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Abstract

There is a major environmental concern in finding a sustainable solution to immobilize the
1291, a by-product of nuclear industry. The use of aluminoborosilicate glasses represents a
good compromise. However, this solution does not appear adequate for '*’I owing to its
volatility at high-temperature during the vitrification process. In the present work, we use a

high-pressure (1.5 GPa) apparatus to synthesize I-rich aluminoborosilicate glasses.

We show that the use of high-pressure conditions enhances the I solubility in glasses by
several orders of magnitude as compared to 1 bar synthesis: I solubility up to 5.7 mol.%. We
observed that I is more solubilized in Na-rich as compared to Ca-rich glass. Investigation of
the I speciation using XPS also reveals that I solubility in glasses is much higher as I

dissolves as I°* in comparison to I".

Our work shows that using high-pressure appears to be a reliable solution for dissolving a
large quantity of I within the structure of aluminoborosilicate glasses for the conditioning of
nuclear waste. We also demonstrate that oxidized I waste form should be employed to greatly
increase I solubility in nuclear waste glasses. Therefore, it represents a potential pathway for

solving the immobilization of %I produced by anthropic nuclear activity.

Keywords: nuclear waste, '?°I radioisotope immobilization, intensive conditions, densified

glass

1. Introduction

The radioisotope '*I is a by-product of nuclear reactors and is considered as an intermediate
activity nuclear waste owing to its radiotoxicity, its long half-life (15.7 My) and its high

mobility in the environment.'"'# For these reasons, the disposal in geological repository of '*I
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requires a chemically stable and durable matrix. There has been a great deal of effort in
formulating matrixes able to accommodate a large quantity of iodine (I) in their structure;'>->?
which are stable through time and under natural environmental conditions (i.e. ground water
circulation). In the list of potential matrixes, the use of borosilicate glasses is a general
adopted solution for nuclear waste immobilization;>*° however, it cannot be applied to
immobilize 1. The standard process to synthesize borosilicate glasses involves melting at high-
temperature and ambient pressure. Owing to its high volatility, the borosilicate glass matrix
does not retain I sufficiently during the high-temperature process and I escapes in the
atmosphere as 12 gas. Previous studies reported an iodine solubility up to 0.7 mol.% in
aluminoborosilicate glasses synthesized at or near ambient pressure.>**> More recently, there
have been several experimental studies conducted under high-pressure conditions and

34,35 or

investigating I solubility in glasses with different applications: either Earth sciences
nuclear sciences.*® Under high-pressure conditions, the I solubility is enhanced in
aluminoborosilicate glasses. For instance, Jolivet et al.> studied the I solubility in the
International Simple Glass (ISG)*® and typical Low Activity Waste glass (LAW)*>3
synthesized in the pressure range 0.5-2.0 GPa and temperature above 1300°C. They reached a
I solubility up to 2.5 mol.% in the typical LAW glass; thus demonstrating that the use of
pressure represents a potential adequate solution for immobilizing large quantities of '*I in

aluminoborosilicate glass matrixes, therefore reducing the volume of nuclear wastes at

geological disposal.

Nonetheless, we have a limited knowledge of the solubility I behavior in aluminoborosilicate
glasses because of the lack of available experimental data. The most recent experimental
investigations showed that boron content and alkali content play an important role on I
solubility: increasing the boron and alkali and alkaline-earth contents induce an increase in I

solubility.**3*4° However, the effect that other cations in the glass composition induces on I
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solubility is unknown in detail. By analogy, in the case of COz, it has been demonstrated that
COz solubility in silicate glasses is affected by the nature of the charge compensating
cation.*'*?> Whether I adopts a comparable behavior in aluminoborosilicate glasses is still
unknown. Furthermore, the effect of mixed alkaline or alkaline-earth elements on I solubility
(i.e. dissolution mechanism) is currently not deciphered. This aspect is crucial to determine
because the mixed alkaline or alkaline-earth effect (MAE) is known to affect the glass

properties in a complex non-linear behavior.**#°

Todine has the particularity to present several redox states: -1 (I, iodide), +5 (I°* as 103", in
iodate) and +7 (I"" as 104, in periodate). Up to now, previous works only studied the I
solubility in aluminoborosilicate glasses when I is thought to be dissolved under its reduced
form: I" species. Hence, the effect oxidation conditions induce on I solubility in
aluminoborosilicate glasses are unknown. This gap in our understanding of I behavior needs
to be fulfilled considering that redox conditions are known to dramatically influence the
volatile solubility. For example, sulfur (S) is a volatile element implied in magmatic systems,
which exhibits several oxidation states: S* (sulfide) to S®* (sulfate).’*>! Experimental data
and thermodynamic models showed that S solubility was more important in silicate glasses

when S dissolved as S¢* (i.e. SO4>") species.>?

In the present work, we followed an experimental approach to investigate the change in I
solubility in aluminoborosilicate glasses synthesized under intensive conditions: 1.5 GPa and
1400°C. We focused on glass compositions having various XNa (Na/Na+Ca) values to
determine if the nature of the charge compensating cation plays a role on I solubility.
Moreover, we investigated the influence of I redox state (I', I°" and I’* redox state) on the I
solubility. We used spectroscopic methods to determine the iodine speciation in the
synthesized glasses. Based on these results, we proposed an I dissolution mechanism as a

function of the observed I speciation in glasses. A discussion on the future direction to
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formulate a borosilicate glass matrix that is specific for a sustainable immobilization of '*°I

radioisotopes is also proposed.

2. Materials and methods

2.1. Starting materials and high-pressure synthesis

The investigated aluminoborosilicate glass compositions are reported in Table 1. The starting
materials were prepared in the system SiO2-B203-A1203-CaO-Na20 from a mixture of spec
pure oxides (SiO2, Al203, B203 and Ca0O) and carbonates (Na2CO3). In order to determine the
effect of varying network modifying cations on I solubility, we prepared the CN starting
compositions with varying XNa (Na/Na+Ca) values: C3s, XNa = 0; C30, XNa = 0.25; C2o,
XNa = 0.6; Ci0, XNa = 0.8; Co, XNa = 1. It should be pointed out that in the synthesized
compositions the exchange between Ca and Na is made based on the oxygen quantity (i.e. X
mole CaO is replaced by x mole Na20). Hence, the number of mole for Na is twice as much
as the Ca mole in the exchange. From the electric charge point of view, the exchange between
CaO and Na2O keeps the positive charges unchanged. Starting powders were carefully
grinded in an agate mortar under dry conditions. The adopted methodology involved a two-
step synthesis: 1) synthesis of the base glass without iodine at ambient pressure and 2) high-
pressure synthesis with iodine using the initial base glass. We prepared the ambient pressure
glasses (CN-0 series) by melting and quenching in a platinum crucible the starting powders at
1200°C in a box furnace under fully oxidizing conditions for two hours and quenching in cold
water. The composition of the recovered clear glasses was determined prior to high-pressure

experiments (see Table 1).

We used the recovered glass powders made at ambient pressure for the high-pressure
experiments. Therefore, at a given composition, a comparison between samples of the
different series is possible. Any strong departure from the CN-0 glass composition for high-

pressure synthesized glass would indicate a possible heterogeneity or partial crystallization.
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We synthesized three series of high-pressure [-bearing glasses. The CN-1 glass series is
loaded with Iz as the source of I during the experiments. The CN-2 glass series is loaded with
1205 as the source of I during the experiments. The CN-3 glass series is loaded with 1205 +
PtO2 providing an additional source of Oz during the experiment. The objective is to
determine the impact of different I sources and various oxygen concentrations on the I
solubility, speciation, and I dissolution mechanism in aluminoborosilicate glasses. The most
prominent difference between the I starting source is the oxygen concentration that is higher
in the CN-2 and even higher in CN-3 experimental series in which PtO2 has been added.
During the high-pressure and high-temperature experiments, 1205 dissociates at ~350°C into

2 and Oz; and in a similar manner, PtO2 decomposes at 450°C into Pt and Oo.

We used welded shut 5.4 mm outer diameter Pt capsules for the high-pressure high-
temperature experiments. We loaded the I source (and PtO2) at the bottom of the capsule and
the glass powder added on top of it. As shown in Table 1, we loaded approximately the same
amount of I in every experiment: ~13 mol.% I as I or 120s calculated from the number of
mole of added iodine divided by the total number of mole of oxides in the glass. This amount
of I is supposed to be above the saturation;*® consequently, during the experiments, there is a
coexistence between a melt phase and an excess I-rich fluid phase. Considering that the initial
amount of I is constant from one experiment to another, the measured I content in the
recovered glass corresponds to the actual I solubility (i.e. the maximum I dissolved in the
glass matrix at a given composition and given intensive conditions). The amount of added Oz
is reported in Table 1 and is calculated considering the complete dissociation of 1205 and
PtOs. For the CN-2 experiments, the calculated O is ~16 mol.%; for the CN-3 experiments,
the calculated Oz is higher with ~20 mol.% Oz added coming from the dissociation of both

1205 and PtOa.
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The high-pressure experiments have been carried out in end-loaded piston-cylinder apparatus
(LPG Nantes). We used % inch talc-Pyrex assembly with the Pt capsule placed inside the
graphite furnace and surrounded by MgO-based ceramics for preventing contact between the
capsule and the graphite furnace. It should be emphasized that oxygen fugacity conditions
were not controlled during the experiments but are intrinsically fixed by the high-pressure
talc-Pyrex assembly itself and are relatively oxidizing. We achieved the experimental
conditions (1.5 GPa and 1400°C) using the protocol described in previous works.>> We
applied a pressure of 1 GPa followed by heating to 500°C and left for 5 min for high-pressure
assembly relaxation. We then increased the pressure up to 1.5 GPa. We added a 10%
correction on the pressure owing to the friction in the talc-Pyrex assembly.’® At 1.5 GPa, the
pressure is controlled automatically by a Stigma© needle pump preventing the pressure
variation during the experiment. The temperature was increased automatically up to 1400°C
at a rate of 50°C/min. During the experiment, the temperature was controlled by a B-type
(PtRhe-PtRh30) thermocouple located at the top of the capsule and accurate to £1°C. The run
duration was set to 4h for all the experiments to be reproducible. We stopped the experiment
by cutting-off the power and quench rate is estimated at ~100°C/sec. in the first S00°C. We
performed an isobaric quench to avoid the presence of bubbles in the obtained glass. The
recovered capsule was weighed for eliminating any possible leakage and I loss during the
experiment. The collected sample consists in a glass tainted in brown and covered at the
surroundings and along the experimental charge by a dark residue corresponding to the I
excess present during the experiments. Under high-pressure and high-temperature conditions,
I is in the fluid state but in a solid state at ambient conditions. The I residue is present across
the whole length of the sample suggesting that under run conditions I is distributed throughout
the melt. This residue was totally removed by washing in ethanol. Optical examination did not

reveal the presence of crystalline phases in the glass; however, for one particular sample
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(CoN3s-2) we suspect the presence of Nal nanocrystals, however, these crystals are not
observed during Scanning Electron Microscopy Energy Dispersive Spectroscopy analysis. A
dark residue was present at the bottom of the capsule for CN-3 experiments, corresponding to

the Pt coming from the dissociation of PtOx.
2.2. Scanning Electron Microscopy Energy Dispersive Spectroscopy

The major element and iodine concentrations were obtained with a JEOL JSM 5800LV
Scanning Electron Microscope, equipped with a SDD SAMx dispersive spectrometer (SEM
EDS, IMN Jean Rouxel Nantes). The analytical conditions were 15 kV for voltage and 0.5 nA
for current. The current beam was regularly controlled during all analytical campaigns to
ensure a reproducible electron flow. We mounted the CN glass chips in epoxy plugs and each
plug includes an ISG glass chip considered as a standard glass to our SEM
measurements.*®*%>7 The ISG standard glass was analyzed prior and after the CN glass chips
analyses to check for possible instrumental drift. The acquisitions were conducted on a 20 pm
spot size to avoid alkali (Na) loss under the electron beam. We performed 10 scans of 1 min.
for each sample as a peak threshold criterion to reduce the minimum acceptable concentration
for identification. We used internal standards for the elements quantification: LaBs for B203,
corundum for Al2O3, wollastonite for SiO2 and CaO, NaCl for Na2O, and Rbl for I. In most of
the case, the B20s3 is lower than the expected B203 (~30 mol.%, see Table 1). With all
precautions during SEM EDS analyses, we obtain an uncertainty on element (including

iodine) measurements that is typically £0.2 mol.%.
2.3. Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry

Glass I content was also determined using a Laser Ablation-Inductively Coupled Plasma-
Mass Spectrometry (LA-ICP-MS, LPG Nantes) for providing more robust results on the |

solubility. The spectrometer is an ArF excimer laser (193 nm, Analyte G2, Photon Machines)
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that is coupled to a quadrupole ICP-MS (Varian Bruker 820-MS). The ablations were
performed in a HelEx I1 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. All the analyses were performed in a spot
mode with circular spots size of 110 um in diameter. At least five acquisitions were collected
on each I-bearing glass sample. Acquisition time was set to 30 s. with points collected every
~0.25 s. (total number of point per analysis = ~120), preceded and followed by a 30 s. blank
acquisition. The washout time of the ablation cell was approximately 50 s., due to the long
remanence of iodine in the system. With this analytical setup, the pit size is estimated to ~20

um in depth.

The data were calibrated against several glass samples. The recorded isotopes were 2’ and
?7Al and this latter one was used as an internal standard. We calibrated the I content with two
high-pressure ISG glasses doped with I (1.29 and 1.34 mol.% I) and with known Al203
content of 4.08 and 4.02 mol.%, respectively. Both I and Al2O3 contents have been quantified
using Electron Probe Micro-Analyses (EPMA, ISTO Orléans). The good agreement between
EPMA and LA-ICP-MS collected data are provided in Suppl. Mat. and indicates that LA-ICP-
MS is a reliable technique for the quantification of our elemental concentrations in I-bearing

borosilicate glasses.
2.4. X-ray Photoelectron Spectroscopy

We used X-Ray Photoelectron Spectroscopy (XPS) to determine the I speciation in our high-
pressure borosilicate glasses. Several crystalline standards (Nal, NalOs and Cal2O¢) were also

analyzed for fingerprinting the I speciation in glasses.

We acquired the XPS spectra on Kratos Axis Ultra and Nova spectrometers (IMN Jean
Rouxel) equipped with a monochromatic Al Ka radiation operating at 1486.6 eV and 300 W.

The glass chips (~3x3 mm?) showing a surface from the bulk of the experimental charge were
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loaded into the sample chamber and at high vacuum (<8 10" mbar). The beam size on the
sample was 300x700 um?. We acquired the spectra with different pass energy: at 160 eV for
the wide spectrum with a step of 0.5 eV and at 20 eV for high-resolution XPS spectra on
elements with a step of 0.1 eV. We referenced the spectra against the adventitious C 1s
transition at 284.8 eV.%*° We used cycling acquisitions (10 to 15 cycles) to determine if the
sample spectra are changing under the X-ray beam. In the case that no change is observed
between the cycles, the final spectrum is obtained by averaging the sum of spectra obtained.
Currently, this was the case for CN-1 and CN-2 glass series. On the contrary, for CN-3 glass
series we observed that after the first cycle the I XPS spectrum was strongly affected by the
X-ray beam energy. We also performed XPS acquisitions on several glass chips for a given

sample charge to assert the homogeneity of the I speciation.

For I species, the high resolution XPS spectra were acquired at the I 3d ~620 eV core level.
The spectral window was set between 608 and 643 eV to be sufficiently large for background
subtraction. The obtained I 3d XPS spectra were treated with CasaXPS© software. We used a
Tougaard function for background subtraction.®® The I 3d spectra were fitted with asymmetric
Gaussian-Lorentzian lines and only the I 3ds2 peak was considered. The I 3ds.2 peak exhibits

higher intensity than the one for the I 3d3/2.%!

3. Results

3.1. I content and distribution in glasses from LA-ICP-MS and SEM EDS

Figure 1 shows the I content determined by LA-ICP-MS as a function of the I content
obtained by SEM EDS. From the general viewpoint, we observe that both I contents obtained
with LA-ICP-MS and SEM EDS provide comparable and consistent results. However, it
appears that LA-ICP-MS results are systematically higher than SEM EDS for the samples
with the highest I content. As mentioned earlier, the error bar on the I content determined by

SEM EDS is on the order of +0.2 mol.%. The error bars on the I content determined by LA-



251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

ICP-MS determined from the standard deviation of replicated measurements and is within the

point except for CoN3s-2 (£0.6 mol.%).

For the remaining of the manuscript, we will preferentially refer to the I content determined
by LA-ICP-MS. First, the error on the I content is much smaller from LA-ICP-MS than from
SEM EDS. Second, the LA-ICP-MS analyzed glass volume (~110x20 um?) is much more
important than for SEM EDS (~20x1 pum?*), therefore, we consider that the reported LA-ICP-
MS I content is more representative of the I bulk content. Although, a slight deviation from
the true I content in glasses is still possible using LA-ICP-MS results considering that the
calibration curve is obtained with two standard glasses with 1.29 and 1.34 mol.% I that is
lower than the I content measured in CN glasses (up to 5.7 mol.%). However, the possible
deviation will be lower than the one associated with SEM EDS measurements for which Rbl

(50 mol.% I) is used as a standard.

For C20N15-22, we have investigated the I concentration in detail using LA-ICP-MS. 1
concentration profiles were obtained through the entire Pt capsule length and width (see
Figure 2). We acquired several transversal profiles using the laser ablation point mode and 48
points were acquired (the entire set of data is provided in Suppl. Mat.). The results are shown
in Figure 2 as a contour plot for I. The lines of equal contents have been drawn from linear
extrapolation. We observe that the I concentration is almost entirely homogeneous throughout
the sample charge. These measurements provide the typical error on the I solubility after high-
pressure experiments. For this sample, the I content ranges from 4.5 to 4.8 mol.%. Based on
the 48 points, we obtain an average value of 4.6 mol.% I with a standard deviation of 0.1
mol.%. This error is taken as representative of the I solubility error for the whole set of

samples.

3.2. I solubility in glasses
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The measured I solubility in mol.% is reported in Table 1 along with the major element
composition measured for each glass. We plotted the I solubility as a function of XNa
(Na/Na+Ca in mol.%) in Figure 3. We fitted each I solubility glass series with a polynomial
function. For the synthesized high-pressure glasses, the measured I solubility ranges from 0.5
to 5.7 mol.%. Three striking features are observed in Figure 3: 1) the highest I solubility is
observed for CN-2 glasses loaded with [20s as the I initial source; 2) the I solubility change is
non-linear with respect to the XNa change, regardless of the I source; and 3) the higher loaded
O2 does not lead to the highest I solubility (i.e. lower I solubility in CN-3 than in CN-2

glasses).

In Figure 3, the higher I solubility in the CN-2 glasses as compared to CN-1 and CN-3 ones is
clearly observed for all glass compositions except C3sNo-2. In C30Ns, the difference in [
solubility is 1.5 mol.% (0.5 to 2.0 mol.% for C30Ns-1 and C30Ns-2, respectively). Such
difference in I solubility is well above any possible error on the I measurement using LA-ICP-
MS. For C20Ni1s, the difference in I solubility is even larger: 4.3 mol.%. For the C3sNo glass
composition, the I solubility is comparable regardless of the initial I source or added O2: 1.2
and 1.3 mol.% for C35No-1 and C3sNo-2, respectively. The Ca-free CoN3s glasses exhibit the
highest I solubility with 3.9 and 5.7 mol.% for CoN3s-11 and CoN3s-2, respectively. Globally,
increasing the XNa in the glass composition induces an increase in I solubility. In fact, Ca-
rich glasses are not as favorable for dissolving large quantities of I as Na-rich glasses. Based
on X-ray Absorption Spectroscopic results, previous studies also suggested a strong affinity

between iodine and sodium.3!-3%62

For the CN-1 glasses, we observe in Figure 3 a clear parabolic evolution of the I solubility as
a function of XNa. The I solubility is decreasing from 1.2 to 0.5 mol.% between C3sNo-1 and
C30Ns-1 and C20Nis-1, increases to 1.7 mol.% for CioN2s-1 and further increases to more than

3 mol.% I in CoN3s. The non-linear change in I solubility in the CN-1 glasses as a function of
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XNa is currently unexplained. We suspect that there is a strong intermixing between Na and
Ca cations in the glass structure that could explain the I solubility behavior. It is comparable
to the mixed alkali/alkaline-earth effect identified in glasses and inducing non-linear evolution

of the glass physical properties.48,49,63,64

In CN-2, the I solubility behavior is not the same and does not show a parabolic evolution but
a sub-linear trend is observed and shows an increasing I solubility from C3sNo-2 at 1.3 mol.%
to CoN3s-2 at 5.7 mol.%. It should be stressed that both the non-linearity (for instance in CN-1
glasses) of I solubility and the impact of the iodine source on the I solubility were not
anticipated; demonstrating that I has a complex behavior in aluminoborosilicate matrix. On
the contrary to CN-1 glasses, the Ca/Na intermixing does not seem to induce a negative effect
on [ solubility, which is interpreted as resulting from the increasing oxygen concentration
within the glass in CN-2. The increase in oxygen concentration might induce a larger
dispersion of positive cation charges for compensation and therefore allowing more space for
I to be accommodated. Furthermore, Cormier and Cuello® showed that an increase in cation
coordination (due to the increase in oxygen concentration in the case of CN-2 glass series) is
accompanied by an increase in bond length; hence, facilitating the I accommodation in the
glass. It also implies that the I local environments in CN-2 glass series is not affected by the
Ca/Na intermixing and I environments are charge compensated by Ca and Na without

distinction.

Except for C35No, the solubility results for CN-3 glass series appear intermediate between |
solubility for CN-1 and CN-2. For C35No-33, the measured I solubility (1.3 mol.%) is on the
same order as for C3sNo-1 and C3sNo-2. It suggests that regardless of the I form the I solubility
is not strongly affected in pure calcic glass composition; on the contrary to mixed Na-Ca glass
compositions in which the nature of I source plays a major role on I solubility. The

intermediate value for I solubility in CN-3 glass series was not expected (i.e. higher |
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solubility was expected considering the higher Oz concentration) and is currently not clearly

explained and additional experimental work is required for investigating further this aspect.

3.3. I speciation in glasses

3.3.1. General case

The Figure 4 shows several I 3ds> XPS spectra obtained for C3sNo and CoNas glass
compositions and for the two initial source of iodine: either I (Figure 4A and C) or 1205
(Figure 4B and D). The spectra are shown with the same range of energy between 610 and
630 eV. The entire set of obtained XPS spectra along with the corresponding simulation is
provided in the Suppl. Mat.. The spectra in Figure 4 are also presented with the subsequent

deconvolution and the corresponding I speciation.

For C35No, we observe two different I speciation depending on the initial I source in the
starting material. In C3sNo-1 (I2 loaded, Figure 4A), we observe a peak at ~619 eV and a small
shoulder at ~621 eV. In C35No-2 (1205 loaded, Figure 4B), the XPS spectrum exhibits two
major contributions: one at ~619 eV and one at ~624.5 eV. The peak at 619 eV can be
assigned to I" species,’!%%¢7 the peak at 621 eV can be assigned to I° species,®® and the peak at
624.5 eV can be assigned to I°".%%% In C35No-1, when I is loaded in the starting material,
iodine is mostly dissolved as I" species (93.9%), and a small proportion of I° is also identified
(6.1%). It implies that for a total of 1.2 mol.% I, I represents 1.13 mol.% and I° represents
0.07 mol.% (see Table 1). In C35No-2, the deconvolution of the XPS spectrum is more
complex as the peak at ~619 eV cannot be decomposed with a single asymmetric line and a
small contribution at ~621 eV is requested to reproduce the entire spectrum of the I 3ds..
Nevertheless, when 1>Os is loaded in the starting material, iodine is mostly dissolved as I°*
(58.6%) with a non-negligible contribution of I (28.8%) and a small contribution of 1°
(12.7%). With a measured I solubility of 1.3 mol.%, I°* represents 0.76 mol.%, I represents

0.37 mol.% and I° represents 0.17 mol.%. As shown in Table 1, the other glass samples
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exhibit the same behavior: when Iz is loaded, the I speciation in the glass is mostly I" and
accompanied by a small quantity of 1%, when 1Os is loaded, the I speciation in the glass is a
mixture of I°*, I° and I. Combined with the I solubility results, we observe that the maximum

I solubility is obtained when I is dissolved mostly as I°*.

The XPS results obtained on the CoN3s-11 glass sample are comparable to the results obtained
for C35No-1 with I" as the dominant dissolved I species (Figure 4C): 96% I" and 4% I°*. For
this sample, we obtain an I solubility of 3.9 mol.%. The XPS spectrum for CoN3s-2 shows the
predominance of I°* as the I dissolved species, hence comparable to the results obtained on
the other glasses (see Table 1). For CoN3s-2, the I solubility is 5.7 mol.%. For the whole glass

compositions, we observe that I solubility is positively correlated to the increase in I°.

For C35No-2 sample, several XPS spectra were recorded on different glass chips collected
from the experimental charge with the objective to determine if the I speciation is
homogeneous within the experimental charge. Four glass chips from C3sNo-2 were collected
along the experimental charge (from top to bottom) and analyzed by XPS for investigating the
homogeneity of the I speciation. The results are shown in Figure 5 with an estimated error bar
of 10% in relative to the data. The I speciation is slightly heterogeneous: I ranges from 20 to
32%; I°" ranges from 58 to 74%; 1° is roughly constant from 5 to 9%. We obtain the following
average values and standard deviation: I" = 26.1£8.4%, I°" = 66.5£8.0, and I = 7.4+2.9%.
Therefore, we suggest that the I speciation in CN-2 glasses is accurate to only +10% in

I°* species are not

absolute value. This problem does not apply to CN-1 glass series as
observed (although 4% I°* is determined for CoN3s-11) from XPS measurements (see Table

1). We explain the strong difference in I speciation between the CN-1 and CN-2 glasses by

the different experimental conditions: I2 loaded in CN-1 and 1205 loaded in CN-2.

3.3.2. Higher oxidation case: C35No-33 glass
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The CN-3 glass series represent a peculiar approach aimed to increase the oxidation
conditions prevailing during high-pressure experiments. We choose to increase fO2 conditions
by doping the sample with PtO2 that decomposes into Pt and Oz at high-temperature. The
expected result was an increase in I solubility, however, as shown in Figure 3 we do not
observe such an increase: I solubility slightly decreases in CN-3 glasses. During XPS
analyses, we have observed that I speciation was highly unstable under X-ray beam. We show
in Figure 6 XPS spectra obtained on C3sNo-33. Spectra are shown for several successive
cycles (Cycle 1, 4 and 9 out of 15) obtained on this glass sample. For the first time, we clearly
demonstrate the presence of periodate species with +7 oxidation state with a peak located at
~626 €V.%%70 The 1" is present along with I°", I and I in this glass sample. This result
provides the first evidence for the presence of I’* dissolved in aluminoborosilicate glasses

synthesized under high-pressure conditions.

I

The simulation of the XPS spectrum for C3sNo-33 suggests that I'" is present in non-

negligible quantity. In Cycle 1, I'*

species represent almost one third of the I dissolved
species. However, it appears that such highly oxidized species is not stable under the X-ray
beam during the successive XPS cycles. As shown in Figure 6, I’* decreases significantly in
Cycle 4 and becomes negligible in Cycle 9. The change in the I species proportions for this

sample are reported in Figure 7 (data are provided in Suppl. Mat.). We clearly see that I”*

quickly destabilizes after 4 analysis cycles and after 15 cycles the I”*

totally disappears. On
the contrary, we see that the proportion of I’ increases conjointly with the decrease in I’* (I°
and I remain constant) suggesting that there is a conversion of I’* to I°* resulting from the
energy of the X-ray beam. We do not observe any increase in the 1° and I". Although, the
statistic is not ideal (i.e. proportions obtained on each cycle), we suggest that the I speciation

measured at the first cycle represents the true I speciation prevailing in the C35No-33 glass and

derived proportions after Cycle 1 are reported in Table 1. For the C20N15-3 and CioN2s-3, the
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periodate species is not observed (see Table 1); however, we cannot exclude its presence

during the experiment under high-temperature and high-pressure conditions.

Above the fact that periodate species appear highly unstable during analytical characterization
by XPS, our results also imply that iodate species are probably the most stable oxidized iodine
species (see Figure 7). Therefore, a protocol that focuses on increasing further the oxidation
conditions might not be efficient in 1) dissolving more iodine and 2) dissolving iodine in its

most stable form.

4. Discussion

4.1. lIodine speciation and dissolution mechanisms: the influence of the redox state

In Figure 3, we show that the I loaded form has a dramatic impact on the I solubility and we
demonstrate that the change in I solubility is related to the change in I speciation as measured
by XPS (see Figure 4). As I°" increases into the glass, there is an increase in I solubility. We
have plotted in Figure 8 the change in I solubility as a function of the Overall I Redox State

(ORS) calculated from the I speciation in Table 1 with the following equation:
—1XXI~+5XXI>" +7x XI"* = Overall I redox state (ORS) €))

In Figure 8, we can observe that there is a positive correlation between I solubility and ORS.
This positive correlation is clear for most of the glass compositions. For C20N1s the trend is
less clear whether the increase is linear or not. For C3sNo glass composition, I solubility does

not vary with increasing ORS.

The present work represents the first evidence showing that, at constant glass composition and
constant intensive conditions, the I solubility depends on the I speciation. At high-pressure
and high-temperature, I2 is under supercritical conditions, which implies that the

fluid

thermodynamic activity of the I>™¢ equals the thermodynamic activity of the ™. Within the

melt iodine atoms ionizes in the surroundings of sodium or calcium to form Na..I or Ca..I
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linkages. In the case iodide is only present (i.e. CN-1), we propose the following general

chemical reaction for iodide dissolution mechanism:

glg"e“/ flutd 4 g+, 0-NBO  Mnt+. [~ 4 gozf tutd/melt | g 0BO 2)

In Eq. 2, M™ is a charge compensating cation for I" species either Na* or Ca** forming Na..I
and Ca..I species.**®? In Eq. 2 the I dissolution is accompanied by a rearrangement of the
glass network: a Non-Bridging Oxygen (NBO) is transformed into a Bridging Oxygen (BO)
implying that I dissolution has a polymerizing effect on the glass structure. However, it is
probably a little more complicated than currently mentioned, as the oxygens involved in Eq. 2
might indeed be NBOs from the boron or silicate units. For instance, Jolivet et al.*® showed
that the proportion of BO4 units (i.e. N4) in the glass is affected by the I dissolution. BO4
concentration can increase or decrease depending on the glass chemical composition. In Eq. 2,
accompanying the polymerization of the network is the production of 1/20: that is released in
the fluid phase. By analogy to the I dissolution as IO3™ that is enhanced in the case an excess
02 is present (i.e. CN-2 and CN-3), the release of Oz in the fluid should induce the dissolution
of a limited proportion of 103". Clearly, it is not the case as the I speciation is mostly I (only

CoNs3s-11 exhibits the presence of 1037, see Table 1).

Under intensive conditions, the oxygen activity is expressed by the oxygen fugacity (fO2).
During the high-pressure experiments, using talc-Pyrex assemblies, the fO2 has been
estimated to be close to QFM+1 in relative to the solid oxygen buffer Quartz-Fayalite-
Magnetite.”!’? These conditions are relatively oxidizing. For instance, in C- and S-bearing
high-pressure systems, the oxidized CO2 and SOz (or SO3) are the dominant species in both
the fluid phase and the melt phase.’>”> However, in the I-bearing system currently studied, I»
is the dominant species in the fluid phase and Eq. 2 is also controlled by I fugacity (fI2). To

our knowledge, there is currently no available Equation-Of-State for I2 in the fluid phase
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under temperature and pressure conditions preventing from calculating the I> thermodynamic

activity in the fluid phase under intensive conditions.

In the case of CN-2 glass series, we observe the coexistence between I" and I°* species, which
means that another oxidation/reduction mechanism has to be proposed for constraining the
fO2 conditions. The fact that I>* is observed in the glass implies necessarily that there is an

increase in the fO2 (fO2 > QFM+1). We used the following chemical reactions for explaining

the oxidation/reduction mechanisms and the coexistence of both I and I°* species in the CN-2
glasses:

E7
I, +2e” <21 3)

EO
L, +30,+2e~ S210; (4
The standard potentials for these two reactions are E1 = +0.54 V and E% = +1.8 V. It follows
the global equilibrium reaction:
K
2105 & 21~ + 30, (5)
With:

_ UT1Pxfg,
K= [105]2 (©)

We combined the Nernst and the Gibbs-Duhem equations to determine the K value at
1400°C: 2.56x1078. Using the I and 103™ concentrations determined for CN-2 glasses in Table
1, we were able to estimate the fO2 conditions prevailing during the oxidized experiments
with [20s. We obtain a fO2 on the order QFM+3 (the detailed calculation is provided in Suppl.
Mat.), which is consistent with the higher oxidizing conditions imposed by the dissociation of

[20s into I2 and Oz during the experiment. The QFM+3 only represents an estimate of the fO:
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condition; a more convenient approach would require the use of solid oxygen buffers during

the experiments.

With regards to the actual I dissolution mechanisms within the glass structure, the global
equation proposed by Riley et al.*? involves the coexistence of I and I°* species to the
proportions of 5:1; however, it cannot apply to our study as the proportion of I°* in CN-2
glasses is well above this ratio (see Table 1). We propose the following equation (Eq. 7)

15+

describing the dissolution of I°" species:

SI{luid/melt + 57n02fluid/melt + M 07 NBO ., pyn+ (103_)71 +§030 (7)

In Eq. 7, Oz from the fluid phase (from the dissociation of 120s) and oxygen from the melt (O
NBO) are used to form iodate species (I037) with surrounding charge compensating cation M™"
either Na* or Ca?* forming Na*(I03") or Ca?*(103)2 units dissolved in the glass. Eq. 7 also
implies that the dissolution of I as IO3™ is favored by an increase in fO2 during the experiment.
This implication is only true to a certain extent considering that we do not observe an increase
in the proportion of the IOs™ proportion in the CN-3 glass series. In a similar way to Eq. 2, the
I dissolution as I03™ induces a rearrangement of the glass network by consumption of NBOs

that change to BOs as a result of the charge compensation by the cation, either Na* or Ca*".
4.2. Consistency between measured I speciation and dissolution mechanisms

Although I dissolved as I in glasses equilibrated with pure Iz is consistent with previous
works,® it is surprising not to observe 103 coexisting with I" considering that Oz is produced
during I dissolution (see Eq. 2). Similarly, the mixed 1037/I" speciation in glasses equilibrated
with pure 1205 is questioning, as the quantity of oxygen brought by the dissociation of 1205
should be enough to promote the I dissolution as 103™ only (see Eq. 7). We have done the
mass balance on oxygen consumed and produced during I dissolution as I and 103 as

observed in the CN-2 and CN-3 glass series. For the sake of clarity, we have considered that
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sodium is the charge balancing cation (i.e. considering calcium as balance element gives the

same results).

i I, + c Na*t..0~NBo*oret 4 gi 0, - x Nal + y Na(I03) + (c — x — y)Na*..0~NBO™*" 4
Ozfluid (8)

With the following number of mole:

, 5, 5, 3
1+c+51—>x+y+(c—x—y)+(zl+x+7y—5y) )

In Eq. 9, the x+Ty on the right-hand side for O™ corresponds to the number of mole produced

by the transformation of ONB° to OBC for example with the following equation:
2X—0"B%. 2Na + I, > 2Nal + X —0%° =X +20,  (10)

In which X stands for a network former cation such as Si or B. The x + y is also equal to the

dissolved iodine number of mole, 2i. In Eq. 9, the g [ quantity corresponds to the number of

mole coming from the 1205 dissociation, and the — S y quantity corresponds to the
consumption of O™ to form iodate. Therefore, the net proportion of O2 produced in the

fluid on the right-hand side of Eq. 9 is (%l - 373/) The I dissolution implies necessarily that

Gi - 32_y) is either equal to 0 or positive. It follows that 3y < 7i. Therefore, we can extract

the proportion of iodate formed% < 2. Assuming this mass balance on the oxygen, it implies

that the upper limit for I03™ concentration is 100% in the case [20s is added to the system. The

same calculation can be conducted for the I> loaded during the experiment. In such case, the

SLis removed from the calculation and the upper limit to the proportion of iodate becomes

% < é, which corresponds to 33% of 103™ formed.
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As shown in Table 1, under no circumstances those upper limits are achieved: there is no 103
in the CN-1 glass series and 103™ reaches a maximum of 85% in C3oNs-2. Consequently, the
oxygen availability appears not to be the limiting factor for the formation of 103™ species and
other controlling parameters (e.g. thermodynamic) are involved in the equilibrated speciation

that we actually measure.
4.3. Exploring leads for future '>°I immobilization in aluminoborosilicate glasses

1291 radioisotope represents a serious environmental problem that requires specific matrixes
for immobilization. One goal to our approach is to provide highlights for guiding future
research in the elaboration of matrixes for the geological disposal of '?°I. However, we are
perfectly aware that the synthesized glasses in the present work are essentially designed to
obtain the fundamental understanding of the role of Ca and Na on the iodine dissolution in
glasses. For instance, the investigated pressure (1.5 GPa) is high in comparison to an

industrial process using Hot-Isostatic Press!***4

and the chemical durability of the presently
investigated glass compositions remains to be asserted.”* Considering the lack of experimental
data on I solubility, it appears presumptuous to build a reliable model that can be used for
predicting I solubility for a wide range of aluminoborosilicate glass compositions.

Nonetheless, we can provide a series of preconisation for a future permanent immobilization

of %I radioisotopes.

In Figures 3 and 8, we show that CoN3s glass composition represents the best candidate to
dissolve efficiently '*’I nuclear waste providing that high oxidation state is imposed during
the experiments and I is dissolved in the glass as iodates species. It should be emphasized that
the iodate species are the most advantageous form of I with respect to environment as its
mobility in clays is lower than the iodide species.””’® We suggest that the increase in I
solubility with increasing I oxidation state is resulting from the availability of oxygen atoms

within the melt to form IO3™ units. Interestingly, increasing strongly the oxygen concentration
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tends to promote the formation of periodate; however, as shown in Figure 7, this species lacks
stability within the glass under the XPS beam. This lower stability is likely due to the higher
oxygen coordination environment around I’*.”7 Although the periodate stability under natural
environmental conditions should be investigated, we suggest that exceedingly high oxidative
conditions should be avoided to prevent the formation of periodate species. Meanwhile,
sufficiently high oxidation conditions should be maintained to maximize the I solubility. Solid
sorbents such as crystalline NalOs could be used to ensure high I load and high oxidation
conditions during the vitrification process. Moreover, this methodology would increase the Na
content in the matrix composition and consequently increasing I solubility due to the higher I

affinity for Na-rich glass compositions.

Further experimental work has to be conducted in order to decipher the I solubility change in
aluminoborosilicate glasses considering the large range of chemical compositions for nuclear
waste glasses.?>”® For instance, the rationale for I solubility as a function of the nature of the
charge compensating cations is not clearly determined. In the present work, we clearly show
that I dissolution is favored in Na-rich compositions as compared to Ca-rich compositions.
Both cations are close in size but with different charges and different roles within the glass
structure. Na* is known to act as a charge compensating cation to BO4 units and AlO4 units;”*-
8 whereas Ca?" acts as a network modifying cation inducing the depolymerization of the glass
network.3485 As a result, Na™ is located in the surroundings of weakly charged oxygen atoms
(i.e. bridging oxygen, BO), whereas Ca*" is surrounded by highly charged oxygen atoms (i.e.
non-bridging oxygen, NBO). However, the nature of oxygen atoms surrounding Na* and Ca**

t.4> Na™ has more affinity with I or 103" species

is mitigated considering the mixed alkali effec
than Ca?*, which can be explained by the weaker nature of the Na-OB° bonds in the structure

compared to Ca-ONBO bonds. In the case of pure Ca glass composition, Ca** adopt both roles:

charge compensating and network modifying; and I dissolution in that case is still possible (I
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solubility different from 0) but to a limited extent. As a result, it could be pertinent to
investigate the change in I solubility as a function of the size and charge of the non-network

forming cations (i.e. Li*, K*, Rb*, St**, Ba>").
5. Conclusions

Better understanding of the I behavior in borosilicate glasses is a prerequisite for the
formulation of future matrixes able to immobilize '*°I in geological repositories. In the present
work, we have investigated the change in I solubility in a series of borosilicate glass 1) held
under high-pressure conditions (1.5 GPa), 2) with varying Ca/Na ratios, and 3) with different

sources of I and oxygen to study the effect of redox conditions.

We have demonstrated that I solubility is strongly enhanced when the iodine source is 1205
instead of I.. Under highly oxidizing conditions, XPS measurements revealed that iodine is
essentially dissolved as I°* species. Increasing further the oxidizing conditions is
counterproductive as it implies the presence of the unstable I’ species and does not lead to an

increase in I solubility.

Regardless of the I speciation, we have shown that there is a non-linear behavior of
solubility as a function of XNa value. Globally, we show I solubility is favored in Na-rich

glass compositions, in agreement with previous experimental investigations.
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Figure caption

Figure 1: I concentration measured by LA-ICP-MS as a function of I concentration measured
by SEM EDS. The 1:1 line is reported. The provided error is calculated from the standard
deviation of the replicated measurements: at least 5 spots by LA-ICP-MS, 10 scans by SEM

EDS.



732 Figure 2: I concentration determined by LA-ICP-MS for C20N15-22 glass sample. The |
733 content was measured along and across the Pt capsule to determine the homogeneity with
734  respect to I content. 48 spots were acquired through the entire experimental charge. The

735  average I concentration is 4.6 mol.% and the standard deviation is £0.1 mol.%.

736 Figure 3: Change in I solubility as a function of XNa = Na/(Na+Ca) for the investigated
737  glasses. The I solubility for the three experimental series is represented: CN-I2 (CN-1), CN-
738 205 (CN-2) and CN-1205+PtO2 (CN-3). I solubility can reach up to 5.7 mol.% and is

739  maximised for CN-2 glass series in which I is dissolved as I°".

740  Figure 4: XPS spectra obtained for C3sNo and CoN3s glasses showing I dissolved mainly as I
741 (CN-1) or I°* (CN-2). The spectrum simulations are also reported along with the quantified
742  species. We show that I dissolves as several species in the glasses: I (~610 eV) and I° (~621
743 eV) for the less oxidized ones (CN-1); I°* (~624 eV), I and I° for the most oxidized ones

744 (CN-2).

745  Figure 5: Distribution of I speciation as measured by XPS on four glass chips for C3sNo-2

746  glass. The I speciation appears relatively homogeneous in C35No-2 glass (£10%).

747  Figure 6: XPS spectra obtained on C35sNo-33 showing the presence of I’ species (~626 eV)

748  along with I°*, I and I° species dissolved in the glass. Spectra are shown for several cycles of

I

749  acquisitions. There is a gradual decrease in the I"" concentration from 30.3 to 3.8% between

I7+

750  Cycles 1 and 9, respectively; demonstrating the weak stability of I'" within the glass under the

751  X-ray beam. The entire set of data is provided in the Suppl. Mat..

752  Figure 7: Change in the I species concentrations (I"*, I°*, I, I°) as a function of the XPS cycle
753  for C35sNo-33. Periodate I’* is gradually converted to iodate I°*; and I’* concentration is close

754  to 0 after 10 XPS cycles.
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Figure 8: I solubility as a function of the I Overall Redox State (ORS). The ORS is calculated
from Eq. 1 and using the I speciation obtained from XPS spectrum simulations. An estimate
of the fO2 conditions is provided: QFM+1 in CN-1 series and QFM+3 in CN-2 series. The I
solubility is positively correlated to the increase in oxidizing conditions for Na-bearing glass

compositions (i.e. from C30Ns to CoN3s) but seems unaffected for Ca-bearing glass (i.e.

C35No).
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Table 1: Major elements, I solubility and speciation for CN glass series loaded with I> (CN-1), 205 (CN-2) and [205+PtO2 (CN-3).

Sample I loaded Added O, Major elements (mol.%) I speciation® I solubility (mol.%)!
(mol.%) (mol.%) Si0, B,0O; ALO; CaO  Na,0O  XNa I I rr " I Overall Redox State (ORS)* ISEMEDS  ILAICP MS
CN-0 I-free 0.0001 GPa 1200°C
C3sNp-0 0 0 324 29.1 49 33.6 0 0
C3oNs-0 0 0 31.7 29.7 52 28.4 5.0 0.26
CyNj5-0 0 0 33.9 29.0 5.0 17.9 14.3 0.62
C1oNs-0 0 0 329 29.6 49 8.9 23.6 0.84
CoN35-0 0 0 315 30.7 5.3 0 325 1
CN-1 1, loaded 1.5 GPa 1400°C 4h
C3sNo-1 134 0 31.8 29.2 49 32.5 0 0 93.9 6.1 0 -0.94 1.6 1.2
C3oNs-1 13.3 0 32.1 29.9 5.0 27.7 4.7 0.25 86.4 13.6 0 -0.86 0.7 0.5
CyoNis-1 12.9 0 335 30.0 4.8 17.4 13.4 0.61 94.1 5.9 0 -0.94 0.9 0.5
C1oNps-1 13.5 0 31.6 31.1 5.1 8.8 21.5 0.83 85.2 14.8 0 -0.85 1.9 1.7
CoNjs-11 124 0 31.5 29.2 5.3 0 31.0 1 96.0 0 4.0 -0.76 3.1 3.9
CN-2 1,Os loaded 1.5 GPa 1400°C 4h
C3sNp-2 12.6 15.7 32.0 23.8 5.2 36.9 0 0 28.8 12.7 58.6 2.64 2.0 1.3
C30Ns-2 13.1 16.4 31.2 27.3 52 29.3 4.8 0.25 14.5 0 85.5 4.13 22 2.0
CyoNjs-2 12.6 15.8 31.6 26.9 5.1 15.3 14.9 0.66 9.2 8.2 82.5 4.03 4.7 4.8
CyoNj5-22¢ 12.1 16.2 32.0 28.6 4.8 16.1 14.1 0.64 nd nd nd nd 4.4 4.6
C1oNps-2 12.9 16.7 31.6 28.4 5.4 11.5 17.5 0.75 9.9 2.4 87.7 4.29 42 5.5
CoNjs-2 134 15.1 31.6 29.9 5.3 0 28.9 1 21.5 1.3 77.2 3.65 4.4 5.7
CN-3 I,Os + PtO: loaded 1.5 GPa 1400°C 4h
C3sNp-33 12.0 18.8 33.0 29.8 5.6 30.3 0 0 14.5 43 51.0 30.3 4.53 1.4 1.3
CyoNj5-3 13.1 204 34.8 29.5 5.8 17.0 10.5 0.55 28.5 0 71.5 3.29 2.5 2.5
CoNps-3 13.6 21.6 33.0 29.8 5.7 8.3 20.9 0.83 21.8 0 78.2 3.69 2.7 5.0

*The major element concentrations are determined by SEM EDS, the ISG (Gin et al. 2013) was used as a chemical reference.

°The I speciation is determined from the simulation of the XPS spectra acquired in the I 3d spectral region (610-640 eV). The error on each species concentration is estimated to be better than 10% in relative to the
value.

°The I Overall Redox State represents an empirical value corresponding to the balance between the different oxidation states (I, I°, I°*) determined through the XPS analysis.

4The I content is measured in the bulk glass. The error bar obtained on each value is obtained on the replicated analyses. Typical error on the SEM EDS measurement is +0.2 mol.% and the typical error on the LA ICP
MS measurement is better than 0.1 mol.%.

“The C20N15-22 is a solid copy of the C20N15-2, to assess the reproducibility of the method. The I solubility has been measured by LA ICP MS with the acquisition of 48 analytical points.
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