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Abstract

lodine 129 is a radioactive waste coming from the nuclear industry. Due to its high volatility,
it cannot be vitrified in conventional borosilicate glasses. As a part of the assessment of
alternative solutions, this work focuses on the study of the feasibility of iodine conditioning
using a glass matrix aiming at a long-term storage in a geological repository. Silver phosphate
glasses, which can incorporate high amounts of iodine and can be synthesized at low
temperature, were chosen for this study. In order to increase their chemical durability,
theses glasses were crosslinked by niobium and bismuth oxides. Niobium and bismuth
incorporation limits were determined for an iodine amount of 12 wt% and range from
1.6 mol% to 4.0 mol%, depending on the Ag,0O/P,0s ratio. The glasses polymerization state
was investigated using 3!P MAS NMR, RAMAN spectroscopy and X-ray absorption
spectroscopy. lodine local environment was determined by EXAFS at iodine K-edge.
Structural investigations show that the introduction of those crosslinking reagents induces a
significant increase of the polymerization degree of the glasses. However, despite this higher
connectivity, the two crosslinking reagents have a low impact on the glass transition

temperature of iodine-containing silver phosphate glasses.



1. Introduction

Nuclear power plants are an effective way of producing energy with low greenhouse gas
emission. However, they generate radioactive waste that must be managed to minimize its
impact on the environment and human health. High level nuclear waste is usually vitrified in

borosilicate glasses so that it can eventually be stored in a deep geological repository.

Radioactive iodine 12°I, which results from the fission of uranium 235 atoms, has a very long
half-life of 15.7 x 10° years and is highly mobile in geological environments generally
considered for storage purposes [1]. Thus, it is of critical importance to ensure its safe
conditioning in a highly durable matrix. During the spent nuclear fuel treatment, iodine can
be trapped on silver nitrate -impregnated filters and then be recovered as silver iodide.
However, silver iodide is volatile above 650 °C and cannot be vitrified with high level nuclear

waste, as nuclear borosilicate glasses require to be synthesized at least at 1100 °C [2].

Several matrices have been suggested for a specific conditioning of radioactive iodine, the
most studied being lead-vanadium apatite [3], iodate-substituted hydroxyapatite [4],
sodalites [5], cements [6], phosphate glasses [7] as well as composite materials [8].
Phosphate glasses are known for their low melting temperature as well as their ability to
accommodate high loadings of iodine (up to 65 mol% Agl) [9]. These particularly low melting
temperatures can be explained by the low polymerization degree of the glass network
induced by the pentavalency of phosphorus, unlike borosilicate glasses which can reach
higher polymerization degrees. However, this also means that phosphate glasses are known
for being less resistant to hydrolysis, and therefore to alteration in an agueous medium. As
such, phosphate glasses could not be considered as suitable for long term storage in a

geological repository.



However, a number of methods can be considered to enhance the chemical durability of
these glasses, relying on the modification of the glass network polymerization degree, such
as nitridation [10], which consists in the substitution of oxygen by nitrogen, or the addition
of crosslinking reagents, which are multivalent oxides able to form new bonds between the
phosphate chains and thus to increase the polymerization degree of the glass network.
Several oxides show good results in enhancing the chemical durability of phosphate glasses,
including Fe,0s [11], AlbO3 [12], Bi;Os [13] and Nb;Os [14]. Fe,0s-containing phosphate
glasses in particular have shown sufficient durability properties for the conditioning of

radioactive waste [15].

Considering that iodine is provided in the form of silver iodide, it was decided to focus on
silver phosphate glasses for a specific conditioning of iodine. Previous studies on silver
aluminophosphate glasses [16] showed that while Al,O3 was soluble in silver phosphate
glasses, the addition of iodine leads to the formation of crystallized Al(POs); phases, thus
limiting the amount of Al,Os that can be added to these glasses. Consequently, the chemical
durability enhancement brought by the addition of Al;Os is low [17]. Bi»Os has displayed a
higher incorporation limit in the same glasses [18]. It was hypothesized that this better
incorporation was linked to the higher polarizability of Bi3* ions (6.12 A3 against 0.79 A3 for
Al3* [19]), allowing them to better accommodate the network distortion induced by the

addition of Agl into the glass.

Following this, we decided to optimize the glass composition of Bi,Os-containing silver
phosphate glasses. We also decided to study the incorporation limit of Nb2Os in silver
phosphate glasses, as Nb5* also have a higher polarizability than A** (3.97 A3 [19]). In doing

so, we focused on two set of compositions: AgPOs (Ag/P = 1) and AgsP3010 (Ag/P = 1.6), to



which we added the crosslinking reagents in order to compare their incorporation limit for
each Ag/P ratio. A detailed study of their thermal properties and their structure was carried
out to determine the effect of these oxides on the glass network. The idea beneath this
study was to obtain iodine-bearing silver phosphate glasses with a high amount of
crosslinking reagents (higher than what could be obtain with alumina in the past [17]) in
order to get the highest polymerization degree and, in doing so, an enhanced chemical

durability.

2. Materials and Methods

Glasses were prepared using analytical grade Agl (Alfa Aesar, 99.9 %), AgNOs (Alfa Aesar,
99.9 %), Nb,Os (Alfa Aesar, 99.5 %), Bi,Os (Aldrich, 99.9 %) and (NH4);HPO4 (Prolabo, 97.5 %).
A two-step synthesis was performed. First, all reagents excepted Agl were heated in a Pt/Au
crucible up to 600 °C with a heating rate of 1 °C/min and held for 3 h, in order to remove
nitrate, hydroxyl and ammonium groups. The batch was then heated at 900 °C with a
heating rate of 5 °C/min and kept at this temperature for 1 h. It was then cast between two
brass plates in order to maximize the heat transfer, thus allowing the melt to be cooled at a
high speed and limiting the crystallization process. In a second step, iodine-bearing glasses
were prepared by grinding the previous glass, mixing it with Agl (weighted to reach 12 wt.%
of iodine), and heating the mix at 650 °C for 1 h, which is a sufficient temperature to obtain a

melt, which was then cast between two brass plates.

Glass compositions were checked on polished samples by EDS (Bruker AXS X-Flash Detector
4010 system) with standards on a Zeiss Supra™ 55 SEM (Table 1) operating at 15 kV with a

probe current of 1 nA. They showed that there was no volatilization of iodine during the



process thanks to the two steps method. The incorporation limit of the crosslinking reagents
in presence of iodine was investigated by XRD and by SEM (BSE mode on polished samples).
A crosslinking reagent was considered to have reached its incorporation limit when

crystallization could be found using either XRD of SEM.

Thermal behavior of the glasses was studied by DSC on ground samples at a heating rate of

10 °C/min, in air and using platinum crucibles.

Structure was investigated by 3P MAS NMR and X-Ray absorption spectroscopy for iodine
local environment. 3P MAS NMR spectra were acquired on a 400 MHz (9.4T) Bruker
spectrometer with a 4 mm probe, at a spinning speed of 12.5 kHz. For each sample, 8 scans
were acquired with a recycling delay of 120 s, and pulse of 2,5 ps and a pulse angle of /2.
Chemical shift of 31P nuclei are given relative to H3PO4; at 0 ppm. We used the conventional
notation to describe the connectivity of phosphate units: Q"m (n: number of POs units
connected to phosphate site; m: number of bismuth or niobium units connected to a
phosphate site) [18]. The proportion of Q"m units was determined by spectrum simulation

with an error of about 5 %.

lodine K-edge X-Ray absorption spectra were collected on the SAMBA beamline at SOLEIL
Synchrotron (proposal 20160062), France. Spectra were collected at 77 K in transmission
mode. The X-ray incident energy on the sample was defined using a double-crystal Si (2 2 0)
monochromater. The monochromater calibration was performed by collecting the XANES
spectrum of a silver foil. The XANES and the EXAFS regions were scanned with 20 eV, 0.08 s.
Spectra were collected between 32800 and 34700 eV, setting Eo at 33172 eV. Depending on
the data quality, 30 to 50 XAS data sets were collected per sample and averaged. The data

were then processed using the ATHENA package [20]. The EXAFS X(k) functions were



weighted by k? to enhance oscillations at high k values. The spectra were then Fourier
transformed over the k-range [3-10] A using a Hanning apodisation window. Theoretical
EXAFS backscattering paths were calculated from the computational modeling. Only simple
paths were considered for fitting. The fitting analysis was restrained to the [1.5-6.0] A’
domain of the radial distribution obtained by the Fourier transform of the EXAFS oscillations.

The amplitude factor So? was set at 0.9 for all shells of all samples.

Finally, information on niobium and bismuth coordination in the glasses was obtained by
Raman spectroscopy and X-Ray absorption spectroscopy, respectively. Raman spectra of the
AgPOs and AgP0s3-2Nb,0s glasses were recorded at room temperature with the 647.1 nm
excitation line of a Spectra Physics krypton ion laser. To avoid any degradation of the
sample, all the compounds were studied with a very low laser power (3—4 mW at the
sample). Four accumulations of a few seconds were used for each spectral range. The beam
was focused onto the samples using the macroscopic configuration of the apparatus. No
damage of the material by the laser was observed. The scattered light was analyzed with a
Raman Dilor XY800 spectrometer equipped with an optical multichannel charge coupled
device detector cooled by liquid nitrogen. In the 400-1300 cm™ range, the spectral
resolution is approximately 0.5 cm™. The micro-raman spectrum of the AgsP3010-2Nb,0s
glass was recorded at room temperature in the backscattering geometry. The spectral
resolution obtained with an excitation source at 532 nm is approximately 1 cm™. Once again
the laser power was kept low (<10 mW) in order to avoid sample damage. Bismuth Lj-edge
absorption spectra were collected on the SAMBA beamline at SOLEIL Synchrotron (proposal
20160062), France. Spectra were collected at 77 K in transmission mode. The X-ray incident
energy on the sample was defined using a double-crystal Si (2 2 0) monochromater. The

monochromater calibration was performed by collecting the XANES spectrum of a silver foil.
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The XANES region was scanned with 20 eV, 0.08 s. Spectra were collected between 13100

and 14943 eV, setting Eo at 13426 eV. Depending on the data quality, 20 to 60 XAS data sets

were collected per sample and averaged. The data were then processed using the ATHENA

package [20].

s::::Le Theoretical composition (mol%) Batch (measured) composition (wt.%)
. | Ag P Nb Bi o
Agl | Ag:0 | P:Os | NbaOs | BiOs |\, iy o) | (+2wt%) | (t1wt%) | (£0.1wt%) | (£0.1wt%) | (+1wt.%)
68.1 11.7 20.2
AgsP3010 - 62.5 37.5 - - - (67.7) (11.9) - - (20.4)
Agl- 12.0 63.2 9.1 15.7
AgsP3010 19.4 | 50.4 | 302 ) ) (12.8) (61.6) (9.2) ) ) (16.4)
AgsP3010- 66.2 11.4 1.9 20.5
2Nb,0s ) 613 | 3671 20 ) ) (66.2) (11.6) (1.5) ) (20.7)
Agl-
12.0 61.8 8.9 1.4 15.9
AgsP:01- | 195 | 493 | 29.6 | 1.6 - (12.7) (60.6) (9.1) (1.0) - (16.6)
2Nb,0s
AgsP3010- 65.4 11.3 2.7 20.6
3Nb20s ) 606 | 364 1 3.0 ) ) (66.0) (11.7) (1.6) ) (20.7)
Agl-
12.0 61.1 8.8 2.1 16.0
AgsP:01- | 195 | 488 | 293 | 24 - (12.8) (60.0) (8.9) (1.6) - (16.7)
3Nb20s
AgsP3010- 63.6 11.0 4.6 20.8
5Nb,0s ) 5941356 1 5.0 ) ) (63.7) (11.2) (4.1) ) (21.0)
Agl-
12.0 59.7 85 3.6 16.2
AgsP:010- | 19.7 | 47.7 | 286 | 4.0 - " ") ") ) - ")
5Nb20s
AgsP3010- 65.0 11.2 41 19.7
2Bi03 ) 612 | 368 ) 2.0 ) (65.0) (11.6) ) (3.2) (20.2)
Agl-
12.0 60.7 8.7 3.2 15.4
AgsP:Oi- | 19.8 | 491 | 295 - 1.6 (11.8) (59.9) (9.3) - (2.3) (16.7)
2Bi,03
57.7 16.6 25.7
AgPOs i 50 | 50 . i i (56.8) (17.0) i i (26.2)
12.0 55.1 12.9 20.0
Agl-AgPO; | 185 | 40.7 | 40.7 - - (12.4) (55.8) (12.1) - - (19.7)
AgPOs- 56.1 16.1 2.0 25.8
2Nb,0s ) 490 1 490 ) 20 ) ) (56.0) (16.5) (1.5) ) (26.0)
Agl-AgPOs- 12.0 53.8 12.5 1.5 20.2
INb,0s | 86| 399 | 3991 16 ; (12.8) (52.6) (12.8) (1.0) : (20.8)
AgPOs- 55.3 15.9 2.9 25.9
3Nb,0s ) 485 | 485 30 ) ) (54.6) (16.5) (2.5) ) (26.4)
Agl-AgPOs- . 12.0 53.2 12.4 2.3 ] 20.1
3Nb20s 18.7°] 394 1 3941 24 (13.0) (52.2) (12.4) (1.7) (20.7)
AgPOs- 54.9 15.8 43 25.0
2Bi03 ) 49.0 | 49.0 ) 2.0 ) (54.3) (16.2) ) (4.0) (25.5)
Agl-AgPOs- . 12.0 52.9 12.3 ] 3.4 19.4
2Bi,03 19.0°) 39.7 1 397 16 (12.8) (51.7) (12.4) (2.9) (20.2)
AgPOs- 53.6 15.4 6.4 24.6
3Bi,0s ) 485 | 485 ) 3.0 ) (53.0) (15.9) ) (5.9) (25.2)
Agl-AgPOs- 12.0 51.9 12.0 5.0 19.1
3Bi,03 1921 392 | 392 24 (12.6) (50.6) (12.2) (4.6) (20.0)
AgPOs- 51.0 14.7 10.4 23.9
5Bi,03 ) 475 | 475 ) 50 ) (51.1) (15.0) ) (9.8) (24.2)
Agl-AgPOs- 12.0 49.9 11.4 8.1 18.6
5Bi,03 196 | 382 | 382 4.0 (13.0) (49.5) (11.5) (6.7) (19.3)

Table 1. Composition of the studied glasses

((*): The corresponding glass was not obtained and thus no composition was measured)




3. Results
3.1. Incorporation of Nb2Os and Bi>Os in silver phosphate glasses

After XRD analysis and SEM observation (not shown here), no crystallization were detected
in phosphate glasses without iodine, whatever the amount of crosslinking reagent (Nb;Os
and Bi03) introduced. According to the definition of the incorporation limit stated above, it
can be concluded that without iodine, Nb2Os and Bi,O3 are both bellow their incorporation

limit in silver phosphate glasses at the studied concentrations.

lodine was then added to the previous glasses in the conditions beforehand described. The
Agl-AgsP3010-5Nb20s melt was however found to be too viscous at 650 °C to be cast on the
brass plates, as the melt did not even flow from the crucible. With no glass available for
characterization, the Agl-AgsP3010-5Nb20s composition wasn’t further investigated. Despite
this limitation is not strictly representative of in incorporation limit as defined above, Nb,0Os
will be considered have reached its incorporation limit in the AgsP3010 system in presence of

iodine and at this concentration for our synthesis conditions.

Figure 1 shows the XRD patterns of the glasses after iodine addition. Once again, no peak
was detected whatever the amount of crosslinking reagent (Nb,Os and Bi,03) introduced.
SEM images of the same glasses taken in BSE mode are presented Figure 2 (for the AgsP3010
system) and Figure 3 (for the AgPOs system). For the AgsP30i10 set of compositions, no
crystallization was found with niobium. However, the addition of iodine in the BiO3-
containing glass induced the expulsion of some of the bismuth from the glass matrix and the
subsequent formation of BiPOa crystallizations (composition calculated by EDS analysis). The

same phenomenon can be observed in the AgPOs set of compositions with both Nb;Os



(leading to the formation of a non-identified niobio-phosphate phase for the Agl-AgPOs-

3Nb20s glass) and Bi>Os (leading once again to the formation of BiPQOa, but this time for the

Agl-AgP03-5Bi>03 glass).

The fact that these crystallizations were not detected using XRD can be explained by a low

concentration in the glasses. It is however enough to state that the crosslinking reagents

have reached their incorporation limits in the iodine silver phosphate glasses at these

concentrations. Table 2 displays a summary of these results by presenting the maximum

Nb2Os and Bi;O3 concentrations that can be introduced in iodine-containing silver phosphate

glasses to obtain glasses with no crystallization, depending on the Ag/P ratio of the glasses

and in the conditions of our tests (addition of 12 wt.% of iodine to a glass frit at 650 °C).

Intensity (a. u.)

Agl-AgsP30,,

Agl-Ag:P;0,4-2Nb,0s

Agl-AgsP3015-3Nb,05
Agl-Ag.P;0,,-2Bi,0

(b)] '

Intensity (a. u.)

«u
W \

'\m‘\\%v\t " w.p” /»(v‘m‘ b

Agl-AgPO
Agl-AgP03-2Nb,0,
Agl-AgP0O;-3Nb,04

Agl-AgP0,-2Bi,0
Agl-AgP0,-3Bi,0;
Agl-AgP0;-5Bi,0,

2 theta (degree)

2 theta (degree)

Figure 1. XRD patterns of glasses in the AgsP3010 (a) and AgPOs (b) systems after iodine
addition.
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Agl-AgsP304, Agl-AgsP30,4-2Nb, 0

Agl-AgsP50,,-3Nb,0s Agl-Ag;P50,,-2Bi,0,

Agl-AgPOs

Agl-AgPO,-2Bi,0,

600 pm 600 um |- . v 600 um

Figure 3. SEM images (BSE mode) of glasses in the AgPOs system after iodine addition.
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Maximum crosslinking reagent
concentration in presence of iodine (mol%)

System (measured experimentally)
Nb,O, Bi,O,

1.6 2.4

AgPO

9% (1.0) (2.0)
2.4 <1.6
Ag:P04 (1.8) (<1.1)

Table 2. Maximum Nb:0Os and Bi;Os concentrations in silver phosphate glasses in presence
of iodine (12 wt.%) to obtain a glass with no crystallization.

3.2. Glass transition temperature

The evolution of the glass transition temperature (Tg) of the glasses depending on the
amount of crosslinking reagent is presented Figure 4 for the AgsP3010 set of compositions,
and Figure 5 for the AgPOs set of compositions. In each case, it can be noticed that the
addition of a crosslinking reagent to a glass without iodine induces a steady increase of Tg,
meaning that they have a visible effect on the glass network polymerization, even at low
concentration. Then, the addition of iodine to these glasses leads to an important drop of Tg
as it has already been observed [14-15]. However, in presence of iodine, even if the Tg of the
crosslinking reagent-containing glasses is slightly higher than those of glasses without any
crosslinking reagent, it can also be noticed that the increase of the crosslinking reagent
concentration in these glasses doesn’t impact the Tg. Indeed, whatever the content of Bi>Os
or Nb,Os, in presence of iodine, the glass transition temperature is of about 139 °C (+ 5 °C)
for the AgsP3010 set of compositions, and of about 162 °C (* 5 °C) for the AgPOs set of

compositions.
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Figure 4. Evolution of the glass transition temperature (Tg) versus the content of
crosslinking reagent for glasses of the AgsP30 set.
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Figure 5. Evolution of the glass transition temperature (Tg) versus the content of
crosslinking reagent for glasses of the AgPOs set.

Moreover, it seems that Nb,Os and Bi>Os don’t affect the Ty of the non-iodine containing
glasses with the same intensity. Indeed, for AgsP3010 system, the addition of 2 mol% of Bi,O3
induces a higher increase of the Ty than the addition of 2 mol% of Nb,Os, while it is the
opposite for AgPOs system. However, bismuth and niobium should not be compared based

on their molar amount. Indeed, as their charges are different, they don’t bring the same
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number of oxygen in the glass, and thus the polymerization gained from a same molar
amount is different. Instead, their effect should be compared depending on the number of
oxygens brought in the glass network. Figure 6 shows the evolution of the glass transition
temperature depending on the number of oxygen brought by the crosslinking reagents for
the non-iodine containing glasses. When taking this parameter into consideration, it can be
noticed that Nb>Os and Bi»Os affect the Tg from the AgPOs set of compositions with almost
the same intensity. Considering the AgsP3010 set of compositions however, it can be noticed
that the bismuth has a significantly higher impact on the glass transition temperature. Thus
it seems that Bi,O3 is a more efficient crosslinking reagent than Nb,Os. The fact that this
difference in efficiency is not observe for the AgPOs set of compositions could be explained
by the fact that the AgsP3010 system is more depolymerized from the stard, thus giving the
crosslinking reagents more leeway to polymerize the glass network. This seems to be
confirmed by the fact that in the AgsP3010 system, the addition of the crosslinking reagent
induces an increase of up to 100 °C, while this increase is limited to about 30 °C for the
AgPOj3 system. The fact that AgPOs is more polymerized than AgsP3010 from the start would

then reduce the difference of efficiency between Nb,Os and Bi,0s.
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Figure 6. Evolution of the glass transition temperature (Tg) versus on the number of
oxygens brought by the crosslinking reagents for the non-iodine containing glasses.

3.3. Structure of the glasses

31p MAS NMR
The 3P MAS NMR spectra of the glasses from the AgsP3010-xNb2Os set of compositions with

and without iodine are shown on Figure 7. The proportion of Q" groups has been calculated
by spectrum simulation and is reported in Table 3. As expected, the AgsP3010 spectrum
displays two resonances at 7 ppm and at -15 ppm, attributed to Q' and Q% groups,
respectively. The addition of Nb;0Os to this composition induces a decrease in the proportion
of Q% and Q% groups, which are replaced by Q' groups (resonance at -3 ppm),
representative of the creation of P-O-Nb-O-P bonds in the glass network. It also induces the
apparition of two resonances at 28 ppm and 16 ppm, attributed to Q% and Q% units,
respectively. While the proportion of Q% units is really low for the AgsP3010-2Nb>0s and
AgsP3010-3Nb,0s glasses (~ 1 %), it is significant for the AgsP3010-5Nb20s glass, which
displays up to 8.7 % of Q° units. The presence of these units can be explained by a

depolymerization of the glass network with the addition of niobium:

15



Q5+ Nb - Q7 + Qg (1)

This reorganization also explains the brutal decrease of Q% units and the increase of Q'
units that can be observed for the AgsP3010-5Nb,0s glass. Concerning the Q% units, they can
be seen only for the AgsP3010-5Nb,0s glass and only at a very low amount (< 0.1 %). Their
presence can also be explained by a depolimerization of the glass network with the addition

of niobium:

Qs+ Nb - Q¢ + Q7 (2)

The addition of iodine to these glasses is followed by a shift of the chemical shift of each
resonance by a few ppm toward more negative values. This was explained by an increase of
bond lengths and bond angles induced by the introduction of large iodine anions in the glass
[16]. However, this has no effect on the evolution of the proportion of Q"m units depending
on the amount of niobium, which is the same as for the glasses containing no iodine (see
Table 3), excepted for the Agl-AgsP3010-2Nb,0s glass, which displays an unexpectedly high

amount of QYo units.
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AgsP304g
AgsP30,4-2Nb,0;

AgsP3044-3Nb, 05
AgsP30,9-5Nb,0s

Agl-AgsP304,
Agl_Ag5PSOlO_2NbZOS

30 20 10 0 -10 -20 -30
Chemical shift 3'P (ppm)
Figure 7. 3P MAS NMR spectra of the glasses from the AgsP3010-xNb,Os set of

compositions without (top) and with (bottom) Agl.

Q% Q% Ql Qh Q%
& (ppm)
28ppm 16ppm 7ppm -3ppm -15ppm
AgsP3010 - - 69.6 % - 30.4%
AgsP3010-2Nb20s - 1.2% 39.7% 30.2% 28.7%
AgsP3010-3Nb20s - 0.7% 36.5% 36.5% 26.3%

AgsP3010-5Nb20s <0.1% 8.7% 435% 42.2% 5.6 %

Q% Ql Q' Q%
& (ppm)
15ppm Sppm -5ppm -16 ppm
Agl-AgsP3010 - - 68.9 % - 311%
Agl-AgsP3010-2Nb,0s - <01% 61.2% 246% 14.2 %
Agl-AgsP3010-3Nb,0s - <0.1% 390% 38.0% 23.0%

Table 3. Proportion of Q" groups for the glasses from the AgsP3010-xNb2Os set of

compositions with (top) and without (bottom) Agl.
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The 3P MAS NMR spectra of the glasses from the AgPO3-xNb,0Os set of compositions (with
and without iodine) are shown on Figure 8. The proportion of Q" groups has been
calculated by spectrum simulation and is reported in Table 4. The AgPOs spectrum displays a
main resonance at -17 ppm, which can be assigned to Q% groups. Then, the addition of
Nb20Os induces a decrease of the proportion of Q% groups and the apparition of Qo groups
(at 7 ppm), Q1 groups (at -6 ppm) and of Q?1 groups (at -28 ppm). Q1 and Q21 groups result
from the creation of new bonds in the glass network, which were expected with the addition
of niobium. The appearance of QYo groups is more surprising but can be easily explained.
Indeed, the addition of a crosslinking reagent (here NbOs) can manifest itself as two

reactions. The first one is the reaction of Nb2Os dissociation, which can be written as follows:

Nb,Os — 2Nb°* +50%~ (3)

The second reaction is the reaction of the glass network depolymerization, which can be

written as follows:

202+ 0%~ - 201 (4)

Finally, the appearance of Q'o groups can be explained by a reorganization of charges, which

can be described by the two following reactions [16]:

206+ 0*~ - Qf+ Qy  (5)

201 = Qi + Qp (6)

The addition of iodine to these glasses is here again followed by a shift of the chemical shift
of each resonance by a few ppm, without incidence on the proportion of Q" groups. Finally,

it can be noted that the AgPOs and the Agl-AgPOs glasses both display a very small amount
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of Q'; units, which should not exist considering the absence of a crosslinking reagent. This

could be explained by the presence of some hydroxyls groups during the synthesis of these

glasses. Indeed, Wenslow and Mueller [21] reported a resonance at -5.8 ppm in sodium

metaphosphate glasses, which was attributed to a Q14 unit.

AgPO,
AgP0O;-2Nb,04
AgP0O5-3Nb,0,

_/

Agl-AgPOy
Agl-AgPO,-2Nb,0x
AgI'AgP03‘3Nb205

20

10

0 10 -20 -30
Chemical shift *'P (ppm)

Figure 8. 3P MAS NMR spectra of the glasses from the AgP03-xNb>Os set of compositions

without (top) and with (bottom) Agl.
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Ql Qh Q% Q%

6 (ppm)
7ppm -6ppm -17 ppm -28 ppm

AgPOs 0.6 % 3.9% 95.5%

AgP03-2Nb20s 32% 151% 79.4% 24%

AgP03-3Nb20s 29% 19.1% 73.5% 4.4%

Qb Q4 Q% Q%
6 (ppm)
S5ppm -7Zppm -19ppm -30 ppm
Agl-AgPOs 0.6 % 0.8% 98.5 %

Agl-AgP0s-2Nb20s | 5.0%  10.8% 83.3% 0.9%

Agl-AgPOs-3Nb20s | 3.6%  18.2% 73.0% 51%

Table 4. Proportion of Q"m groups for the glasses from the AgPOs-xNb;Os set of
compositions with (top) and without (bottom) Agl.

The 3P MAS NMR spectra of the glasses from the AgPOs-xBi,O3 set of compositions (with
and without iodine) are shown on Figure 9. The proportion of Q" groups has been
calculated by spectrum simulation and is reported in Table 5. Like with Nb2Os, the addition
of Bi,0s3 to the silver phosphate glass induces a decrease of the proportion of Q% groups and
the apparition of QY groups (at 7 ppm), Q% groups (at -2 ppm) and of Q%1 groups
(at -28 ppm). Once again, Q'1 and Q21 groups result from the creation of new bonds in the
glass network, which were expected with the addition of bismuth, while the Q% groups can
be explained by the same reactions as those described previously. Finally, it can also be
noticed that here again the addition of iodine induces a shift of chemical shift of each

resonance by a few ppm with no incidence on the proportion of Q" groups.
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AgPO;

AgP03-2Bi,0;
AgP0O5-3Bi,0,
AgP03-5Bi,0;

Agl-AgPO;

Agl-AgP0,-2Bi,04
Agl-AgP0;-3Bi,0,
Agl-AgP05-5Bi,04

.
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-20
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Figure 9. 3P MAS NMR spectra of the glasses from the AgP03-xBi,03 set of compositions

without (top) and with (bottom) Agl.

Ql Qh Q% Q4
6 (ppm)
7ppm -2ppm -18 ppm -28 ppm
AgPOs 0.6 % 39% 95.5%
AgP0s-2Bi.03 5.6 % 13.5% 79.4 % 1.6%
AgPO0s-3Bi203 36% 204% 73.0% 29%
AgP0s-5Bi;03 38% 31.8% 63.7 % 0.6 %
Qb Q4 Q% Q%4
& (ppm)
Sppm -4ppm -19ppm -29 ppm
Agl-AgPOs 0.6 % 0.8% 98.5%
Agl-AgP03-2Bi20O3 | 5.4% 13.6 % 80.0% 0.8%
Agl-AgP0s-3Bi2Os | 53% 244 % 69.9 % 0.7%
Agl-AgP03-5Bi203 | 55%  26.8% 67.1% 0.7%

Table 5. Proportion of Q" groups for the glasses from the AgP0Os-xBi»O3 set of
compositions with (top) and without (bottom) Agl.
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lodine environment
lodine K-edge X-Ray absorption spectra for crystalline B-Agl, Agl-AgPOs glass and Agl-AgPOs-

5Bi,0s3 glass are shown on Figure 10. Parameters extracted from the fitting of these spectra
are reported in Table 6. Firstly, it can be noticed that the introduction of bismuth in the glass
has no effect on the iodine local environment, as the spectra for Agl-AgPOs and Agl-AgPOs-
5Bi;0s3 glasses are perfectly stackable. This is confirmed by the fitting parameters that are
identical. It can also be seen that in these two glasses, the local structure around iodine is
very similar to that found in crystalline silver iodide. In the present glasses iodine is found to
be surrounded by 4 silver atoms, forming a slightly deformed tetrahedron (as one Ag atom is
at 3.05 A while the other 3 are at 2.79 A), which presents dimensions similar to crystalline
Agl (diag = 2.81 A). Finally, while the second sphere of coordination can easily be observed
for Agl (with 12 iodine atoms at 4.58 A), it is not observed for the two glasses, meaning that

no crystalline clusters are formed and that silver iodide is well dispersed in the network.

—==AgPQ,
—— AgPO,-5Bi,0,

Fourier Transform (a.u.)

R (A)

Figure 10. Radial distribution function (RDF) for iodine K-edge EXAFS spectra recorded
from B-Agl, Agl-AgPO:s glass and Agl-AgP03-5Bi,03 glass.
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Sample Atom (X) | Nux | dx(R) | o® | R-factor
B-Agl (crystal) Alg 142 ii; 88; 0.002
S M T3
Agl-AgPO3-5Bi,0; 2: i 5(7)2 8:81 0.009

Table 6. Fitting parameters obtained for iodine K-edge EXAFS spectra recorded from B-Agl,
Agl-AgPOs glass and Agl-AgP03-5Bi»0s glass.

Nb and Bi coordination
Raman spectra of AgPOs, AgP0O3-2Nb;0s and AgsP3010-2Nb,0s are shown on Figure 11. The

niobium-containing glasses both show a clear band at 880 cm™ and 910 cm™ for AgPO3 and
AgsP301p, respectively. This band, which does not appear on the AgPOs glass, has already
been observed in silver-doped niobio-phosphate glasses [22] as well as other niobio-
phosphate glasses [23-24] and is attributed to the stretching vibration of the Nb-O short

bond in the isolated and distorted NbOg octahedra.

—— Ag,P,0,,-2Nb,0O,

—— AgPO,-2Nb,0,
—— AgPO,

910 %

Intensity / a.u.

I ¥ [ $ I ! I ¥ | ! I : I ! I 4 I Y I L
500 600 700 800 900 1000 1100 1200 1300 1400 1500
Raman shift / cm’
Figure 11. Raman spectra of the AgPO3, AgP0O3-2Nb,0s and AgsP3010-2Nb.0:s, glasses.
Figure 12 shows the Bi Li-edge XABES spectra of the Agl-AgP0s-5Bi,03 glass, as well as two

crystalline references: Bi;O3 and NasBi(PO4),. Data shown for the NasBi(POa), are courtesy of
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Daviero et al. [25]. The comparison of these three spectra reveals that Bi local environment
in the glass is closer to Na3Bi(POa); than to Bi;0s. In the former the bismuth cation is in an
octahedral coordination, surrounded by 8 oxygen atoms. This octahedron is however
distorted, due to the presence of the 6s? electronic lone pair. Bi is thus surrounded by a first

shell of 5 oxygen atoms, and a second shell of 3 oxygen atoms [25].

1,2+ | —— Na,Bi(PO,),
—o— Agl-AgPO,-5Bi,0,

= Wi | e Bi,0,
o
a
5 0,8 4
@
<
< 0,6
@
N
204~
S
=

0,2

0,0 R

Y T X T y T T T T
13375 13400 13425 13450 13475 13500
E (KeV)

Figure 12. Bi Ly-edge XANES spectra of Na3Bi(P0O4)2, Agl-AgP03-85Bi>03 glass and Bi>0s.

4. Discussion
4.1. Valence units theory

Brow et al. [26] have previously used valence units (VU) to describe the bond characteristics
after the incorporation of alumina in phosphate glasses. A bond valence unit (VU) is defined
as the charge divided by the coordination number of the considered atom. The most
favorable structures are those for which the nearest neighbors of oxygen contribute to form
bonds with a total charge of +2. Figure 13 shows the number of available valence units for

Q° Q! and Q2 units in phosphate glasses. Depending on the number of bonding oxygens, the
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crosslinking reagent (M*%) will have to bring 0.75 vu (Q° units), 0.66 vu (Q! units) or 0.5 vu

(Q? units) for the bond to be stable.

QO M*5 Ql Mm*® QZ M8
E 0.75vu : 0.66 vu : 0.5vu
ok (o} okl
1
'1.25vu 1133w 15w
0.75vu 1.25vu'!1.25vu 0.66vu 1.33vu''1vu  1wvu lvu lvu '! 1vu lvu
M == -08o== p =202 28 M == -0=—_p — 00— P P p
1 ! 1
| 11.25vu | 11.33vu | 11.5vu
0% (o) ok
: 0.75vu : 0.66 vu :O.Svu
M*“’ Mos M'6

Figure 13. Valence units available depending on the number of bridging oxygens in
phosphate glasses [17].

Table 7 shows the number of valence units available for aluminum, niobium and bismuth,
depending on their coordination in the glass network. For Al3*, both tetrahedral and
octahedral coordination are possible considering the number of valence units. However,
previous works [16] showed that for the Ag/P ratio considered here, aluminum was
predominantly in octahedral coordination (Al(6)). For Bi3*, only the pyramidal (Bi(3)) and the
octahedral (Bi(6)) coordinations are reported in literature [27-28]. Moreover, XANES data
acquired for the Agl-AgP0s-5Bi;03 glass show that bismuth coordination in this glass is
octahedral (Figure 11). Thus it can be considered that this coordination is most likely to be

found in the others glasses.

Coordination 3 Coordination4  Coordination 6

AP+ - 0.75 vu 0.5vu
Nb3>* - 1.25vu 0.83 vu
Bi3* 1vu 0.5vu

Table 7. Valence units available for AI**, Nb>* and Bi3* depending on their coordination.

For Nb>*, both the tetrahedral (Nb(4)) and octahedral (Nb(6)) coordinations can be found in

the literature [23-24]. Once again, experimental data obtained from Raman analysis show
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that niobium is in the octahedral coordination (Figure 10). For this coordination, it can be
noticed that the number of valence units available is higher than those available from
phosphate groups. Considering the phosphate groups, the bond will be the most stable with

the Q° ones, as the charge of this bound will be the closest to +2.

Taking that into account these considerations, Nb,Os can be expected to form more bonds in
a glass with a high Ag/P ratio, since those glasses display a higher content of Q° units to
which niobium will be bound. On the contrary, Bi>O3 can be expected to form more bonds in
a glass with a lower Ag/P ratio, since it will be easier for it to bond with Q? units. In
particular, this can explain that Nb2Os seems to have a higher incorporation limit in AgsP30s
glasses (Ag/P = 1.66) than in AgPOs glasses (Ag/P = 1), and that it seems to be the contrary

for Bi»0s.

4.2. Dissociation of crosslinking reagents in silver phosphate glasses

31p NMR can also give information about the incorporation of the crosslinking reagents in
the glass network. Actually, the incorporation of a given crosslinking reagent does not mean
that it fully contributes to the creation of new bonds with phosphate groups in the glass
network, as it can remains partially connected through M-O-M bonds. To make sure of that,
the proportion of Q' and Q2 groups to be expected (considering a full dissociation of Nb,Os
or Bi;03) needs to be calculated and compared to the experimental values. Considering a
binary distribution of Q" species [29], the equations for calculating the proportions f(Q!) and

f(Q?) of Q! and Q2 groups, respectively, are the following:

rev =22k x100 )
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f(Q*) =100 - f(Q"Y) (8)

The ratio O/P is obtained from experimental values in Table 1. Experimental proportions

f(Q") have been calculated as follow :

@Y = fQ) +f(QD) (9)

HHCRENICHETICH) (10)

The comparison between calculated and experimental fractions of Q" units for niobium-
containing glasses is shown on Figure 14 and Figure 15 for the AgsP3010 and AgPOs3 systems,
respectively. In both cases it can be noticed that the calculated and the experimental values
are close up to a certain amount of Nb,Os. Indeed, at 5 mol% of Nb,Os in the AgsP3010 glass
and at 3 mol% of Nb,Os in the AgPOs glass, the experimental values deviate from the
calculated ones. In the case of the AgsP3010 glass with 5 mol% Nb2Os, the experimental
number of Q? units is lower than the expected one, while the calculated and experimental
numbers of Q! units are indentical. The compensation is done by the appearance of Q% units
(8.7 %), as expected from the valence units discussion above, which are not taken into
account in the calculated fractions but which are clearly seen on the spectrum. Thus it can
be concluded that Nb,Os is fully dissociated in the AgsP3010 glasses. However, in the case of
the AgPOs glass with 3 mol% Nb,Os, the number of Q2 units is higher than the calculated
one, while the number of Q! units is lower. In this case, it can be concluded that the
dissociation of Nb,Os is not complete. Therefore, only a part of the niobium contributes to
the creation of new bonds in the network and another part constitutes an O-Nb-O-Nb-O sub-

network.
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Figure 14. Comparative evolution of Q" proportions obtained by calculation (calc.) and

from experimental spectra (exp.) for AgsP3010-xNb2Os glasses.
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Figure 15. Comparative evolution of Q" proportions obtained by calculation (calc.) and

from experimental spectra (exp.) for AgPOs-xNb2Os glasses.
The comparison between calculated and experimental fractions of Q" units for bismuth-
containing glasses is shown on Figure 16 (AgPOs system). Once again, there is a difference
between the experimental and the calculated values of Q" units in these glasses. However,
this difference can be observed from the first glass (without bismuth) and is constant with
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the increase of the Bi,O3 content. It can be explained by the presence of a high amount of
hydroxyl groups; which were observed in the AgPOs glass. The fact that these groups have an
impact on the AgPOs-xBi,O3 system and not on the AgPOs-xNb,0Os system can be explained
by the fact that Nb,Os have a higher crosslinking power, but also by the fact that Nb.Os is
not fully dissociated in the AgPOs system, thus masking the effect of those hydroxyl groups.
Concerning the dissociation of Bi,Os, considering that the experimental fraction of Q? units is
lower than expected, and that the difference between theoretical and experimental values is
due to hydroxyls groups, it can be concluded that Bi,0s is fully dissociated in these glasses.
As such, all the introduced bismuth contributes to the creation of new bonds in the glass

network.

It must be noted that the discussion is based on glasses without iodine. Still, it is the same
for iodine-containing glasses, as we have shown (Figure 8) that the addition of silver iodide

does not significantly change the repartition of Q" units.
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Figure 16. Comparative evolution of Q" proportions obtained by calculation (calc.) and

from experimental spectra (exp.) for AgPOs-xBi»O3 glasses.
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4.3. Effect of crosslinking reagent on the glass properties

31p MAS NMR has shown that the addition of niobium and bismuth oxides does have a
significant effect on the glass structure, as it contributes to the creation of new bonds in the
glass network and thus increases the polymerization degree of the glasses. Consequently,
this modification of the glass structure has also an impact on the glass properties, which is
illustrated by the increase of the glass transition temperature as seen on Figures 4 and 5 (at
least for glasses containing no iodine). For these glasses, we have shown that the addition of

a crosslinking oxide has had the expected effect on the glass properties.

After addition of silver iodide however, while the NMR experiments show no decrease of the
polymerization degree, there is a significant drop of the T, Previous works [16, 30]
attributed this drop to a decrease of the electrostatic forces between the phosphate groups,
which is caused by the introduction of large Agl entities. While this addition has no effect on
the polymerization degree of the glass, it has an effect on the geometry of PO4 tetrahedra,
as it is followed by an increase of the Ag-O bond lengths [30], leading to a weakening of the

network, and thus a decrease of glass transition temperature.

It can also be noticed that for iodine-containing glasses, the effect of the crosslinking
reagents on the Tg is limited. Indeed, while glasses containing a crosslinking reagent show
higher glass transition temperatures than those without crosslinking reagent, it can also be
pointed out that whatever the amount of crosslinking reagent added, the T; were identical
after Agl addition. This seems to be in contradiction with the results obtained from 3P MAS
NMR, which show that the polymerization degree of the glasses increases with the amount

of crosslinking reagent even for iodine-bearing glasses. Consequently, it will be interesting to
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see if this limited effect on thermal properties is also reflected on the chemical durability
properties of these glasses. We will report a detailed study of the chemical durability in a
forthcoming paper, which will consider both short and long term stability under several

alteration conditions.

5. Conclusion

Silver-phosphate glasses containing 2 to 5 mol% of Nb,Os and Bi;Os with 12 wt% of iodine
were successfully prepared without any iodine volatilization. The incorporation limit of these
two crosslinking reagents into the glass network was determined. It was shown that Nb,Os
have a higher incorporation limit in AgsP3010-based glasses, while Bi,O3 have a higher one in
AgPOs-based glasses, which was interpreted using the bond valence units theory. It was also
shown that both Nb,Os and Bi»O3 have higher incorporation limits in iodine-containing silver
phosphate glasses than Al;Os, which is consistent with the hypothesis that cations with a
higher polarizability can be incorporated in higher quantity in those glasses. The increase of
crosslinking reagent amount induced an increase of the glass transition temperature and of
the polymerization degree of the glasses. However, the addition of iodine to these glasses
led to an increase of bond lengths and bond angles, which induced a weakening of the glass
network and thus a decrease of the glass transition temperature that compensates the
crosslinking effect. Nonetheless, this had no effect on the polymerization degree of the
glasses, which was still improved by the addition of crosslinking reagents. Moreover, no
crystalline cluster of silver iodide was formed for the studied concentrations. Further work is
under progress to determine if the addition of these crosslinking reagents has the expected

effect on the chemical durability properties of these glasses.
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