with NBOs
consumed and BOs produced upon the I dissolution. This mechanism corresponds to an

increase in the degree of polymerization of the glass that could be beneficial for the durability
of the glass for nuclear waste immobilization applications. We have scrutinized the change in

the oxygen species based on the spectrum simulations shown in Figure 4. The results are
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presented in Figure 7 with the % O species as a function of I content and reported for each
glass composition. We chose to represent the proportion for each main category of oxygen
species (i.e. BO and NBO) considering that the simulated peak assignment is subject to
caution. In particular, the nature of each BO species is not clear (see Figure 4). For each glass
composition, the plot is represented scaled to the measured I solubility (i.e. the scale is
different from one plot to another). The % O species are provided in Table 2. For B15Nal0-0
glass, the BO concentration is very high (>98%) and the NBO concentration (i.e. Si-O"..Na")
is low (<2%); on the other hand, for B15Na40-0 glass, the BO concentration is lower (<50%)

and the NBO concentration (i.e. Si-O"..Na" + B-O"..Na") is higher (~50%).

As observed in Figure 7, for the most polymerized compositions (i.e. BI5Nal0 and
B15Na20), we observe a slight decrease in the proportion of NBO (i.e. Si-O"..Na") with
increasing I content, accompanied by an increase in the BO proportion. However, this change
should be taken with care considering the I solubility range (<0.8 mol.% I) and the associated
error bars on the I content (0.2 mol.%). Nevertheless, it seems to imply that I dissolution

involves the NBOs carried by Si networks units for these two glass compositions.

For the most depolymerized compositions (B15Na30 and B15Na40), the NBO species
concentration decreases with increasing I content and conversely the BO concentration
increases. This trend is particularly clear for B15Na40 glasses owing to the high I content
measured. The NBO concentration decreases from ~50% to ~30% between 0 and 5.8 mol.% I;
in the same time the BO concentration increases from ~50% to ~70% in this I range. For these
glass compositions, as shown in Table 2, the NBO-Si species concentration does not change
upon I dissolution. Therefore, it suggests that I is preferentially dissolved in the vicinity of the
Na" cations associated with boron network (B-O"..Na") instead of silicon (and aluminum)

network. It corroborates the I solubility results of Jolivet et al.*> suggesting an increase in I
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solubility with the presence of B203 and an extremely low I solubility in pure aluminosilicate

glasses.

The results in Figure 7 confirm the previous work of Morizet et al.>* that suggested the
necessary involvement of oxygen species in the I dissolution. In detail, network modifying
cations (i.e. Na") are scavenged upon I dissolution to charge compensate the I and 103"
units?*°#!, This mechanism requires that NBO species are converted into BO to insure
charge neutrality. It implies that the glass degree of polymerization (expressed by the

proportion of BO in the glass) increases upon I dissolution.

Previous landmark works showed®*®* that pressure conditions induce a change in the
distribution of the oxygen species in silicate and borosilicate glasses. An increase in pressure
will induce a decrease in the NBO concentration. However, this NBO decrease appears to be
significant (>10% in relative) at pressure above 3 to 5 GPa and the reported change at
pressure of 1 GPa is negligible. Therefore, we suggest that the observed decrease in NBO in
Figure 7 is mostly due to the I dissolution, regardless of the pressure conditions (0.25 or 1

GPa).

For more depolymerized aluminoborosilicate glass compositions, we suggest that the B-O"
.Na" are affected by the I dissolution. We can propose a possible chemical mechanism that

have for result to convert a less polymerized boron unit into a more polymerized boron unit:

2 B0S° — 0™NBO _2Na* + 1" - 2Nal + BOS — 0% — BO§O +~0]"" Eq.

7

In the proposed reaction for forming Nal units, there is a conversion of two BO3 units
carrying one NBO into two BOs3 units with no NBO. The literature data acknowledges the
existence of both BO3 units with and without NBO*343:49-5285-87 ‘Thjg reaction has the

advantage to satisfy 1) the loss of oxygen upon iodine dissolution and 2) the increase in the
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degree of polymerization. It should be stressed out that in the proposed mechanism there is no
creation of fully polymerized BO4 units and the N4 ([BO4]/[BOs+B0O3], Dell et al.*°) of the
glass is not modified. Again, we should stress out that the proposed mechanism is only
possible for glass compositions with available NBO on BOs species and corresponding to
highly depolymerized glass compositions such as BISNa30 and B15Na40 only. We propose a

comparable mechanism for the dissolution of 103™ species such as:

— 0~NBO _ 2Ng* + 4, 2Nal0; + — 080 — .
2 BOB® —07NBO _ 2Na* + ,0/"™% - 2Nal0; + BOZ® — 0B° — B0OBO Eq

8

In Eq. 8, the I dissolution forms iodate species that are charge compensated by sodium
cations: Na"..I03". There is a conversion between BO3 units with NBO into BO3 with only
BO, in agreement with the O speciation results in Figure 7; however, an oxygen loss is not
requested in Eq. 8. As shown in Figure 5, I is dissolved mostly as I, regardless of the initial
iodine source (i.e. Iz or 120s), which implies that both Eq. 7 and 8 are taking place and an

oxygen loss should occur.

The results shown in Figure 7 and the derived I dissolution mechanisms from Eq. 7 and 8
constitute a significant breakthrough in the understanding of the iodine effect on the glass
structure; however, we still need direct evidences of the iodine impact on the distribution of
network units (i.e. silicate Q" species and boron BO3 and BOs species) to adequately assert the
impact of iodine on the glass durability. This aspect is complicated by the fact that the NBOs
affected by iodine dissolution is not the same depending on the glass composition: NBO on
Q" species for B15Na20, B15Na30 and B15Na40; NBO on BOs species for B15Na30 and
B15Na40. Combined approach using ''B, 1’0 and *Si Solid-State NMR would be beneficial.
Undoubtedly, iodine dissolution increases the glass polymerization. Hence, the range of glass

compositions that can be used to serve as an immobilization matrix for iodine radioisotope
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would be extended; however, there is a balance to find between the chemical durability and

the iodine incorporation that can be achieved.
Conclusion

In the present work, we have investigated the change in I solubility in sodium
aluminoborosilicate glasses synthesized under high-pressure conditions at 0.25 and 1 GPa.
We studied four different glass compositions at constant B2O3 of 15 mol.% and with
increasing NaxO from 10 to 40 mol.% that replaces equally SiO2. We also investigated the
change in the I solubility when various initial source of iodine is used either I or [20s. We
show unequivocally that increasing the Na2O content induces an increase in the I solubility.
This result was suspected but has never been clearly demonstrated. It is a crucial information
that will be used to point future thermodynamic modelling on the right direction. The I
solubility is also increased when 120s is used as the initial source for iodine, in agreement
with previous work. Consistently, I is dissolved under different species with different redox
state going from I" to I°*. We identified that I° species measured in glass is actually not
corresponding to nanoscale bubbles and an additional dissolution mechanism is proposed to

account for the presence of I° dissolved in the glass structure.

The detailed quantitative investigation of oxygen using the XPS suggests that there is a loss of
oxygen with I dissolution. The decrease in the oxygen concentration has been suspected in
previous investigation; however, it has never been clearly demonstrated. The careful scrutiny
of the oxygen speciation revealed that the I dissolution is accompanied by a change in the
oxygen speciation: the NBO concentration decreases and the BO concentration increases.
Those major results support the previous work suggesting the oxygen loss and the conversion
of NBO into BO. In addition, it implies that there is an increase in the degree of
polymerization of the glass. As an explanation, we propose a reaction that involves the

conversion of BO3 unit with NBO into BO3 units with no or less NBO. Although very high
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alkali aluminoborosilicate glasses are not the most adequate candidate for the immobilization
of nuclear waste owing to the lower glass durability, the increase in the glass degree of
polymerization accompanying the iodine incorporation is beneficial. Hence, the range of
specific reliable/durable glass compositions that can be used for the immobilization of iodine

radioisotopes may be extended.
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Figure caption

Figure 1: Change in the I solubility as a function of Na2O content ranging from 10 to 40
mol.%. Several datasets are represented with the different experimental conditions: 1 GPa L2,
1 GPa 1205 and 0.25 GPa 2. It is noticed that small quench crystals were observed for
B15Na30 and B15Na40 recovered glasses. The error on the I solubility is +0.2 mol.%; the

error on the NaxO content is not reported for clarity but can be found in Table 1.

Figure 2: The change in I solubility in the investigated glass compositions is represented using
the glass optical basicity (Aciass). An increase in the Aciass corresponds to an increase in the I
solubility in agreement with the recent suggestion by Morizet et al.*>. We also added the data

1.35

from Morizet et al.”> acquired on a wide compositional range of aluminoborosilicate glasses.

Figure 3: A-E, Typical XPS spectra for glasses obtained with I2 loaded during the
experiments; F-J, Typical XPS spectra for glasses obtained with 1205 loaded during the

experiments. We show the spectra for I 3dsi2, O s, B 1s, Si 2p and Al 2p. Typical simulations
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are shown for the I 3ds. for I speciation. The spectra obtained for Al 2p are usually not well-
defined due to the low Al203 concentration and also show the presence of polluting Pt 4f

coming from the capsule walls.

Figure 4: Typical O 1s XPS spectrum fitting for the obtained glasses at ambient pressure
without I: A, B15Nal0-0; B, B15Na20-0; C, BI5Na30-0; D, B15Na40-0. The whole set of
fitting can be found in the Suppl. Mat. 2. The spectra are best fitted with three to four
Gaussian lines for O species and an additional line for Na Auger signal. The proposed
assignment for the peaks is the following: ~532.5 and ~532.0 eV to BO#2 and BO#1; ~529.5

eV to Si-O..Na*; ~531.0 ¢V to B-O"..Na".

Figure 5: Change in the I speciation (I, I° and I°*) for each glass sample as measured by XPS
and subsequent simulation of the I 3d*? spectrum peak. The plot is categorized as a function
of the glass composition. There is an increasing concentration of I°* species when 1205 is used

as the starting source of iodine in the experiments.

Figure 6: Change in the oxygen concentration in glasses expressed as the AOio as a function
of I content in mol.%. The apparent at.% Oi is calculated in different ways (see text for
details): A) rationalized to the sum of the network forming elements (B, Si and Al), B)
rationalized to B and C) rationalized to Si. The change in oxygen concentration is then
normalized to the oxygen concentration measured in the precursor glasses obtained at 1 bar,

such as: AOin = at.% O / at.% Oo.

Figure 7: Change in oxygen speciation as a function of I content in mol.%. The % O species is
obtained from the simulation of the O 1s spectra. The two main categories of oxygen species
are represented: BO and NBO. The plots are shown for each glass composition. We did not
represent the error bars on the I content (+0.2 mol.%) and the slight decrease in NBO

concentration for BISNal0 and B15Na20 glass compositions is subject to caution.
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Table 1: Experimental conditions, major element and iodine concentrations determined by SEM EDS and LA ICP MS.

init. Major element concentration (mol.%)"
Sample Pressure (GPa) Adass® R K
(mol.%)" Si02 B:0; ALO; Nax0 I

B15Nal0-0 0.0001 0 64.8(14) 18.0(14) 5.9(8) 11.3(7) 0 0.553 0.471 2713
B15Nal0-0.25GPa-12 0.25 52 70.7(6) 16.1(13) 5.6(3) 7.6(4) 0.1 0.543 0.353 3.258
B15Nal0-1GPa-12 1 10.3 72.1(2) 13.92) 5.4(1) 8.7(2) 0.3 0.549 0.450 3.738
B15Nal0-1GPa-1205 1 9.2 70.9(2) 13.8(13) 5.3(1) 10.0(2) 0.6 0.553 0.521 3.704
B15Na20-0 0.0001 0 63.2(6) 14.9(6) 4.2(3) 17.7(3) 0 0.575 0.926 3.306
B15Na20-0.25GPa-12 0.25 52 62.7(3) 14.0(2) 5.3(1) 17.9(3) 0.5 0.578 0.926 3239
B15Na20-1GPa-12 1 12.0 61.9(2) 14.0(1) 5.9(1) 18.2(3) 0.8 0.579 0916 3.111
B15Na20-1GPa-1205 1 11.3 63.8(3) 14.2(1) 5.2(1) 16.8(3) 1.4 0.574 0.864 3284
B15Na30-0 0.0001 0 51.8(4) 14.8(2) 4.8(1) 28.5(4) 0 0.613 1.454 2.643
B15Na30-0.25GPa-12 0.25 53 53.2(4) 13.3(1) 5.4(0) 28.1(3) 1.7 0.614 1.504 2.850
B15Na30-1GPa-12 1 10.4 57.2(15) 13.7(1) 6.0(1) 23.1(13) 22 0.596 1.169 2.896
B15Na30-1GPa-1205 1 10.9 55.6(6) 13.5(1) 5.9(1) 24.9(7) 2.6 0.603 1.284 2.865
B15Na40-0 0.0001 0 44.7(13) 13.9(1) 6.5(3) 34.9(16) 0 0.640 1711 2.191
B15Na40-0.25GPa-12 0.25 5.6 43.7(3) 12.1(1) 5.7(1) 43.7(3) 32 0.657 2.153 2.451
B15Na40-1GPa-12 1 9.6 45.4(11) 12.4(1) 6.2(2) 36.1(10) 44 0.647 1.939 2.439
B15Na40-1GPa-1205 1 10.2 46.7(10) 12.7(2) 6.3(2) 34.4(4) 5.8 0.640 1.811 2.461

2 The It corresponds to the loaded initial iodine content prior the high-pressure experiment and using different iodine sources: I, or LOs.

® The major element concentrations have been determined using SEM EDS for SiO», Al,O3, Na,O and I; and using LA ICP MS for the quantification of B,Oj5 (see text for
details). The reported errors between brackets correspond to the error on the last or two last figures. Error has been determined from the standard deviation calculated from
several measurements (at least five acquisitions by SEM EDS and LA ICP MS).

¢ The Aguss is calculated from the equation of Duffy® (see text for details). The R’ and K’ values are calculated from the glass chemical compositions and correspond to
[Na,O] / [ALLO; + B»0s] and [Si0»] / [Al,O3 + B,0s], respectively.



Table 2: Iodine speciation, oxygen concentration and speciation, and XPS fitting parameters.

13dsn? 0ls® AOjo=at.% O;/ at.% Op°®
Sample (mol%) r © B BO#1 BO#2 $i-0".Na* B-O".Na* o ple  Nom0Si  Nom.toBls+
Pos/FWHM % Pos/FWHM % Pos/FWHM % Pos/FWHM % Pos % Pos/FWHM % Pos % ’ ‘ 2 Si2p+Al2p
BI5Nal0-0 0 532.4/1.7 68.5(12) 5315 29.7(11) 529.8/1.2 1.82) 1 1 1
BI15Nal0-0.25GPa-12 0.1 619.0/1.4 94.0(25) 621.2 6.0(25) 532.5/1.7 81.5(8) 5314 17.5(7) 529.7/12 1.0(1) 094 0.99 1.01
619.1/2.0 62.6(29) 621.6 37.4(29) 532.5/1.7 79.4(10) 5314 18.9(9) 529.8/13 1.72) 1.042 0.894 0.841
B15Nal0-1GPa-12 03
619.2/1.8 62.8(34) 621.6 37.2(34) 532.5/1.7 84.3(14) 5315 14.3(13) 529.9/13 1.43) 0.955 0.996 1.028
B15Nal0-1GPa-1205 0.6 619.0/1.5 37.2(24) 6214 21.1(15) 624.1/1.9 41.7031) 532.3/1.7 79.4(9) 5313 19.8(9) 529.6/1.1 0.9(1) 1.02 1.02 0.99
B15Na20-0 0 532.4/1.7 23.82) 531.6 733(2) 529.7/12 29Q2) 1 1 1
BI15N220-0.25GPa-12-a 619.2/13 99.1(1) 621.5 0.9(1) 532.3/1.8 262(3) 5317 71.4(4) 529.7/1.1 23(4) 0.81 107 1.09
B15N220-0.25GPa-12-b 03 619.1/1.4 89.5(24) 621.5 10.5(24) 532.2/18 54.8(3) 5316 43.203) 529.7/1.1 2.00) 097 0.93 1.03
B15Na20-1GPa-I2-a 619.2/1.4 85.0(14) 621.6 15.0(14) 532217 49.8(2) 531.6 47.7(2) 529.8/1.2 2.6(2) 1.07 0.83 0.94
BI15N220-1GPa-I2-b o8 619.1/1.5 87.7(13) 621.3 12.3(13) 532.3/1.8 453(3) 5317 52.6(4) 529.8/1.4 2.10) 091 0.83 092
BI15Na20-1GPa-1205¢ 1.4 619.0/1.6 89.8(33) 620.9 5.5(12) 624.5/1.8 47227)
B15Na30-0 0 532.3/1.9 15.2(8) 531.8 50.7(15) 529.8/1.4 2.00) 5312 32.1(7) 1 1 1
BI15N230-0.25GPa-12 17 619.0/1.4 95.6(9) 621.0 4.409) 532.5/1.9 7.5(5) 531.8 62.6(13) 529.8/13 410) 5313 25.9(7) 0.76 0.87 0.83
B15Na30-1GPa-12 22 619.2/1.5 90.8(11) 621.2 4003) 624.2/1.5 5.1(8) 532.3/1.9 10.8(13) 531.8 69.9(23) 529.9/1.4 3.602) 5313 15.7(17) 0.46 0.80 0.76
B15Na30-1GPa-1205 26 619.0/1.4 68.7(3) 621.0 3.00) 624.1/13 283(2) 532.3/1.9 14.2(7) 5317 60.1(15) 529.8/1.4 2.8(2) 5312 22.9(7) 0.62 0.85 0.70
B15Na0-0 0 532.7/15 7.6(3) 531.5 44.0(7) 529.6/1.2 122) 531.0 47.2(5) 1 1 1
BI15Nad0-0.25GPa-12 32 619.1/13 98.6(3) 621.3 1.43) 533.0/1.6 632) 5316 64.2(4) 529.9/12 3.002) 5311 26.5(4) 0.13 131 0.48
B15Na40-1GPa-12 44 619.1/13 97.1(6) 621.2 1.43) 624.1/1.0 1.5(4) 533.1/15 7.8(2) 5317 65.5(5) 529.9/12 3.8(1) 5311 22.9(3) 0.19 0.51 039
B15Nad0-1GPa-1205 5.8 619.0/13 33.5(4) 621.2 4.0(4) 624.1/13 62.5(5) 532.8/1.6 9.2(2) 531.6 63.5(5) 529.8/1.2 3.72) 531.0 23.6(5) 0.19 039 033

2 The 1 speciation has been determined with the simulations of the XPS spectra on the I 3ds;; binding energy. For I and 1° species the peak width has been set as identical. The
error on the species percentages is obtained from CasaXPS© fitting results.
® The oxygen speciation has been determined from the simulations of the XPS spectra on the O 1s peak. Two peaks for BO species and two peaks for NBO species were
found. For each category of oxygen species, the peak width was set as identical. The procedure for fitting the O 1s spectra is fully described in the text. The error on the
species percentages is obtained from CasaXPS© fitting results.
¢ The AOjy corresponds to the ratio between the at.% O; and the at.% Oy considered at a reference point (i.e. 1 bar). The at.% O is calculated from the O s peak area that is

normalised either to B 1s, or Si 2p or B 1s + Si 2p + Al 2p peak areas.

4For this particular sample, the O 1s peak showed the presence of an additional component located at ~533 eV and assigned to hydroxyl species. This sample has been
discarded in the oxygen speciation determination and oxygen loss.
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1 SUPPLEMENTARY MATERIAL: IODINE DISSOLUTION MECHANISMS IN
2 HIGH-PRESSURE BOROSILICATE NUCLEAR WASTE GLASSES AND ITS

3 RELATIONSHIP TO OXYGEN SPECIATION

4  Scanning/Transmission Electron Microscopy (S/TEM) acquisition in I-bearing glasses

5 In order to investigate the presence of nanoparticles or nm-size bubbles filled with I fluid in
6 the glasses, we also conducted Scanning/Transmission Electron Microscopy (S/TEM) at 80
7 kV on a Cs probe corrected Themis Z G3 (Thermo Fisher Scientific) using the High Angle
8  Annular Dark Field (HAADF) detector (with 33-197° collection angle range) and the 4-SDD
9  detectors (Super-X system) for EDS analysis. Samples were previously prepared by

10  dispersing the grinded powder in ethanol and depositing a drop of this solution on a holey-

11 carbon-coated copper grid.

B15Na20-1GPa-12
0.8 mol.% 1

=0

1°=0.15

I"=0.85

500 nm 500 nm

12

B15Na30-1GPa-1205 |}
2.6mol.%|

=028

1°=0.03

I'=0.69

13
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Figure S1: SITEM element imaging for B15Na20-1GPa-12 (A) and for B15Na30-1GPa-1205
(B). For both samples, the element distribution is homogeneous at the um scale. We suspect
the presence of nm-scale quenching crystal in B15Na30-1GPa-1205.

The elemental maps (I, O, Si and Na) are shown in Figure S1 for B15Na20-1GPa-12 (A) and
for B15Na30-1GPa-1205 (B). From the shown images, we observe that the obtained I-bearing
glasses are homogeneous with respect to element distribution at um scale. Clearly, we do not
observe the presence of nm-scale bubble filled with solid 2. This suggests that the presence of
1° determined from XPS I 3d spectra corresponds to iodine dissolved within the glass structure

as 1° and probably under I» cluster form.

Whereas the presence of quench crystals has been identified in BI5SNa30 glasses, in Figure
S1B, there is no clear evidence of large enriched iodine crystalline phases at the investigated

scale. This implies that the quench crystals are not highly represented in our quenched

samples.
Oxides B1 5Na2Q— 1GPa-12 B15Na30-1GPa-1205

SEM EDS S/TEM SEM EDS S/TEM
Si0, (mol.%) 62.6(2) 65.1(100) 58.1(6) 58.6(31)
B,0; 14.2(1) 14.2(1) 14.1(1) 14.1(1)

ALO; 6.0(1) 57(11) 6.2(1) 5.5(5)

Na;0 18.4(3) 14.3(27) 26.0(7) 20.3(9)

I 0.8(2) 0.8(1) 2.62) 1.5(3)

Table S1: Major element concentrations obtained by SEM EDS and S/TEM for B15Na20-
1GPa-12 and for B15Na30-1GPa-1205. The error bars are determined from replicated
measurements for both methods. The I content derived by both analytical methods is roughly
consistent.

The glass compositions have been obtained from the sample analyses in Figure S1. The
results are given in Table S1 and compared to the results obtained from SEM EDS

measurements. It should be pointed out that the error obtained on B15Na20-1GPa-12 is based
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on a single measurement whereas the error obtained on B15Na30-1GPa-1205 is based on four
replicated measures. Although the error bars derived from the S/TEM are likely to be larger
than SEM EDS ones, the measured mol.% oxides are consistent. The Na2O is systematically
lower for S/TEM measurements than for SEM EDS. The derived iodine content in B15Na30-
1GPa-1205 is lower by S/TEM than SEM EDS. This could be due to possible heterogeneity

within this sample.
O 1s XPS fitting for B15Na20-1GPa-1205

As mentioned in the manuscript, we have observed a very peculiar behavior for BI5Na20-
1GPa-1205. The O 1s XPS spectrum obtained for this sample is shown in Figure S2. If the
spectrum simulation appears consistent with the general trend shown in Figure 4, the O 1s
spectrum for BI5SNa20-1GPa-1205 departs from this trend. Clearly, there is a need for an
additional peak to reproduce the entire spectrum. This peak is located at ~533 eV. It is not
clear to which type of oxygen species this peak is attributed to. Malfait' suggested that at high
binding energy, the peak could correspond to hydrated related species. Surprisingly, this
sample is the only one to not show the presence of iodate species (I°"). It could be possible
that the 1205 dissociation into I> and Oz led to the incorporation of both I2 as I" or I° and O2

without the recombination into 103" clusters. The question remains to be clarified.
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Figure S2: Typical simulations for B15Na20-1GPa-1205 glass. The simulation for B15Na20-
1GPa-1205 requires an additional peak located at >533 eV and possibly attributed to

hydrated oxygen species.
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