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1. Introduction 

Internationally, multi-layer containers for the disposal of high-level radioactive 

waste in deep geological formations are highly recommended. After the volatile 

radionuclides have evaporated, they are immobilized and vitrified by incorporating 

them into a borosilicate glass matrix (i.e., R7T7 type glass). The interaction with the 

surrounding media in the presence of groundwater may be used to forecast the 

corrosion of the nuclear borosilicate glass matrix under anaerobic circumstances. The 

relevance of fundamental variables that should be examined in this respect can not be 

overstated. The high-level radioactive waste glass is difficult to handle since it 

includes fission products and actinides with exceptionally high radioactivity. Instead, 

International Simple Glass (ISG), which is derived from its composition to be an 

international benchmark glass and is commonly used in nuclear interests, was 

employed. The most effective corrosion factors are iron corrosion products in the 

surrounding medium to nuclear waste packages. Ankerite represents them in the 

current Ph.D. thesis. Ankerite, a common iron carbonate mineral found in soil, has 

never been investigated in this context. The present research work is a groundbreack 

in using Ankerite in such a major [1 - 4]. 

1.2. Glass corrosion 

In general, the glass corrosion process is assessed using the following corrosive 

parameters [5]: (1) reaction temperature, (2) reaction pH, (3) surface interacting area 

to volume (S/V), and (4) silicate saturation level. 

For factors (1-3), experimental modeling requires replicated glass and water, whereas 

factor (4) requires additional compounds in the system, which might be appropriate to 

represent the iron corrosion products of the nuclear waste canister as well as common 

minerals in such formations. 

1.3. Si sorption/precipitation 

Experiments with various types of simulating glass samples to assess the chemical 

durability of R7T7 in earlier studies have established the importance of various kinds 

of iron minerals in decreasing the silicate content in the leachate, whether through Si 

sorption [6, 7] or Mg-Si precipitation [8, 9]. 

Ankerite, the chosen corrosive iron mineral in this study, was found in the clayey 

matrix, and its dissolution resulted in the creation of Goethite (FeOOH) [10]. In 
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carbonatites, siderite has previously been recognized as Ankerite [11]. Ankerite 

(CaFeMn(CO3)2) is a carbonate mineral that has a crystal structure similar to 

Dolomite (CaMg(CO3)2) [12] and shares many properties with Siderite [13]. When 

the Fe(II) source provider was present, considerable recognized precipitation of 

Siderite, Ankerite, and Dolomite was seen in the sandstone [12, 14]. Ankerite is most 

likely precipitated by releasing Fe(II) from the steel canister through MIC processes. 

Ankerite precipitation is predicted to be one of the ICPs in this investigation. Natural 

Ankerite, on the other hand, is already present in the French Callovo-Oxfordian host-

rock [15, 16]. It is one of the major components in the creation of nuclear waste 

repositories [17]. Ankerite's effect on the durability of glass used for the disposal of 

high-level nuclear waste was anticipated in previous study [6]. 

2. Thesis Motivation 

Most of the current Ph.D. study's assumptions aim to explain the effect of Ankerite 

on HLW durability. Ankerite is referred to in the literature as either an iron corrosion 

product produced from anaerobic iron sedimentary or occurring naturally by a 

metamorphosed material byproduct of corrosion the steel waste canister or heapslized 

steel containers. Consequently, Ankerite is hypothesized to accelerate the HLW 

corrosion. When geochemistry review is considered, the role of Ankerite on HLW 

degradation has never been investigated. This research work is groundbreaking to 

explore and predict the effect of Ankerite on the durability of the nuclear waste while 

under disposal. 

3. Thesis Aims 

The current Ph.D. study seeks to increase awareness regarding the possibility of 

HLW glass degradation in the final repository site for long-term disposal. Ankerite is 

predicted in the literature to be a major hazardous element in HLW glass's resilience 

under long-term disposal conditions. This dissertation explores the said theory in the 

sense of all other corrosive materials. It offers a thorough understanding of the long-

term storage conditions, which necessitates a strong science foundation for evaluating 

the final repository sites. It aims also to establish the ideal conditions for increasing 

the saturation amount of silicic acid (H4SiO4) in the solution of the simulation models 

of the HLW glass and the kinetics of its dissolved products under experimental 

conditions. Models were explored with and without Ankerite to get a better 
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understanding of the leachate solution's composition and representative surfaces of the 

interacted glass in the scanning microscopy.  

4. Thesis Contributions 

In the current work, the reactions between the borosilicate glass and the corrosive 

near-field variables were modeled accordingly. Compositional production details have 

been gathered and closely analyzed; the findings obtained are consistent with other 

iron minerals' reported literature results. The results ensure that Ankerite is deemed an 

extra iron mineral compound for scientific purposes. The impact of Ankerite sorption 

on the radioisotopes dissolved from the simulated glass was verified. It thus produced 

further results and observations indicating geological decontamination causes, which 

can be considered as their initial inputs, of Ankerite and other near-field sorptive 

products. In this dissertation, the same simulated glass was aged under various 

conditions concerning its surface area to solution's volume ratio, the temperature of 

the reaction, and curing period. Accordingly, this method provided an understanding 

of the principle of saturation. In-situ, saturation level differs with the disposal 

duration, the pH transition, and the corrosive near-field factors. 

5. Methodology 

To summarize how the current Ph.D. thesis was able to produce new scientific 

results in nuclear glass corrosion, I should show that in my research on Ankerite and 

its influence on lowering Si concentration in leachate, I used two types of solutions in 

terms of saturation with silicic acid (H4SiO4). 

1. For a short-term experiment (12 hours), saturated solution (ultra-pure water) was 

utilized: high-purity, 15-25 µm silica gel was used to generate diluted standard 

solutions with varied silicate concentrations as well as Ankerite. 

2. For durations ranging from (3-270) days, an unsaturated solution (ultra-pure water) 

was used: systems of higher and lower temperatures were assembled utilizing 

different S/V ratios of ISG with/without Ankerite. 

The standard Materials Characterization Center (MCC) leach test for nuclear waste 

forms, which was established by the US Department of Energy at the Pacific 

Northwest Laboratory (PNL) [18], is one of the most widely conducted static leach 

tests. It compares the long-term durability of prospective waste forms created for 

high-level nuclear waste stabilization [19]. The ASTM committee C-26 has 
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previously standardized the MCC-1 test as Standard C1220-92, "Test Method for 

Static Leaching of Monolithic Waste Forms for Radioactive Waste Disposal" [20]. 

The MCC-1 test is typically used for low S/V (i.e., ~10 m
-1

) glass, but the MCC-3 

test is commonly used for higher S/V (i.e., ~2000 m
-1

) glass [5]. However, those tests 

are more convenient with higher temperatures, i.e., 90 °C, Teflon vessels, and ASTM 

de-ionized water [18]. 

The MCC-1 and MCC-3 tests were utilized in the present experiment as the higher 

temperature reactions, using Teflon vessels type Polytetrafluoroethylene (PTFE) of 30 

ml capacity each for an experimental reacting temperature of 90 °C. Polyethylene 

(PE) centrifuge tubes with a capacity of 30 ml each were utilized for experimental 

responding temperatures of 25 °C, which resulted in a lower temperature reaction. 

Before beginning the actual work, all vessels and tubes were cleaned by soaking them 

in 3 % v/v nitric acid overnight, then rinsing them with bi-distilled water and flushing 

them with ethanol. The PTFE vessels were dried at 105 °C overnight, while the 

polyethylene centrifuge tubes were dried using a blow dryer. Table (1) summarizes 

the various testing circumstances in terms of all of the ISG corrosion factors: 

 

Table 1 Experimental conditions of the present Ph.D. thesis 

Temperature (ºC)  

 90 25 

Surface area to volume (m-1) 

Ankerite 225 480 1200 3600 

ISG 13 2055 

Specific surface area (cm2.g-1) 

Ankerite 225 1200 

ISG 3.1 (coupon) 2467 

Saturation level of silicic acid (H4SiO4) in silicate solution (µg.L
-1

) 

5 (average) 1.5 (average) 0.5 (average) 0.0 (ASTM I water) 

Time duration of reaction (day) 

12 (hrs) 3 7 14 28 90 180 270 

 

The experimental setup described above yielded 80 experimental vessels, with 5 

vessels (experiments) was repeated due to human errors. Given the large number of 

experiments, reproducibility was not taken into account. However, owing to their 

great similarity, several experiments underlined the findings of each other. All of the 

vessels were aged in different ways, allowing each one to represent a distinct case 

study. All of the experimental work (leachate solutions testing, raw materials 
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characterization, and calibration procedures) used professional measurement 

techniques, which are described in Table (2) as follows: 

 

Table 2 Characterization methods employed in the present Ph.D. thesis 

 

Method 

Number of tests 

Silicate standard  

solution + Ankerite 

Ankerite ISG 

ISG + Ankerite 
Leachate Calibration Leachate Characterization Leachate Characterization 

ICP-OES 6 4  1  5 

ICP-MS   14  55 3 

GF-AAS 6 4     

XRF    2  2 

INAA      5 

SRBS    1   

XRD    2  1 

BET-N2    5  5 

PSA    5  5 

HPGe   1 1 2 3 

SEM    20  150 
 

All of this research is part of a two-year project that started on December 24, 2019 

and is anticipated to be finished in 2022. I plan to come up with more detailed 

observations throughout the project's ultimate outcomes to give a better knowledge of 

ISG corrosion in geological formations. 

6. Materials 

6.1. Ankerite 

An Ankerite-rich geological sample was employed, which was obtained in 

Hungary's Rudabánya mining area. Figures (1, 2) show that it is a natural Ankerite-

rich geological sample after professional characterization testing using the XRD and 

SEM techniques. The elemental composition of the geological sample was analyzed 

by ICP-OES, EDAX, and Thermal analysis. Tables (3, 4, 5) provide the results of 

mathematical analysis on the concentrations obtained 

- Total Carbon content (Thermal method) = 9.37 mass (%) 

- Inorganic Carbon content (SEM/EDAX) = 6.68 mass (%) 

- Organic Carbon content (calculated) = 2.69 mass (%) 

- Carbonates (CO3) content (calculated from inorganic C) = 33.3 (%) 

 

Table 3 Primary elemental composition of natural Ankerite obtained through ICP-OES analyses 

Element Ca Fe Mg Na S Si Al K Mn Cu Zr Zn Others Total 

     < <    <  < < 

Mole (%) 8.34 26.3 7.17 0.65 0.60 0.26 0.16 0.46 0.91 0.42 0.04 0.02 2.13 47.43 
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Table 4 Secondary (others) elemental composition of natural Ankerite obtained through ICP-OES % 
Ag As B Ba Bi P Pb Sb Co 

< 0.03 < 0.11 0.20 < 0.01 < 0.17 < 0.11 < 0.22 < 0.23 < 0.03 

Hg Se Sn Li Mo Ni Ti V W 

< 0.03 < 0.40 < 0.13 0.07 0.04 < 0.08 < 0.02 < 0.04 < 0.16 

Cr Sr Cd Be   Total %  

< 0.03 < 0.002 < 0.014 < 0.0014  < 2.13   

 

Table 5 Oxide ratios in Ankerite-rich geological sample, derived from ICP-OES and 

Thermal analysis 

Method Element Mass 

(%) 
Element Mass 

(%) 

ICP-OES 

SiO2 0.56 Fe2O3 37.6 

K2O 0.55 MgO 11.9 

Na2O 0.88 MnO 1.18 

Al2O3 0.30 CuO 0.53 
CaO 11.7 SO3 1.50 

Li2O 0.03 ZnO 0.03 

Thermal CO2 35.7 

TOTAL (%) 102.5 

 

Fig. 1 The XRD pattern of natural Ankerite (Department of Inorganic and Analytical Chemistry, BME) 

 

 

Fig. 2 SEM/ EDAX observations on 

representative rock sample collected 

from the mining area in Rudabánya, 

Hungary. 
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6.2. International Simple Glass (ISG) 

The International Simple Glass (ISG) is a borosilicate glass that is commonly used 

in nuclear interests and is derived from its composition to be an international 

benchmark glass. Savannah River National Laboratory (SRNL) in the United States 

supplied the ISG for this study. The ICP-OES technique was used to determine the 

ISG's main elemental composition and oxides, as shown in Tables (6, 7). The 

quantities obtained were determined by analyzing and computing the characterisation 

output. The findings were compared to the literature-referenced data. 

 

Table 6 Common oxide ratios, Mass (%) of ISG 

Oxide 
Gin et al., 2018 

[21] 

Gong et al., 2015 

[22] 

Kaspar et al., 2019 

[23] 
Present Thesis 

ICP-OES 

SiO2 56.3 56.4 56.2 55.6 ± 5.6 

B2O3 17.3 17.2 17.3 16.0 ± 1.6 

Na2O 12.1 13.0 12.2 13.2 ± 5.1 

Al2O3 6.00 6.40 6.10 5.50 ± 1.1 

CaO 5.00 5.0 5.00 5.53 ± 0.6 

ZrO2 3.30 2.10 3.30 2.98 ± 0.2 

TOTAL (%) 100.0 100.1 100.1 98.84 ± 14 

 
Table 7 Mole percentage ratios, Mole (%) in ISG 

Element Gin et al., 2018 [21] Present Thesis, ICP-OES 

Si 26.3 26.0 ± 2.60 

B 5.40 4.61 ± 0.46 

Na 9.00 4.91 ± 1.91 

Al 3.20 1.45 ± 0.29 

Ca 3.60 3.95 ± 0.40 

Zr 2.40 2.21 ± 0.18 

TOTAL (%) 49.90 43.13 ± 5.65 

 

ICP-MS, INAA, and HPGe – panoramic scan with gamma spectroscopy techniques 

were used to determine the secondary elemental oxides (impurities) in the ISG. The 

findings were compared to previously published studies, which revealed novel 

secondary compositions (impurities) have been discovered in the current P.h.D thesis, 

as shown in Table (8). There are no other ICP-MS or INAA studies in the literature 

that show the newer impurities in ISG, implying that these are ISG pioneering 

impurities. The total oxides content in the ISG was determined using the ICP-OES 

and ICP-MS techniques in the present Ph.D. study: 

Primary oxides (98.84 %) plus secondary oxides (0.787 %) equals (99.63 ± 14 %). 
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Table 8 Impurities composition in ISG 

Element Oxide 
Kaspar et al., 

2019 [23] 

Present 

Study 

(ICP-MS) 

Present 

Study 

(INAA) 

Mass (%) 

M
ai

n
 I

m
p
u
ri

ti
es

 
Fe2O3  0.068 < 0.039 0.058 

Cr2O3 < 0.010  0.287 0.120 

MnO2 < 0.010  0.014 0.012 

P2O5 < 0.100  0.353 

No Result 

SO3 < 0.100 < 5E-5 

K2O < 0.100  0.045 

TiO2 < 0.100  0.038 

MgO  0.033 < 13E-5 

NiO < 0.010  0.003 

F < 0.050 
No Result 

Cl < 0.020 

 HgO 

No Result 

< 0.2E-5 
No Result 

N
e
w

 D
is

c
o

v
er

e
d

 

Im
p

u
r
it

ie
s 

Cu2O  0.003 

Sc2O3  0.004 31E-5 

Ce2O3  0.002 0.002 

ZnO  0.001 0.001 

Co3O4 < 0.04E-5 0.002 

La2O3 < 0.02E-5 0.003 

ThO2 < 0.01E-5 46E-5 

BaO No Result 0.010 

Total Main Impurities 0.101 0.778 0.190 

Total New Found Impurities 0.000 0.009 0.020 

Total Impurities 0.101 0.787 0.211 

 

6.3. Silica Gel 

A high-purity grade, 90 A, 15-25 µm particle size silica gel (purchased from 

Merck) was used to generate a standard silicon solution by dilution in ultra-pure 

water. In the Silicate sorption experiment in Silicate saturated solution, Ankerite and 

standard Silicate Solution were used exclusively. 
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7. New scientific results and findings 

All of the new scientific findings and results that I obtained when studying the 

experimental data are listed below: 

 

New Scientific Results - Group 1 (NSR1) 

- Silicate Sorption by Natural Ankerite in Silicic Acid (H4SiO4) 

Saturated Medium at Room Temperature and pH = 7. 

Related Publications: [A.D.1 – A.D.8] 

NSR1-1 – I have experimentally demonstrated the highest averaged adsorption 

of silicate and the lowest averaged desorption capacities of 98.9 % and 3.7 % 

respectively at a higher Ankerite Surface Area to Volume of solution, (S/V) = 

3600 m
−1

, however the lowest averaged adsorption and the highest averaged 

desorption capacities of 85.8 % and 8.9 % respectively at a lower (S/V) = 480 

m
−1

. The strong adsorption capacity of Si by Ankerite and its significant lowering 

of the concentration. 

 

NSR1-2 – I have experimentally demonstrated that the "chemisorption" type 

sorption occurs at higher Ankerite's surface/volume (S/V) ratio. That revealed 

weak desorption capacity of Si by Ankerite of a higher S/V. The higher Ankerite's 

surface to volume ratio (S/V ratio) may also include number of reduction (heat) 

conditions, amounts of accessible surface or active species, kinds of active sites, 

or the Ankerite's capacity to operate following oxidation and reduction cycles. 

That explains why a higher chemisorption and a lower desorption outputs were 

resulted at the higher S/V of Ankerite. 

A leaching experiment was conducted with the natural Ankerite and stock silicate 

solution (saturated by Si). Measurements were obtained employing GF-AAS and ICP-

OES. The time duration was 12 hours. Ankrite's S/V value showed positive 

proportionality with Si adsorption capacity and reversely proportioned with the 

capacity of Si desorption, Figures (3, 4). 

1. This experiment explains the first hours of reaction between the ISG powder and 

Ankerite. 
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2. Ankerite's (S/V = 3600 m
-1

) capacity of adsorbing Si was = 98.9 % of Si in 

solution. However, Si desorption capacity was = 3.7 % of the adsorbed Si. 

3. Ankerite's (S/V = 480 m
-1

) capacity of adsorbing Si was = 85.8 % of Si in 

solution. However, Si desorption capacity was = 8.9 % of the adsorbed Si. 

 

Fig. 3 Silicon adsorption on different Ankerite masse to volume ratios after leaching for 12 hours 

 

 

Fig. 4 Adsorption and Desorption Values of Si 

 

- Ankerite is applicable in studies of HLW's long-term durability 

NSR1-3 – I experimentally demonstrated that Ankerite (Ca(Fe,Mg,Mn)(CO3)2) is 

suitable for studying the corrosion of ISG due to iron corrosion products of iron 

in the HLW repository site. 
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New Scientific Results - Group 2 (NSR2) 

- ISG Aquatic Corrosion, Silicic Acid Saturation and Gel formation: 

Mechanisms, Optimal Conditions, and Trackers. 

Related Publications: [A.D.5 - A.D.8] 

NSR2-1 – In the Silicic Acid Saturation, I have experimentally demonstrated: 

1. The following equilibrium fractionation factors were found to be essential in 

the leaching systems for reaching saturation (Figure 5):  

- The first equilibrium fractionation factor was between amorphous silica 

(SiO2) and aqueous, found in the ISG coupon system between the solid 

and aqueous solutions.  

- The second equilibrium fractionation factor was a distinct equilibrium 

isotope fractionation factor found in the ISG powder system of H3SiO4
-
 and 

H4SiO4 (silicic acid) due to the distribution of the aqueous Si species in the 

leachate. 

a. In the ISG coupon system and due to the low S/V, this equilibrium was slow; 

therefore, its effect on pH evolution started at day 90. 

b. In the ISG powder system and due to the high S/V and fast distribution of the 

Si aqueous species; this equilibrium immediately occurred at the first hours of 

leaching; therefore, its effect on pH evolution was found already maximum at 

day 3 (the early testing period of this experiment) of leaching. 

c. As long as the first 28 days of leaching, the S/V ratio yielded the most 

considerable effect on the pH values. 

d. At days 90, 270, the ISG coupon system reached enough soluble Si, and the 

saturation occurred; therefore, the pH elevated significantly. 

e. As long as the 270 days of leaching, the reaction's higher temperature was a 

considerable minor effect on the pH values, regardless of the S/V value of 

ISG. 

f. pH evolution due to Ankerite was seen significantly in the ISG coupon (lower 

S/V) system and negligible in ISG powder (higher S/V), which reveals that 

silicic acid's influence on pH is likely much more substantial than Ankerite's 

dissolution products.  
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Fig. 5 pH readings for all systems at various leaching durations. (Each point = Single experiment) 

 

2. The initial Silicic Acid saturation was reached in ISG coupons models (the 

lower S/V) at day 90 of the reaction, resulting in the commencement of the 

gel layer development. During the first hours of reaction, however, the 

powdered ISG models (the higher S/V) achieved saturation (Figure 6). 

It is referenced in literature for other HLW glass in the JSS report [25]. 

a. On day 90, the highest NLSi in the ISG coupon system was followed by the lowest 

CRISG on day 180 when the gel layer creation was started.  

b. The extreme increase in pH and CRISG on day 90 was due to the system's 

proceeding toward saturation level at that time. 

c. The Si saturation in ISG powder (the higher S/V) was already achieved during the 

first hours of reaction, which was not applicable to be measured in this 

experiment. The significant rise in NLSi was achieved in ISG powder at day 90 

was due to starting the dissolution/evolution mechanism on the created gel layer. 
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Fig. 6 (a) The NLTotal vs. time for each leaching category. (b) Total calculated CRISG with time for each 

leaching category. (Each point = single experiment) 

 

NSR2-2 – In the Gel formation on the Glass Surface and Precipitations on the 

Gel surface, I experimentally demonstrated: 

1. The optimum conditions for gel formation on the ISG surface are the higher 

S/V (saturated medium) and the lower temperature reaction (Figure 7):  
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Tracking the CRISG, NLtotal, and Ankerite influences both of them to facilitate sorting 

the gel creation systems. Accordingly, I was able to sort them in term of saturation 

level by silicic acid as following: 

ISG powder (25 °C) > ISG powder (90 °C) > ISG coupon (90 °C) 

2. If the system can reach and maintain its pH level at (9.3), it can get the 

required silicic acid saturation, which is necessary to create the gel layer 

(Figure 7). 

This was observed in RGP25 and GP25 systems; they were able to reach the required 

conditions for creating the gel layer. Therefore, their CRISG was the lowest as long as 

experiment duration among all the experiment systems. 

3. A new and original mathematical method in estimating the weight of the 

created gel layer in (mg) through the gel evolution as long as the 270 days of 

leaching. The said mathematical method did not apply for Ankerite mixed 

systems (Figures 8, 9). 

a. Systems sorting in point 7.1 came compatible with the generated calculation 

results. 

b. Clogging the amorphous layer's porosity by Ankerite products was a frustrating 

factor in neither measuring the correct WL in the ISG post leaching nor deducing 

the exact gel weight. 

c. Clogging the amorphous layer's porosity by Ankerite products was not occurring 

randomly, and the clogging masses are very much equivalent in weight to the 

dissolved ones. The overall mass fraction of dissolved glass shows relative 

weight to the measured weight loss after leaching in the ISG coupon system. 

Xg(overall) (mg) ≈ WL (mg). 
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Fig. 7 NLSi and pH behaviors and effect of pH on NLB, thus the CRISG. 

In (a) Shows the effect of pH elevation on Si solubility in RGC90 and releasing more B, which 

increased the CRISG. (b) The pH raising and Si more solubility induced more Mg-Si precipitations on 

day 270. (c) Interesting matching between NLB and pH which evidenced the effect of the higher S/V on 

pH values. (d) Showes a minor effect of pH on CRISG; however, [Mg] started appears again in the 

solution. (e-f) The minor effect of Ankerite in lower temperatures is clear, and the lower NLB suggests 
a lower CRISG. (point = experiment) 
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(a) Weight loss vs. reaction time  

(b) ISG coupons of the GC90 system 

 
 

3 7 14 28 90 180 270 

 Days of Reaction 

Fig. 8 (a) Diagram illustrating the percentage ISG weight loss for RGC90, RGP90, RGP25, and GC90 

systems. The diagram shows the higher WL in the RGC90 system at days 90 and 270 when the highest 

NLSi and pH were recorded. (b) Clogging the amorphous layer's porosity by Ankerite products.  

 

 

Fig. 9 The estimated mass of the amorphous layer formed over time. (Point = experiment) 

 

4. The distinct layers (adhered interdiffusion layer covered by spherical flaky 

layers as well as secondary precipitations) that have formed on the ISG 

surface as a result of hydrous dissolution. Using SEM/EDAX analyses on 
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altered ISG samples, the various surface alteration layers (SAL) and 

precipitations were differentiated, and their enriched components were 

define (Figures 10, 11), as described by Lenting et al., [26]. 

 

 

Fig. 10 Lefthand side the macroscopic feature of the ISG coupon after 90 days of leaching at 90 °C in 

ASTM Type-1 water with the targeted surface of SEM image; right-hand side the SEM image. 

 

 
 

Fig. 11 Insight into the surface alteration layer (SAL) of the ISG coupon. 

For 90 days in ASTM water Type-1, the various layers of the SAL have been developed to the ISG 

coupon (R5GC90). Three spheres matrixes are shown: zones 1 & 3 Si large and smaller spheres, 

respectively. Zone 2 was seen Zirconia spheres with (SiO2-ZrO2) bridges. 

 

5. The surface alteration layers (SAL) is an amorphous silica-rich layer (mostly 

silica spheres) plus Zirconia particles/spheres, which are limited silicate 

bridges (ZrO2-SiO2) (Figures 11, 12). 



Booklet of the Ph.D. Thesis   Ali AL DABBAS 

 

  

 

19 

 

a 

 
 

 

b  

 
 

 

c  

 
 

 

Fig. 12 EDAX measurements of the altered ISG in the R5GC90 model on various shallow and 

medium layers. 

(a) Zirconia in a form of spheres in an inner layer through the SAL was observed. (b) & (c) zones 
are composed more of Si layers. The Si is in the shape of spheres in (b). The precipitation 

products are enriched in zone (c) (i.e., Ca, Al).  
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6. The secondary precipitation consists mainly of phyllosilicates. In advanced 

stages (so-called third phase precipitations), it shows crystallized calcium-

silicate-hydrate (CSH) and Zeolite (Al-Si) (Figure 13). 

 
 

Fig. 13 Zeolite formation on the ISG surface. 

In an advanced stage of precipitation, in R7GC90, Zeolite (white particles) has been formed 

crystallized with more rough sides, and has already begun to occur in R5GC90. 

 

NSR2-3 – In the ISG Corrosion Rate, I have experimentally demonstrated: 

1. Instead of a colloidal structure, the porous C-S-H coating was formed of a 

foam-like structure including porosity that had no stable phases and was 

able to bridge all the cracks and then decrease the CRISG immediately. This 

is shown clearly in the 180 day reaction (Figure 14). 

 
 

Fig. 14 Comparison of ISG coupon's external surface vs. curing time. 

R5GC90 was precipitated mostly made up of phyllosilicates. On the R6GC90, CSH turned into foam 

and bridged the cracks. The precipitation surface became crystallized in advanced, R7GC90, stages of 

curing, the cracks was seen very important in elevating the CRISG   
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2. A "resumption of alteration", as stated by Fournier et al. (2017) and 

forbidden at pH < 10, may occur after a significant decrease in the CRISG, 

which is justified in this work by turning the CSH from porous into cracked 

crystals. This was evident in the 270-day reaction at free pH (~ 9) (Figures 6. 

b, 15).  

 
R4GP90 

 

R4GP25 
Fig. 15 Secondary precipitation on the ISG powder at different conditions. 

By comparing the R4GP90 & R4GP25 models, more precipitation shows the temperature influence on 

CRISG. The temperature has also been seen to delay crystallization of the outer surface, adding more 

explanations why CRISG is higher. 

 

3. Zeolite precipitation causes a significant acceleration of CRISG at free pH (~ 

9) associated with rapid decrease in Al concentrations. Fournier et al. (2013) 

mentioned that this is forbidden at pH < 10, but the contrary is 

demonstrated in the current thesis (Figures 7.a, 13). 

4. The higher Temperature enhances the CRISG. In contrast to the lower 

temperature condition, a higher temperature would sustain glass corrosion 

rate. The elevated temperature postponed bridging the cracks on the glass 
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surface, which indicates that the higher impact of the medium's temperature 

is expected at advanced stages of reaction when the cracks occur (Figure 15)  

5. Sodium normalized loss as an indicator for CRISG. The normalized mass 

losses of sodium and the pH values at different S/V values show that tests at 

lower S/V values attain higher sodium releases and higher corrosion rates 

based on sodium release. Tests at higher S/V generate solutions with higher 

pH values and higher sodium concentrations but lower glass corrosion rates 

when expressed as mass glass dissolved per unit area (Figure 16). 

 

Fig. 16 Average Na Normalized loss VS Average Glass 

Corrosion Rates at day 270 for all categories. (Each point = average 7 experiments) 

 

- Ankerite Influence on the ISG Corrosion Rate. 

Related Publications: [A.D.5 - A.D.8] 

NSR2-4 – I have experimentally demonstrated the influences of Ankerite on the 

corrosion rate of the ISG, mainly through Si sorption in saturated leachate and 

through Mg-Si precipitation in unsaturated leachate. (Figures 6, 17).  

1. The first influence on CRISG is the Mg-Si precipitation in the ISG coupon system 

(lower S/V). However, the impact of Si sorption by Ankerite was seen as minor 

but could increase in the advanced periods of reaction. 

a. Mg-Si precipitation could not occur pre achieve saturation with soluble Si in the 

system, regardless of the S/V value of ISG. 
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b. On day 180, CRISG in the ISG coupon system surpassed its reference peer (ISG 

system without Ankerite). Earlier, I already demonstrated that Si saturation was 

achieved in the ISG coupon system starting from day 90. 

c. Si sorption by Ankerite was minor due to its lower portion amount created of 

silicic acid (H4SiO4). 

2. The second influence on CRISG is the Si sorption by Ankerite in the ISG powder 

system (higher S/V). However, the evolution of Mg-Si precipitation was noticed 

great in this system, but its influence on CRISG was lower than the Si sorption. 

a. Si sorption by Ankerite could not occur with a lower amount of silicic acid 

(H4SiO4). Its influence on CRISG is powerful, as mentioned earlier in. 

b. Enough amounts of silicic acid (H4SiO4) in solution indicated that Si saturation 

already occurred, and the formation of the gel layer on the ISG interface was 

already started, regardless of the S/V value of ISG. 

c. The Ankerite's dissolved components did accumulative clogging in the created 

gel layer, which reflected as tapering in the corrosion rate as long as the 270 

days of reaction. 

d. As long as the 270 days of leaching, the reaction's lower temperature in the ISG 

powder system significantly discouraged the CRISG. The 25 °C system was more 

deficient in CRISG by ~ 10 orders than the 90 °C system. That because the said 

distinct equilibrium isotope fractionation factor was higher, therefore, much 

more amounting of silicic acid (H4SiO4) was available in the solution from the 

dissolved Si species. 

 

To conclude, a descending order of factors affecting the ISG corrosion rate. In the 

state of amorphous silicate (SiO2) formation by clogging and Mg-Si precipitation the 

effects of Ankerite on the ISG corrosion rate have been reported to be important, 

however, its influence on the saturation of silicic acid (H4SiO4) was confirmed to a 

minor extent and initiation of the crystallized coating layer  

 

Higher S/V > Temperature > Ankerite effect 
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Fig. 17 Kinetics of [Mg] and [Si] in all systems. 

(a) Magnesium concentrations with time in systems containing Ankerite. (b) Comparison in 
concentrations between Mg (mentioned and scaled by signs and primary Y-axis all are colored red) 

and Si (mentioned and scaled by signs and secondary Y-axis all are colored blue) with time in 

powdered systems (ISG, Ankerite). (Each point = single experiment). 

  

 

New Scientific Results - Group 3 (NSR3) 

- Irradiated ISG through NAA is useful for Studying the Kinetics (i.e., 

Dissolution, Sorption) of Nuclear Fission Products in the R7T7 

Reference HLW Glass 
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Related Publications: [A.D.5 - A.D.8] 

NSR3-1 – I have experimentally demonstrated through INAA, HPGe, and 

panoramic scanning methods on radioactive ISG (powder sample) that most of 

the fission products in the R7T7 reference (
60

Co, 
95

Zr + 
95

Nb, 
134

Cs, 
144

Ce, 
152

Eu) 

could be found in the radioactive ISG; however, other radioactive isotopes (
54

Mn, 

51
Cr, 

59
Fe) appeared in the panoramic scanning of the radioactive ISG which are 

also included in the R7T7 reference due to the homogenization effect on some 

clusters or resulted from corrosion of reprocessing facility equipment (Table 9). 

 

Table 9 Detected radionuclides in activated ISG 

Radionuclide 
Fission Products and other 

Transition Metals  

(α  & β emitters)  

(Werme et al., 1990) 
[25] 

Present Study  

(INAA-HPGe)  

R7T7  Activated ISG  

MBq.kg
-1

  MBq.kg
-1

  
22

Na  
No Result  

0.01  

46

Sc  0.75  

51

Cr  Included in the R7T7 reference due to the 

homogenization effect on some clusters or resulted from 

corrosion of reprocessing facility  equipment (Gin et al., 

2017)  

0.18  

54

Mn  0.13  

59

Fe  0.07  

60

Co  3.69 E3  0.98  

95

Zr + 
95

Nb  No Result  3.40  

134

Cs  2.46 E5  0.06  

137

Cs  1.62 E6  No Result  

144

Ce + 
144

Pr  3.31 E6  5.86 (
144

Ce)  
152

Eu  No Result  0.12  

154/155

Eu  2.08 E4  No Result  

 
 

NSR3-2 – I have experimentally demonstrated through HPGe and panoramic 

scanning methods the dissolution possibility of radioactive isotopes (
95

Zr, 
46

Sc, 

95
Nb, 

144
Ce, 

152
Eu, 

60
Co, 

134
Cs) from the radioactive ISG (coupon sample), which 

are namely confirmed as nuclear fission products in the composition of R7T7. 

The results are out of 90 days, of leaching experiment was conducted in ASTM I 

water at 90 °C (Table 10). 
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a. Major dissolution capacities (%) from the total amount in the original radioactive 

ISG coupon were: 
95

Zr = 2.54, 
46

Sc = 2.50, 
95

Nb = 2.41, 
144

Ce = 2.35, 
152

Eu = 

1.84. 

b. Minor dissolution capacities (%) from the total amount in the original radioactive 

ISG coupon were: 
60

Co = 0.08, 
134

Cs = 0.025. 

 

Table 10 Concentrations of all the radionuclides found in Ankerite cake and ASTM Type-1 water 

Radionuclide 

ISGINAA+Ankerite ISGINAA 

Ankerite Cake ASTM Water  ASTM Water 

kBq/kg kBq/kg 
46Sc 18.8 ± 1.00 

BDL 

25.7 ± 1.00 
60Co 0.77 ± 0.08 0.95 ± 0.07 
95Nb 55.2 ± 3.70 63.8 ± 2.60 
95Zr 28.3 ± 1.44 31.3 ± 1.00 

152Eu 2.26 ± 0.18 2.64 ± 0.15 
144Ce 137 ± 13.1 132 ± 11.0 
134Cs BDL 0.02 ± 0.0012 0.03 ± 0.001 

 

 

NSR3-3 – I have experimentally demonstrated through HPGe and panoramic 

scanning methods the strong adsorption capacity of Ankerite on the dissolved 

radionuclides from the radioactive ISG coupon. The adsorbed radioactive 

isotopes already showed dissolution capacity in the reference experiment. The 

results are out of 90 days of leaching experiment was conducted in ASTM I 

water at 90 in the presence of Ankerite (Figure 18) and (Table 9). 

1 The natural Ankerite showed ≈ 100 % sorption capacity of the radioactive 

isotopes: 
95

Zr, 
46

Sc, 
95

Nb, 
144

Ce, 
152

Eu, 
60

Co. 

2 The natural Ankerite showed ≈ 0.00 % sorption capacity of the radioactive isotope 

134
Cs because it turned to a liquid phase. 

3 Through this experiment, I suggest the natural Ankerite, a natural filtration barrier 

that can delay the fission products' arrival in R7T7 to the biosphere through its 

adsorption capacity. And I consider its inability to adsorb the 
134

Cs an additional 

challenge for the final disposal of the HLW in the geological formation. 
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Fig. 18 Percentage of solubility of some radionuclides from the activated ISG, Ankerite capacity of 

adsorption all the mobile radionuclides from the water was (100 %). Solubility is seen as significant for 
95Zr, 46Sc, 95Nb, 144Ce, and 152Eu, while it is seen as minor for 60Co. 

 

- Applying the Instrumental Nuclear Activation Analysis INAA 

Method on the International Simple Glass (ISG). 

NSR3-4 – I have experimentally demonstrated that the INAA could be used as a 

standard reference method for studying the glass composition. For ISG in the 

current research, the INAA was an innovative method for providing additional 

information on trace elements (impurities) content of the ISG. 

 

NSR3-5 – I have experimentally demonstrated that the INAA is the best way to 

acquire complementary knowledge without pretreatment; INAA provides high 

sensitivity, outstanding performance, and a reasonable precision limit for 

scientific sample detection. 
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8. Discussions and Conclusions 

 Borosilicate glass is a chemically durable glass to stabilize high-level waste by 

vitrifying and discharging a form of glass as a matrix into deep geology. Due to the 

deposition of steel canister by-products corrosion and natural content of iron minerals 

in such geological formations, the content is considered important. The creation of the 

protective layer (gel) on the nuclear glass interface is likely to be delayed by 

saturation postpone through i.e., Si sorption/precipitation. The study based on the 

function of iron carbonates, Ankerite, which already present in the disposal depth 

structure. 

 Studying the impact of Ankerite on the saturation status around the glass was very 

important. The saturation status is the key to predict the glass durability and impact of 

near-field materials on silica content. First, Ankerite impact was examined on 

saturated leachate with silica gel. Then second, it was examined in the un-saturated 

medium was formulated with differences in surface glass to volume (S/V) proportions 

(ISG). The Ankerite with differing masses of saturated leachate in a particular 

saturated volume demonstrated its enormous capacity to adsorb silicate to its surfaces. 

Nonetheless, Ankerite impact was found to be more likely by the precipitation of Mg-

Si in unsaturated leachate. 

 The researches focused on the SIG coupon/powder leaching experiments were 

carried out with regard to a standard radioactive waste form leaching testing Material 

Characterization Center (MCC-1, MCC-3). De-ionised high purity water was used at 

a temperature of = 90 °C and initial pH = 6.3, but the temperature = 25 °C was found 

to be the complementary approach at the same initial pH. The findings of this study 

offered details on the outcome of sorption/precipitation in terms of rates of corrosion, 

pH, and Si content. Increasing the Si content in the RGC90 model was resulted from 

hydration by water diffusion into the glass network. in the RGC90 system, the 

saturation of silicic acid was achieved on day 90 but the better pH of ISG durability 

was observed on day 180. 

 As the silica content in the solution continues to rise due to continued glass 

dissolution, the solution may gradually transition rapidly to a silica gel due to the 

accumulation of the silica-rich layer, which may cause a higher pH spontaneously 

with higher CRISG. The steady-state after saturation is reached in powder systems. In 
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saturated medium conditions, a lower temperature was confirmed to have the lowest 

rate of ISG corrosion (i.e. the higher S/V system, 25 °C system).The method was 

observed and validated with scientific data in order to inspire and sustain the optimal 

pH of the leachate over the longest possible period of time. The articulated pH = 9.3 

was seen to maximize the efficiency of the established gel layer and to lower ISG 

corrosion rate. Just as the pH began to reach the (pH = 9.3) threshold, the ISG 

corrosion rate was replenished. 

 The above findings in the specified experimental length of this study summarize a 

derived result; descending order of factors affecting the ISG corrosion rate: The 

following are: higher S/V > Temperature > Ankerite effect. In the state of amorphous 

silicate (SiO2) formation by clogging and Mg-Si precipitation the effects of Ankerite 

on the ISG corrosion rate have been reported to be important, however, its influence 

on the saturation of silicic acid (H4SiO4) was confirmed to a minor extent and 

initiation of the crystallized coating layer. 

 The SEM testing on various new models were formulated, including the 

development of a Si-rich interfacial solution, congruent glass dissolution, amorphous 

glass precipitation, and diffusive transport through the interfacial layer these models 

account for the interdiffusion of glass network organisms with protons and amorphous 

silica as well. Regardless of proposed SAL forming process, a passivating impact was 

postulated. Formation of the SAL, which is said to occur through a process of 

dissolution and re-crystallization that occurs under hyper-alkaline conditions 

stabilization of the protective layer occurs as a secondary phase is formed. However, 

the formation of the secondary phases can consume its principal constituent elements, 

thereby destabilizing this defensive layer, and that could justify the cracks formation 

in the RGC90 at day 270 of curing.  

 The INAA on ISG and the HPGe gamma scan in the ISG have been used to prove 

that newly discovered impurities (Hg, Cu, Sc, Ce, Zn, Co, La, Th, and Ba) in the ISG 

have been found in ICP MS to be ~ 0.787 (%) in their concentrations and then 

specified to be < 1.00 (%) in the current P.h.D thesis. Moreover, the study assembled 

verified Ankerit's role as an adsorbent material for radioisotopes named within the test 

(
95

Zr, 
46

Sc, 
95

Nb, 
144

Ce, 
152

Eu and 
60

Co); the literature (Werme et al., 1990) indicates 

these radionuclides as fission products in the French reference glass R7T7. However, 
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134
Cs, which had converted into the liquid form, Ankerite could not adsorb and thus 

the same for 
137

Cs in the R7T7. 

The consequence is that once the HLW repository is flooded with groundwater it 

potentially immediately contaminates the structural geological formation with 

radioactive cesium. Other radioisotopes were dissolved as minor or below the 

concentration limit (
22

Na, 
51

Cr, 
54

Mn, 
59

Fe). That emphasized the significance of 

ensuring HLW resistance to water, at least until the fission products decay 

completely, as stated in the literature. 

 

Notes about the NSRs: 

1. There are no current or accessible procedures for silicate sorption by Ankerite in 

the literature, and no associated findings, indicating that this technique and its 

consequences are a pioneering method for ISG. 

2. There were no procedures or findings in the literature for leaching radioactive 

ISG in ASTM I water at 90 °C in the presence of natural Ankerite, indicating that 

this technique and its consequences are a pioneering method for both ISG and 

R7T7 reference glass. 

3. Leaching ISG at various temperatures and S/V ratios, at the same experimental 

circumstances and measurement techniques in a matrixes system, this approach 

and its consequences seem to be a pioneering method for ISG. 

4. In the literature, neither procedures for finding the optimal conditions for gel 

formation on ISG surfaces nor associated mathematical techniques for 

calculating their weight were found, indicating that this approach and its 

consequences are a pioneering method for ISG. 

5. In the literature, there were no previous INAA protocols or INAA findings for 

using the INAA on an inactive reference of the HLW glass, implying that the INAA 

technique for characterizing ISG is a pioneering method. 
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