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Highlights 

• Iodine-containing phosphate-based glasses are compared in terms of durability. 

 

• Phosho-molybdate glasses are more durable than phosphate glasses in pure water. 

 

• Nb2O5 improves the chemical durability of phospho-molybdate glasses. 

 

• Acidic conditions seem detrimental to the durability of these conditioning matrices. 

  



Abstract 

Silver phosphate glasses have been investigated for the conditioning of radioactive iodine 

129. Their disposal in a deep geological repository requires high chemical durability, and to 

improve this property, two crosslinking agents were examined here: Nb2O5 and Bi2O3. In 

addition, for some of these glasses, 50 % of phosphorus was replaced by molybdenum to 

assess the role of glass former entities. The effect of these modifications on the glass 

chemical durability was studied in pure water, at 50 °C. Given the very long half-life of 

iodine 129 (15.7 x 106 years), only long-term alteration tests were carried out, in order to 

check if a passivating alteration layer could be formed in these conditions. Alteration rates 

were then calculated following various methods and compared. Results showed that the use 

of elemental releases in solution alone leads to an underestimation of the alteration rate, as 

there is no tracer element in the glass composition. For phospho-molybdate glasses, the 

addition of Nb2O5 had a significant effect on their chemical durability, i.e. their ability to form 

a passivating layer that retains most of the elements that are part of the pristine glass. For 

phosphorus, the more mobile element, release rates decreased by two orders of magnitude 

compared to phosphate-only glasses, and this trend depends on the Nb2O5 concentration. 

 Keywords 

Silver phosphate glasses; Radioactive iodine; Nuclear waste conditioning; Chemical durability 

 

 

  



 

1. Introduction 

Radioactive waste produced by nuclear power plant electricity generation must be managed 

in order to minimize its impact on the environment and on human health. High level nuclear 

waste is usually vitrified in borosilicate glasses in anticipation of their storage in a deep 

geological repository [1]. However some waste, such as iodine 129, requires special 

management due to its low incorporation rate in this matrix [2]. Currently, one of the 

common management strategies for this isotope relies on its isotopic dilution in sea water. 

An alternative solution based on a conditioning matrix is considered here, in order to 

decrease its environmental impact.   

As a part of the reprocessing of spent nuclear fuels, iodine can be trapped on silver nitrate-

impregnated filters [3]. It can then be easily recovered as silver iodide [4]. However, 

considering the high volatility of iodine (silver iodide is volatile above 650 °C [5]), the usual 

vitrification process cannot be applied, as nuclear borosilicate glasses require melting at 

least at 1100 °C [6].  

Due to their lower melting temperature, as well as their ability to incorporate high amounts 

of iodine (up to 65 mol% AgI) [7], phosphate glasses, and especially silver phosphate glasses, 

have been suggested for the specific conditioning of radioactive iodine [8][9]. However, 

phosphate-only glasses are also known to be less resistant to alteration in an aqueous 

medium than borosilicate glasses, and therefore they could not be considered as suitable for 

long-term storage in a geological repository. Consequently, several studies have been carried 

out to understand the alteration mechanism of silver phosphate glasses and to improve their 

chemical durability [10][11][12]. One of the methods implemented to reach this goal 



includes the addition of crosslinking reagents to the glass composition, in order to increase 

glass network connectivity. However, previous works have shown a need to optimize these 

glass compositions, as crystals containing the crosslinking reagents are likely to be formed in 

the presence of iodine [13][14]. In addition, virtually no chemical durability assessment had 

been performed on these compositions.  

We therefore decided to study the impact of two crosslinking reagents (Bi2O3 and Nb2O5) on 

the chemical durability of set of silver phosphate glasses for which no crystallization was 

observed. Considering the very long half-life of radioactive iodine 129I (15.7 x 106 years), and 

the fact that it is highly mobile in the geological environments generally considered for 

storage purposes [15], the long-term chemical durability of the chosen matrix is of critical 

importance. Although a complete understanding of glass corrosion in radioactive waste 

geological repositories is not available yet, it has often been described by a sequence of 

different alteration steps. A hydration step in the presence of water vapor is thought to 

occur first. However, the decay of iodine 129 is not responsible for a strong heat output, and 

this step might not concern such materials. Then for saturated conditions, models take into 

account the dissolution of glass components followed by the formation of an alteration layer, 

and transport through this layer [16]. Such models were first developed for borosilicate glass, 

but are thought to possibly extend to phosphate glasses [17]. For particular alteration 

conditions (high pH values), an alteration resumption could also play a role in elemental 

releases [18], but to our knowledge, this topic was not investigated for phosphate glasses. 

For the borosilicate glasses designed for the conditioning of HL waste, transport through an 

alteration layer is thought to account for the long-term durability of such a matrix [19]. We 

assume that this statement can also be applied to the glasses studied here. More specifically, 

the chosen matrix must display a drop in the alteration rate to reach a low residual 



alteration state which will drive its long-term behavior. This drop is observed when an 

alteration layer exhibiting protective diffusive properties develops at the pristine glass / 

solution interface. In order to reveal such a drop, alteration tests must be carried out with a 

high S/V (surface of glass to volume of solution) ratio. 

From previous results on microstructural studies [13][14], two first sets of compositions 

were chosen: namely, AgPO3 (Ag/P = 1) and Ag5P3O10 (Ag/P = 1.6)–based glasses. A third set 

of compositions was also added, in which 50% of the phosphorus was replaced by 

molybdenum, noted as Ag5P1.5Mo1.5 (Ag/(P+Mo) = 1.6) (abbreviation for Ag5P1.5Mo1.5O10.75 –

based glass). In order to be able to compare the results, the same minimum amount of 

crosslinking reagent was added for each composition: 2 mol%, before iodine addition 

(equivalent to 1.6 mol% after iodine addition). Molybdenum was added to the glass 

composition as a second glass former in order to try to counterbalance the very acidic 

conditions generated during alteration of phosphate-only glasses, and assess the influence 

of pH. 

 

 

2. Materials and Method 

2.1.  Glass synthesis 

The silver phosphate glasses were prepared using analytical grade AgI (Alfa Aesar, 99.9%), 

AgNO3 (Alfa Aesar, 99.9%), (NH4)2HPO4 (Prolabo, 97.5%), MoO3 (Alfa Aesar, 99.95%), Nb2O5 

(Alfa Aesar, 99.5%), and Bi2O3 (Aldrich, 99.9%). Nb2O5 and Bi2O3 have been used in the past 

as crosslinking reagents to strengthen the glass network by increasing connectivity between 

glass former entities (either phosphate or molybdate in the current case) [13]. Three 

series/systems were studied here, noted as AgI-AgPO3, AgI-Ag5P3O10, and AgI-Ag5P1.5Mo1.5 



(Table 1). For each system, the influence of the crosslinking reagents was investigated. In 

order to obtain homogeneous glasses, a two-step synthesis was performed. During the first 

step, all the reagents except for AgI were heated in a Pt/Au crucible up to 600°C at a heating 

rate of 1°C/min. After being held at 600°C for 3h to remove the nitrate, hydroxyl, and 

ammonium groups, the temperature was raised to 900°C at a heating rate of 5°C/min, and 

maintained for 1h. To ensure a fast cooling and to limit any crystallization process, the melt 

was then cast between two brass plates in order to maximize heat transfer. The iodine glass 

was prepared in a second step, during which the previously AgI -free glass was mechanically 

ground, mixed with AgI (weighted to reach 12 wt.% of iodine), and heated at 650°C for 1h. 

Once again, the melt was cast between two brass plates. After cooling, the glass 

compositions (Table 1) were checked on polished samples by EDS (see § II.3. 

Characterization techniques for details). Results showed that there was no iodine 

volatilization during the process.  

Sample 

name 
Theoretical glass composition (mol%) Theoretical batch (measured) composition (wt.%) 

 AgI Ag2O P2O5 Nb2O5 Bi2O3 
I  

(± 1 wt.%) 

Ag  

(± 1 wt.%)  

P  

(± 1 wt.%) 

Nb  

(± 0.1 wt.%) 

Bi  

(± 0.1 wt.%) 

O  

(± 1 wt.%) 

AgI-AgPO3 18.5 40.7 40.7 - - 
12.0 

(12.4) 

55.1 
(55.8) 

12.9 
(12.1) 

- - 
20.0 

(19.7) 

AgI-AgPO3-
2Nb2O5 

18.6 39.9 39.9 1.6 - 
12.0 

(12.8) 

53.8 
(52.6) 

12.5 
(12.8) 

1.5 
(1.0) 

- 
20.2 

(20.8) 

AgI-AgPO3-
2Bi2O3 

19.0 39.7 39.7 - 1.6 
12.0 

(12.8) 

52.9 
(51.7) 

12.3 
(12.4) 

- 
3.4 

(2.9) 

19.4 
(20.2) 

AgI-Ag5P3O10 19.4 50.4 30.2 - - 
12.0 

(12.8) 
63.2 

(61.6) 
9.1 

(9.2) 
- - 

15.7 
(16.4) 

AgI-
Ag5P3O10-
2Nb2O5 

19.5 49.3 29.6 1.6 - 
12.0 

(12.7) 
61.8 

(60.6) 
8.9 

(9.1) 
1.4 

(1.0) 
- 

15.9 
(16.6) 

 AgI Ag2O P2O5 MoO3 Nb2O5 
I  

(± 1 wt.%) 
Ag  

(± 1 wt.%)  
P  

(± 1 wt.%) 
Mo 

(± 1 wt.%) 
Nb  

(± 0.1 wt.%) 
O  

(± 1 wt.%) 

AgI-
Ag5P1,5Mo1,5 

18.7 42.8 12.8 25.7 - 12.0 (12.8) 
56.7 

(55.3) 
4.0  

(4.0) 
12.4  

(12.3) 
- 

14.8  
(15.5) 

AgI-
Ag5P1,5Mo1,5-

2Nb2O5 
18.9 41.8 12.6 25.1 1.6 12.0 (13.0) 

55.4  
(53.9) 

3.9  
(4.0) 

12.1  
(12.3) 

1.5  
(1.0) 

15.1  
(15.8) 

AgI-
Ag5P1,5Mo1,5-

5Nb2O5 
19.1 40.5 12.1 24.3 4.0 12.0 (13.0) 

53.5  
(52.1) 

3.7  
(3.8) 

11.6  
(11.9) 

3.7  
(3.3) 

15.4  
(16.1) 

Table 1. Composition of the glasses studied 

 



It is worth noting that not all the crosslinking reagents (Nb2O5 or Bi2O3) are compatible with 

the three sets of compositions, due to solubility issues. This explains why Bi2O3 could not be 

used to increase glass network connectivity for the Ag5P3O10 –based or the Ag5P1.5Mo1.5O10.75 

–based glasses [14]. Such mismatching will be recalled when necessary in the results section.  

2.2. Method for the chemical durability study 

2.2.1. Experimental  

In order to study the chemical durability of the glasses, long-term stability tests were 

conducted. To favor a retroactivity of the elements released by the glass on the kinetics, it 

was decided to conduct these tests in static mode (there was no renewal of the alteration 

solution during the tests) and the glass surface to solution volume (S/V) was high. These 

conditions were selected to promote the formation of a passivating layer, if such a layer 

could develop. All experiments were carried out in temperature-controlled ovens (precision 

of ± 1°C), using polytetrafluoroethylene (PTFE) reactors (Figure 1). 

 
To promote the appearance of a residual alteration state due to the formation of a 

passivating layer, the S/V ratio was fixed at 80 cm-1
, which can favor saturation of the 

solution. To obtain this ratio, a sufficient amount of glass was ground, then sieved, to collect 

the 20-40 µm fraction. This fraction was ultrasonically cleaned in ethanol and acetone to 

remove any small particles that could have adhered to the grain surface during the grinding 

process. The glass surface area was determined by the BET method using N2 as a probe 

(Micrometrics Gemini 2360). The exact amount of glass needed was then weighed and 

placed in a reactor containing 100 mL of ultra-pure water heated to 50°C. One or two glass 

monoliths were also added to the reactor so that the alteration layer formed could be better 

characterized. The surface area of the monoliths was approximately 100 mm², which is far 



below the surface area of the glass powder (about 0.8 m²), meaning that the release of 

elements by the glass monolith could be ignored during the alteration rate calculation. Then 

the reactor was put in a ventilated oven heated to 50°C for at least 56 days. To promote a 

saturation phenomenon and the formation of an alteration layer, there was no stirring 

during the test. Solution aliquots (∼ 2 mL with no renewal of solution) were taken from the 

reactor at regular intervals, and the pH was monitored. At the end of the test, the solution 

was filtered to recover the glass powder, which was dried for 24h at 100°C and then 

observed by SEM and analyzed by XRD. The glass monoliths were also studied by SEM, in 

order to determine the thickness of the alteration layer. Finally, the solution samples were 

analyzed by ICP-MS to determine the concentration of the glass elements released in 

solution, with a 3% uncertainty. Two samplings were carried out for each duration: a first 

that was acidified with HNO3 (0.1 N) for cation analysis, and a second with no acid addition 

for iodine analysis. 

 
Figure 1. Reactor used for the long-term stability study 

2.2.2. Alteration rate calculation 

Two methods were used to calculate the alteration rate.  

Using elemental releases in solution 



The alteration rate was first calculated using the release of the glass elements in solution. 

This method requires the availability of tracer elements which do not precipitate in 

secondary phases and/or are not part of the alteration layer, whether or not this layer is 

passivating. When several elements can be used as tracers, glass former elements have to be 

preferred, as they are more representative of the glass network alteration. 

Using the concentration of a tracer element in the alteration solution, normalized mass loss 

(NML) can be calculated according to the following equation (1) derived from the shrinking 

core model used by Jegou et al. in [16]: 

����(�. �	
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   (Equation 1) 

Where: 

-NMLi is the normalized mass loss calculated for the element named “i”, in g.m-2 

-SBET is the surface area measured by the BET method, in m².g-1 

-alti is the altered fraction of the glass given by equation (2): 
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          (Equation 2) 

Where:  

-t is the duration, in days, between the beginning of the test and the sampling 

-.� 
� and /� are the concentration of element i and the volume of sampled solution at time t, 

respectively 

-mglass is the initial weight of glass placed in the reactor 

-fi is the weight fraction (percentage) of element "i" in the glass at the beginning of the test.  

 

From the NML, the alteration rate R (given in g.m-2.d-1) can be calculated using Equation 3: 

0 =  
123�, 	123�, , $5 

�	�, $5 
        (Equation 3) 



Alteration rates calculated using this method are usually given with a 20% uncertainty. Only 

the last 4-5 points of each curve were used for this calculation, to ensure the presence of an 

alteration layer.  

 

Using the thickness of the alteration layer 

If no tracer element is available, the alteration rate can be calculated on the basis of the 

thickness of the alteration layer. In this case, the assumption is made that the whole 

alteration phenomenon is isovolumic, as it is often the case in this field [17]. The alteration 

layer, observed by SEM (see § II.3. Characterization techniques for details), can be measured 

using an image processing software [18]. Considering the irregularity of the layers, 20 

measurements were taken for each sample and an average thickness was deduced. The 

alteration rate was then calculated using Equation 4: 

 

R =
789 × ;

�
            (Equation 4) 

 

Where: 

-R is the alteration rate, given in g.m-2.d-1 

-ETh is the measured equivalent thickness of the alteration layer, in µm 

- < is the density of the glass, in g.cm-3 

-t is the total duration of the test 

 

An average density was used, based on the values reported by Lemesle et al. [11]. For similar 

amounts of iodine to those involved here, they reported average density values of 5 g.cm-3 

for the AgI-AgPO3 system, and of 5.5 g.cm-3 for the AgI-Ag5P3O10 system. They also showed 

that the addition of a crosslinking reagent had only a low impact on the glass density. 

 

2.3. Characterization techniques 



The compositions of glassy fractions and crystalline phases were determined by quantitative 

analysis using EDS (Bruker AXS X-Flash Detector 4010 system) on polished samples mounted 

in epoxy resin and polished with silicon carbide discs up to a 4000 grade and a mirror–like 

finish, obtained with a 1 μm-diamond paste. These quantifications use certified standards 

using the classic PhiRhoZ method on a Zeiss SupraTM 55 SEM, operating at 15 kV with a probe 

current of 1 nA. The crystallinity of ground samples was checked by X-ray Diffraction at room 

temperature with a Panalytical MPD Pro fitted with a copper anode using Cu Kα radiation 

(Kα1=1.54056 Å) generated at 40 mA and 40 kV. The 2θ range between 10 and 70° was used, 

and was scanned with 0.017° steps. Diffractograms were analyzed using the EVA version 

10.0 rev. 1 program (DIFRACTplus, Bruker). 

A Time-of-Flight Secondary Ion Mass Spectrometer (ToF-SIMS) (TOF5, IONTOF GmbH, 

Münster, Germany) was used to obtain elemental depth profiles. Two sputtering beams 

abrading a surface area of 200 × 200 μm2 were used: a 2000 eV - 50 nA Cs+ beam when 

analyzing anions, and a 2000 eV - 560 nA O2
+ beam when analyzing cations. The anions and 

cations were analyzed using a Bi+ 25 keV ion beam at 1.5 pA over an area measuring 50 × 50 

μm2. The surface charges created during the analyses were neutralized using a pulsed low-

energy (< 20 eV) electron flux. The depth calibration was carried out using the abrasion rate 

and a mechanical profilometer to measure the crater depth at the end of the analysis. It 

should be noted that the same abrasion rate was used for analyzing the gel layer and the 

pristine glass. 

 

3. Results 

3.1. AgI-AgPO3 system 

For the AgPO3 set, both Nb2O5 and Bi2O3 were successfully used as crosslinking reagents. 



3.1.1. Altered solid analysis  

Both powder and monoliths were analyzed, except for the AgI-AgPO3-2Nb2O5 glass. For the 

latter glass, the monolith had in fact “disappeared” during the test. SEM images (BSE mode) 

of the AgI-AgPO3 glass system (with or without crosslinking reagent) after alteration are 

shown in Figure 2. For the AgI-AgPO3-2Nb2O5 glass, powder analysis showed that alteration 

had spread over the entire width of the grains, only leaving a shell as a reminder of the 

primary grain. While the monolith for the AgI-AgPO3-2Bi2O3 glass was recovered, the SEM 

image shows that the grains were also fully altered, only leaving empty shells. The 

observation of the altered layer shows that it is quite porous and non-adhesive. Concerning 

the reference glass, AgI-AgPO3 glass, which contained no crosslinking reagent, it can be 

noticed that the grains are not fully altered. The alteration layer is however also porous and 

non-adhesive. As such, these alteration layers do not seem to be able to play any protective 

role. 



 
Figure 2. Backscattered electron SEM images of the AgI-AgPO3 glass system (powder (left 

side) and monoliths (right side), when recovered) after alteration. 

 

XRD analyses (see supplementary materials, Figure S1) of the altered glass powder revealed 

the presence of the Ag5(P2O7)I (ICDD-card: 04-013-3975) crystallized phase for the AgI-AgPO3 

and AgI-AgPO3-2Bi2O3 glasses, as well as BiPO4 (ICDD-card: 00-015-0766) for the bismuth 

containing glass. As all the elements originally contained in these glasses had precipitated in 

secondary phases, none of them could be used as tracer elements. The alteration rate 

calculated based on the NML (normalized mass losses) would then underestimate the actual 

value. Concerning the AgI-AgPO3-2Nb2O5 glass, no crystalline phase was detected by XRD 

(see supplementary materials, Figure S1). However, an X-ray elemental mapping of this glass 

after alteration (Figure 3) showed that the residues left after full alteration of the grains 

contained all the elements of the initial glass. Therefore, none of them could be used as a 

tracer element either.  



 

 

 
Figure 3. X-Ray elemental mapping of the AgI-AgPO3-2Nb2O5 glass powder after alteration. 

 

 

3.1.2. Solution analysis 

The evolution of pH during the alteration test and of the normalized mass losses (NML) 

calculated for glasses of the AgI-AgPO3 system are shown in Figure 4. It can be noted that the 

NML based on niobium release is not given here, as its concentration was below the 

detection limit in each case (i.e. <0.1 mg.L-1 for our conditions). Concerning bismuth, after 7 

days, it too was no longer detected, which is consistent with the precipitation of a BiPO4 

phase. The reason why iodine was not detected in solution can be explained by the 

precipitation of Ag5(P2O7)I, but also by acidic pH values below 3.0. It is known that for very 

low pH values, typically below 3.0, iodine can be found as I2, which can de-gas from the 

solution due to a very low solubility [19]. When examining the evolution of the NML, it can 

be noticed that a slight drop in the alteration rate can be observed after ten days for any of 

the three glasses, but this drop could be due to the precipitation of several by-products as 

mentioned previously.   



 
Figure 4. Normalized mass loss calculated based on the release of silver, phosphorus, and 

bismuth (uncertainty: 15%), and pH evolution (uncertainty: +/- 0.1) as a function of the 

alteration duration for glasses of the AgI-AgPO3 system.  

 

 

3.2. AgI-Ag5P3O10 system 

As the maximum amount of Bi2O3 that could be incorporated in the Ag5P3O10 set has been 

shown to be lower than 1.6 mol% after iodine addition [14], only the effect of Nb2O5 on the 

chemical durability was studied for this set of compositions. 

3.2.1. Altered solid analysis  

SEM images (BSE mode) of glasses belonging to the AgI-Ag5P3O10 system after alteration are 

shown in Figure 5. For these two glasses, the monoliths were recovered and could be 

observed as planned. The images show that grains have not been totally altered, as a core of 

pristine glass can still be observed. The altered layers, as seen on the monoliths, are very 



porous, with no adhesion to the glass. Like the AgI-AgPO3 system glass results, they do not 

seem to play any protective role. XRD analysis of the altered glass powder indicated that an 

Ag5(P2O7)I phase (ICDD-card: 04-013-3975) was formed during the alteration of the AgI-

Ag5P3O10 glass (see supplementary materials, Figure S2), meaning that there was no tracer 

element in this glass. Concerning the niobium -bearing glass, an AgNbO3 phase was 

identified (ICDD-card: 04-001-8644) (see supplementary materials, Figure S2). As a 

consequence, silver and niobium were not used as tracer elements.  

 
Figure 5. Backscattered electron SEM images of glasses of the AgI-Ag5P3O10 system glasses 

(powder and monoliths) after alteration. 

 

3.2.2. Solution analysis 

The evolution of the pH during alteration and of normalized mass losses (NML) calculated for 

glasses of the AgI-Ag5P3O10 system are shown in Figure 6. Niobium and iodine were below 

the detection limits (i.e. <0.1 mg.L-1 for our conditions), which can be explained by AgNbO3 

precipitation, and by the very low pH values of the solutions, respectively. As was the case 

for  the AgI-AgPO3 system glasses, there was no significant drop in the alteration rate, and 



thus no residual alteration regime, for either of these glasses. Once again, this is consistent 

with the porous feature of the alteration layers. Assuming that phosphorous could be a 

tracer element for the AgI-Ag5P3O10-2Nb2O5 glass and that its release is underestimated for 

the AgI-Ag5P3O10 glass, when looking at the NML it can be noted that the niobium-containing 

glass seems to be altered more slowly than the niobium-free sample.  

 

 
Figure 6. Normalized mass loss calculated based on the release of silver and phosphorus 

(uncertainty: 15%), and pH evolution (uncertainty: +/- 0.1) as a function of the alteration 

duration for glasses of the AgI-Ag5P3O10 system.  

 

3.3. AgI-Ag5P1.5Mo1.5 system 

Exploratory tests having shown a low incorporation limit of Bi2O3, only the effect of Nb2O5 on 

the chemical durability was studied for this set of compositions. It must be noted that the 



maximal amount of Nb2O5 that could be incorporated in this particular set of compositions 

was higher than for the two other sets, at up to 5 mol% of Nb2O5 (glass without iodine).  

3.3.1. Altered solid analysis  

SEM images (BSE mode) of the AgI-Ag5P1.5Mo1.5 system glasses after alteration are shown in 

Figure 7. Like the AgI-Ag5P3O10 system glasses, all monoliths were recovered. Images show 

that the alteration is limited, in particular for the niobium-containing glasses. The AgI-

Ag5P1.5Mo1.5 glass displays an alteration layer that does not seem to adhere to the grains. 

Concerning the niobium-containing glasses, no alteration layer seems to be visible. Some 

small crystals could still be noticed on the edge of the AgI-Ag5P1.5Mo1.5-5Nb2O5 monolith, but 

due to their very small size, as well as their instability under the electronic beam, these 

crystals could not be analyzed. XRD analyses revealed the presence of AgNbO3 (ICDD-card: 

04-001-8644) for both the niobium-containing glasses after alteration (see supplementary 

materials, Figure S3). They also revealed the presence of both Ag2MoO4 (ICDD-card: 00-008-

0473) and Ag4I(PO4) (ICDD-card: 00-059-0102) phases in the AgI-Ag5P1.5Mo1.5 glass after 

alteration (see supplementary materials, Figure S3), meaning that there was no tracer 

element for this glass. Concerning the niobium-containing glasses, only Ag and Nb were 

discarded as tracer elements based on these results. Finally, a very light demarcation line 

(materialized as a red dotted line in Figure 7) can be noticed at about 2 µm below the 

external surface for the AgI-Ag5P1.5Mo1.5-5Nb2O5 monolith. EDS quantitative analyses 

showed no difference in composition between the two sides of the line. This demarcation is 

however barely visible, and only on certain parts of the sample.  



 
Figure 7. Backscattered electron SEM images of the AgI-Ag5P1.5Mo1.5 system glasses 

(powder and monoliths) after alteration (the red dotted line indicates a barely visible 

demarcation (see text)). 

 

3.3.2. Solution analysis 

The evolution of the pH during alteration and of the normalized mass losses (NML) 

calculated for the AgI-Ag5P1.5Mo1.5 system glasses are shown in Figure 8. As before, niobium 

and iodine were below their detection limits (i.e. <0.1 mg.L-1 for our conditions), which for 

niobium can once again be explained by AgNbO3 precipitation. For iodine, the absence of a 

measurable concentration could be due to the precipitation of Ag4I(PO4) for the AgI-

Ag5P1.5Mo1.5 glass, but for the niobium-containing glasses, no iodine was found in crystallized 

phases, and the pH values were too high to account for I2 formation. This would mean that 

the quantity of iodine released in solution, probably in its iodide form, was below the 

detection limit (i.e. <0.1 mg.L-1 for our conditions).  



Looking more closely at the results, it can be seen that the pH values are higher than for 

phosphate-only glasses (the AgI-AgPO3 or the AgI-Ag5P3O10 systems), in particular for the 

niobium-containing glasses. Concerning the NML, while AgI-Ag5P1.5Mo1.5 seems to display a 

significant drop in the alteration rate, such a behavior can be explained by the precipitation 

of Ag2MoO4 and Ag4I(PO4) during the test. As stated before, no tracer element exists for this 

peculiar composition, and therefore the alteration rate cannot be deduced from NML. 

Concerning niobium-containing glasses, there is no visible significant drop in the alteration 

rate. However, given the low alteration rate of these glasses compared to that observed for 

the first samplings of AgI-Ag5P1.5Mo1.5, it might be possible that the residual alteration 

regime had been reached before the first sampling (1 day). This hypothesis seems to be 

confirmed by the very low values calculated for the NML, as well as by observations of the 

glasses after alteration.  

 



Figure 8. Normalized mass loss calculated based on the release of silver and phosphorus 

(uncertainty: 15%), and pH evolution (uncertainty: +/- 0.1) as a function of the alteration 

duration for glasses of the AgI-Ag5P1.5Mo1.5 system.  

 

 

4. Discussion 

4.1. Comparison of the alteration rate calculation methods 

The alteration rates calculated according to the methods detailed in the experimental 

section (see § 2.2.2.) are given in Table 2. While it has been noted that there was no tracer 

element for a majority of glasses, an alteration rate can still be mathematically calculated in 

each case using NML. The alteration rate is calculated here using phosphorus NML, as it 

gives the best estimate (among other possible elements) of the lower boundary rate: it is 

noted R. On the other hand, the alteration rate calculated from the thickness of the 

alteration layer is noted Rlayer. As there was no monolith left to determine the alteration 

layer thickness of the AgI-AgPO3-2Nb2O5 glass, no result is reported for this particular 

composition. However, given that that the glass grains were fully altered, a minimum 

alteration rate, noted Rcore, can be calculated using the average radius of the grains (15 µm) 

as the alteration layer thickness and assuming a duration equal to the whole duration of the 

test to produce such a thickness. This method was also used for the AgI-AgPO3-2Bi2O3 glass, 

which also displayed fully altered grains, as a means of comparison between the different 

methods. Finally, as no alteration layer was visible for the AgI-Ag5P1.5Mo1.5-xNb2O5 glasses, 

Rlayer could not be calculated and is therefore not reported in this table.  

Glass R (g.m-2.d-1) Rlayer (g.m-2.d-1) Rcore(g.m-2.d-1) 

AgI-AgPO3 4.2x10-2 0.4 n.d. 

AgI-AgPO3-2Nb2O5 3.3x10-2 n.d. 1.3 

AgI-AgPO3-2Bi2O3 3.7x10-2 1 1.3 

AgI-Ag5P3O10 2.2x10-2 0.4 n.d. 

AgI-Ag5P3O10-2Nb2O5 1.5x10-2 0.2 n.d. 

AgI-Ag5P1.5Mo1.5 1x10-3 0.4 n.d. 



AgI-Ag5P1.5Mo1.5-2Nb2O5 6x10-4 n.d 
 

n.d. 

AgI-Ag5P1.5Mo1.5-5Nb2O5 9x10-5 n.d. n.d. 

Table 2. Alteration rate calculated according to various methods (uncertainty for R: 15%; 

uncertainty for Rlayer: 20% (estimate)) 

 

Comparing the results from the three methods, it can be noted that those obtained from the 

NML clearly underestimate other values when they are available. For glasses which displayed 

no tracer elements, this was to be expected. However, for the AgI-Ag5P3O10-2Nb2O5 glass, 

XRD results showed that phosphorus could possibly be a tracer element, as it was not part of 

any crystallized phase. Considering the difference of values between the two methods for 

this glass (about a factor of 10), it can be assumed that there is some phosphorus retention 

in an amorphous phase, or in a crystallized phase of which the fraction was too low to be 

detected by XRD, and thus that phosphorus cannot be considered as a tracer element either.  

The comparison between these calculation methods shows that it could be easy to 

underestimate the alteration of such glasses when looking only at elemental releases in 

solution. However, it can be seen that for the AgI-Ag5P1.5Mo1.5-xNb2O5 glasses, only the 

elemental releases in solution were used to determine the alteration rate, thus possibly 

leading to a misinterpretation of the results. Elemental releases show a strong dependence 

on the niobium content of the glass, with a sharp decrease in the presence of niobium. This 

result is interpreted as the consequence of the crosslinking effect of niobium on the glass 

network. In fact, the glass transition temperature, as measured by differential scanning 

calorimetry (heating rate of 10°C.min-1 under air; precision +/-  2°C; results not shown here), 

evolves from 187°C for AgI-Ag5P1.5Mo1.5 to 191°C for AgI-Ag5P1.5Mo1.5-2Nb2O5, and to 203°C 

for AgI-Ag5P1.5Mo1.5-5Nb2O5.  However, in order to avoid an underestimation of the 

alteration, the AgI-Ag5P1.5Mo1.5-5Nb2O5 glass alteration layer was further characterized using 

ToF-SIMS. 



 

4.2. Study of the AgI-Ag5P1.5Mo1.5-5Nb2O5 glass alteration layer 

The positive and negative ion profiles obtained by ToF-SIMS analysis of the AgI-Ag5P1.5Mo1.5-

5Nb2O5 glass alteration layer are shown in Figure 9. Surprisingly, the two profiles display 

elements like potassium, chloride, and sodium, that were not considered as part of the 

original glass composition. The potassium and chloride are pollutants contributed by the pH 

electrode during pH measurements (KCl is used as an electrolyte with such an electrode), 

while sodium as well as potassium are impurities in the initial glass (added by the AgNO3 

reagent (main impurities of this reagent)). These three elements were only detected because 

of the high sensitivity of the analysis method. However, they provide precious information 

about glass alteration. It can be seen that K+ and Cl- concentrations in the alteration layer 

decrease down to a depth of about 1700 nm. Concerning Na+, its concentration is very low at 

the surface of the sample and increases until approximately the same depth, when a plateau 

is reached for a concentration equal to that of the pristine glass. These results can be 

explained by Na diffusion in the alteration layer, leading to a release of sodium from the 

pristine glass due to the well-known H+ <-> Na+ ion-exchange interdiffusion process, and a 

low retention in the alteration layer. As a consequence of water diffusion, potassium and 

chloride are brought from the solution towards the pristine glass surface. A depth of 1700 

nm is also in good agreement with the demarcation line observed on this glass in Figure 7 

(within the uncertainty range for SEM measurement), this line possibly being the sign of 

these phenomena. The fact that no difference in chemical composition was detected by EDS 

on either side of the line could indicate the higher sensitivity of ToF-SIMS for trace elements 

like K, Cl, and Na compared to EDS, which did not identify them. 



It must be noted that this water diffusion does not necessarily imply a glass network 

alteration going so deeply, as the glass element concentrations decreased only starting at 

500 nm for phosphorous, and only at 100 nm for molybdenum and niobium.  

 

 

Figure 9. Positive (left) and negative (right) ion profiles obtained by ToF-SIMS analysis of 

the alteration layer for the AgI-Ag5P1.5Mo1.5-5Nb2O5 glass. 

 

Considering these results, an alteration rate based on the depth of Na diffusion (deduced 

from Na+ profile when intensity is half that in the pristine glass [20]) as a measurement of 

the alteration layer thickness, and noted RNa, can be calculated. This calculation assumes 

that the alteration resistance is seen as the resistance to Na diffusion, regardless of the glass 

network behavior. Another calculation, noted hereafter as Rnetwork, could be applied using 

the depth at which the glass former network elements start to show a decrease in 

concentration. In this case, the depth to be used would be 500 nm. This method assumes 

that the alteration resistance is actually the resistance of the glass network to alteration.  

Looking at these results and comparing them with the values obtained from NML (Table 3), it 

is clear that the alteration rate can vary by a factor of 100 between these calculation 

methods. In fact, the alteration layer can be seen as the concatenation of two successive 

layers. At the outer surface, a network former–depleted layer prevails. More in depth, it is 

followed by a hydrated layer within which network former concentrations are not affected, 



and which corresponds to an interdiffusion area. It is worth noting that this kind of structure 

also exists for borosilicate glasses used for high-level nuclear waste (HLW) vitrification but in 

that case, the interdiffusion area can also correspond to a depletion in boron and some 

other elements that are poorly linked to the glass network. However, when a “pure” 

interdiffusion area exists (i.e. within which network formers are not affected), no 

congruency should be observed between alkaline elements (the ones that are exchanged 

during the interdiffusion process) and network formers in the earlier alteration stages. Here, 

a value of 3.9x10-3 g.m-2.d-1 (Rnetwork) was determined for the resistance of the glass network, 

or of 1.6.10-1 g.m-2.d-1 for the resistance to Na diffusion. As these values are higher than that 

calculated based on the NML, it can be concluded that phosphorus is not a tracer element. 

 

Glass R (g.m-2.d-1) RNa (g.m-2.d-1) Rnetwork (g.m-2.d-1) 

AgI-Ag5P1.5Mo1.5-5Nb2O5 9x10-5 1.6x10-1 3.9x10-3 

Table 3. Alteration rate calculated according to various methods for the AgI-Ag5P1.5Mo1.5-

5Nb2O5 glass (uncertainty for R: 15%; uncertainties for Rwater and Rnetwork: 20% (estimate)) 

 

 

4.3. Comparison of the alteration rates of various glasses 

When trying to compare the alteration rates of these glasses, some significant differences 

appear between phosphate glasses and phospho-molybdate glasses. For phosphate-only 

glasses, the addition of a crosslinking reagent (bismuth or niobium) has little effect on the 

chemical durability of these glasses (taken as their resistance to phosphorus release) in the 

experimental conditions explored here, and even none at all for glasses of the AgI-AgPO3 

system. Bear in mind that these conditions were chosen to favor the formation of an 

alteration layer. Therefore for the phosphate-only glass, crosslinking reagents do not seem 

to play a significant role on the ability to form a passivating alteration layer. However for 

phospho-molybdate glasses, the addition of niobium has a significant effect on the retention 



rates linked to the evolution of NMLs, with a substantial increase in the chemical durability 

(taken as their resistance to phosphorus release). As seen, in spite of the close hydration 

rate values between the AgI-Ag5P1.5Mo1.5 (taken as RNa) and the AgI-Ag5P3O10 system (taken 

as Rlayer) (0.4 – 0.16 g.m-2.d-1), NMLs for the AgI-Ag5P1.5Mo1.5 system are noticeably lower, 

indicating a better retention efficiency and a better chemical durability. 

The main difference that could be found during the tests of these two types of glasses is a 

strong pH difference between the sampled solutions. While phosphate-only glasses induced 

pH values below 3, that is to say very acidic pH values, phospho-molybdate glasses induced 

pH values between 5 and 5.5. Considering the major role played by H+ ions during phosphate 

glass alteration [21][22], as the dealkalization process (i.e. interdiffusion) that exposes the 

glass network to hydrolysis reactions, it could be hypothesized that the very acidic pH 

conditions intensified the alteration of purely phosphate glasses. Thus the action of the 

crosslinking reagents was limited to hampering the alteration phenomenon of these glasses. 

For phospho-molybdate glasses, it could have been supposed that the higher pH values 

would have limited the dealkalization process. However, due to the close hydration rate 

values with those of phosphate-only glasses, this effect is not of primary importance in 

explaining their better chemical durability (taken as their resistance to phosphorus release). 

To explain such results, it should be inferred that pH also plays a role in hydrolysis reactions 

that follow the dealkalization process. In the case of phospho-molybdate glasses, the rate of 

these reactions decreased (as shown by the decrease in phosphorus release when compared 

with phosphate-only glasses). Moreover, in this case, a clear effect of the crosslinking action 

of niobium on chemical durability was observed.    

 

 



 

5. Conclusion 

The chemical durability of iodine-containing silver phosphate glasses was investigated, 

focusing on the effect of two crosslinking reagents (Bi2O3 and Nb2O5) on their long-term 

chemical durability in pure water. Alteration rates were calculated following various 

methods, in order to compare said methods. Results showed that alteration rates calculated 

using the NML are underestimated compared to those obtained using the thickness of the 

alteration layer. This was mainly explained by the lack of tracer elements for these systems. 

The investigations also showed that the two crosslinking reagents studied here have little 

effect on the chemical durability of phosphate-only glasses (similar values of NMLs were 

obtained, whatever the crosslinking reagent content). However, for phospho-molybdate 

glasses, the addition of Nb2O5 had a significant effect on their chemical durability, taken as 

their ability to form a passivating layer that retains most of the elements that are part of the 

pristine glass. For phosphorus, the more mobile element, release rates decreased by two 

orders of magnitude compared to phosphate-only glasses, and this trend depends on the 

Nb2O5 concentration. A preliminary explanation for the better behavior of phospho-

molybdate glasses over phosphate-only glasses could well be based on the values of pH 

imposed by each system. Acidic conditions, corresponding to phosphate-only glasses, 

strengthen hydrolysis of the glass network, whereas more neutral conditions, corresponding 

to phospho-molybdate glasses, favor a better resistance. For the latter conditions, the effect 

of a crosslinking reagent such as Nb2O5 is emphasized. A hydrolysis rate of 3.9x10-3 g.m-2.d-1
 

was determined for 5 mol% Nb2O5. Given this result, and as alkaline conditions tend to 

prevail in low-level and intermediate-level waste repositories, the influence of higher pH 

values on the matrix durability will have to be clarified in future works. To be able to 



conclude as to the interest of these glasses for radioactive iodine conditioning, it will also be 

necessary to go further, and study the chemical durability under more realistic conditions. 

For instance, taking the chemical composition of the water found in underground repository 

conditions into account could provide new insights.  
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