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Fig. I A SEM picture shows a sample of R7T7 glass that has been subjected to a four-month water 

immersion at a temperature of 150 degrees Celsius. A shell of precipitated phyllosilicates can be 

visible, as well as a gel generated by in situ condensation. The underlying glass is unharmed. Since this 
gel has a high reusability, it discourages the dispersion of small actinides. Once degradation has been 

established, it remains stable until the flow of water is sufficient. 

 

[Source] "Long-term behavior of vitrified waste packages", (Ribet et al., 2009). Proceedings of Global 

2009, 9038 
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NOTATIONS AND SUBSCRIPTS 

 

CRISG Corrosion Rate of ISG (nm.d
-1

) 

Eth(i) Equivalent thickness of element (i) (nm) 

Mg original mass of the glass (g) 

NL(i) Normalized mass loss of element (i) (g.m
-2

) 

Wi(overall) calculated weight of the dissolved element (i) 

Wcolloid Weight of the formed amorphous layer (mg) 

Sgeo The geometrically calculated specific surface area of ISG powder (cm
2
.g

-1
)  

SA Surface Area (m
2
) 

S/V Surface Area to Volume (cm
-1

) 

SSA Specific Surface Area (cm
2
.g

-1
) 

WL The measured Loss in Weight in ISG via electrical balance (mg) 

Xg(overall) overall mass fraction of ISG (mg) 

Xg mass fraction of dissolved glass (mg) 

ρISG 2.5 (g.cm
-3

) 

 

ABBREVIATIONS 

 

ALARA As Low As Reasonably Achievable 

ASTM American Society for Testing and Materials 

AREVA French multinational group specializing in nuclear power and renewable energy 

BET-N2 Brunauer-Emmett-Teller, with using Nitrogen gas 

BDL Below Detection Limit 

BME Budapest University of Technology and Economics 

CSH Calcium-Silicate-Hydrate 

DOE U.S. Department of Energy 

EPMA Electron Probe Micro-Analyzer 

EDAX Energy Dispersive X-Ray Analysis 

GF-AAS Graphite Furnace and Varian AA6 AAS instrument 

HLW High-Level Radioactive Waste  

HPGe High Purity Germanium Detector 

IAEA International Atomic Energy Agency 

ICPs Iron Corrosion Products 

ICP-OES Inductively Coupled Plasma - Optical Emission Spectrometry 

ICP-MS Inductively coupled plasma - mass spectrometry 
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INAA Instrumental Nuclear Activation Analysis 

ISG International Simple Glass 

JAEC Jordan Atomic Energy Commission 

JRTR Jordanian Research and Training nuclear Reactor 

JSS Japanese Swiss Swedish international project 

JUMCO Jordan Uranium Mining Company 

LOI Loss On Ignition 

MCC Materials Characterization Center 

MIC Microbiological Influenced Corrosion 

MOX Mix of uranium plutonium OXide 

PE PolyEthylene 

PGAA Prompt Gamma Activation Analysis 

PNL Pacific Northwest Laboratory 

PSA Particle Size Analyzer 

PTFE PolyTetraFluoroEthylene 

SAL Surface Alteration Layer 

SEM Scanning Electron Microscopy 

SESAME Synchrotron-Light for Experimental Science and Applications in the Middle East 

SRB Sulfate – Reducing Bacteria 

SRNL Savannah River National Laboratory 

SRBS Synchrotron Radiation Beal Source 

TIC Total Inorganic Carbon 

UPW Ultra-Pure Water 

XRD X-Ray Diffraction and elemental analysis 

 

Signs of the experimental groups 

RGP25 Reference Glass Powder reaction at 25 °C 

RGP90 Reference Glass Powder reaction at 90 °C 

RGC25 Reference Glass Coupon reaction at 25 °C 

RGC90 Reference Glass Coupon reaction at 90 °C 

RAP25 Reference Ankerite Powder reaction at 25 °C 

RAP90 Reference Ankerite Powder reaction at 90 °C 

GP25 Glass Powder  reaction with Ankerite at 25 °C 

GP90 Glass Powder  reaction with Ankerite at 90 °C 

GC25 Glass Coupon reaction with Ankerite at 25 °C 

GC90 Glass Coupon reaction with Ankerite at 90 °C 
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GLOSSARY 

 

Amorphous Silicate 

Chemical compound with formula SiO2, it is the primary dissolved silicate due to glass 

hydration   

Ankerite 

An ubiquitous is a calcium, iron, magnesium, manganese carbonate mineral of the group of 

rhombohedral carbonates with formula of Ca(Fe,Mg,Mn)(CO3)2, which is widely present in 
many clayey matrices 

ASTM I water 

Ultra Pure Water prepared as per the American Society for Testing and Materials standards, 
having conductivity and resistivity of 0.055 µS/cm 18.2 MΩ.cm, respectively 

Siliceous gel  

Condensation of the silicate on the glass surface, it occur when the surrounding medium is 
saturated by silicic acid  

High-Level Radioactive Waste 

The spent nuclear fuel, it is generated from the nuclear reactors 

ISG, SON68 glass 

Inactive analoges of the R7T7 type nuclear waste glass 

Japanese Swiss Swedish (JSS) international project  

Joint Japanese (Central Research Institute of Electric Power Industry, CRIEPI, Tokyo), 

Swiss (National Cooperative for the Storage of Radioactive Waste, NAGRA, Baden), 
Swedish (Swedish Nuclear Fuel and Waste Management Company, SKB, Stockholm) 

international project (JSS) on determination of the chemical durability of the French nuclear 

waste borosilicate glass (R7T7 type glass) 

MCC-1 

The commonly performed static leach tests include the standard Materials Characterization 

Center, commonly used for low S/V (i.e., ~10 m
-1

) glass, convenient with higher 
temperatires i.e. 90 °C, Teflon vessels. (ASTM, 1992; Strachan et al., 1982). 

MCC-3 

The commonly performed static leach tests include the standard Materials Characterization 

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

) glass, convenient with higher 

temperatires i.e. 90 °C, Teflon vessels. (ASTM, 1992; Strachan et al., 1982) 

Nuclear waste immobilization 

Kind of treatment and conditioning of the High Level Waste (HLW)  

pH 
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Is a scale used to specify the acidity or basicity of an aqueous solution, this scale 
is logarithmic and inversely indicates the concentration of hydrogen ions in the solution. 

P235GH 

Carbon steel used by AREVA at La Hage to manufacture the nuclear waste steel canisters 

R7T7 reference borosilicate glass 

Borosilicate glass adopted as the solution for fission product management. This glass is 

currently produced industrially in the R7 and T7 facilities at La Hague - France 

Silicate sorption 

Adhesion of silicate ions to a sorbent from the silicic acid molecules   

Sulphate Reducing Bacteria 

Member of the taxonomically diverse microorganisms group classified as an 

anaerobic active group 

T1/2 

Half-life – the time required for radionuclides in radioactive material to disintegrate to half 

of its initial value 

Silicic Acid 

Chemical compound with formula H4SiO4, it synthesized when the amorphous silicate SiO2 

dissolve solution. 
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PREFACE OF THE Ph.D. THESIS 

 

 

The production of energy from nuclear fission generates a lot of waste. This waste 

is classified according to its radioactivity level (very low, low, medium, and high) and 

the period of radioactive decay of radionuclides they contain. Long-lived high-level 

activity waste (HLW) containing actinides fission products resulting from the 

treatment of spent fuels are those that contain most of the radioactivity. Their 

dangerousness requires management that gives itself the aim of ensuring the safety of 

the population and minimizing the impact on the environment. 

In this context, the French legislation of 1991 developed a wide multidisciplinary 

field of study on long-lived radioactive wastes (Guillaumont, 2005). The legislation 

specifically requested three paths for these studies: the separation and transmutation 

of long-lived radioactive elements, long storage duration on the surface, and finally 

storage with a possibility of reversibility on the first hundred years of storage in deep 

geological formations. 

Currently, HLW is conditioned by vitrification in a borosilicate vitreous matrix. 

This technique has the advantage of ensuring better confinement of the activity, 

reduce the volume of waste and facilitate storage while having good chemical 

durability. 

The resulting glass, HLW glass, is poured into a container in stainless steel is 

expected to be placed in a non-alloy steel overpack before it is in storage. This 

conditioning must delay the arrival of water in contact with the waste. The release of 

radionuclides within the host rock mainly composed of clay, whose transport 

properties (permeability, diffusion, retention) also help limit radionuclides' migration. 

The study of the long-term behavior of glasses under storage conditions, in contact 

with environmental materials, and in touch with the pore water of the host rock 

remains essential so to clearly understand the mechanisms behind the dissolution of 

vitrified waste, the become radionuclides, and establish the solid foundation of 

modeling. 

Many studies have been devoted to the leaching of borosilicate glasses. Given the 

difficulty of working on the active HLW glass (i.e., R7T7 glass in France) whose 

handling requires devices (protected enclosure, glove box, etc.), most of these studies 
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were conducted on simulating inactive glass from HLW glass. In this inactive glass, 

all the products of fission and actinides are replaced by their stable equivalents. The 

first approach has consisted of conducting leaching experiments at the laboratory. 

These experiences allow to determine the mechanisms of alteration of glass in the 

short term and to evaluate the effects of different parameters such as pH, temperature, 

or glass composition on weathering. 

At the base of this approach, and to validate these models, scientists establish 

models to predict long-term alteration glass. However, the understanding of the 

mechanisms of alteration of the glass, and more precisely, the influence of 

environmental materials on the alteration kinetics of glasses remains insufficient. 

Indeed, in the storage concept, the glass would be contacted with steel containers and 

their corrosion products, the latter being themselves even in contact with argillite. The 

glass could therefore interact with the materials of the near field. It is in this context 

that scientists set up a group of laboratories on the glass-iron-clay theme. The aim is 

to bring together specialists from each of three types of materials to better understand 

the physicochemical evolution storage cells and in particular, the interactions between 

the different materials. In this theme, the work of this thesis is organized. 



 

 
 

CHAPTER 1  

INTRODUCTION 
 

 

The current Ph.D. thesis is part of a two-year project to determine if the Ankerite 

impact can be identified as effective parameter on the international simple glass (ISG) 

corrosion rate. This research project was focused on laboratory modeling which 

simulates the anaerobic environments in deep geological repository structure to 

explore the causes of corrosion of the nuclear glass matrix. Investigations on saturated 

and unsaturated mediums were conducted to clarify the role of silicic acid 

concentration changes. 

Nuclear technology began to be involved in the power and science industries in the 

last century. One of the key concerns regarding this is the long-term, highly 

radioactive waste produced by nuclear reactors. The spent fuel produced by nuclear 

reactors is considered to be radioactive waste at high level (HLW). Radionuclides 

subscribed for fission reactions (plutonium, minor-actinides and fission products) are 

needed to be effectively separated from the biosphere through advanced care and 

control (Ebert, 1995; Musić al., 1988). HLW disposal is accepted by most countries 

involved and strongly advised by the International Atomic Energy Agency (IAEA) in 

multi-layer container deep geological formation (IAEA, 2009). It is immobilized and 

vitrified by the integration of the glass matrix (i.e., R7T7 type glass) during 

evaporation of the volatile radionuclides (Grambow, 2006; Minet et al., 2010). In 

order to simplify handling, transportation and recycling, the glass matrix is pelleted 

into stainless steel tubes. The stainless steel tubes are then inserted into carbon steel 

canisters (Figure 1.1). It is finished in a buffer, that is to say, concrete insulation in the 

clay-stones (ANDRA, 2005; Donald, 2010). 

This typically requires treatment and long-term strategic management of the waste, 

including permanent storing, recycling, or transformation into a non-toxic substance. 

Over time, the waste decays, meaning the high-level waste is deposited almost 50 

years prior to its disposal. Spent fuel preservation is mostly carried out underwater for 

at least five years, frequently supplemented by dry storage (Thompson, 2010). The 

definition of a multi-barrier comprises the waste package, engineered wall 

repositories, and geologics. These barriers should deter radionuclides from touching 
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human beings, the biosphere, and even groundwater, which is normally free from 

oxygen (IAEA, 2009). 

 

  

Fig. 1.1 Packaging the HLW glass after vitrification, (ANDRA, 2005) 

 

Disposing the HLW is known to be a crucial issue that should be carefully 

considered; after incorporation into borosilicate glass, it is poured into a multilayer 

container. The HLW vitrification is known as this method. An optimal way to ensure 

isolation from the outer biosphere is the pre-conditional disposal of 450 m to 500 m of 

sediment, (Figure 1.2). These waste products include long half-life radionuclides and 

include radionuclides activated from the structural components, the moderator and the 

coolant, for example, corrosion products and contamination of fuel from products of 

fission (ANDRA, 2005; IAEA, 2011.a). Various methods of handling and 

conditioning of radioactive waste have attained a high degree of performance and 

durability. The HLW's immobilization is regarded as the firing of borosilicate glass 

and eventual integration into the glass matrix. The vitrified corrosion and fission 

products are then poured into the stainless steel canister. Discharging into stainless 

steel containers is a recycling system in which the final disposal is depthed in a 

geological repository in the process of long storage (Donald, 2010; Donald et al., 

1997; Rebiscoul et al., 2005). 

Corrosion of nuclear waste packages may result in the radioactive isotopes 

dissolved in the waste packages being carried away from the repository by 

groundwater flow. The incredibly high radioactivity of HLW waste is initially caused 

by fission products, which disintegrate mainly by a type of nuclear decay involving 
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beta (β) particles. For the first 100 years, 
90

Sr and 
137

Cs decay half-lives of 28 and 30 

years, respectively, which account for around 95 (%) of the radioactivity. Longer-

half-life radionuclides, on the other hand, degrade largely into a form of nuclear 

decay. 
239

Pu, 
240

Pu, and 
241

Am are alpha (α) particles with decay half-lives of 24400, 

6580, and 458 years, respectively (Nakamura and Toshiro, 1983). After around 500 

years, the longer decay half-life radionuclides would become the primary 

radioactivity source (Kienzler et al., 2012). As a result, basic problems such as 

location selection and design of the final disposal site are critical considerations in 

maintaining more secure radionuclide disposal far from the biosphere. The most 

significant risk is waste dissolution and radionuclide transfer and spread through 

groundwater from the repository in a deep geological structure (Ebert, 1995). The 

candidate repository location must match specific criteria in order to be a well-

isolated field under authority supervision. The present Ph.D. study investigates the 

short and long-term decay of waste sources and products by correctly simulating the 

radioactive waste packages' changes in clay-rich minerals. 

 

Fig. 1.2 Basic repository layout diagram. 

 Deposit cells in the host formation are excavated underground and arranged into modules. 
(ANDRA, 2005) 

 

1.1 Thesis Motivation 

Most of the assumptions of the present Ph.D. research are intended to explain the 

HLW's durability and the Ankerite impact. In the literature (Chai and Navrotsky, 

1996; Ellwood et al., 1989), Ankerite is either a sedimentary iron corrosion product or 

a naturally metamorphised material by-product from corrosion of the waste steel and 

heaped HLW containers. The use of Ankerite for the production is also referred to as 
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iron corrosion product. 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. 

1.2 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 factor 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 

understanding of the leachate solution's composition and representative surfaces of 

the interacted glass in the scanning microscopy. 

1.3 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.  



 

 
 

CHAPTER 2  

LITERATURE REVIEW 

 

 

Nuclear power stations are the major nuclear installations and contain the greatest 

amount of radioactive waste. In a nuclear power station, the extent and quantity of 

waste are determined by the form of the reactor, its basic design characteristics, its 

conditions of operation and its integrity. These nuclear waste items include activated 

radionuclides from structural, control and coolant content, that is, fuel-induced 

corrosion products and fission products. Several processes have already achieved a 

high degree of quality and safety in terms of waste management and processing of 

nuclear power plants. They are built further to enhance the protection and economy of 

the whole framework for handling waste. (ANDRA, 2005; Donald, 2010; Gin et al., 

2001; Rebiscoul et al., 2005; Vernaz et al., 2001). 

2.1 High-Level Nuclear Waste (HLW) 

HLW applies to all nuclear-energized activated radionuclides; it distinguishes from 

further hazardous waste that its primary items have a very long half life, which 

implies that its radiation activity would be cut to half of its original value within 

hundreds of thousands of years. Electric power or research reactors utilize nuclear 

fuel as fuel rods with oxide or uranium-plutonium mixture oxide (MOX). MOX takes 

a cylindrical form and is enclosed in metal tubes which are completed and separated 

from the core after 3-7 years. In order to effectively reduce the excessive thermal and 

radioactive emissions, the canned spent fuel could then be deposited inside 

recirculated water ponds for 9-12 months. (IAEA, 2011a; IAEA, 2009; Thompson, 

2010). 

Most HLW is generated in nuclear power stations, primarily of the fission fuel 

(
137

Cs, 
134

Cs, 
90

Sr + 
90

Y, 
106

Ru+
106

RH, 
144

Ce + 
144

Pr,
60

Co, 
125

Sb,
154/155

Eu, 
95

Zr + 
95

Nb, 

133
Ba) (3-4 %) and the fuel of uranium or plutonium (96-97 %) (Werme et al., 1990). 

Uranium and plutonium are isolated for the generation of advanced nuclear fuel used 

in economic reactors. Remaining fuel and other actinides (
129

I, 
90

Sr, 
99

Tc, 
79

Se, 
36

Cl, 

135
Cs) are known to be HLW. In specific, certain radioactive isotopes such as 

99
Tc, 
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79
Se and 

129
I are mobile in water; their movement in groundwater forces the disposal 

in special storage medium (IAEA, 2009; Thompson, 2010). 

2.2 Immobilization of the HLW 

The vitrification technique is the preferred method for HLW conditioning and 

immobilization in geological formation repositories prior to their final disposal. Glass 

is stable to numerous corrosive parameters, but it may affect its durability over long 

periods, essential extrinsic parameters, i.e. temperature, chemicals and solvents. 

Vitrification entails HLW being calcinated and incorporated in borosilicate glass, 

making it a material in the glass matrix, and eventually being discharged into stainless 

steel containers. Finally, non-recoverable fission products and actinides are trapped 

into a glass structure, water insoluble, and viable for hundreds of millennia (ANDRA, 

2005; Gin et al., 2018; Word Nuclear Association, 2020; Word Nuclear Association, 

2017). 

If the low-saturated groundwater in the radioactive waste repository encircles the 

nuclear glass, glass dissolution begins from day one to saturate the groundwater. Both 

additional dissolved silicates occur at the outside surface of glass in amorphous 

alteration (gel), which reduces the interaction between glass and the groundwater and 

thus reduces the glass dissolution to a minimal value as saturation is achieved 

(ANDRA, 2005; Ebert, 1995). 

Experiments were carried out on samples of the inactive analogs of the high-level 

French borosilicate glass R7T7, by joint Japanese (Central Research Institute of 

Electric Power Industry, CRIEPI, Tokyo), Swiss (National Cooperative for the 

Storage of Radioactive Waste, NAGRA, Baden), Swedish (Swedish Nuclear Fuel and 

Waste Management Company, SKB, Stockholm) international project (JSS). 

Saturation of silica in 91 days at 90 °C was obtained and the rate of glass corrosion 

estimated after Si saturation was 1000 times less (Werme et al., 1990). 

2.3 Storage and Final Disposal of HLW 

The HLW can not be completely removed or reused, so it takes hundreds of 

thousands of years' stable and safe storage. Disposal of HLW is long-term deposition 

in a multilayer container where tectonic stability is excellent and natural barriers are 

feasible for this kind of waste. HLW disposal is usually found in the shape of an 

argillaceous formation (Bouakkaz et al., 2016; El Hajj et al., 2010). It is necessary to 
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ensure that this pollution does not contaminate the lives of potential generations and 

avoids the transition of radionuclides on time to the biosphere up to millions of years. 

(ANDRA, 2005; IAEA, 2011a; IAEA, 2009; Word Nuclear Association, 2020; Word 

Nuclear Association, 2017). 

2.4 Nuclear Glass Corrosion 

By reducing its thermodynamic stability, water may contribute to borosilicate glass 

turning into the key elements (Paul, 1977). The packages of radioactive waste in the 

geological repositories may be contacted or flooded directly with groundwater, and 

thus glass dissolution products should start to accumulate (Jollivet et al., 2012). 

Leakage of groundwater inside the nuclear waste package concrete buffer happens by 

water diffusion through capillary absorption, and often affects the diffusion of water 

by different rock densities, surface stress, and touch angles (Juhász et al., 2014) The 

porosity of the calcareous pillar, rhyolite tuff and stone density are additional 

variables for predicting water absorption (Farkas and Török,  2019). The assessment 

of the saturation of groundwater among the geological structure is based primarily on 

studies of water dynamics in the nuclear waste repository. 

The nuclear glass matrix basically acts in water like a normal glass. Owing to the 

spread of water across the glass network, which is then accompanied by an ion 

interaction between the positive protons found in the underlying aqueous solution and 

alkaline metals within the glass, corrosion of the glass will occur in the saturated 

silica atmosphere, which sometimes contributes to the development of an amorphous 

gel coating on the surface. In a process known as hydrolysis, ionic-covalent 

connections of the most soluble elements of the aqueous solution assault the glass 

network. When the silica easily dissolves in the aqueous solvent, condensates the 

exterior shell of the glass as a defensive gel coat, all pH and temperature effect 

reversal mechanisms are present (Bouakkaz et al., 2016; Ebert, 1995; El Hajj et al., 

2010; Gin, 2014; Philippini et al., 2006). The formation of the defensive gel layer 

shall, until external causes interrupt both the arrangement and the true accumulation 

of the layer, reduce the contact area between the glass and the watery environment. 

(Donald, 2010; Gin et al., 2001; Rebiscoul et al., 2005; Vernaz et at., 2001). 
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2.5 State of the Art 

Two fundamental patterns in the research of glass alterations are: (i) the kinetic 

dissolution of glass and (ii) the analysis of the surface. These two concepts are 

essential to studying the corrosion rate of different forms of high-level radioactive 

glass in geological formations. The execution of any of these experiments, however, 

depends heavily on the study scope. 

The first study examines the chemistry of the medium and concentration amount in 

the surrounding solution of dissolved glass components. It is constructed using 

powdered glass with a higher surface region of the glass to the solution. This ratio is 

defined as S/V. In the second analysis, any modifications to the glass surface induced 

by silicate sorption/precipitation from the nearby geological deposits are recognized. 

The glass surface is tested via microscopy technologies on glass coupons. Such 

analysis takes place in specific modeling protocols using the deep geologic formations 

of the intended repository sites utilizing the same clay where HLW packages are 

prepared to replicate alterations of radioactive wastes in clay-rich minerals accurately. 

The geological formations of the predicted hosting countries for large-and 

medium-grade radioactivity waste final waste disposal deposits are France (Callovo-

Oxfordian Clay rock at Bure), Belgium (Boom Clay at Mol), Hungary (Boda 

Claystone Formation at Mecsek), Switzerland (Opalinus Clay at Mont Terri and 

Benken, and Palfris Formation at Wellenberg), United Kingdom (Oxford Clay), and 

Canada (Queenston Formation) (ANDRA, 2005; Breitner et al., 2015; Buocz et al., 

2014; Gaucher et al., 2009; L z r and M th , 2012; Werme et al., 1990). Many 

scientific experiments have shown that the deep geological formations on which 

nuclear waste depositories are built (oxides and carbonates) are easy to track down 

(ANDRA, 2005; Breitner et al., 2015; Burger et al., 2013; Gaucher et al., 2009; 

IAEA, 2009; L z r and M th , 2012). The mineralogic structures of the host-rock 

spectrum by weight at Callovo-Oxfordian and Boda Claystone Formation, as 

determined by AREVA in La Hague and the Hungarian Academy of Science, 

respectively, are shown and compared in Table (2.1). 

In the United States, France, Russia, Japan, Slovakia, South Korea, and India, the 

vitrification of high and intermediate wastes is currently in service. An authorized 

nuclear waste dumping scheme did not occur before 2013. Nuclear waste glass 

activity in deposition conditions has nevertheless been extensively studied across 
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colleges of numerous laboratories in the United States, France, Germany, Belgium, 

the UK, and Japan, which have conducted and published numerous theoretical and 

experimental studies (ANDRA, 2005; BRC, 2012; Donald, 2010; Gin et al., 2013; 

JNC, 2000; Lemmens, 2012; NDA, 2011; NDA, 2010; Ryan, 2011; Valke, 2007; 

Werme et al., 1990). 

 
Table 2.1 The mineralogical composition of the host-rock range at Callovo-Oxfordian and Boda 

Claystone Formation, by mass (%). 

(Breitner et al., 2015; Burger et al., 2013; Gaucher et al., 2009  L z r and M th , 2012) 

Mineral 

Composition, mass% 

Callovo-Oxfordian 

(450-500 m depth) 

Boda Claystone Formation 

(540-570 m depth) 

Mica+illite 11-17 --- 

Interstratified illite-smectite 27-31 (30-60 wt.% smectite) --- 

Illite-muscovite --- 33 

Illite --- 50 

Smectite --- 2.0 

Chlorite 2.0 2.0 

Kaolinite 1.5-2.6 --- 

Plagioclase feldspars 1.0 --- 

Potassic feldspars 1.9 --- 

Quartz 22-25 8.0-11 

Calcite 20-21 9.0 

Calcite/ Dolomite --- 8.0 

Dolomite/ Ankerite 3.0 0 (Ankerite) 

Dolomite --- 1.0 

Anatase/rutile 0.3 --- 

Pyrite 0.7–0.8 --- 

Goethite/siderite 1.6–1.9 --- 

Albite --- 12-17 

Analcime --- 10-23 

Hematite --- 6.0-7.0 

 

A lot of study has been done on radioactive waste glass corrosion, which relates to 

all expected corrosive parameters; production conditions (melting and fast cooling), 

radioactivity, high temperature, silicate sorption/precipitation, glass breakup, high 

alkaline conditions, vapor hydration, and several more. (Abdelouas et al., 2013; Bart 

et al., 1986; Bouakkaz et al., 2018; Burger et al., 2013; Carriere et al., 2019; Daniel et 

al., 2018; Debure et al., 2013; Dillmann et al., 2016; Gin et al., 2013; Grambow, 

2006; Guerette et al., 2015; Icenhower and Steefel,  2013; Inagaki et al., 2013; Jollivet 

et al., 2008; Liu et al., 2015; Mitsui and Aoki,  2001; Werme et al., 1990). 



 

 
 

CHAPTER 3  

THEORETICAL BACKGROUND 
 

 

3.1 Parameters Influence Glass Corrosion  

Various parameters are deemed essential to better understand the durability of 

HLW glass. In general, the process of glass corrosion is assessed according to the 

most common correlating variables summarized by (Ebert, 1995) (i) reaction 

temperature, (ii) reaction pH, (iii) interaction surface with volume (S/V), and (iv) 

silicic acid saturation levels. 

The interplay between glass and water at 90 °C is regarded by the high rate of 

elemental removal by leakage as a possible challenge for glass durability (Philippini 

et al., 2006). Simultaneously, the HLW glass temperature needs 1000 years to move 

from 150 °C to 100 °C and 2000 years to 50 °C (Kienzler et al., 2012). As a result, the 

threat of high temperature over the first thousand years of storage is considerable. 

In contrast to the hydration system, the ion exchange slows with time and increases 

the pH. Besides, it is found that the elevated reaction temperature greatly influences 

the ion-exchange process. In this respect, the ion exchange mechanism was noted to 

dominate the early stages of glass corrosion before the fluid's alkaline content 

becomes higher and its speed can be reduced to the status of the glass hydration 

mechanism (Ebert and Mazer, 1993). 

The interacting glass surface area to solution volume S/V is a parameter that can be 

adjusted to higher values if it's necessary to investigate the chemistry of the leaching 

solution from higher S/V systems. The relative significance of monitoring the S/V 

value is a primary tool for achieving more realistic modeling in forecasting the output 

of HLW glass at advanced disposal levels. 

This work aims to provide an overview of the impact of Ankerite (iron carbonates 

mineral) on the long-term disposal conditions for HLW packages. Tests in previous 

research were conducted to trigger other iron carbonate minerals (i.e., Siderite, 

Dolomite). In their 8 months long experiment (Debure et al., 2013), they have 

expressed that Dolomite (Mg-bearing mineral compound) has been able at 90 °C to 

accelerate corrosion of borosilicate glass by Si-Mg precipitation. Simultaneously, 
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(Philippini et al., 2006) have expressed that Siderite has been able to do so via Si 

sorption. 

In both saturated and unsaturated mediums, the current study provided more 

evident reasons for the power of Ankerite to reduce silicic acid levels through both 

silicon sorption and precipitation processes, respectively. It should be recalled that in 

the HLW repository, the achievement of silicate saturation is an optimal state for 

beginning the creation of the protective gel layer of the HLW surface of the glass, 

which is considered to lower its alterations if flooded in the long term by 

groundwater. (Debure et al., 2013; Ebert, 1995; Ebert and Mazer, 1993; Gin et al., 

2001; Philippini et al., 2006; Rebiscoul et al., 2005; Vernaz et at., 2001). 

3.1.1 Mechanisms of Glass Corrosion 

The corrosion outputs between the radioactive glass and groundwater in the deep 

geological structures are the water diffusion, ion exchange, and hydrolysis reactions. 

The reaction temperature influences the rate of each corrosion process. But the 

surrounding solution chemistry, dominating the glass corrosion rate, is affected by 

other parameters, i.e., S/V, pH, and near-field factors (Ebert, 1995; Ebert and Mazer, 

1993). 

A recent study was performed on the correct interpretation of Si isotope signatures 

in natural systems (Stamm et al., 2019). Their research determined the optimal 

conditions for the occurrence of two factors of silicate fractionation. It demonstrated a 

balance between the amorphous silicate (SiO2) and the H3SiO
-
4 and H4SiO4 aqueous 

and distinctional balancing element of the isotope fractionation (silicic acid). At lower 

modeling temperature (25 °C), both equilibriums were ideally reached. The first, 

though, took place at pH ≈ 6 and the second at pH > 9. 

The experiment presented similar findings for the first balance of solid and 

aqueous solution in Chapter (8) of this Ph.D. thesis. The second was seen in the 

powder method of the ISG at 25 °C owing to a stronger interdiffusion of the aqueous 

Si species of solution. 

3.1.2 Stages of Glass Corrosion 

In addition to detailed research into the chemistry for the solution of contact 

(Ebert, 1995; Ebert and Mazer, 1993), the stages of HLW corrosion are summarized 

as follows: 
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First stage: happens if all silica and pH values are low, the corrosion rate then 

corresponds to the maximum value. The ion-exchange process dominates this 

corrosion stage. 

Second stage: it happens if the silicic acid concentration reaches the highest level or, 

in other words, if the silicate concentration dramatically goes to the highest level. 

At this step, the glass corrosion rate decreases due to a reduction in the affinity of 

the glass water reaction. The pH of the solution is more significant, and the ion-

exchange and hydrolyse pathways are neighbouring. The processes for the 

formation of the HLW glass corrosion in the secondary phase rely on the pH level. 

The pH-induced variations in solution chemistry in the range (pH=7 to pH=9) alter 

equilibrium, enabling better chemical durability (Fournier et al., 2019). 

Third stage: where silicic acid solubility is established, and sulphates begin to 

precipitate. However, at this stage, solution's saturation with silicic acid is lower 

comparing to the second stage. 

3.2 Effect of Near-Field Iron Minerals Compounds on HLW Durability 

The current study aims to determine the impact of the near-field minerals (i.e., 

Ankerite) on the durability of the HLW. Besides to the geological content, additional 

Ankerite is to be predicted as an output of interactions with the radioactive waste 

package steel canister and its geological formation in the final disposal repository, 

thereby increasing the formation of Ankerite in the geological storage for a long-term 

disposal time. As confirmed in the literature for other iron minerals 

(oxides/carbonates), the current work investigates the Ankerite's predicted corrosion 

factors: (i) sorption effects, and (ii) elevation of pH level through Fe/Si and Mg/Si 

precipitations (see Chapter 3.1). 

Both the results mentioned above are related sequentially: the Ankerite dissolution 

increases the vessel's pH, which causes further Si dissolution with Si 

sorption/precipitation. The saturation of the ambient medium in the repository of 

HLW packages is a result of the balance accomplished by the medium. As the 

groundwater enters, the equilibrium of the minerals in the disposal site is lowered, and 

the medium becomes unsaturated. The medium's components would immediately aim 

to reach equilibrium by dissolving their components into the groundwater and thereby 

preserving balance. The total inorganic carbon (TIC) donor, Ca, Mg (and Fe, to the 
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groundwater) will be important in iron minerals, i.e., Ankerite. More processes of 

dissolution on Ankerite suggest an increase in pH. Ground levels are abundant in part 

with the key elements of saturation, which result from its passage between the soil 

layers, Table (3.1); This ensures that in-situ equilibrium may be attained at a lower pH 

level, which will contribute to a comparatively lower corrosion rate (Poinssot, 2012). 

Table 3.1 Composition of the Callovo-Oxfordial synthetic groundwater in France, as per La Hague's 

AREVA. (El Hajj et al., 2010) 

Compound Conc., mole/l Compound Conc., mole/l 

Fe 3.40E-05 Na 4.56E-02 

Sr 2.00E-04 TIC 3.34E-03 

K 1.03E-03 Si 1.80E-04 

Mg 6.67E-03 Cl 4.10E-02 
Ca 7.36E-03 NH4 2.90E-04 

Al 4.70E-09 Mn 4.70E-06 

SO4 1.56E-02 Lactate 8.00E-06 

 

Through this analysis, a comparatively acidic experiment has been performed with 

ultra-pure water (UPW). The higher Ankerite dissolution strength was used as an 

agent to increase the pH and increased the ISG corrosion rate in advanced reaction 

durations. This protocol is also used to achieve a direct sight of solution chemistry in 

certain static leaching experiments. Such modeling abbreviates the actual mechanism 

for corrosion in the long-term disposal (Ebert, 1995; Ebert and Mazer, 1993; Poinssot, 

2012). 

3.2.1 Iron Corrosion Products 

In the anaerobic conditions deep within the geological repository structure, 

microbial influenced corrosion (MIC) on the nuclear waste carbon steel canister is 

likely to occur. Steel change is considered an integral factor in the exponential 

acceleration of increasing iron corrosion products (ICPs) in bacterial operation (El 

Hajj et al., 2010; Kuang et al., 2007). The primary cause of MICs under anaerobic 

conditions is sulphate reducing bacteria (SRB). They belong to a particular 

community of microorganisms that consumes the medium's sulphates and all of its 

compounds as sulphate, sulphite, etc. As a terminal element, it produces hydrogen 

sulphide (Sagues et al., 2009). 

SRB belongs to an anaerobic active community of taxonomically complex 

microorganisms (Kuang et al., 2007). SRB accelerates the rate of corrosion of steel 

and causes metal tension and corrosion. Their key consequence is to generate sulphide 
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or hydrogen sulphide as a by-product of the breathing metabolism process and 

produce H2 in the forming process of the iron sulphide FeS (Beech, 2003; 

Harbuń kov  et al. 2009). The main effect of this sulphide is to breathe all substances, 

including sulphate, sulphite, etc. In a deep geological repository, SRB is readily 

accessible. They affect iron corrosion by releasing free Fe ions into the solution 

around the glass that is intended to provide various types of iron carbonate minerals 

(Little et al., 2006). 

3.2.2 Power of Iron Concentration 

The main iron source on the repository platform is the ICPs. They will slow the 

silicate saturation and maintain the process of glass dissolution and affect the 

formation of several phases containing iron (Bart et al., 1986). Iron-silicate 

precipitation is the conclusive production from the steel canister of dissolved Fe(II). It 

should not be overlooked, as an additional element alongside iron precipitated 

minerals should be regarded (iron oxides and carbonates). The two phases of iron 

adversely affect the amount of saturation of silicates to reduce or incorporate the 

porosity of the gel. Therefore, many research studies found them to be prevailing 

parameters of the glass alteration and prioritized them (Burger et al., 2013; Carriere et 

al., 2017; Debure et al., 2013; Dillmann et al., 2016; Guo et al., 2020; Jordan et al., 

2007; Michelin et al., 2013; Neill et al., 2017; Philippini et al., 2006). 

However, after approximately one month of flushing under specific conditions, the 

zero dissolution rate was obtained by clogging external gel porosity to the gel/Si 

saturated solution (Jollivet et al., 2008). This states that the HLW vitrification method 

is a desirable and feasible approach for long-term immobilization of the HLW in a Si 

saturated medium (Icenhower and Steefel, 2013). Fe/Si contact exists, which 

motivates the mechanism to change glass because of the iron in the medium; an 

additional parameter that has been experimentally studied is the source volume of iron 

flow concentrations due to iron dissolution. Conducted an analysis of comparisons 

between old and new ICPs; old ICPs displayed lower Fe flow and lower glass 

alterations than actual disposal conditions (Burger et al., 2013). 

3.2.3 Source of Iron Minerals 

In the composition of Collovo-Oxfordian host rock according to AREVA, 

Dolomite/Ankerite, Pyrite, Goethite/Siderite, and other iron-containing minerals were 
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identified (see Table 2.1 in Chapter 2: Literature Review). Many studies have proven 

that the precipitation of iron minerals by ICPs is an iron mineral additive source. 

However, the leading cause of ICPs in the steel canister for discharging radioactive 

waste glass (Bart et al., 1986; Burger et al., 2013; Neill et al., 2017; Philippini et al., 

2006). 

A big concern with the durability of the HLW glass is that of degradation of steel 

canisters. An intense study has shown the presence of ICPs if iron carbonates (i.e., 

Siderite, FeCO3) or iron oxides (i.e., Magnetite, Fe3O4, Goethite, α-FeOOH) are 

present for the various applications of aerobic and anaerobic carbonate. The 

exponential acceleration of the release of iron ions Fe (II) and rising ICPs in anaerobic 

conditions in the SRB operation is highly responsible for steel alterations (El Hajj et 

al., 2010; Féron et al., 2008; Jordan et al., 2007; Kuang et al., 2007; Little et al., 2006; 

Philippini et al., 2006; Sagues et al., 2009). 

Two independent testing studies have been carried out in SUBATECH on 

P235GH, the carbon steel manufactured by AREVA for the waste canisters at La 

Hague (El Hajj et al., 2010; El Mendili et al., 2013). They implied one of the iron 

minerals (Pyrite), forming at the steel surface after three months of laying at less than 

90 °C (iron sulphide, FeS2), was observed in the tests. This is also a correct predictor 

of the possibility of interacting with underwater and other iron minerals since 

dissolved iron may be obtained from nuclear packages. The function of precipitated 

Fe/Si as a "silica pump", which delays Si saturation and prevents amorphous 

protective layer (gel) formation, was established (Michelin et al., 2013). In addition, 

the Siderites in the glass crack network were considered to have outstanding effects. 

3.2.4 Silicate Sorption by Iron Minerals 

Iron minerals have shown the role of Si sorption and its difference in sorption 

strength. For example, Goethite showed that Si's sorption potential is 4 times higher 

than that of Magnetite and Siderite, at maximum pH=8.5 (Werme et al., 1990). The 

addition of Magnetite and Goethite showed a deleterious impact of the solution on the 

chemical stability of glass (Philippini et al., 2006), which the Si sorption strength has 

justified at the outer surface of the ICPs, which showed five times more glass 

corrosion (Werme et al., 1990). 

  



 

 
 

CHAPTER 4  

INSTRUMENTATIONS, MATERIALS, 

AND METHODOLOGY 

 

 

4.1 Workplaces and Laboratories 

Budapest University of Technology and Economics (BME): 

- Faculty of Civil Engineering Department of Engineering Geology and Geotechnics 

and Department of Construction Materials and Technologies. 

Task: Analysis, trials, sample preparation procedures, and other professional 

testing/measurements. 

- Faculty of Chemical Engineering's Department of Inorganic and Analytical 

Chemistry. 

Task: Hosting the Silicate Saturated Solution Experiment, and the ICP-OES, GF-

AAS and XRD testing on Silicate Solution and Ankerite. 

- Faculty of Natural Sciences' Department of Atomic Physics. 

Task: Cut and Polishing of ISG. 

Jordan Atomic Energy Commission (JAEC): 

- Jordan Uranium Mining Company (JUMCO)'s Department of Uranium Extraction, 

Surficial Ores Laboratories. 

Task: Hosting the Pure Water (ASTM I) Experiments, and the ICP-MS on 

Leachate. 

- Gamma Detection-Research Laboratories and Information Directorate (RID). 

Task: HPGeand Panoramic Scan on Experimental Samples: ISG and Ankerite. 

- Chemical and Physical Analysis Laboratories Directorate, Physical Preparation and 

Crushing Processes, Laboratories (CPAL). 

Task: ICP-OES on ISG Sample for Characterization Issues. 

The Jordanian Research and Training Nuclear Reactor (JRTR) 

Task: Specific Irradiation Tasks, Characterization, and INNA on the ISG samples. 

Synchrotron-Light for Experimental Science and Applications in the Middle 

East (SESAME) 
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Task: specific Irradiation Tasks and  Characterization of Ankerite's Oxidation 

Status: (FeII/FeIII) Ratio. 

The German Jordanian University's (GJU) 

Task: BET-N2 analyses on Ankerite and ISG Samples. 

4.2 Instrumentation 

Devices and Protocols: 

- Instruments for analysis, samples preparation and method of measurements were 

(explained in details in Appendix): 

1. Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) 

Analysis 

2. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) Analysis 

3. Scanning Electron Microscopy (SEM) 

4. Energy-Dispersive Analysis X-ray (EDAX) combined with the SEM 

5. X-Ray Powder Diffraction Analysis (XRD) 

- Diamond Saw Blade: 5 inch 

- Ovens: 

1. Thermo Scientific Heraeus 50042310 (for cultivation on temperature 90 °C) 

2. Shel Lab vacuum oven (for drying after cultivation) 

3. Nabertherm LH 60/12 (C-content in Ankerite) 

- pH meter: Laboratory pH / mV / °C meters, inoLab® pH 7110/7310 type 

- Particle Size Analyzer: Cilas 1190 laser 

- Over Head Mixer: Wisestir HS-50A 

- Balance: Analytical Balance MS3045 – METTLER TOLEDO 

- Centrifuges: Universal benchtop centrifuges universal, CT6E 

- Ball Milling: Tungsten Carbide Planetary Ball Mill PM 400 

- Electrical Mortar Grinder: Tungsten Carbide RETSCH RM 200 Mortar Grinder 

- Vibratory Sieve Shaker: RETSCH AS200 control g – Vibrationssiebmaschine + 

Sieves 

- Brunauer-Emmett-Teller (BET-N2): D2 PHASER, Bruker AXS Specific Surface 

Area 

- Graphite Furnace Atomic Absorption (GF-AAS): Varian AA6 AAS instrument 

and Perkin Elmer HGA-500 graphite furnace  
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- High Purity Germanium (HPGe) Radiation Detector, method: RID-SOP-

006/Gamma ISO 18589-3 

- Electric Laboratory Rotary Mixer 

- Branson 3510E-DTH Ultrasonic Cleaner: Tank Capacity (5.68 L), Tank Size 

(LXWXD 29.2*15.2*15.2 cm), Temperature Accuracy (±4 °C), Temperature 

Range (Ambient to 69 °C). 

- Radiation survey meters: 

1. Radigem 2000 

2. TELE-STTC radiation survey meters 

3. Thermo Scientific - RadEye B20-ER 

4. Saphymo CoMo 170 

5. RAD-AGEM 

Equipments: 

- Teflon Vessels for 90 °C cultivation: 

1. Color: White 

2. Capacity: 30 mL 

3. Type: Polytetrafluoroethylene (PTFE) 

- Polyethylene centrifuge tubes for 25 °C cultivation: 

1. Color: Clear (Transparent) 

2. Capacity: 50 mL  

- HDPE containers 

- Paraffin films: 

Parafilm (M) Laboratory Paraffin Film 10 cm Width 100 cm Length 

Double Distilled Ultra Pure De-ionized Water (ASTM standard water) 

- Millipore cell (0.45 µm) 

1. Laboratory standard for pressure or vacuum-driven filtration: EMD Millipore 

HVLP04700 Durapore Membrane, PVDF, 0.45 µm, 47 mm Diameter 

2. Syringe Filter PES 0.45µm High Flow 33MM Sterile / PK 50 MILLIPORE 

4.3 Materials 

4.3.1 Ankerite 

In the assembly of experimental models, Ankerite-rich real geological samples 

were used (Figure 4.1). The geological sample was obtained from the Rudabánya, 
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Hungary mining area. (Chapter 5: Experimental Analysis on Ankerite) of the current 

dissertation illustrate its characterization and experimental analysis.  

 

  

Fig. 4.1 Ankerite-rich geological sample. Powder formation was used. 
 

4.3.2 International Simple Glass (ISG) 

The ISG is a simple glass derived from its composition aimed to be an 

international benchmark glass. It is 6-oxide borosilicate glass with the same 

elementary ratios as SON68 (inactive French R7T7 glass reference) (Gin et al., 2018). 

For this project, the United States Savannah River National Laboratory (SRNL) 

provided an ISG sample (Figure 4.2). (Chapter 6: Experimental Analysis on ISG) of 

the current dissertation illustrates its characterization and experimental analysis. 

 

 

 

 

Fig. 4.2 ISG samples. Coupons and powder formations were used. 

4.3.3 Ultra-Pure Water 

The E30 Water Purification device for use in this work obtained 20 L gallon of 

ultra-pure water (ASTM I) with conductivity and resistivity of 0.055 μS/cm and 18.2 

MΩ.cm respectively. Ultra-pure water provides minimal ions, which reduces the 

effect of such ions on the system Ankerite/ISG when opposed to other forms of water. 
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4.3.4 Argon Gas 

During this research an argon gas cylinder steel of 7 m
3
, 150 bar, argon with a 

pureness, 99.999 % was applied. 

4.3.5 Silica Gel 

Silica gel of high-purity grade, 90 Å, and 15-25 μm in particle size was purchased 

from Merck. A standard silicone-diluted solution was generated, according to (Jordan 

et al., 2007), and used primarily with Ankerite in the silicate sorption experiments, 

(Chapter 7: Silicate Sorption on Ankerite from a Standard Silicate Solution). 

4.4 Samples Preparation  

4.4.1 ISG Coupons 

A 5-inch diamond saw blade was used to split the ISG sample into 10•10•2 mm 

platelets (coupons/chips), as demonstrated in (Figure 4.2). To remove all fine 

particles, the coupons were washed ultrasonically for an hour with ethanol, then 

rinsed gently for 10 seconds with deionized water. The ISG coupons were polished 

with an oil-based diamond suspension spray on a polishing unit. Surface polishing 

was used on one (fine polished) part of the coupon with several (descending-

roughness) wheels, and on the other side, a rougher wheel was used. The polished 

ISG coupons were washed again ultrasonically for an hour with ethanol, then rinsed 

with ASTM I water for 10 seconds. Every coupon's Surface Area (SA) was calculated 

geometrically with a digital caliper, but the real value was estimated to be 2.4 cm
2
. 

Even then, after adding a surface roughness factor of 1.5, which was calculated using 

BET-N2 to account for the additional surfaces, it was corrected to 3.1 cm
2
. The rough 

side helped supply more ISG corrosion materials, but the smooth side reflected the 

HLW glass surface more.  

4.4.2 Powdered Samples 

Ankerite: A tungsten carbide Retsch RM 200 electric mortar grinder has been used 

to grind and homogenize selected bars that were sliced into powder from different 

sides of the natural rock (Figure 4.1). The Retsch AS 200 vibratory sieve shaker, an 

electronic vibration sieve, was used in the wet sieving to the 200+120 mesh fraction. 

For the unsaturation experiment the portion of the grain from 75 – 125 μm was 

obtained (Chapter 8: Corrosion Consequences of ISG in Presence of Ankerite). The 
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shaker was shortened to a fraction of 325 mesh. For the saturation experiment, the 

portion with a grain size below 45 microns was collected; (Chapter 7:  Silicate 

Sorption on Ankerite from a Standard Silicate Solution). The representative powder 

(45 μm in size) was characterized and tested for Ankerite in (Chapter 5: Experimental 

Analysis on Ankerite). The powdered rock parts were then washed away with ethanol, 

before drying at 105 °C overnight. The BET-N2 approach calculated the specific 

surface area (SSA). The particle size analyzer CILAS 1190 LD calculated the size of 

90 % of the grain particles and their medium diameter (PSA). The BET-N2 approach 

and the PSA in Table (4.1) have been used to define two SSA values. 

Table 4.1 The specific properties of the selected portions of Ankerite powder 

Mesh Fraction Grain Size 

(μm) 

90% of the grains size 

(μm) 

Mean Diameter 

(μm) 

SSA 

(cm2.g-1) 

200 + 120 75 – 125 119.01 88.91 225 

325 < 45 39.16 16.63 1200 

 

ISG: A ball mill Retsch PM 400 tungsten carbide was used to shatter ISG 

monoliths and homogenize them (Figure 4.2). In order to be applied to the other 23 

ISG pieces, which were randomly selected from the entire related portion of the ISG 

ingot, they were polished, flattened and cleaned with ethanol. In the dry sieving to the 

200 + 325 mesh fraction the Retsch AS 200 vibratory sieve shaker was included. The 

grain portion from 45 – 75 μm was utilized in the un-saturation experiment (Chapter 

8: Corrosion Consequences of ISG in Presence of Ankerite). The vacuum-driven 

filtration 0.45 μm was then used to cleanse the glass powder from fine particulates by 

soaking in ethanol and then drying overnight at 50 °C. The SSA was geometrically 

determined using the following method, with a value of 2467 cm
2
.g

-1
 (McGrail et al., 

1997). 

     
 

  
                                         (4.1) 

, where   is the density in g.m
-3

 (     = 2.5 g.cm
-3

) and R is the average radius of a 

particle (m), and Sgeo is the specific surface area (SSA). 

The specific surface area was determined using Equation (4.1) SBET Gave values 

exceed Sgeo values in the range of 1.6 to 1.9. According to (Pierce et al., 2008), it was 

determined to consider the lower size by applying Equation (4.1) and consider the 

grains as spherical instead, as recommended by (Debure et al., 2012). And thereby, 

the PSA was used to calculate the grain size of the glass powder. The test revealed 
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that 90 % of the grains had a diameter below 24.2 μm with a mean of 10.4 μm. It is 

confusing when the PSA results are compared to the sieving sizes. Despite this, the 

PSA output was far more accurate due to its wet ultrasonically performance and dust-

free environment. This may be the case because of the high silicate content in the 

powdered glass and its tendency to stick to the surrounding humidity. Hence, the 

sieving doesn't correctly depict the glass grain size. Contrarily, doing sieving at a 

lower mesh size gave low grain yield, as per the SPA. 

4.4.3 Radioactive ISG Coupons 

The INAA approach was used on a couple of ISG coupons that were chosen from a 

pool of already prepared coupons. Quick investigating irradiations on a powdered ISG 

sample of 12 mg was conducted prior to performing the main INAA on the test ISG 

coupons to ensure the safety aspects applicable to the research nuclear reactor's 

requirements. The coupons were irradiated for 330 mints at a neutron flux of 2E+17 

n/cm
2
. Radigem 2000 and TELE-STTC radiation survey meters were used to calculate 

gamma exposure concentrations at the surface of the samples for radiation protection. 

They reported no detectable dosage, which was considerably lower than the IAEA's 

safety guidelines (IAEA, 2005). Prior to shipping from the nuclear reactor to the 

laboratory, the estimated dose rate on the package surface was 0.82 µSv/h. As per the 

IAEA and the International Commission on Radiological Protection (ICRP), the basic 

safety standards as well as radiation protection and safety of radiation sources were 

strictly enforced during shipping, assembly, installation and processing above 

leaching, according to the "As Low As Reasonably Achievable" (ALARA) principle  

(CEPN, 1986; IAEA, 2011.b). The INAA technique was helpful in the preparation 

and characterization study of ISG radioactive ISG coupons, both for the sorption of 

radionuclides on Ankerite (Chapter 9: Sorption of the Dissolve Fission Products on 

Ankerite) and for the experimental analysis (Chapter 6: Experimental Analysis on 

ISG). 

4.4.4 Silicate Saturated Stock Solution 

The silicate saturated stock solution was prepared by applying 5 g silica gel to the 

1 liter solution of 0.01 M NaOH. The solution was blended in a polycarbonate bottle 

for four days using an Electric Rotary Mixer Laboratory. It was then decanted and a 

Millipore filter with a poresize of 0.45 µm filtered the resultant aqueous. The 
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provided stock solution was generated according to (Jordan et al., 2007), and used 

with Ankerite in the silicate sorption experiments, (Chapter 7:  Silicate Sorption on 

Ankerite from a Standard Silicate Solution). 

4.5 Methodology 

The experiment was prepared, beginning with the first storage time, to simulate 

radioactive waste's most extended potential storage period. 

Saturation is inadequate throughout the first storage phase in the in-situ, thus 

increasing the corrosion rate for nuclear glass. Glass coupons experiment represented 

this phase. For radioactive waste, saturation takes place in the long term as the 

groundwater flow hits the disposal location. In this dissertation, (Chapter 8: 

Corrosion Consequences of ISG in Presence of Ankerite), two saturation phases are 

shown: first, high-temperature saturation for nuclear glass (the reaction of the 

powdered glass with water at high temperature was established) and, secondly, low-

temperature saturation (this was represented in the experiment by reacting powdered 

glass with water at a low temperature). 

Finally, from the advent of storage up to the decline of nuclear glass after around 

10,000 years of storage, the test provides details on the longest possible period. In 

addition to the principal experiment mentioned above, two more experiments were 

conducted. Both were interested in the Ankerite sorption capacity. One was first 

performed in silica gel saturated solution, (Chapter 7: Silicate Sorption on Ankerite 

from a Standard Silicate Solution). It focused on the silicate Ankerite sorption and 

was primarily performed to lend pioneer credence and confirming the potential of 

Ankerite in silicate sorption. The second addressed Ankerite sorption on radionuclides 

(or fission products) released from simulated radioactive glass, (Chapter 9: Sorption 

of the Dissolve Fission Products on Ankerite). 

Before moving into detail, Figure (4.3) summarizes and illustrates the whole 

methodology procedures that have been derived from such studies and international 

protocols in the literature (Advocat et al., 1990; ASTM, 1992; Bates et al., 1991; 

DOE/TIC-11400, 1981; Ebert et al., 1990; Ebert, 1995; Jordan et al., 2007; Strachan 

et al., 1982; Strachan, 1983; Strachan et al., 1985). 
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Fig. 4.3 The Methodology of the Experiments in Chapters 7, 8, and 9 is shown in this chart diagram 

4.5.1 Silicate Sorption on Ankerite from a Standard Silicate Solution 

The experiments in this sub-methodology are detailed in (Chapter 7: Silicate 

Sorption on Ankerite from a Standard Silicate Solution). The portion of Ankerite less 

than 45 μm and SSA = 1200 cm
2
.g

-1
 were chosen for that section because of higher 

SSA values that were more appropriate for the reduced duration. Table (4.2) shows 

the results of calculation of S/V for samples. 

 

Table 4.2 Surface characterization of < 45 µm powdered Ankerite, SSA = 1200 cm2.g-1 

Sample ID Ankerite Powder Weight 

(g) 

S/V 

(cm-1) 

M1 0.04 4.80 

M2 0.10 12.0 

M3 0.30 36.0 

 

Earlier mentioned was the preparation of silicate saturated stock solution. ICP-OES 

has determined silicon content in the solution using a Standard 1 g.L
-1

 silicon solution 

(1.12310.0500, Certipur, Merck KGaA). With diluted HCl, the pH of the filtered 

solution was set to 7. (Jordan et al., 2007); in their modeling studies, they innovated 

what was mentioned above while examining silicates' sorption on Goethite, Hematite 

or Magnetite. The Na2SiO4 standard solution has a silicon content of 224 mg.L
-1

 of Si. 

All measurements were performed with 0.002 L HNO3 (63 %) + 0.002 L HCl after 

dilution/digestion (37 %). 
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All the experimental conditions in Table (4.3) are shown. For primary silicate 

sorption measurements by Ankerite from the standard silicate solution, a Variant AA6 

AAS and Perkin Elmer HGA-500 graphite furnace GF-AAS instrument have been 

selected. In Table (4.2), surface area to volume (S/V) calculations were carried out in 

tandem on three dual weights of Ankerite: M1 = 0.04 g, M2 = 0.1 and M3 = 0.3 g. 

Sorption analysis of H4SiO4 from 3.6 mg.L
-1

. S/V measurements were made in the 

reactor vessel on a regular silicate solution volume of 0.01 L. GF-AAS could 

calculate Si levels at very low ranges from 0.1-2.4 mg.L
-1

 or 0.2-6.0 mg.L
-1

 depending 

on the spectral line used. Just 0.001 L was required for the solution, and the detection 

limit was low enough to test the samples accurately. 

 

Table 4.3 Experimental Conditions of Si Sorption on Ankerite from a standard silicate solution 

Temperature  Room temperature 

Pressure  1 atm 

Atmosphere  Room atmosphere 

pH  7.0 

Reactor vessels  Polycarbonate 

Si concentration [Si]  3.6 mg.L-1 

Dilution  Distilled water 

Si saturation  Under solubility limit 

 

Manually injected and analyzed a 20 μL sample of 0.01 M NaNO3 matrix solution 

as seen in Table (4.4). The Si calibration method was supplied with standard solutions 

(Table 4.5). The silicate solution was designed with a diluted fraction of 224 mg.L
-1

 

of silicone and 0.01 M NaNO3 in the stock. As a background approach, regular 

solutions were used. Figure (4.4) displays the calibration curve constructed from 

various SI concentrations from the stock solution using diluted solutions. The GF-

AAS may be used to test deficient Si concentrations. 

 

Table 4.4 Temperature Profile for Si Calibration Curve used in GF-AAS 

Step 1 2 3 4 5 
Temperature (°C) 150 600 20 2,600 2,600 

Ramp time (s) 1 1 1 0 0 

Hold time (s) 15 5 15 3 1 

Read   11   

Flow (ml.min-1)    30  
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Table 4.5 Concentration of Silicate Standard Solutions Prepared for GF-AAS Calibration 

Si Stock 224 mg.L-1 Si 0.01M NaNO3 

(µg.L-1) (L) (L) 

0.45 0.00005 0.025 

1.20 0.00013 0.025 

2.40 0.00027 0.025 

3.60 0.00040 0.025 

 

 

 

Fig. 4.4 GF-AAS Silicon calibration curve 

 

4.5.2 Corrosion Consequences of ISG in Presence of Ankerite 

The experiments in this sub-methodology are detailed in (Chapter 8: Corrosion 

Consequences of ISG in Presence of Ankerite). Static leach experiments, typically 

conducted at the U.S. Department of Energy at the Pacific Northwest Laboratory 

(PNL), include the standard leach materials characterization center (MCC) 

examination for radioactive waste types (Strachan et al., 1982). It compares the 

durability of the high-level radioactive waste stabilization waste types formed 

(DOE/TIC-11400, 1981). 

The ASTM test for the static leaching of monolithic forms for disposal of 

radioactive waste has already been standardized by committee C-26, Standards 

C1220-92, and is now in line with the norm (ASTM, 1992). 

The rather low S/V in the MCC-1 test reflects the unlikely occurrence of 

instantaneous groundwater filling of the waste canister headspace, which offers a 

straightforward way to compare the relative durability of various homogenous waste 

glass. For tracking the alteration of HLW glass analog, longer-term MCC-1 
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experiments are crucial. It may assess the corrosion intensity of the leachate chemistry 

and test its surface during corrosion in order to evaluate the corrosion mechanism 

(Advocat et al., 1990; Bates et al., 1991; Ebert et al., 1990; Strachan et al., 1985; 

Strachan, 1983). 

The development of the MCC-3 or solubility test (Ebert, 1995) was focused on 

assuming that saturated solutions with different concentrations will be generated by 

differing glass with various compounds. This test will represent advanced stages of 

HLW corrosion, which is used to accelerate the leachate's saturation. The MCC-1 test 

is widely used for low S/V glass (i.e., ~10 m
-1

), while for larger S/V (i.e., ~2000 m
-1

) 

glass (Ebert, 1995), the MCC-3 test is valid; for these tests though, these tests are 

convenient at higher temperatures, i.e., 90 °C. Teflon and ASTM-detonated vessels 

are required (Strachan et al., 1982). 

For 90 °C and 25 °C experimental reaction temperatures, polytetrafluoroethylene 

(PTFE) and polyethylene (PE) centrifugal piping of 30 ml capacity used. Per vessel 

and tube was swept until the functional work was performed overnight with nitric 

acid, washed with bi-distilled water repeatedly, and eventually flushed with ethanol. 

At the 105 °C overnight, the PTFE-boxes were cleaned, while a blow-dryer was 

applied to the polyethylene centrifugal tubes. 

Throughout this study, five experimental systems/models were set up. They were 

admitted to the drying chamber for (3, 7, 14, 28, 90, 180, 270 days) reacting durations 

in PTFE vessels and PE centrifuge tubes, at both 90 °C and 25 °C, respectively. 

Notes: a couple of exceptions were considered due to special experimental conditions: 

1. 90 °C and 25 °C temperatures were separately considered in all systems except in 

system (iv); the 90 °C temperature was the only consideration. 

2. 25 °C experiments in the system (i) were aged to (3, 7, 14, 28 days), as follows: 

- System (i): Reference for ISG coupon or (MCC-1), were assembled using ISG 

coupons, commonly performed static leach tests including the standard Materials 

Characterization Center leach test for nuclear waste forms (MCC-1) (Ebert, 1995; 

Strachan et al., 1982). 

- System (ii): Reference for ISG powder or (MCC-3), were assembled using ISG 

powder, commonly performed static leach tests include the standard Materials 

Characterization Center leach test for nuclear waste forms (MCC-3) (Ebert, 1995; 

Strachan et al., 1982). 
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- System (iii): Reference Ankerite systems were assembled using Ankerite powder. 

- System (iv): [(MCC-1)+Ankerite] were assembled using ISG coupons and 

Ankerite powder. 

- System (v): [(MCC-3)+Ankerite] were assembled using powders of both ISG and 

Ankerite. 

The test samples were made with specific quantities of powdered ISG Ankerite 

(~240 mg) and ISG (~300 mg) coupons, adding 0.024 L ASTM I water to every 

experimental tube/vessel. The argon was then sprayed into the models to deoxygenate 

the sample, and the anaerobic corrosion was simulated. Assembling the vessels was 

performed with specific amounts of the experimental samples (ISG, Ankerite). The 

original pH for the ASTM I water at 25 °C was 5.7; however, before sealing the pH 

for each system, it was set to 6.3 for all systems with 10 μL of a 0.08 g.L
-1

 NaOH 

solution. Table (4.6) provides a comprehensive illustration of the testing conditions 

for any system, while Table (4.7) explains the abbreviation method for each sample. 

After the curing intervals were completed, the vessels were evacuated from the 

process. Then the hot samples were cooled to room temperature at the end of the 

defined leaching time, and then all vessels/tubes were centrifuged for ten minutes at 

4500 rpm. The leaching solution's pH value was instantly calculated in all models at 

25 °C. A Millipore filter (0.45 μm pore size) was then used to produce the leaching 

solution, and 0.015 L of the filtrate was taken for ICP-MS examination. The glass 

coupons were rinsed for 10 seconds in ASTM I water and cured in a 50 °C vacuum 

oven overnight for drying. Scan microscope SEM is used for analysis. 

The weight loss (WL), after leaching and drying, with Mettler Toledo electrical 

balance for the altered glass coupons and powders has been quantified. These 

measures were only taken for glass comparison samples and samples comprising glass 

coupons and Ankerite because of Ankerite mixture's difficulties in the initial 

separation of glass powder particles. 

4.5.3 Sorption of the Dissolved Fission Products on Ankerite 

The experiments in this subset are described in depth in (Chapter 9: Sorption of the 

Dissolved Fission Products on Ankerite). For 90 curing days, there were two vessels 

equipped, each with one radioactive ISG coupon. Two vessels were installed at 90 °C. 

One of the vessels was used as a reference, and the Ankerite got involved in the other. 

The static leaching test has been established in the MCC-1 procedure mentioned in 
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subchapter 4.5.2. Besides, as mentioned in subchapter 4.4.1, glass coupons were 

selected from an existing pool of prepared coupons. 

 

Table 4.6 A detailed illustrations of the experimental conditions for all studied systems 

Experimental Conditions 

Leaching Test Static 

Temperature °C 

System (i) 90 

System (ii) 25, 90 

System (iii) 25, 90 

 System (iv) 90 

 System (v) 25, 90 

Pressure 1 atm Standard atmospheric pressure 

Gas (Deoxygenating Atmosphere) Argon (Ar) Purity = 99.999 % 

pH 6.31  Temperature = 25 °C 

Solvent ASTM I (UPW) Volume = 24 mL (24 cm3) 

ISG 

Polished Glass 

Coupons  
S/V = 0.13 cm-1 Surface Area  SA = 3.1 cm2 

Powder Glass Grains S/V = 20.55 cm-1 

Specific Surface Area SSA = 2,467 cm2.g-1 
Surface Area SA = 493.4 cm2 

Mean Grain Size = 10.40 μm 

Mass/Sample = 0.2000 ± (0.0005) g 

Ankerite Powder Ankerite S/V = 2.25 cm-1 

Specific Surface Area SSA = 225 cm2.g-1 
Surface Area SA = 54 cm2 
Mean Grain Size = 88.91μm 
Mass/Sample = 0.2400 ± (0.0005) g 
10 g.L-1 (0.24 g Ankerite/24 mL ASTM I 
Water) 

 

Table 4.7 The abbreviation method for all systems/models 

ID Categories 

 

 

Sample Constituents 
Temperature  

(°C) ISG Ankerite ASTM water 

90 25 
Coupon Powder 

RGC90 √ × × √ √ × 

RGP90 × √ × √ × × √ 

RAP90 × × √ √ √ × 

GC90 √ × √ √ √ × 

GP90 × √ √ √ √ × 

RGC25 √ × × √ × √ 

RGP25 × √ × √ × √ 

RAP25 × × √ √ × √ 

GP25 × √ √ √ × √ 

When mentioning the period of curing is needed it will be added as an additional item (number) to the 
model abbreviation. i.e., RiGC90 = Reference Glass Coupon reaction at 90 °C for the period i days 

according to following: 

 

 

 it could be added to,   

i 1 2 3 4 

Days 3 7 14 28 
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As earlier described in subchapter 4.5.2, withdrawing the vessels after curing and 

processing was the same, and also the contents of the vessels were then subjected to 

additional gamma spectroscopy checks, using HPGe detector.  

The reacted radioactive samples were prepared for admission into the special 

container (490 mL) of the HPGe detector using a basic digestion method (adding 

ASTM Type-1 water and other agents) based on the physical and chemical properties 

of each sample, as follows: 

- Ankerite cake: was digested in 50 mL of 8 M HNO3 for 3 hours at 100 °C before 

all suspensions dissolved, then the solution was purified. This method was 

repeated three times and the resulting solution was collected in the container. The 

container's capacity is then supplemented with ASTM Type-1 water addition 

(490 mL). 

- Activated ISG: A tiny chunk of radioactive ISG was sliced and then ground. The 

radionuclide content in the ISG coupon was determined through digestion+HPGe 

examination on 10 mg of the radioactive powder. (i) It was digested in (10 mL 

ASTM Type-1 water + 10 mL HF), then was heated at 150 °C. (ii) Applying 

diluted nitric acid (10 mL of 8 M HNO3 + 20 mL of 1 M HNO3), then heating at 

100 °C for 15 minutes to completely dissolve the glass. Finally, ASTM Type-1 

water was applied to the sample to make it supplement the container capacity. 

- Aqueous solution: was diluted with ASTM Type-1 water to make it supplement 

the container capacity. 

For 60 hours, the container of each radioactive sample was installed in the geometry 

of the HPGe detector. 



 

 
 

CHAPTER 5  

EXPERIMENTAL ANALYSIS ON 

ANKERITE 
 

 

Ankerite (Ca(Fe,Mg,Mn)(CO3)2), a common iron carbonate mineral in soil, is 

found in many clayey matrices. Its dissolution results in the formation of Goethite 

(FeOOH) (Breitner et al., 2015). Siderite has previously been shown to be Ankerite in 

carbonatites, Ca(Fe,Mg,Mn)(CO3)2 (Buckley and Woolley, 1990). In metamorphosed 

ironstones and sedimentary banded iron formations, Ankerite coexists with Siderite 

(FeCO3). It has the same crystalline structure as Dolomite (CaMg(CO3)2) (Chai and 

Navrotsky, 1996) and is classified as a Dolomite mineral group member (mindat.org). 

In the presence of the Fe(II) source provider, substantial known precipitations of 

Siderite, Ankerite and Dolomite have been observed in sandstone (Chai and 

Navrotsky, 1996; Xu et al., 2005). In Japan, a four-year mineralogical alteration and 

characterization analysis of Bentonite/iron interaction in a synthetic seawater medium 

at 80 °C was conducted; Ankerite and Siderite were formed as the iron primary 

corrosion products (SKB, 2008). A real, Ankerite-rich geological sample was 

collected and used in this investigation. It was obtained from a mining area in 

Rudabánya, Hungary, Figure (5.1). The elemental analysis was performed using ICP-

OES technique. Table (5.1) shows the main chemical composition of Ankerite. 

 

Fig. 5.1 SEM/EDAX 

observations on representative 

rock sample collected from the 

mining area in Rudabánya, 

Hungary. 
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5.1 Analytical Characterization of Natural Ankerite 

Ankerite's presence means that its contents may readily be transferred to the 

solution, ensuring a steady state condition. Ankerite dissolution causes a rise in pH, so 

the added explanation for the solution's alkalinity and glass corrosion is considered 

(Poinssot, 2012). For this analysis, the assessment of the elementary composition of 

the Ankerite sample was therefore of major importance. Inductively coupled plasma 

optical emission spectrometer (ICP-OES) was used for the majority of the study. 

Additional techniques were used for the determination of the carbon content and the 

amount of iron (II), which are essential to better understand the composition of the 

Ankerite and then decide its actual control over the pH. 

The total elemental composition of Ankerite is illustrated in Tables (5.1), (5.2); all 

other elements were found to be lower than the detection limit.  

Table 5.1 Primary elemental composition of natural Ankerite, obtained by ICP-OES analyses 

Element  Mole (%) 

Ca  8.34 

Fe  26.3 

Mg  7.17 

Na  0.65 

S  0.60 

Si < 0.26 

Al < 0.16 

K  0.46 

Mn  0.91 

Cu  0.42 

Zr < 0.04 

Zn  0.02 

Others < 2.13 

Total %  47.43 

 

Table 5.2 Under detection limit elements of natural Ankerite, obtained by 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   
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A mass proportion of primary elements was derived from ICP OES in ISG (Si = 

0.0026 %, B = 0.002 %, Na = 0.0065 %, Al = 0.0016 %, Ca = 0.0834 %) which was 

contained in Ankerite (Table 5.1). In calculations, the mass portion of each element 

was represented during the reaction. 

The carbon (C) content can be measured with prompt gamma activation analysis 

(PGAA), short irradiated neutron activation analysis (NAA) method, especially in 

carbonate samples and Loss on ignition (LOI) method. In the current research, this 

analysis was accompanied by LOI method, which is a technique written by (Heiri et 

al., 2001). For this reason, a crucible was used; an Ankerite was placed into a crucible 

and then heated to 105 °C for 24 hours with its contents, then weighed to determine 

mass loss. Again, 5 hours of heating of the crucible to 950 °C, measuring the weight 

loss. Nabertherm LH 60/12 oven is the oven used for this test. 

The C content was then evaluated mathematically with the following (5.1), (5.2) 

Equations: 

          
                                                   

                        
                           

Then, 

                    
                

     

                                    

, where CMm is the Molar mass of carbon = 12.01070 g/mol, and CO2Mm is the molar 

mass of carbon dioxide = 44.0095 g/mol 

Average powder sample was measured, and 9.73 mass (%) was obtained by 

measuring the C content. The findings for any factor from the deducted mass ratio 

were initially obtained in the mg.L
-1

 unit in the ICP-OES, (Table 5.1), from which 

oxide concentrations were extracted, (Table 5.3). 

5.1.1 Fe(II)/Fe(III) Ratio in Natural Ankerite 

It was previously stated that Ankerite in carbonatites was previously found to be 

siderite (Buckley and Woolley, 1990). Besides, (Poinssot 2012) explains the 

Sideretita-Ankerite cycle; Ankerite releases bicarbonates that react with Fe(II) 

produced by Pyrite (FeS) when Ankerite enters into contact with groundwater. May 

occur sulphide oxidation leading to siderite precipitation, according to the equation 

below. Carbonates released by Ankerite would increase pH, as seen and described in 

the thesis (Chapter 8: Corrosion Consequences of ISG in Presence of Ankerite). 
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Table 5.3 Oxide concentrations in Ankerite-rich geological sample, derived from ICP-OES 

and Thermal analysis 

Method Element Mass (%) 

ICP-OES 

SiO2 0.56 

K2O 0.55 

Na2O 0.88 
Al2O3 0.30 

CaO 11.7 

Li2O 0.03 

Fe2O3 37.6 

MgO 11.9 

MnO 1.18 

CuO 0.53 

SO3 1.50 

ZnO 0.03 

Thermal CO2 35.7 

TOTAL (%) 102.5 

 

Deep geological solubility of Fe(II) and its redox capacity are important 

characteristics. In order to better comprehend Ankerite, the possibility of future 

advancements in solutions should be investigated. More research is needed to limit 

the solubility impact of near-field minerals (e.g., Ankerite's solubility) on advanced 

equilibrium phases, which may influence Fe(II). A minor bacterial condition, on the 

other hand, can lead to major changes in Fe(II) levels (Gaucher et al., 2009; 

Tournassat et al., 2008). 

The Fe(II) percentage of Pyrite was analyzed using Mössbauer spectroscopy and 

iron was identified primarily present as Fe(II) (~93 %) (Tornassat et al. 2008). 

Nonetheless, in the presence of Siderite, Pyrite, and a large concentration of sulfide in 

porewater (Gingele, 1992), Ankerite were present in two hemipelagic cores. The 

microbial behavior of the anaerobic medium (i.e., repository), by reducing the Fe(III) 

to Fe(II) and causing Pyrite formation, is permitted to speed corrosion in the steel 

canister (Beech, 2003; El hajj et al., 2010; Haese et al., 1997). Siderite sorption effects 

on silicate levels in saturated medium were approved in their experiment (Philippini et 

al., 2006), whereas Pyrite findings were non-existent. The current work was used to 

measure the function of Ankerite in silicate unsaturated media to improve the 

corrosion of HLW glass. 

All of this has prompted the study to assess the status of natural Ankerite iron 

oxidation. In this analysis, the natural Ankerite sample was used to use the references 
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(Fe2SO4) and (FeCl3) while employing the synchrotron radiation beam-light source 

(SRS). The result was a 73 (%) of Fe(II) among the overall iron content. The 

Fe(II)/Fe(III) ratio = 2.7:1. Ankerite production as a principal iron corrosion product 

(ICP) following corrosion on the radioactive waste canister is anticipated by the 

relative ratio of Fe(II) in Ankerite. Previous studies have predicted that statement 

(Dabbas et al. 2019a; Dabbas et al., 2019b; Dabbas et al. 2018a; Dabbas et al. 2018b). 

It is worth noting that the Fe content of Ankerite (Table 5.1) shows a Fe mole 

percentage of 26.3 (%) attributed to the use of ICP-OES. 

Based on the high Fe(II) content of the studied Ankerite-rich geological sample, 

Ankerite has been found to be a ferrous Fe(II) carbonate mineral. Mercier-Bion et al. 

(2018) mentioned that the Fe(II) carbonate minerals (i.e., Magnetite, Fe
2+

(Fe
3+

)2(O
2-

)4; 

and Siderite, FeCO3) are iron corrosion products. As a consequence, Ankerite is 

classified as an iron corrosion product in the present dissertation, taking into account 

its high Fe(II) ratio. At the same time, Ankerite has been proved as a suitable mineral 

for studying the corrosion of ISG due to iron corrosion products of iron in the HLW 

repository site. 

5.1.2 X-ray Powder Diffraction (XRD) Test  

The X-ray Powder Diffraction (XRD), Figure (5.2), faced a problem of 

distinguishing between the Dolomite and Ankerite during the evaluation. These 

minerals are found within the sedimentary carbonate rocks and belong to a hexagonal 

crystal system's rhombohedral division. So far, having the same crystal system, the 

XRD patterns overlap each other, and it was challenging to distinguish which one of 

these or both of these are present in a sample. Though to some extent, the chemical 

analysis helps due to the presence of iron in the crystal structure of Ankerite, and it is 

absent in Dolomite. The mineral composition of the natural sample used in the present 

research was Ankerite and Siderite. 

The description of the Dolomite-Ankerite-Rhodochrosite rhombohedral carbonates 

is unreliable, since it is very difficult to accurately describe their XRD pattern. 

Among them, there are frequent transitions. Recently, too, the concept of Ankerite has 

been modified. Dolomite-Ankerite is still in a constant transition according to the 

Fe/Mg ratio. Fe > Mg and Fe > Mn must be present at Ankerite (application of the 

rule of the predominance cation with predominance valence in each position). The 
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iron-rich Dolomites or the iron Dolomites are most so-called Ankerites, and the ideal 

Ankerites are rare in nature. It doesn't fit since the Vegard law for isomorphic series 

isn't an easy series. Electron microscopy with using electron probe micro-analyzer 

(EPMA) is the only alternative (Chai and Navrotsky, 1996; Ellwood et al., 1989; 

Krupka et al., 2010; Reeder, 1983). 

 

 

Fig. 5.2 The XRD pattern of natural Ankerite (proved by Department of Inorganic and Analytical 

Chemistry, BME) 

 

 

  



 

 
 

CHAPTER 6  

EXPERIMENTAL ANALYSIS ON 

INTERNATIONAL SIMPLE GLASS 

(ISG) 
 

 

The ISG is a simple glass derived from its international glass benchmark 

composition. At the 4th International Glass Corrosion Workshop, conducted in 

Savannah, GA, USA in May 2011, a decision was made: "To formulate a common 

glass that would be studied by all collaborators." ISG is a borosilicate 6-oxide glass of 

the same elementary ratio of the SON68, the inactive reference of the French R7T7 

glass (Gin et al., 2018). The ISG is often used for testing the durability of HLW glass 

(Daniel et al., 2018; Fournier et al., 2019; Guerette et al., 2015; Inagaki et al., 2013; 

Kaspar et al., 2019; Neill et al., 2017). For this initiative, ISG samples have been 

provided from Savannah River National Laboratory (SRNL) in the United States. The 

molecular and mass oxides that make up this inactive analog glass are provided in 

Table (6.1). About 20,000 tons of borosilicate glass analogs have been produced by 

numerous world leaders of glass technology. In 2012, the MoSCI Corporation 

manufactured 50 Kg of ISG ingots in 23 academic establishments (500 g/ingot) (Gin 

et al., 2018; Grambow, 2006; Inagaki et al., 2013). Fortunately, one of these 

universities has become the Budapest University of Technology and Economics. The 

SRNL provided one (annealed) ISG ingot. 

6.1 Analytical Characterizations of ISG 

The ISG composition was determined using both the ICP-OES and the 

instrumental neutron activation analysis (INAA) techniques. The molecular and mass 

ratios of the oxides contained inside the ISG analogs are shown in Table (6.1). The 

measurements are for the primary elemental composition of ISG (Si, B, Na, Al, Ca, 

and Zr) and were obtained by conducting the ICP-OES process on an ISG powdered 

sample. INAA was unable to detect the primary elements due to limited half-lives 

(T1/2) for certain elements (e.g., Si) and technological limitations that prevented it 

from detecting others (i.e., B).The ICP-OES interpretation of this work is contrasted 

with previously collected data in the literature in Table (6.1). The powdered sample 
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for analysis was prepared as previously described in (Chapter 4: Instrumentations, 

Materials, and Methodology). 

Table 6.1 Common oxide ratios of ISG, by ICP-OES 

Oxide 
Gin et al., 2018 Gong et al., 2015 Kaspar et al., 2019 Present Thesis 

Mass (%) 

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 5.00 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 

 

The derived mass ratio results were first recorded in the unit mg/L for each 

component (Table 6.2). Oxide values in Table (6.1) were extracted from these 

concentrations. The ICP-OES findings were closer to the previously collected data in 

the literature for Si, B, Ca, and Zr; nevertheless, the Na and Al results were out of 

range. The results in Table (6.2) are the calculated average of 5 reruns of the 

measurements. For more precise production results in simulating the long-term 

efficacy of glass for waste immobilization (Gin et al., 2018) (Table 6.2), mass 

percentage ratios were selected to be substituted in calculations as the mass fraction of 

each product in the reacted ISG. 

Table 6.2 Mole percentage ratios in ISG 

Element Gin et al., 2018 Present Thesis 

 Mole (%) 

Si 26.3 26.0 ± 2.6 

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 

 

6.2 More Overview on Impurities Composition in ISG 

The small elemental composition of ISG (impurities), which is partly evaluated by 

(Kaspar et al., 2019) (Table 6.3), is critical for a deeper understanding of the 

chemistry of the leaching solution. Without pretreatment, INAA provides high 
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sensitivity, outstanding performance, and a reasonable precision limit for scientific 

sample detection. Given the problems associated with radioisotope properties (e.g., 

T1/2, intervening reactions, spectral interferences), INAA could be the best way to 

acquire complementary knowledge (Avino et al., 2014  Kučera., 2016  Steinhauser et 

al., 2006). 

INAA was not a representative method in this analysis for demining the elemental 

composition of ISG in terms of the primary elements; however, it was beneficial for 

performing a complementary search for the secondary components (i.e., newly 

discovered ISG impurities), which were observed in ISG for the first time. INAA, on 

the other hand, it is seen as a reflective value higher than the ICP-OES, given the 

mole percentage ratio for Na of 7.75 (%) compared with 9.00 (%) provided by (Gin et 

al., 2018). 

The average mass (%) of detectable impurities (Hg, Cu, Sc, Ce, Zn, Co, La, Th, 

and Ba) is ≤ 0.02 mass (%). Furthermore, the INAA detected Fe, Cr, and Mn, as 

previously stated by (Kaspar et al., 2019), resulting in mass ratio records considered 

rational. The majority of the impurities listed in the ISG were calculated using ICP-

OES, and the results are shown in Table (6.3). It is worth noting that INAA was able 

to detect Na and Ca from the primary elements described in the ISG composition (Gin 

et al., 2018). The above elements' mass ratios were 7.75 (%) and 0.48 (%), 

respectively. The relatively long NAA irradiation was insufficient to measure 

radionuclides with short half-lives (i.e., Al, Ca and Na). However, the most of the 

major elements, which could be measured with ICP-OES have short-lived nuclide, 

thus they can be measured with short irradiation NAA using “rabbit” system. More 

NAA tests are recommended on detecting Zr which has a long-lived nuclide, so it 

should be detected with NAA. More NAA tests into ISG correct composition, for 

successful task for being assigned to ISG, are recommended by the present Ph.D. 

Prior to inserting the activated ISG into the leaching experiment, gamma 

spectroscopy with the INAA high purity germanium detector (HPGe) post-irradiation 

was used to trace each radioactive decay route product, allowing the complete 

element analysis to be performed (panoramic scan). This revealed more newly 

discovered impurities in the ISG elements, as seen in Table (6.3). This experiment 

found many previously unknown well-established impurities in the ISG components 



 

Ali AL DABBAS, 
Ph.D. Thesis 

Ch.6 Experimental Analysis on International 

Simple Glass (ISG) 

 
 

  
40 

 
  

that had not been reported in the literature and can be recorded as a new discovery of 

the ISG composition. 

Total impurity concentration was determined using ICP-MS and INAA methods as 

~ 0.787 (%) and ~ 0.211 (%), respectively, and then defined as < 1.00 (%) by this 

work, which corresponds to the impurity definition by (Kaspar et al., 2019). 

 

Table 6.3 Impurities composition in ISG 

Element Oxide 
Kaspar et al., 

2019 

Present 

Thesis 

(ICP-MS) 

Present 

Thesis 

(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
ew

 F
o

u
n

d
 I

m
p

u
ri

ti
es

 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 

 

  



 

 
 

CHAPTER 7  

SILICATE SORPTION ON 

ANKERITE FROM A STANDARD 

SILICATE SOLUTION 
 

 

In this experiment, the sorption of silicate (Si) by natural Ankerite in a Si saturated 

medium was investigated experimentally. A preliminary study was conducted to 

measure the change in silicon concentrations in standard solution in the presence of 

natural Ankerite using the GF-AAS method. All standard solutions were made by 

diluting the saturated silicate stock solution, earlier in (Chapter 4: Instrumentations, 

Materials, and Methodology); preparing method of the stock solution was clarified. 

The capacity for silicic acid (H4SiO4) sorption on Ankerite mineral is used to model 

its role in long-term disposal. The experiment was carried out at room temperature 

and with a pH of neutral. Ankerite's de-sorption capacity was tested and found to be 

minimal. This indicates that chemisorptions took place. Higher Ankerite S/V had the 

highest average silicate sorption and the lowest average de-sorption capacities.  

7.1 Experimental Results 

7.1.1 Sorption of Si on Ankerite Powder 

Si solution was carried out in tandem on three dual weights of Ankerite: M1 = 0.04 

g, M2 = 0.1 and M3 = 0.3 g. Sorption Analysis of H4SiO4 from 3.6 mg.L
-1

. Ankerite 

powder was weighed and poured into 0.015 L centrifuge tubes. 0.01 M NaNO3 each 

tube was fitted with 0.01 L Si test solution (H4SiO4) with 3.6 mg.L
-1

 Si. The tubes 

were shut and placed in the mixer for 12 hours at 30 rpm. For solid/liquid isolation, 

the tubes were then centrifuged for 10 min. A 0.025 L HDPE container was carefully 

transformed into the solution. The 0.005 L syringe was sucked into approximately 

0.002 L of solvent and then filtered into the 0.005 L HDPE bottle by a Millipore filter 

pore size 0.45 μm. The calculated levels of all solutions were measured by GF-AAS. 

Table (7.1) summarizes the characterization findings. 
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7.1.2 Desorption of Silicon from the Ankerite Powder 

The current study also discovered H4SiO4 desorption from solid material after 

initial sorption. In the centrifugal tubes, which contain the remaining Ankerite of 

sorption, 0.01 L of 0.01 M NaNO3 has been inserted. The rotary mixer had to be 

combined for 12 hours at around 30 rpm, and the tubes had to be locked. As in the 

sorption section, the de-sorption study was used to separate substantial/fluid: the tubes 

were centrifuged for 10 minutes to separate substantial/fluid. A 0.025 L HDPE 

container was carefully transformed into the solution. The 5 ml syringe was sucked 

into approximately 0.002 L of solvent and then filtered into the 0.005 L HDPE bottle 

by a Millipore filter pore size 0.45 μm. The calculated levels of both solutions were 

measured by GF-AAS. Desorption results are summarized in Table (7.2). 

Table 7.1 Silicon sorption on Ankerite Powder 

ID 
Mass 
(g) 

m/v 
(g.L-1) 

Initial 
[Si] 

(µg) 

Final 
[Si] 

(µg) 

Adsorbed 
[Si] 

(µg) 

Adsorbed 
[Si] 

(%) 

M1 
0.04 4 4.84 36 31.2 86.6 
0.04 4 5.4 36 30.6 85.0 

M2 
0.1 10 1.74 36 34.3 95.2 

0.1 10 1.14 36 34.9 96.8 

M3 
0.3 30 0.5 36 35.5 98.6 

0.3 30 0.33 36 35.7 99.1 

 

Table 7.2 De-sorption of Silicon from Ankerite back to the solution 

ID 
Mass 

(g) 

m/v 

(g.L-1) 

Adsorbed 

[Si] 

(µg) 

Desorbed 

[Si] 

(µg) 

Desorbed 

[Si] 

(%) 

M1 
0.04 4 31.2 2.84 9.1 

0.04 4 30.6 2.65 8.7 

M2 
0.1 10 34.3 1.69 4.9 

0.1 10 34.9 1.2 3.4 

M3 
0.3 30 35.5 0.84 2.4 

0.3 30 36.7 1.78 4.9 

 

7.2 Data Analysis  

Validation of the actual geological impact on HLW packages through simulation 

methods studies is a time-consuming task; it is necessary to collect all output results 

to better understand the effects of glass corrosion, but time limitations must be taken 

into account. Nevertheless, such studies will lead to reassurance. In actual 

circumstances, the HLW glass alteration stops one month after the leaching, which 
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results in a silicate saturation stage, until perturbing elements show that substantial 

impact factors delay the achievement of silicate saturation status. 

Sorption is known to be one element or perhaps the most critical factor on firm 

close field clay rock surfaces. Ankerite, a compound that carries mineral ferrous 

materials, has been highly forecast to lead to the development of delayed Si saturation 

by means of several factors: (i) Fe-Si precipitation due to relatively high Fe flux in a 

solution and (ii) the role of Si sorption on the surface of the solution. In this 

experiment, the Solution (in the presence of Ankerite) consumed by sorption 86 – 99 

percent of Si molecules (Figure 7.1). 

For lower m/v ratios, the de-sorption findings were much better but generally 

demonstrated poor Ankerite ability to return the sorbed Si molecules to Solution, 

Figure (7.2). This can be clarified either due to inadequate mixing time or due to 

"chemisorption." Many factors contribute to the delay of silicic acid saturation; iron 

mineral behaviors in the aqueous medium were found to be strongly optimistic. They 

encourage the silicate saturation amount in the silicate solution to be reduced. This 

research is part of a larger inquiry into Ankerite's ability to uptake silicates from the 

surrounding medium. 

7.3 Discussion and Conclusions 

Previous research studies (Jordan et al., 2007; Philippini et al., 2006) were based 

on a solution of synthetic silica to analyze the sorping capacities of Si on iron 

corrosion or iron mineral compounds: Siderite, FeCO3; Dolomite, CaMg(CO3)2; and 

iron oxides: Magnetite, Fe3O4  Goethite, α-FeOOH. These investigations have also 

established the existence of sorption at different stages. They were able to validate 

silicate sorption on Goethite (Jordan et al., 2007; Philippini et al., 2006). During the 

first 24 hours of cultivation, Goethite's Si sorption potential was calculated to be 

quadruple that of Magnetite and Siderite, which may correlate to what was discovered 

for Ankerite in this report. They confirmed that the optimal pH for Si sorption was 

8.5, which was close to the pH of Ankerite. Ankerite, on the other hand, demonstrated 

poor Si converse desorption activity. It should be noted here that in the literature the 

Si desorption values were not identified for Goethite, Magnetite, and Siderite. In the 

current thesis, it is a pioneering result for Ankerite. 
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Fig. 7.1 Silicon adsorption on different Ankerite mass to volume ratios after leaching for 12 hours 

 

 

Fig. 7.2 Adsorption and Desorption Values of Si 

 

Beside the current research, other studies have confirmed Fe-Si and Mg-Si as 

important delaying factors for Si saturation. They have been shown to play an active 

role in preventing the development of the amorphous defensive layer (gel) (Burger et 

al., 2013; Dabbas et al., 2021a; Debure et al., 2013). Table (5.1) in (Chapter 5: 

Experimental Analysis on Ankerite) explains that the Fe and Mg concentrations in 

Ankerite are adequate to do so; thus, further research on Ankerite in the Si saturated 

medium in terms of Fe-Si Mg-Si precipitations is recommended. Ankerite is a 

candidate for this research, an iron carbonate mineral compound that accelerates 

nuclear glass alteration in real-world repositories over long periods of storage due to 

its established Si adsorption capacity. However, precipitation of Si compounds can 

also contribute to this. 
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Ankerite's function in lowering silicate concentration levels in solution was 

investigated in this experiment; this helps understand the critical geological aspect of 

accelerated radioactive glass alteration in the final disposal repository. Silicon 

concentrations were measured using GF-AAS analysis. The current research 

demonstrates that a larger Ankerite surface area leads to a tremendous adsorption 

potential. Experiment results show that Ankerite has a solid ability to decrease 

dissolved silica concentration in the standard solution through adsorption; conversely, 

they show poor desorption abilities, which can be explained by either inadequate 

mixing time or "chemisorption" type (Kopecskó and Dabbas, 2021). 

More studies with various silicon concentrations over more extended periods and a 

broader pH spectrum are required better to understand the optimal conditions for 

silicon sorption by Ankerite and investigate the desorption process. Both the 

processes of sorption and desorption are criteria that are necessary to achieve balance. 

7.4 New Scientific Results - Group 1 (NSR1) 

Silicate Sorption by Natural Ankerite in Silicic Acid (H4SiO4) Saturated Medium at 

Room Temperature and pH = 7. 

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, Figures (7.1, 7.2). 
 

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 (S/V = 3600 m
−1

). 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, Figure (7.2). 
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Ankerite Applicability 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.  



 

 
 

CHAPTER 8  

CORROSION CONSEQUENCES OF 

ISG IN PRESENCE OF ANKERITE  
 

 

High-level waste glass corrosion is influenced by a variety of factors: temperature 

of the reaction, pH evolution, surface of the interacting area to volume, and saturation 

level of silicic acid (Ebert, 1995). The mechanism of such variables was discussed 

previously in (Chapter 3: Theoretical Background). These variables are modeled as 

follows in this chapter: (i) the temperature effects modeling with two levels of Tepm 

(25 °C and 90 °C), (ii) the different values of T/S modelling using low S/V (glass 

coupons) and high S/V (glass powder), which were also effective for the saturation 

modeling, (ii) pH measured evolution, and the ICP-MS assessment after multi curing 

periods were also essential for studying the solution's chemistry variations. 

The methodology for developing this experiment (i.e., the experimental conditions 

and abbreviation method, Tables: 4.6, 4.7) has been explored in depth earlier 

(Chapter 4: Instrumentations, Materials, and Methodology). The most important 

variable for measuring in this experiment was the ISG corrosion rate. This variable 

has mainly been seen in the form of mechanisms to lower silicic acid in solution by 

sorbing and precipitation, as stated by Ebert (1995). More critical details (i.e., 

normalized sodium loss), representing the glass corrosion rate as a value, was 

interesting. SEM testing on the cured glass revealed an informative analysis of the 

pristine glass–porous altered layer interface as well as the various precipitation layers. 

Different coating layers started to grow in parallel with reaching saturation in the 

solution, according to SEM testing. 

8.1 Experimental Results 

8.1.1 Acidity Evolution 

Ebert et al. (1993) stated that the element S/V-ratio can not be used to scale 

borosilicate glass leaching results without taking pH into account. pH values in 

extracted solutions (Figure 8.1) indicate pH in four levels: level (i) pH (> 8.50), level 

(ii) pH (> 7.50), and level (iii) pH (> 6.00), the ground stage (initial pH value). This 

level, on the other hand, vanished after day 90, and its roots were raised to higher 
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ranges. Level (iv) showed the blank samples containing only ASTM I water in PTFE 

vessels at 90 °C. Its pH fell below the initial value (pH = 6.3) and proceeded to 

decline until day 270; nevertheless, its pH values were (< 5.37). In Figure (8.1), these 

samples are labeled (ASTM I-90). This finding explains the RGC90 system's initial 

pH decline; it seems that the glass dissolution products helped lift the initial pH drop 

to the ground state stage. The pH values of the RGC25 systems, on the other hand, did 

not alter over time. The fact that Ankerite preventing the pH increases at the days 90, 

180 and 270 suggests that it reduces the Si content in the solution through sorption 

and/or precipitation. This statement is verified in Figure (8.1). Simultaneously, the 

reference ISG experiment was attempting toward saturation. 

 

 

Fig. 8.1 pH readings for all systems at various leaching periods. (Each point = single experiment). 

 

In the upper spectrum, pH values are seen in the systems containing ISG (RGP90, 

RGP25, GP90, GP25) (red color signs). The pH values in the intermediate spectrum 

of the Ankerite reference systems RAP90, RAP25, and the Ankerite ISG coupon 

(GC90) system (brown and blue color signs). At the ground level of pH (initial 

pH=6.3), pH values for up to 28 days of reaction fluctuated between upper and 

intermediate levels. However, the reference ISG (RGC90) shows dual ranges. The 

glass powder's pH was the main feature in the upper range, and Ankerite had no effect 

on this value. Ankerite was the pH's prevailing component in the intermediate range 
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and dominated the pH values (already the Ankerite reference range). The invasion of 

an alkaline ion by a "proton" from water into the glassy system (Paul, 1977) may be 

taken to explain the pH increase of MCC-1 at day 90 or the equilibrium of amorphous 

silicate (SiO2) and the aqueous media (Stamm et al., 2019), which showed a 

substantial increase in ISG corrosion on this date. In the in-situ, this stresses the 

consequent possible rise in the long-term disposal HLW glass corrosion rate due to 

the contact with the higher pH in rainwater (Heimann, 2017). 

Steel corrosion products, according to Bart et al. (1986) statement, intensify HLW 

glass corrosion. In the current experiment, the effects of carbon steel and its corrosion 

products on leaching the elements from the waste glass can be traced primarily to the 

pH impact of the steel corrosion products, which are represented here by Ankerite. 

The reality is shown on ISG coupons at 180, 270 days of reaction. A micrographic 

silicon-controlled steel corrosion process is available for the amount of corroded glass 

depending on its surface area and not upon the overall amount of steel corrosion items 

in the in-situ. As glass and iron minerals are rendered into powder, their hydrolysis 

may be mostly accelerated (McGrail and Olson, 1992) due to the higher interdiffusion 

effect, thereby enhancing hydroxyl ions and increasing the H
+
 intake from the 

solution (Liu et al., 2015). Therefore, the increase in pH levels is ultimately due to 

glass corrosion, as stated by Ebert (1995). 

In general, pH is an essential measurement for quantifying H
+
 ion concentrations in 

a solution; lower pH levels indicate higher H
+
 values. Concerning the pH-temperature 

association, because an improvement in temperature is correlated with increased 

molecular vibrations, [H
+
] therefore ought to increase because hydrogen bonding is 

less likely to form and thus reduces the pH. 

8.1.2 Leaching Solution Analysis 

Both amounts of iron Fe(II) and Fe(III), except for 
56

Fe in (GP90, GP25) models, 

were found in the output leachate to be below the detection level and were also found 

to have been insignificant in the current Ph.D. study. Their immediate absorption into 

the Si network during the initial corrosion phase could be responsible for these low Fe 

concentrations (Guo et al., 2020). In all systems of varying amounts, magnesium was 

soluble; due to Si-Mg precipitation in the solution, lower Mg concentrations could 

occur. 



 

Ali AL DABBAS, 
Ph.D. Thesis 

Ch.8 Corrosion Consequences of ISG in 

Presence of Ankerite 
 

 

  
50 

 
  

ICP-MS results showed higher Mg concentrations in the solution of the reference 

Ankerite in Figure (8.2) at 90 °C than at 25 °C. The results of the solution of the 

GC90 model show that the Mg contents in the ISG coupon solutions at 90 °C were 

lower than in the solution of Ankerite RAP90 reference samples.. But the Mg 

concentrations of all the samples were more significant than the GP90 glass powder 

samples. The additional silicic acid is produced because of the increased rates of 

corrosion of the glass due to adequate magnesium quantities in the solution (Ebert, 

1995; Grambow and Strachan, 1983). The same is true in this experiment as the 

primary levels of silica acid have been absorbed by Mg-Si precipitation. The 

deficiency of Mg, offset by the supply of silica acid by glass corrosion, could result in 

sepiolite formation (Grambow and Strachan 1983). 

Grambow and Müller (1989) demonstrated, in their study on radioactive glass and 

amorphous silicate utilizing brine from 110 °C to 190 °C between 2 to 6 months, that 

the reaction between glass corrosion products and Mg-bearings, near-field materials, 

would provide the Mg-Si compound which will, in turn, lead to acidification of the 

solution in the study of SON68. In this experiment, the significant decline in the 

Ankerite powder ISG method's pH values at day 180 may clarify this. However, this 

has not been verified in the GC90 model, but it does not rule out Mg-Si precipitation 

in the current saturated media. The first Mg-Si precipitation forming in GC90 at day 

90, however, is shown by Figure (8.2), which is attributed to the increased pH of 

improved Si solubility during the process to achieve primary saturation, already seen 

in the reference system (RGC90). The rapid shift in pH attributable to Zn and Mn 

(Grambow and Müller, 1989) is also mentioned; I recall that the Ankerite contains 

both components, (see Table 5.1 in Chapter 5: Experimental Analysis on Ankerite). 

The conclusion is that, following the abrupt decrease of Mg concentration in the 

GP90 model, the silicon acido content rises dramatically, indicating that higher 

temperatures (90 °C) and S/V ratios are ideal conditions for Mg-Si precipitation. 

When I observe that the concentration of silicic acid rises, all coupons and powdered 

ISG are corroded in terms of Mg-Si precipitation. The influence of temperature on 

concentrations of Magnesium is observed in Figure (8.2). As long as curing continues, 

concentrations increase exponentially by a factor of ten. Yet Mg-bearing 

hydromagnesite has (Debure et al., 2012) verified the effects on the powdered 
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synthetic borosilicate glass dissolution (63–125 μm) with a temperature of 90 °C 

proof of magnesium-silicate precipitation. 

 

 

 

 

Fig. 8.2 Kinetics of [Mg] and [Si] in the solutions of 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). 

 

The Normalized weight Loss (   ) was calculated using Equation (8.1) (Ebert, 

1995) for the main elements resulting from the dissolution of the glass samples (Na, 

B, Si, Ca, Al); concentrations of Zr were not sufficient for such calculations. 
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, where;   : the mass of element i in the leachate, fi: mass fraction of element i in the 

unleached solid (unitless), and SA: sample geometric surface area (m
2
). 

Figure (8.3) has a description of the effects of higher S/V relations; the overall 

normalized mass loss values have been seen as the dominant factor. ISG-powdered 

systems (RGP90, GP90) generated significantly lower results than all ISG coupons 

(RGC90, GC90), but the temperature impact was much lower than that of the S/V. 

The NL values indicated a maximum of 10 orders for the GP90 method over the 

GP25. Worth reminding that tests of Ankerite and water have been prepared and 

leached in the same conditions: pH, time, and temperature for both of the 

ISG/Ankerite and water systems. The findings of the blank sample were used to 

promote the measurement of NL only arising from ISG corrosion. 

In general, for all glass products except the RGC25 model, all systems saw an 

initial rise in NL, which saw a linear decline, after the initial rise in pH values within 

the first 3 days of leaching. It is important to note that the RGC25 model pH value 

fluctuated across the original pH value without noticeable adjustments. The reverse 

association between the period of leaching and ISG corrosion Rate (CRISG) as seen in 

Figure (8.3.b) below; may be attributable to the normalized weight transmission 

through layers that form as a glass corrode or the increased concentrations of glass 

corrosion in the solution. This reduces the driving force of mass transfer, which slows 

down each reaction that releases these components. 

CRISG in Figure (8.3.b) is calculated by applying the following Equations (8.2, 

8.3), which were used by Neill et al. (2017) for ISG: 

       
         

  
                                                                                        

, where: CRISG is ISG corrosion rate (nm.d
-1

) and        is the equivalent thickness of 

Boron (nm) that can be calculated from the following relation: 

        
   

 
   

                                                                                                 

, where:     is the normalized weight loss for B (g.m
-2

) and  
   

 is the density of ISG 

(2.5 g.cm
-3

). 

The involvement of Ankerite in the ISG coupon 90 °C (GC90) and the ISG powder 

25 °C (GP25) systems has lowered the (NL) and (CRISG) values up to 90 days of 

reaction; the opposite occurred, however, from day 180 of reaction. On day 7 of the 
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reaction, the GP90 glass powder system was the same, suggesting that the higher S/V 

was the forecast to increase the Ankerite impact on ISG dissolution. The previous 

results show that the rapid precipitation of silicate compounds can cause the increase 

of ISG dissolution in higher S/V and temperature values with Ankerite presence. 

However, the concentrations of Ca in ISG powder systems RGP90, GP90 were BDL 

during the reaction cycle, which may mean that Ca was preferably retained at higher 

S/V and temperature (see Figure A.1 of the Appendix) instead of Na (Debure et al., 

2012), or that gel porosity was possibly clogged (Jollivet et al., 2008). 

In the RGC25 method, sodium is the only glass corrosion product seen. It has the 

highest mass loss in all systems among mobile elements; both calcium and aluminum 

have abnormal solution release behavior. At the same time, boron levels have been 

constantly demonstrated to be much higher than silicone levels typically related to the 

dissolution of borosilicate glass (Ebert, 1995). The minor results of NLAl in the 

RGP90 (< 0.15 g.m
-2
) and RGC90 (1 ≤ or < 6 g.m

-2
) systems, may arise from the 

development of Al-Si precipitations. Yet NLAl was found minor (BDL) in all Ankerite 

mixed systems. In this context, I note (Nakamura and Toshiro, 1983) that part of the 

cesium material emitted from simulated HLW glass to a liquid phase can be removed 

from the liquid phase by the creation of a new crystalline phase such as alumino-

silicate when HLW glass coexists with natural rock and water. 

In this way, INAA and ICP-MS on ISG samples (see Chapter 6: Experimental 

Analysis on ISG) have been inspired by the current study to examine whether it is 

composed of the single stable isotope of Cesium (
133

Cs). Notice that Cs in physical or 

chemical properties is identical to other elements, i.e., Rubidium (Rb) and Potassium 

(K) (Cˇerný, 1992). None of the ISG and Ankerite detected either Rb or Cs, but K was 

observed in both; see Tables (5.1), (6.2), (6.3) of the Chapters (5, 6). Average values 

for all sample systems (i.e., with and without Ankerite) have been shown in the 

kinetics of concentrations of K in leaching solutions, which confoonds this 

assumption with potassium. However, the influence of alumino-silicate formation on 

the reduction of Si in solution does not be confounded. 

In the upper 1.2 km of fracted crystalline rock, Cs was observed in high 

concentrations in groundwater, which could be affected by the original dissolved 

secondary minerals (Mathurin et al., 2014). The reality shows that Cs may be located 
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at geological repository levels and contribute to crystalline alumino-silicate 

production in the actual disposal situation. Nevertheless, the NLAl amount in solution 

is recommended by this Ph.D. study for being subjected to further studies.  

Silicon concentrations are generally not consistent with ISC corrosion's behavior 

due to silica sorption reactions and possible precipitation (Ebert, 1995). Boron is 

commonly used to monitor glass corrosion rate (CRISG) (Ebert, 1995; Ebert and 

Mazer, 1993). Figure (8.3) shows the rate of corrosion for all the experimental 

systems. Right concentrations of boron have been determined in the ISG-Ankerite 

(GC90, GP90, and GP25) systems through excluding the appeared boron 

concentrations in the reference (Ankerite-water) systems (RAP90, RAP25), Figure 

(8.3), taking into account the surface area to volume value in each vessel. 

Given the substantial growth in CRISG that occurred on day 270 in RGC90 and 

GC90 systems while tapering at the same time in RGP90 and GP90 systems, glass 

dissolves through an ion-exchange mechanism (Gin et al., 2015.a) in the lower S/V 

ratio while attributed to hydrolysis in higher S/V ratios (Jollivet et al., 2008). In this 

experiment, the ion exchange was not disrupted because the gel porosity on ISG 

coupons was clogged (Dabbas et al., 2021.b) with the dissolved materials. Still, with 

an ISG powder hydrolysis, the opposite happened. In their observations on Grambow 

and Strachan (1983) experiment; Ebert (1995) stresses what is mentioned, namely that 

the solution chemistry is concerned with the dissolution of glass coupon (or the lower 

S/V) rather than growing the gel layer. CRISG was considerably reduced in glass 

powder (or higher S/V) owing to the forming of gel layers and was clogged by the 

disbanded compounds (Jollivet et al., 2008). Therefore, the current thesis has 

suggested as follows: "chemical corrosion" on ISG coupon, most of which have been 

Si precipitations, and "physical corrosion" in ISG powders (mainly Si sorption). The 

pH dominated the first, and the second dominated the pH. 

While the gel layer is extracted or not, the boron and silicone releases remains the 

same. These show that the gel layer of ISG coupons has a slight impact on the rates of 

corrosion. The continuous release of glass items however resulted in an improvement 

in the pH of the solution, which improved Si's solubility (Ebert, 1995). The rise in Si 

precipitation also significantly decreased Mg concentrations in the system of CG90 by 

the Mg-Si precipitation. In Figure (8.4), the RGC90 system describes how the Si 
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solubility increases on day 270 when the pH level is grown and how efficient it is in 

releasing more B, thus raising CRISG in the GC90 already. 

 

 

 

Fig. 8.3 Total normalized loss NLTot and ISG dissolution rate CRISG in the solutions of all systems. 

(a) The NLTotal vs. time for each leaching category. (b) Total calculated CRISG with time for each 

leaching category. It is apparent from this Figure that the temperature and S/V ratio have opposite 

effects on both the NL and CRISG; this is seen to be indirect with S/V, although the presence of 

Ankerite slightly lowered their values in GC90 and the contrary occurred in GP90. The NL increased 

with time, but the CRISG was found to decrease with time. (Each point = single experiment) 

 

The gel coating of ISG powder is a great excuse to prevent its being influenced 

either by the pH raising or solution chemistry, expressed in the persistent tapering of 

the CRISG. It's essential to note here that the pH behavior (Figure 8.4) will 

demonstrate more clearly that systems that could not increase their pH levels above a 

certain amount (9.3) should be affected by pH. The RGP25 and GP25 systems affirm 

that the mechanism (Figure 8.4.e-f) is evidence of raising and maintaining the pH 
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above (9.3) without respect to the existence of Ankerite. Thus, the newly formed gel 

layer against CRISG is more effective. Therefore, the (pH=9.3) threshold for the gel 

layer is suggested by this work, irrespective of the S/V ratio. This pH led to 90 days 

of aggregation in the solution of ISG corrosion materials. I stress that the observed 

change in glass corrosion has been transient and disrupted as long as it increases 

(Fournier et al. 2019); as seen in Figure (8.3.a), the CRISG restarten on day 270 of 

reaction. It was noted that the improvement in the glass corrosion was temporarily 

increased and disruptive. Gin and Frugier (2002) proposed dissolution and evolution 

on the pore texture as a gel layer evolution. A proposed dissolution on the gel layer 

(Neeway et al., 2011) could occur to offset Si un-saturation in the solution. 

The higher S/V ensured increasing the solvent pH in the Figures (8.1, 8.2), and the 

Mg concentrations were seen elapsing with the higher Si-solubility as a result of the 

higher pH. However, compared to Si sorption by Ankerite, the impact of Mg-Si 

precipitation on the CRISG in GP90 and GC25 models was less significant. Or in other 

terms, Mg-Si precipitations and higher pH indications are excellent to launch an early 

Si Sorption process by Ankerite. That is observed in the GC90 model on day 180 

(Figure 8.3.b); yet, the solution's "carbonation" is another reason that can explain 

slowing glass alteration. More details are covered in the scanning electron microscopy 

analysis in this chapter later in the present dissertation. 

The RGC90 system had higher corrosion rates and glass-corrosive substance 

concentration in the solution in accordance with the unit area of the ISG; nevertheless, 

the pH values were lower than the RGP90 system. As the solution is being saturated 

with silicic acid and other glass-corrosion products (Ebert, 1995), a highly anticipated 

scenario in static leaching systems, the glass corrosion rates for glass will decrease. 

Therefore, at higher S/V and longer curing, dynamic leaching systems are more 

reflective. In their static experiment on leaching of ISG coupons in silicic acid 

saturated leachate, (Gin et al., 2015.a) observed an ISG corrosion rate value of 

approx. 10 nm.d
-1

 on day 28. However, compared with the current study, the ISG 

corrosion rate was nearly the same rate at day 90 (~12 nm.d
-1

) for the RGP90 model 

and was ~1:35 relative to the RGC90 model at day 28, which provides more proof 

that the saturation rate is an S/V-dependent item.  
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Fig. 8.4 NLSi and pH behaviors and effect of pH on NLB, thus the CRISG in the solutions of all systems. 

(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) Shows a minor effect of pH on CRISG. However, [Mg] started to appear again in the solution. (e-f) 

The minor effect of Ankerite in lower temperatures is clear, and the lower NLB suggests a lower CRISG. 

(Each point = single experiment) 

However, from Figure (8.3.b), it can be inferred that the glass rates of corrosion in 

an initially unsaturated medium are inversely proportional to the ratios of S/V. The 
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silicon and boron concentrations were less than 50 mg.L
-1

 in both systems; 

nevertheless, the boron concentrations were far greater than those of the silicon were. 

This is characteristic of borosilicate glass reactions (Ebert, 1995). The larger the 

density of the dissolved ISG (i.e., Ca, Al, Na, Zr) components, the higher the 

solution's pH-value that resulted in increased silicon solubility, significantly growing 

the rapid development of the gel layer and thus decreasing the corrosion rate. 

In the early stages, where ion exchange was dominant, the scenario seen in the 

RGC90 model was an initial release of Si. However, when the pH values and the 

alkali content became sufficiently higher, the ion exchange mechanism continued to 

slow its own propensity, along with the hyper solubility of amorphous silicate content. 

The effects of SiO2 on the glass dissolution at specific pH ranges (pH > 7 and pH ≤ 9) 

at which better chemical durability for borosilicate glass was noted (Fournier et al., 

2019). In their static lixiviation experiments with French R7T7 nonradioactive 

reference borosilicate glass in distilled water at 90 °C, however, they reported that the 

glass dissolution was controlled by orthosilicic-silicic acid's activity in the solution 

(Delage et al., 1992; Grambow, 1984). In this context, concentrations of both 

orthosilicic acid and amorphous silica dissolution were seen in the current experiment 

controlling the ISG's corrosion rate. 

The scenario observed in the RGP90 model was that silicone was transported via 

the expanding layer of the interface rather than the glass reaction to solution by the 

Boro-concentration by which the CRISG measurements were originated. Increasing the 

amount of hydroxyl ions produced by the hydrolysis reactions could speed up the 

glass dissolution, triggering more Si dissolution. Constant pH over time means that 

the required silicic acid saturation in solution is reached, and the deposition of the 

permanent gel layer has begun. 

Compared with the Ankerite presence found in the ISG powder setting, the higher 

temperature was considerably more successful in improving the CRISG. On days 28 

and 270, the systems GP25 and GP90 observed in ISG powder and Ankerite systems 

4 nm.d
-1

, 40 nm.d
-1

, and 1 nm.d
-1

, 6 nm.d
-1

, respectively, resulting in a (ten-fold) 

increase in corrosive rates at the initial reaction stages at higher temperatures. 

However, the advanced stages of reaction showed a lower (six-fold) increase. This 

shows the steady effect of the ISG on its degradation rate due to increasing 



 

Ali AL DABBAS, 
Ph.D. Thesis 

Ch.8 Corrosion Consequences of ISG in 

Presence of Ankerite 
 

 

  
59 

 
  

temperatures. For all experimental models in the current study work, this seems to be 

correct. In the ISG coupon relation at 25 °C RGC25 model, however, the opposite 

was found. 

8.1.3 Scanning Electron Microscopic observations 

The concept of long-term dissolution and its accurate and explicit determination 

are also controversial topics. Glass dissolution rate happens more quickly when longer 

time is spent in contact with water. Solution saturation results in very low dissolution 

rates. Saturation is a reference to a maximum silicic acid concentration in water, 

which is typically molarrange. Two hypotheses have been advanced to explain the 

decrease in dissolution rate. Thus, as the solubility limit of the silicic acid H4SiO4 is 

approached, the dissolution driving force diminishes (affinity concept). The second 

reason for the creation of additional secondary layers on the glass is that they serve as 

transporters (Grambow, 2013). 

In the scanning Electron Microscopy (SEM) process, the rough side coupons of 

reference models with no Ankerite were carried out. This to understand better the 

basic development of the SiO2 amorphous layers as well as other precipitation testing 

such as ISG corrosion products. Figure (8.5) shows the amorphous SiO2 layers. On 

the left, on the rough side of the coupon, it is possible that the silica layer is in a state 

of evolution and dissolution. To the right, a red square magnification is shown. 

(Lenting et al., 2018; Ferrand et al., 2021) summarized the different alteration areas 

for ISG, which corresponded to what was found in this work: Zone (A) porous altered 

‘hydrated glass’ or ‘interdiffusion layer’ which has been depleted in alkaline elements 

(i.e., Ca, Zr) and enriched in Na.  It is a thin porous altered film that covers the 

pristine ISG, located directly adjacent to the pristine glass. It does not represent a 

newly formed phase but rather a region attacked by dissolution. Zone (B) is an 

amorphous silica-rich layer (mostly silica spheres) that has grown or may develop 

from the layer (A). This layer (B) is often called "gel" layer, and it is defined as the 

surface alteration layer (SAL). Zone (C) is precipitations consisting mainly of 

phyllosilicates. In advanced stages it shows calcium-silicate-hydrate (CSH) and 

Zeolite (Al-Si), as will be shown later in Figure (8.9). In zone (C), flaky layers are not 

adhered to and can easily be removed, being not coherent with the glass surface. I 

found cracks on the surface, and the delaminated layers show, that the end (root) of 
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the cracks are at the surface between A and B. During the formation of the different 

layers stress will develop, and this leads to the crack propagation. 

 

Fig. 8.5 Left-hand 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. 

 

More explanations on the SAL or gel layer could be extracted from Figure (8.6.a). 

(Lenting et al., 2018) described in Figure (8.6.b) the progressing of the surface 

alteration layer of ISG at 90 °C and initial pH=7. When the interaction boundary is 

supersaturated by Si through the continues dissolving-precipitation process, then the 

Si start precipitation onto the surface glass surface as spheres of amorphous silica. 

Figure (8.6.a) depicts a schematic representation of the proposed mechanical model. 

Before a solvent-glass coating on the surface of the glass is obtained super-saturation 

of amorphous silica, the glass-water interaction of congruent dissolution of the glass 

starts with a silica-unsaturated solution. At the point, the glass dissolution reactions 

are mixed with amorphous silica precipitation in space and time, forming a SAL of 

Amorphous silica on the glass, allowing the dissolution and precipitation interfaces to 

pass through the glass. The size and specifications of the precipitating silicon spheres 

(Boehm, 1980) are defined by the local physico-chemical conditions of SAL on the 

one hand, and the amount of chemical impurity (i.e., Al) (Stone et al., 1993) and/or 

redistribution of glass components and solution components in SAL on the other hand 

(i.e., Ca, Zr) (Gin et al., 2015.b). 
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a 

 

 

b 

 

 
 

Fig. 8.6 Insight into the surface alteration layer (SAL) of the ISG coupon. 

(a) 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. (b) A description of the steps 

of reaction (Lenting et al. 2018), this quenched layer can serve as a transport barrier, influencing, as the 

figure describes, the composition of a pore solution. 
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a 

 

   

 

b  

 

 

 

 

c  

 

 

 

 

 

Fig. 8.7 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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In Figure (8.6.a), large amorphous silica spheres are displayed in zone (1) and 

other smaller spheres are displayed in zone (3). Zone (2) is identified in this study as 

Zirconia particles/spheres, which are limited to these zones by thin silicate bridges 

(ZrO2-SiO2), in accordance with the study conducted at EDAX of the present 

experiment (Figure 8.7.a), compared to what was observed in both the R7T7 glass 

(Andriambololona et al., 1992; Godon et al., 1988) and the glass-ceramic specimen 

(Fu et al., 2017). (Ferrand et al., 2021) depicted the liquidated Zr, also stated in ISG 

glass, forming Baddeleyite (ZrO2) in the reaction's thermodynamic equilibrium phase. 

The surface morphology of the altered glass surface consisted of a very small, 

porous layer from which CSH phases seemed to have formed. Instead of a colloidal 

structure, the porous coating was of a foam structure including porosity that had no 

stable phases and was able to bridge al the cracks. Such a surface morphology had 

still occurred as long the ISG coupon dissolute. The same occurred in the ISG powder 

(Ferrand et al., 2021). In conjunction with the pH decrease, the newly developed SAL 

in the R6GC90 model, as seen in Figure (8.8), could also lead to lower ISG corrosion 

rate. The cracks bridging were also justified by (Bragança and Bergmann, 2005); 

bridging is induced either by stress released by big quartz (SiO2) particles and the 

matrix thermal expansion mismatch, according to their experiment on non-polished 

porcelains containing Al and Si with quartz particles included in the batch 

formulation. However, (Warshaw and Seider, 1967) describe the size of the critical 

flow by connecting the cracks that appeared around the quartz particles.  

Figure (8.9) displays precipitation phases; primary (in R5GC90) and secondary (in 

R7GC90), considering a consistent glass dissolution and a new phase precipitation 

before the experiment is equilibrated or stable. For a given reaction development, the 

measurements are based on the SEM pictures and also the ISG corrosion rate. In the 

stable stage of the R7GC90, they display quartz (SiO2), a crystalline CSH phase and 

Aluminosilicate (or Zeolites, Na2Al2Si2O8) (Ferrand et al., 2021). 

Secondary phases were already found in the early stages of the dissolution 

experiments, white particles on the R5GC90 glass in Figure (8.9). The representative 

particles, including the newly-formed crystals were defied in this experiment as 

Zeolite. This Zeolite had a classic structure and grew in size and adhesion 

characteristics from day 90 to day 270. Furthermore, after the foam coating was 
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crystallized, the surface of the altered ISG coupon was rougher and cracked in models 

R7GC90. 

 
 

Fig. 8.8 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   

 

 
 

Fig. 8.9 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. 

 

This developed Zeolite, which is probably cemented by CSH (Fournier et al., 

2017), was also observed in an early experiment (28 days), Figure (8.10), when the 

higher S/V (ISG powder) at 25 °C was altered. The comparative effect of the RGP25 

with the RGP90 indicates specifically the effect of temperature on the improvement of 

ISG corrosion. In addition, higher RGP90 precipitation than RGP25 is indicative of 

the higher CRISG, as was already seen in the previous Figure (8.3). 
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The impact of the cracks increased the CRISG, as seen in R7GC90 and R4GP90 

systems because it makes it easier for the water to migrate to the glass through 

interdiffusion. The thermal expansion mismatch of the crystalized matrix layer in 

R7GC90 ISG model, Figure (8.8) is the basis for the cracks forming. Perhaps this has 

occurred because of the elevated reaction temperature and is expected to be gradually 

eliminated by creating further layer, or by other words, as what occurred in R4GP25 

system in Figure (8.10). 

 
R4GP90 

 

R4GP25 
Fig. 8.10 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. 

8.1.4 Weight Loss Calculations 

For more accurate results and to avoid high or low temperature effects, the weight 

loss measurements were performed at room temperature (25 °C). Figure (8.11) 

displays the coupons, which reacted in presence of Ankerite, after leaching and 
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provides a bar diagram showing the percentage reduction of weight. The powdered 

ISG samples developed higher weight loss values than the ISG coupon samples as a 

consequence of the higher interdiffusion due to their higher S/V ratios. Also, the 

dissolved silica was shown to re-precipitate on the ISG coupon surface and be 

incorporated into an amorphous gel layer, contributing to the final mass of the coupon 

and concluding in a lower recorded WL amount. Consequently, weight loss estimates 

do not reflect glass corrosion's definite value at the early stages of leaching (Ebert, 

1995). In contrast, these measurements are of particular significance when conducting 

glass dissolution experiments. 

On day 3, a minimum weight loss was observed in the Ankerite method shown in 

Figure (8.11.b). It doubled the value until on day 270 it reported its highest value, 

signaling that the Ankerite incorporation into the SAL decrease gradually over time 

while the amorphous silica becomes crystallized, as explained in the SEM tests. The 

evolution/dissolution mechanism (Gin and Frugier, 2002; Neeway et al., 2011) on the 

alteration layer pose additional reason of removing the adhered Ankerite. I recall that 

even with the ASTM Type-1 water washed/rinsed 10 seconds and then dried in the 

vacuum oven at 50 °C for 24 hours, the red color of the altered coupons was held. 

Calculations concerning weight loss do not validate Si sorption of Ankerite, but 

may explain the significant degree of gel forming because glass corrosion reduces the 

H
+
 values, which contributes to a rise in pH reading especially in presence of Ankerite 

that cause more elevation on the pH. The ISG reference samples, on the other hand, 

exhibited initially unfavorable behavior, and the loss value reached a maximum on 

day 14. It then declined and stayed up to the last time reasonably constant. As 

mentioned earlier, during glass corrosion, many separate steps occur, including 

reactions, diffusion and precipitation. During the reaction, the rate determination 

phase can vary and rely heavily on the test parameters. 
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(a)  

(b) ISG coupons of the GC90 system 

 
 

3 7 14 28 90 180 270 

 Days of Reaction 

Fig. 8.11 The weight loss in all systems and the evidence of the formation of amorphous silica in the 

first hours of a reaction. (a) Chart showing the ISG-weight loss percentage for the systems RGC90, 

RGP90, RGP25, and GC90. When the highest NLSi and the highest pH were reported the diagram 
shows the higher WL in RGC90 at days 90 and 270. (b) ISG coupons of the GC90 system after curing.  

8.2 Discussion and Conclusion 

The ISG achieved a lower level of dissolution and higher pH values at higher S/V 

ratios. The higher concentration of glass degradation in the solvent and the quicker 

formation of the gel coating showed lower concentrations of dissolved glass per unit 

region. According to Ebert (1995) the rate of corrosion decreases as silicic acid and 

other glass corrosion materials are more saturated to the solution. The main results of 

this study were that the equilibrium with amorphous silica was reached in deionized 

ultra pure water after 14 days of curing, which is highly predicted in static leaching 

systems, while (Gin et al., 2015a) mentioned that this equilibrium is reached in years 

of curing in dynamic leaching, therefore, dynamics leaching systems represent much 

better the leaching of higher s/v ratios for longer aging periods. The boron 

concentrations in all the ISG powder systems were far higher than the silicone 

concentrations of ISG, usual for the reactions in the borosilicate glass. 
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The S/V ratios and temperatures on the glass are shown in Figure (8.6). The 

silicone and boron concentration in both processes was lower than 50 mg.L
-1

 until day 

28, excluding the ISG powder on the 90°C model, which was seen to be even more 

concentrated. The boron concentrations of all systems containing ISG powder at 90°C 

(RGP90, GP90) were far greater than the concentration of silicon; this is common for 

borosilicate glass (Ebert, 1995). Figure (8.6) summarizes the impact on boron 

concentrations in solution of different S/V ratios, temperature and existence of 

Ankerite. When Ankerite was present, higher levels of boron were released from the 

glass while silicone at a median reaction of 7 days was release. As stated above, any 

ingestion of silicate in the solution induces more silicone from the glass (Ebert, 1995; 

Grambow and Strachan, 1983). Sorption and precipitation of silicate may lead to 

consumption on the surface of Ankerite. 

The saturation point is reached when all Ankerite sorption sites are occupied. Si 

concentrations were readily measured and contrasted with each fresh opening sample; 

at later experimental phases, substantial shifts in Si-concentrations arise. 

Dissolution/precipitation responses were observed between Si and the soluble element 

are driven by the diffusion of Ankerite components. (Delage et al., 1992; Grambow, 

1984) proposed that glass dissolution is regulated by orthosilicic/silicic acid action in 

solution in their static leaching studies on French R7T7 non-radioactive reference 

borosilicate glass in distilled waters at 90 °C. 

In Figure (8.12), Si concentrations were far higher in glass powders than in glass 

coupon systems owing to the higher S/V ratio in the present experiment. However, 

this work's short time scale limited the requirements, as in ISG coupon systems, Si 

saturation was not adequately achieved; however, in ISG powder systems, it was 

already achieved. Figure (8.12) reveals one more detail because, to achieve Si 

saturation in a shorter time, the influence of the S/V ratio surpassed the effect of 

higher reaction temperatures. Furthermore, the effect of Ankerite on the reduction of 

Si levels via sorption was found to be negligible; Si sorption in Ankerite may be 

possible at longer leaching durations. 
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Fig. 8.12 Effect of S/V and temperature on B and Si concentrations in the solutions of the all systems. 

The [B] (mentioned and scaled by signs and primary Y-axis all are colored red) and the [Si] 

concentrations (mentioned and scaled by signs and secondary Y-axis all are colored blue). Results in 

part (a) are for systems containing Ankerite (GC90, GP90, GP25), and part (b) for the references 
without Ankerite (RGC90, RGP90, RGP25). The silicon and boron concentrations ultimately matched 

in the RGC90, GC90, RGP25, and GP25 regardless of Ankerite was present. Both concentrations were 

directly proportional to the S/V ratio, but only boron improved in all systems at day 270 due to 

Ankerite. (Each point = single experiment). 

 

The difference in the measurements of ISG mass was detected, using electrical 

balance, before and after leaching. One more technique for such measurement was 

using the ICP-MS, which determined the elements' total mass (B, Na, Al, Si, Ca, Zr) 

transferred to the fluid. Table (8.1) contrasts a bit but shows an agreement between 

the values achieved by each measurement method; the differences between them are 

probably attributable to the weight of the gel covering layer generated at the glass 

interface. The mass fraction of dissolved Xg glass was represented by (Neeway et al., 

2011), and it was determined by Equation (8.4). 
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, where: NLi is the normalized mass loss for a given period (g.m
-2

),    is the surface 

area of the original glass (m
2
) and    is the initial mass of the glass (g). 

Equation (8.5) was arrived at by inserting the normalized loss (NL) formula Equation 

(8.1) into the Xg formula Equation (8.4) to calculating the overall mass fraction of 

ISG Xg(overall) dissolved in solution: 

             
  

  
                                                                              

Table (8.1) illustrates calculated and measured weight loss values for all systems 

except those containing both ISG powder and Ankerite. Equation (8.6) is based on 

assuming that the difference between the calculated and measured ISG weights can 

estimate the generated layer's weight on the ISG. In light of the NLSi in the solution, 

this layer is mostly surface alteration layer SAL on the ISG surface. ISG is primarily 

composed of the oxides listed in Table (6.1) (Chapter 6: Experimental Analysis on 

ISG). At a total concentration of < 1.0 (%) (Kaspar et al., 2019), the ISG's impurities 

(Cr, P, K, Fe, Ni, Mn, Mg, S, Ti, F, and Cl) are defined. The presence of these 

impurities makes the estimated gel calculations inaccurate. Further experiments are 

recommended, containing various Ankerite quantities, to understand better the gel 

creation mechanism and Ankerite's impact on this phenomenon. 

                                                                                             

, where: Wi(overall) (g) is the calculated weight of the dissolved elements as obtained by 

ICP-MS analyses, WL (g) is the measured loss in weight in ISG via a Mettler Toledo 

electrical balance. 

The current Ph.D. thesis implied that the generated layer's weight at the ISG 

interface could be estimated by using Equation (8.6). In Table (8.1), an exclusive 

approach for GC90 category. Table (8.1) shows that Ankerite, the coherent Ankerite 

particles to the amorphous layer already described earlier, is conditioned by the 

inclusion of Ankerite to lower the importance of weight loss in the ISG coupons. As 

already stated, Ca instead of Na preferentially maintains the gel porosity in the 

amorphous gel layer and/or soluble compounds, according to what is shown by 

(Debure et al., 2012; Jollivet et al., 2008). This experiment indicates that the above 
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mechanism should not arise spontaneously, and the accumulated masses are very 

similar in weight to the dissolved masses. Xg is known as the total weight fraction of 

the dissolved glass that shows relative weight to the weight loss measured after 

leaching. However, in systems without Ankerite, this solution has not been shown to 

be faithful. Dissolved component concentration in all systems of Ankerite-ISG was 

adjusted according to the blank findings of the Ankerite comparison systems. An 

undefined weight that clogged or cohesive the gel porosity into the hydrated glass 

sheet is, however, not removed (Dabbas and Kopecskó, 2021.b). 

 

Table 8.1 Calculated and measured ISG weight loss values 

Category 
Reaction 

(day) 

Xg(overall) 

(mg) 

WL 

(mg) 

Wi(overall) 

(mg) 

Wgel 

(mg) 

R
G

C
9

0
 3  1.27 5.40 0.39 5.01 

7  4.56 1.50 1.36 0.14 

14  3.68 1.40 1.11 0.29 

28  5.09 1.60 1.54 0.06 

R
G

P
9

0
 3  49.8 12.4 9.99 2.41 

7  56.7 19.3 11.3 7.96 

14  73.0 26.5 14.6 11.9 

28  80.5 19.9 16.2 3.74 

R
G

P
2

5
 3  4.34 14.9 0.87 14.0 

7  7.10 21.2 1.42 19.8 

14  8.97 4.70 1.79 2.91 

28  13.3 15.5 2.66 12.8 

G
C

9
0
 

3  0.67 0.80 0.20 0.60 

7  1.44 1.40 0.43 0.97 

14  2.46 3.00 0.75 2.25 

28  4.11 4.50 1.24 3.26 

 

A parallel pattern with previous graphics is seen in Figure (8.13). In the reference 

powdered glass at 25 °C, RGP25, the maximum amount of amorphous protection 

layer was produced. Because of the difficulties in extracting the glass powder 

particles when combined with the Ankerite, it should be noted that these weight 

reduction measures were only performed on comparison glass samples and samples 

containing both glass and Ankerite (GC90 model). The highest specific mass of the 

gel produced in all the systems was approximately 20 mg in RGP25. The gel 

(evolution/dissolution) in the GC90 method achieved higher values than RGP25, 
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particularly the last three measurements, but certainly contaminated with Ankerite 

dissolution products. 

Wgel values differed more in the first 28 days of reaction between the RGP90 and 

RGC90 models. Higher S/V values appear to intensify the glass changes during the 

first aging process independent of Ankerite's existence. This highlights a hypothesis 

described above. In comparison to other groups, the Wgel values had reverse effects 

and RGP25 showed the highest measurements. The order of the systems concerned is 

reversely consistent with the order of the specimens in the field of CRISG; RGP25 < 

RGP90 < RGC90, which sounds logical according to observations in the experiment, 

based on the capacity for large-scale gel for evolution and dissolution (Gin and 

Frugier 2002; Neeway et al., 2011). 

Ankerite seems to regulate movable elements' kinetics in the solution using 

sorption/precipitation, Figure (8.13). Unlike spontaneous changes in gel weight in 

other comparison groups, the gel layer rises over time. Due to its strong solubility, 

Boron is chosen as the glass changes tracer. The modification materials are not 

incorporated; the boron content is, therefore, an indicator of glass corrosion through 

transporting silicone through the growing interface sheet and not through reacting 

with the solution; the concentration of Boron is reduced. 

Glass dissolution could be accelerated by increasing the amount of hydroxyl ions 

caused by hydrolysis, allowing more Si dissolution; the pH value that varies with time 

shows the solution's silicone saturation. In both instances, in Figure (8.3.a), moving 

elements from glass were more highly dissolved in the solution at 90 °C. Philippini et 

al. (2006) stated that, due to the higher rate of elementary elimination by leaching, the 

contact between glass and water at 90 °C is considered a possible danger of glass 

longevity. 

Sodium was the highest concentration among all systems during the initial reaction 

period; even in RGC25, sodium was the only glass corrosion product in the solution, 

(Appendex, Table A.3.1). The current experiment has also been used to assess if 

sodium for the first corrosion stage may be regarded as a representative factor for the 

rate of glass corrosion (Figure 8.14). 
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Fig. 8.13 The estimated mass of the amorphous layer formed over time. 

Focusing on 28 days of reaction, comparing RGC90 & GC90 shows that the Ankerite effect on creating 

the layer is the highest with S/V compared with temperature, which is proportioned reversely and was 

the lowest in the power of gel creation. Ankerite showed a regular ascending rhythm on the evolution 

of glass alterations, which was not seen in other no-Ankerite categories. (Each point = single 

experiment). 

 

In Figure (8.14) extracted from Table (8.2) the average CRISG contribution for the 

whole experiment is summarized and the effect of Ankerite on various systems could 

be seen. In particular, Ankerite raised the CRISG to higher values in the ISG coupon 

system (at days 180, 270). But the overall CRISG average over the whole treatment 

period was contrary. Both stress the above-mentioned assumption about sodium. 

Therefore, certain facts are as follows: 

1- In terms of behavior, the values of NLNa and CRISG were equivalent. 

2- In ISG powder systems, Ankerite had no effect on the CRISG. (That is, the averaged 

value in RGP90 and GP90 was nearly identical, as was the averaged value in 

RGP25 and GP25). 

3- Regardless of the presence of Ankerite, the CRISG averages of the ISG powdered 

systems at 25 °C were the lowest of all systems, while the CRISG of the 90 °C 

powders was higher by 10 orders. 

4- At 90 °C, the CRISG averages of the ISG coupon systems were the highest of all 

systems; moreover, the CRISG was decreased by 10 orders when moving from 

RGP90 to RGC90, and was decreased by 5 orders when moving from GP90 to 

GC90. 

5- As a result of the above insight, Ankerite cut the CRISG in ISG coupon systems in 

half. (i.e., CRISG in RGC90 equals 2X CRISG in GC90). 
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Table 8.2 Average Normalized loss and average glass corrosion rates at day 270 

System/Category Ankerite 

Average values 

(270 days reaction) 

NLNa 

(g.m
-2

.d
-1

) 

CRISG 

(nm.d
-1

) 

RGC90 X 1.154 440.5 

RGP90 X 0.114 55.98 

RGP25 X 0.012 5.090 

GC90 √ 0.686 224.3 

GP90 √ 0.123 62.10 

GP25 √ 0.013 4.368 

 

 

Fig. 8.14 Average Na Normalized loss in the solutions of the all systems VS Average Glass 

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

 

Figure (8.15) provides a summary of the various effects of the principal term S/V 

on the CRISG and the NL of the ISG corrosion elements, and of the existence of 

Ankerite. Different pH findings are often presented and discussed among the 

saturation statuses. 

1- The pH results in the last curing (day 270) help for knowing the system's condition 

whether it is saturated or not. Other than the GC90 system, all other systems are 

saturated. This status was difficult to be extracted from the Si levels, but have been 

revealed through the pH records. 

2- Other than the RGC90 model, the pH is inversely commensurate with the CRISG. 

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

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

accumulation of the silica-rich layer (Lenting et al., 2018), which may caused a 

higher pH spontaneously with higher CRISG. The steady state after saturation is 

reached in powder systems. 
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3- As Ankerite was present, higher levels of boron were released from ISG; this is 

obvious in all experimental structures, but is highly apparent in the models for ISG 

coupon. 

4- In RGC90 model, the loss of silicone was considerably greater than in the GC90, 

which confirms Si precipitation on the glass surface owing to the bonding of the 

materials with Ankerite. I would like to emphasize that precipitation is a kind of 

corrosion, which Si looses confirms. Although, losses in ISG powder systems are 

not revealed; they appear to be steady after saturation. 

5- Indirectly relative to S/V were the losses of B, Na and Si. In ISG coupon systems, 

this was more prevalent, means higher CRISG.  

6- Again, this statistic underlines the assumption above; that sodium represents the 

rate of corrosion. This was valid when comparing with the boron losses in 

saturation and un-saturation schemes (all systems). 

7- Further proof on the precipitation event, that the concentration of Al and Ca in the 

GC90 system was BDL; they were abundant in the RGC90 system. Al and Ca 

precipitations are not addressed in this work and are suggested for further study. 

In this regard, (Ebert, 1995) mentioned that “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". Throughout the current experiment, the listed details are 

evidenced for the ISG. 

8. The pH has no influence on the formation of Zeolite. At day 270, the RGC90 

system showed Zeolite precipitation, which was accompanied by a dramatic 

reduction in Al concentrations (Figure 1.A in Appendix). This was previously 

stated by (Fournier et al., 2017; Fournier et al., 2013), but they also stated that 

Zeolite precipitation is prohibited for pH levels lower than 10.4. However, in this 

study, I demonstrated that this is true at the free pH (pH ~ 9) state.  
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Fig. 8.15 Summary of (CRISG, NL, pH) levels reached by all systems at day 270 of leaching VS a 

certain amount of NL per element. 

(a) ISG corrosion rate and total NL were seen much higher in ISG coupon systems; nevertheless, 

Ankerite presence was higher in all Ankerite mixed systems. At the same time, pH seems to have no 

significant effect on day 180. (b) NL of all primary elements in ISG, B, and Na was seen of higher 

levels in all systems. B and Si showed a summary that describes S/V and Ankerite; NLSi indirectly 

proportioned with both Ankerite and S/V, while NLB is proportioned directly with Ankerite and 

indirectly with S/V. 
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8.3 New Scientific Results - Group 2 (NSR2) 

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

Optimal Conditions, and Trackers. 

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:  

- 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. 

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. 

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:  

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. 

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. 

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, similarly as described by (Lenting et al., 2018) 

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

silica spheres) plus Zirconia (ZrO2) particles/spheres, which are limited 

silicate bridges (ZrO2-SiO2).   

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). 

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 ISG corrosion rate 

(CRISG) immediately. This is shown clearly in the 180 day reaction. 

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).  

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. 

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 

surface, which indicates that the higher impact of the medium's temperature 

is expected at advanced stages of reaction when the cracks occur  

5. Sodium normalized loss is 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 
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pH values and higher sodium concentrations but lower glass corrosion rates 

when expressed as mass glass dissolved per unit area. 

Ankerite Influence on the ISG Corrosion Rate. 

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. 

 

  



 

 
 

CHAPTER 9  

SORPTION OF THE DISSOLVE 

FISSION PRODUCTS ON ANKERITE  
 

 

The present research used the INAA method to test ISG, a first in such a 

benchmark glass. The sorption capabilities for the dissolving nuclear fission products 

produced in the in situ HLW glass on ICPs were shown in this experiment. The ICPs 

were represented with using natural geological Ankerite-rich sample. 

In this experiment, irradiated ISG coupons that were previously prepared, as 

explained in (Chapter 4: Instrumentations, Materials, and Methodology), and 

assembled using the same methodology as in the key experiment of (Chapter 8: 

Corrosion Consequences of ISG in Presence of Ankerite), are used. Gamma 

spectroscopy showed that most fission products dissolve at a rapid rate and verified 

their sorption potential on Ankerite except Cesium, which transformed into the liquid 

phase. 

9.1 Experimental Results 

The primary HPGe detector analysis on the Ankerite cake; the originally drenched 

with the leachate solution and then it was filtered and dried as described earlier in the 

methodology (Chapter 4: Instrumentations, Materials, and Methodology), 

demonstrated the adsorption of the bulk of radioactivity elements found in the ISG 

Table (9.1) in the Ankerite. This led the research on experimental vessels to measure 

the sum of radionuclides. I remind here that the ISG is the only sample that was 

irradiated using the INAA technique. So the Ankerite's radioactivity is consequently 

attributable to sorption of the nuclear fission products. 

The digestion+HPGe scan of the active ISG has disclosed the R7T7 glass bulk 

fission products (
60

Co, 
95

Zr+
95

Nb, 
134

Cs, 
144

Ce and 
152

Eu). Table (9.1) provides a 

comparison to ISG irradiated with neutron flux = 2E+17 n/cm
2
 of the radioactive 

quantities of fission products in R7T7. No Actinides (the long-lives nuclear waste) 

matched the recently discovered results of the ISG. It is essential to note that the 

gamma spectroscopy test was specifically carried out on pristine samples, stable (non-

irradiated) ISG and Ankeritis, and produced null findings. The 
54

Mn occurs on the 
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R7T7 (Gin et al. 2017) due to the homogenisation effect on some clusters, and 

however has been found on active ISG. Other transition metals (e.g., 
51

Cr and 
59

Fe) 

were also present in active ISG; the corrosion of reprocessing machinery (Gin et al., 

2017) or a durable refraction system in glass of R7T7 exists as a consequence 

(Jantzen et al., 2015), Table (9.1). The kinetics of some components of R7T7 

reference glass could be analyzed using activated ISG at lower radioactive dose. 

 

Table 9.1 Detected radionuclides in activated ISG 

Radionuclide 

Werme et al., 1990 
Present Study 

(HPGe) 

R7T7 Activated ISG 

MBq.kg
-1

 (%) MBq.kg
-1
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 β
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22Na 

BDL 

0.01 

46Sc 0.75 

51Cr 0.18 

54Mn 0.13 

59Fe 0.07 

60Co  3.69 E3 0.98 

90Sr + 90Y 1.46 E6 BDL 

95Zr + 95Nb BDL 3.40 

106Ru + 106Rh 2.92 E6 

BDL 125Sb 4.00 E4 

133Ba BDL 

134Cs 2.46 E5 0.06 

137Cs 1.62 E6 BDL 

144Ce + 144Pr 3.31 E6 5.86 (144Ce) 

152Eu BDL 0.12 

154/155
Eu 2.08 E4 BDL 

A
c
ti

n
id

e
s 

(α
 e

m
it

te
r
s)

 238Pu 4.69 E11 

BDL 

242Cm 4.38 E10 

243Cm + 244Cm 0.92 E10 

241Am 1.00 E11 

239-242Pu 6.85 E9 
241Pu 5.23 E11 

Total
 

 11.6 

 

No procedures have been established or identified by literature on ISG for neutron 

activation testing. This research, therefore, replicated neutron irradiation on the ISG 
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several times, such that stronger and precise findings can be obtained. Initially, I 

could only detect 
24

Na and 
28

Al after irradiation, since these are the products of 

minimal irradiation. Further irradiation operations were carried out for heavier-weight 

ISG samples in order to conduct a sufficiently rigorous analysis. Radionuclides with 

short half-lives were missed in my specimens. However, the most of the major 

elements (Al, Ca, Na,) which could be measured with ICP-OES have short lived 

nuclide, thus they can be measured with short irradiation NAA using rabbit system. 

More NAA tests are recommended on detecting Zr which has a long lived nuclide, so 

it should be detected with NAA. More NAA tests into ISG correct composition, for 

successful task for being assigned to ISG, are recommended by the present Ph.D. 

After the curing period (90 days) expired, the withdrawing and sampling were 

carried out as previously reported in the subchapter 4.5.3. The sorption impact of 

Ankerite was supported by proof on the bulk of the dissolved radionuclides from the 

active ISG, implying that Ankerite (or other minerals), by this effect and over a long 

period of disposal, is capable of environmentally cleansing fission and/or other 

hazardous products. Table (9.2) details the estimated concentrations in the reacted 

samples (kBq/kg). 

The investigation by (Nakamura and Toshiro, 1983) provides justification for why 

water was an effective transporter for all of the released radioactive elements from 

glass, except cesium. Via their experiment on measuring granite and basalt as possible 

near-field adsorptive influences to the simulated HLW glass, they discovered that 

when HLW glass coexists with natural rock and water, a portion of the cesium atom is 

emitted from the simulated HLW glass into the liquid phase. The aforementioned 

phenomenon may explain the situation in the current study; Ankerite could sorp all 

dissolved radionuclides from the glass, with the exception of 
134

Cs, because it was 

converted into the liquid phase and had not been sorpted (Table 9.2). 

It is important to note that Cs did not occur in the components of the stable ISG as 

a result of the panoramic scan (Table 9.1). Nonetheless, HPGe detector observed it as 

a nuclear isotope in the active ISG. Even then, after 90 days of leaching, four reported 

radionuclides (
22

Na, 
51

Cr, 
54

Mn and 
59

Fe) in activated ISG were not identified in the 

gamma spectroscopy scan, implying a sluggish initial dissolution process. 
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Table 9.2 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 

 

Figure (9.1), extracted from Tables (9.1 and 9.2), and depicts the dissolution 

percentage of certain radionuclides as a proportion of the overall quantity in the active 

ISG. Except for 
134

Cs, the capacity of Ankerite to adsorb mobile radioactive nuclides 

from water was outstanding in the experiment conditions (90 days, 90 °C). Figure 

(9.1) identifies various ranges of dissolution percentages: (i) (2.54 % - 2.34 %) for 

95
Zr, 

46
Sc, 

95
Nb, 

144
Ce, (ii) 1.48 (%) for 

152
Eu, (iii) 

60
Co and 

134
Cs showing the lowest 

degree of dissolution of 0.08 (%) and 0.025 (%) respectively. Other radionuclide 

amounts (e.g., 
22

Na, 
51

Cr, 
54

Mn and 
59

Fe) were, however, below detectable level. This 

was all verified when relative amounts of the above radioactive nuclides were found 

in the comparison activated ISG sample (i.e., no Ankerite, 90 days and 90 °C). Due to 

the convergence of the two tests (i.e., with and without Ankerite), Figure (9.1) may 

correspond to the adsorbed ratios by Ankerite. 

9.2 Discussion and Conclusion 

The simplistic simulation in the current work demonstrates that deterioration of the 

HLW glass can result in the release of vitrified radioisotopes to geological deposits. In 

addition to that, near-field iron corrosion materials, with the exception of cesium, are 

effective in dealing with this issue. Studies carried out by Adeleye et al. (1995) 

demonstrated that the adsorption of 
60

Co and
 51

Cr was possible by alumino-silicate 

minerals, such as Kaolinite and Montmorillonite (which are scheduled for backfilling 

the HLW repository), through ion-exchange or surface complex forming processes. 
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Fig. 9.1 The dissolved percentage of certain radionuclides of activated ISG; the adsorption capability 

of Ankerite was outstanding for all mobile water radionuclides, except for 134Cs. 
For 95Zr, 46Sc, 95Nb, 144Ce and 152Eu, the dissolution was expressive and for 60Co and 134Cs, it was 

considered slight 

 

This can possibly provide insight into the manner in which Ankerite absorbs the 

irradiation of fissionable materials. A substantial cause of concern is the increase in 

cesium present in the groundwater (Yasunari et al., 2011). For the first 100 years, 
90

Sr 

and 
137

Cs (half-lives of 28 and 30 years, respectively) degrade beta (β) particles, 

accounting for around 95% of the radioactivity (Nakamura and Toshiro, 1983). 

However, the decay rate of alpha (α) emitters' radionuclides of very long half-lives 

rises over time (24,400 years for 
239

Pu, 65,800 years for 
240

Pu and 458 years for 

241
Am). After 500 years, these primary products are expected to have mostly the 

decay role. Thus, as storing and recycling fission materials presents a significant 

obstacle, HLW waste must be tackled at least 10,000 years in the future (Ebert, 1995). 

The radioactive Cs is one of the most common fission product isotopes, with 

extremely high radioactivity and the potential to cause serious harm to humans, when 

combined with varying stresses; it may demonstrate highly volatile activity in the 

glass-vitrification phase (Awual et al., 2014; Wagh et al., 2016). This began to inspire 

a wide range of studies and fueled the use of new methods for final solutions for the 

dispersion of the radioactive Cs (Awual et al., 2014; Chen and Wei, 2014; Kim et al., 

2020; Mallampati et al., 2014; Mustafa and Zaiter, 2011; Seko et al., 2018; Wagh et 

al., 2016; Yang et al., 2017). A case in point; (Awual et al., 2014) innovated a creative 

approach to separating the radioactive Cs from the resulted wastewater from the 
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Fukushima accident. That was able by using synthesized adsorption by using dibenzo-

24-crown-8 ether onto inorganic mesoporous silica in a direct immobilization process. 

The new class conjugate adsorbent had higher S/V ratios and uniformly formed pores 

in case cavities, and its active sites retained usable functionality for Cs uptake from 

water. While radioactive isotopes leaked from Tohoku due to the Japan's 2011 Great 

East Earthquake and resulting Tsunami, Japan experienced one of the worst leaks of 

Cs when the Fukushima Daiichi nuclear power plant was destroyed (Stohl et al., 

2012; Yang et al., 2017). 

To conclude, this work's output revealed that while the medium was attempting 

toward saturation, many fission compounds were released from the simulated glass 

after just a brief period of leaching; additionally, Cs was converted into a liquid form, 

making Ankerite unable to uptake it from the solution. That emphasized the 

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

decay completely, as stated in the literature. 

 

9.3 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 

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. 

 

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. 
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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 (9.1) and Table (9.2). 

 

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. 

 

 



 

 
 

CHAPTER 10  

NEW SCIENTIFIC RESULTS  
 

 

10.1 Overview 

Internationally, it is strongly advised that high-level radioactive waste be disposed 

of in deep geological form in multi-layer containers. It is immobilized and vitrified by 

integrating it into the borosilicate glass matrix during evaporation of the volatile 

radionuclides (R7T7 type glass). Due to the contact with the surrounding medium in 

the presence of groundwater, the HLW nuclear borosilicate glass matrix corrosion in 

anaerobic conditions may be strongly expected. 

The key considerations which should be weighed in this respect are of considerable 

importance. The HLW glass incorporates very highly radioactive fission compounds 

and actinides that make it impossible to deal with without immobilization. To assess 

the durability of the HLW in such conditions, an international simple glass (ISG) was 

used instead as a simpler variant of the glass R7T7. The most effective corrosion 

causes are iron corrosion products in the surrounding medium of radioactive waste 

packages. In the current Ph.D. study, Ankerite represents a natural soil iron carbonate 

mineral and is widely present at these depths. 

The glass corrosion mechanism generally is assessed according to the most typical 

corrosive factors: (i) reaction temperature, (ii) reaction pH, (iii) glass surface-to-

volume of water (S/V) interaction, and (iv) silicate saturation level. Via a literature 

review, these variables were detected individually in different laboratories and 

laboratory environments, and by means of different techniques and instruments, the 

referenced findings were obtained. 

In one and the same circumstances, I was inspired to examine all the causes of 

corrosion together. I examined these variables in a far more straightforward way in 

the various simulated corrosion factors in standard settings, thereby facilitating the 

optimal conditions for glass corrosion. The current Ph.D. study has seen recent 

scientific findings of nuclear glass corrosion. Table (10.1) highlights the various 

laboratory conditions for all ISG corrosion causes as follows:  
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Table 10.1 Experimental conditions of the present Ph.D. thesis 

Temperature (°C)  

 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 above experimental configuration was generated by 80 experimental vessels, 

with 5 vessels (experiments) were 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 

vessels were treated under several circumstances, each of which required a particular 

case study to be carried out. In the entire experimental work (testing leachate 

solutions, characterizing raw materials, and calibration processes), professional 

measurement methods were employed, which are outlined as follows in Table (10.2): 

Table 10.2 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     

INAA      5 

SRBS    1   

XRD    2  1 

BET-N2    5  5 

PSA    5  5 

HPGe   1 1 2 3 

SEM    20  150 

The experimental study is part of a two-year project that began on December 24, 

2019, and is scheduled to be completed by 2022. I hope to include a more detailed 

overview of ISG-corrosion in the geological structures in the entire final results of this 

project. 
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10.2 New scientific Results and Findings 

I list and summarize here all the New Scientific Results (NSRs) and observations 

that I found in evaluating the experimental data: 

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: 

(Dabbas and Kopecskó, 2018.a; Dabbas and Kopecskó, 2018.b; Dabbas and 

Kopecskó, 2019.a; Dabbas and Kopecskó, 2019.b; Kopecskó and Dabbas, 2021; 

Dabbas and Kopecskó, 2021.a; Dabbas and Kopecskó, 2021.b) 

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, Figures (7.1, 7.2). 
 

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, Figure (7.2). 

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.  

 



 

Ali AL DABBAS, 
Ph.D. Thesis Ch.10 New Scientific Results 

 
 

  
90 

 
  

New Scientific Results - Group 2 (NSR2)  

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

Optimal Conditions, and Trackers. 

Related Publications: 

(Published Articles: Dabbas et al., 2021.a; Dabbas et al., 2021.b) 

(Articles under Major Revision for Journal: Applied Geochemistry – Elsevier) 

(Articles Submitted to Journals: npj Materials Degradation – Springer, Periodica 

Polytechnica Civil Engineering, Academia Letters,  Jordan Journal of Earth and 

Environmental Sciences) 

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 (Figures 8.1, 8.4):  

- 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. 

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 (Figures 8.3, 8.4). 

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 8.4):  

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 8.4). 
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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 8.11, 8.13). 

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 

altered ISG samples, the various surface alteration layers (SAL) and 

precipitations were differentiated, and their enriched components were 

define (Figures 8.5, 8.6), as described by (Lenting et al., 2018) 

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 8.6, 8.7).   

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 8.9). 

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 8.8). 

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 

8.3.b, 8.10).  

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 8.4.a, 8.9). 

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

temperature condition, a higher temperature would sustain glass corrosion 
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rate. The elevated temperature postponed bridging the cracks on the glass 

surface, which indicates that the higher impact of the medium's temperature 

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

8.10).  

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 8.14). 

Ankerite influence on the ISG Corrosion Rate. 

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. 

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, Figure 

(9.1) and Table (9.2) 

Related Publications: 

(Article, submitted-under major revision, Journal: Applied Geochemistry – Elsevier)  

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. 

 

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

water at 90 °C. 

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. 

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. 

 

Notes about the NSRs in the present research work: 

Neither found protocols for leaching radioactive ISG in ASTM I water at 90 °C in the 

presence of natural Ankerite, nor related results were found in the literature, suggesting this 

method and its effects as a pioneering method for both ISG and R7T7 reference glass. 

Leaching the ISG in different temperature levels and S/V ratios, but the same experimental 

conditions and measuring methods in a matrixes system is not referenced in literature, 

suggesting this method and its effects as a pioneering method for ISG. 

Neither found protocols for determining the optimum conditions for gel formation on ISG 

surface nor were related mathematical methods in estimating its weight found in the 

literature, suggesting this method and its effects as a pioneering method for ISG. 

Neither existing INAA protocols nor INAA results were found in the literature on applying the 

INAA on an inactive reference of the HLW glass, which suggests considering the INAA 

method on characterizing ISG as a pioneering method. 



 

 
 

CHAPTER 11  

SUMMARY OF 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 
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accumulation of the silica-rich layer (Lenting et al., 2018), which may cause a higher 

pH spontaneously with higher CRISG. The steady-state after saturation is reached in 

powder systems. In 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 Ankerite'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) 
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indicates these radionuclides as fission products in the French reference glass R7T7. 

However, 
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. 
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- Type of Participation: Oral presentation of 15 minutes. 

- Abstract: Published in Abstract Book: 

 https://issuu.com/pmmik/docs/Ph.D._20symp_202017_20abstract_20book   

 Mérnökgeológia-Kőzetmechanika, 2018 Konferencia, Engineering Geology-

Rock Mechanics 2018 Conference, Department of Engineering Geology and 

Geotechnics, Faculty of Civil Engineering, BME University, Budapest, 

Hungary. https://foldtan.hu/hu/node/684 

- Type of Participation: Oral presentation of 15 minutes. 

https://phdsymp.mik.pte.hu/2017-1
https://issuu.com/pmmik/docs/phd_20symp_202017_20abstract_20book
https://foldtan.hu/hu/node/684
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 Workshop participation in Miskolc, Hungary, 27-29 Apr 2018. Included: 

- Specific presentations in University of Miskolc by geological professors and 

professional experts. 

- Scientific visit to Telkibánya. Methods of sampling and samples collection were 

fully described. 

- Scientific visit to Rudabánya. Explanations about the geology and mining 

history of Rudabánya, and practical training in the field on samples collection. 

- Siderite and Ankerite samples from Rudabánya were collected for the Ph.D. 

research experiment. 

 The 12
th

 fib International Ph.D. Symposium in Civil Engineering: 29–31 

August, 2018, Czech Technical University, Prague, Czech Republic. 

https://www.cervenka.cz/company/calendar/past-events/12th-fib-international-

Ph.D.-symposium-in-civil-engineering  

- Type of Participation: Oral presentation of 15 minutes. 

 The 5
th
 International Conference on Competitive Materials and Technology 

Processes (ic-cmtp5), Session S11: Glasses, Coatings and Related Competitive 

Materials. Miskolc-Lillafüred, Hungary, 8-12 October, 2018. www.ic-cmtp5.eu 

- Type of Participation: Oral presentation of 15 minutes. 

- Abstract: Published in Abstract Book: 

https://www.ic-cmtp5.eu/doc/book_of_abstract_iccmtp5.pdf 

 The 14
th

 International Symposium on Fusion Nuclear Technology, in Budapest, 

Hungary, in fall semester 2019 from September 22 to 27, 2019,  

http://isfnt-14.org. 

- Type of Participation: Poster: Dabbas A.A., Kopecskó K. Role of Silicate 

Sorption by Ankerite in Silicic Acid Species Solution Published: 

DOI: 10.13140/RG.2.2.14755.20002 

- Abstract: Published in Abstract Book: 

http://isfnt-14.org/wp-content/uploads/ISFNT-14_Book_of_Abstracts.pdf 

 The 16
th

 Miklós Iványi Ph.D. & DLA Symposium: 26-27 October, 2020, 

University of Pecs, Faculty of Engineering and Information Technology 7624, 

Boszorkány 2., Pécs, Hungary. https://Ph.D.symp.mik.pte.hu/ 

- Type of Participation: Oral presentation of 15 minutes. 

- Abstract: Published in Abstract Book: https://we.tl/t-ocf3JpT4Ld 

https://www.cervenka.cz/company/calendar/past-events/12th-fib-international-phd-symposium-in-civil-engineering
https://www.cervenka.cz/company/calendar/past-events/12th-fib-international-phd-symposium-in-civil-engineering
http://www.ic-cmtp5.eu/
https://www.ic-cmtp5.eu/doc/book_of_abstract_iccmtp5.pdf
http://isfnt-14.org/
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.13140%2FRG.2.2.14755.20002?_sg%5B0%5D=66ZElFeIOlkFTNlqGiwa1gH4NIkyjExiQUYQDwcjqi4dyfUHPpBk6SOgemLcYaO0UYaZ0D8qDkAPThhOpePQ14zUgQ.4Zc1ukSsXNjlTK0A_1eWjjrvflOujGOQPlflRSQG8y-jQnMHpCXV80HIwLKOo70ZuTJUWR2PjuQP42S9svtuDg
http://isfnt-14.org/wp-content/uploads/ISFNT-14_Book_of_Abstracts.pdf
https://phdsymp.mik.pte.hu/
https://we.tl/t-ocf3JpT4Ld
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 The 6
th
 International Conference on Competitive Materials and Technology 

Processes (ic-cmtp6). Session 14: Glasses and Related Competitive 

Materials.Miskolc-Lillafüred, Hungary, 4-8 October, 2021. www.ic-cmtp6.eu 

- Type of Participation: Oral presentation of 15 minutes. 

 The 2
nd

 European Conference on Silicon and Silica Based Materials (EC-

SILICONF2). Session 8: Silicon and silica in construction materials and glass. 

Miskolc-Lillafüred, Hungary, 4-8 October, 2021. www.ec-siliconf.eu 

- Type of Participation: Oral presentation of 15 minutes. 

 The Second International Conference on Applications of Radiation Science and 

Technology (ICARST-2021), International Atomic Energy Agency IAEA 

Headquarters Vienna, Austria 22-26 August, 2022. Session: Advanced materials: 

from fundamentals to applications. https://www.iaea.org/events/icarst-2021 

- Type of Participation: Oral presentation of 15 minutes. 

  

http://www.ic-cmtp6.eu/
http://www.ec-siliconf.eu/
https://www.iaea.org/events/icarst-2021
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ABSTRACT OF THE Ph.D. THESIS 

Corrosion of the nuclear-borosilicate matrix in an anaerobic environment could be 

attributed to delay the formation of the amorphous layer (gel) on the glassy interface. 

The formation of the gel occurs in the saturation of silicic acid. In addition to the in-

situ formed iron corrosion products (ICPs), the metamorphic forms can also delay the 

gel formation, accelerating the nuclear glass corrosion. 

The international simple glass (ISG) is six-oxide borosilicate glass with the same 

elemental ratios as the SON68 glass (the inactive reference glass for the French R7T7 

glass). The ISG is often used to examine the HLW glass's durability. In this Ph.D. 

research, this glass was used to simulate the corrosion of the high-level nuclear waste 

(HLW) in the presence of Ankerite. The Ankerite used in this work is a natural 

Ankerite-rich geological iron carbonate sample obtained from Rudabánya, Hungary. 

The role of anhydrous carbonate minerals on silica concentrations in both saturated 

and unsaturated mediums was investigated in terms of ISG surface area to volume 

ratio (S/V) as well as reaction temperature. Experimental models with and without 

Ankerite were incorporated in the standard materials characterization center (MCC) 

leach test for radioactive waste types at 90 °C; however, a synonym test was allocated 

at 25 °C, was conducted among the reacted models. All the batch experiments on ISG 

were conducted at initial pH adjusted at 6.3. 

Scanning electron microscopy (SEM) was used to characterize the reacted ISG 

surface and determine corrosion's nature and extent. Several spectrometry methods 

have been employed to track the concentrations of glass dissolution products due to 

dissolution and the reaction medium's chemistry (i.e., ICP-OES, ICP-MS, GF-AAS). 

The reaction solution's pH was required to understand the alkalinity changes better 

and, more importantly, connect them to the determined ISG corrosion rate and 

determine the optimal pH concerning the ISG durability. 

Ankerite's sorption capacity was tested in a silicic acid saturated standard solution 

at pH=7. Ankerite was able in 12 hours to do sorption on the majority of the dissolved 

silica, but it's de-sorption was poor, which indicates that a chemosorption may occur. 

Ankerite had a lower sorption power in ultra-pure water and powdered ISG than in the 

standard solution. However, compared to the higher S/V (coupons) of ISG, the 

sorption was significant, especially during the first hours of the reaction, due to 

interdiffusion's role in obtaining saturation. 
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Tracking the Mg and Si concentrations revealed the Mg-Si precipitation effect, 

which was another reason for delaying saturation. On day 90, this factor was 

significant in all experimental models, and it was seen proportioned with temperature. 

In the ISG coupon model, this factor is thought to be the primary cause of the 

multiplicative increase in the glass corrosion rate at day 270. 

Additional leaching experiments using the INAA irradiated ISG revealed a high 

dissolution role of the fission products, indicating such conditions for the HLW glass 

in the in-situ. Furthermore, except for Cs, Ankerite's ability to uptake dissolved 

radionuclides from the solution was excellent, but it was insufficient because it 

converted into the liquid phase. 



 

Ali AL DABBAS, 
Ph.D. Thesis 

Scientific CV of the Ph.D. Candidate 

 
 

  
XII 

 
  

Ali AL DABBAS 

 

P
e
r
so

n
a

l 
 

In
fo

r
m

a
ti

o
n

 

Nationality          JORDANIAN 

 

Age                           42 

Mobile     +962 795 978 617 Jordan, +36 3 0 898 9970 Hungary 

Web. 
ResearchGate: Ali Al Dabbas (researchgate.net) 
LinkedIn: https://www.linkedin.com/in/ali-dabbas-51b21ab9  

Emails 
ali.al.dabbas@emk.bme.hu; ali.dabbas@jaec.gov.jo; 
alialdabbas@edu.bme.hu; ali.dabbas.jaec@gmail.com  

Position Reached 

E
d

u
c
a

ti
o

n
 

2017 – 2021       Budapest University of Technology and Economics BME - Hungary 
PÁL VÁSÁRHELYI DOCTORAL SCHOOL of Civil Engineering and Earth Sciences 
Dept. of Engineering Geology and Geotechnics 
Ph.D. Thesis: Corrosion of Radioactive Waste Glass Container Under Environmental Conditions 

2009 - 2011      IMT Atlantic - Nantes - France 

M.Sc. Project Management in Environmental and Energy Engineering (PM3E), Graded: Very Good 
M.Sc. Thesis: Bio-corrosion of Radioactive Waste Steel Container Under Environmental Conditions 
https://www.researchgate.net/publication/325985453_Bio-corrosion_of_radioactive_waste_steel_container_under_environmental_conditions  

1996 – 2000     Zarka Private University - Jordan 
B.Sc. Medical Physics, Graded: Very Good 

 

Professional 

Experience 

2000 - 2021 

2013 - 2017 Head, Nuclear Applications Dept. 

http://www.jaec.gov.jo/ 
2012 - 2013 Head, Occupational Exposure Control Section Radiation Protection Dept. 

2003 -2012 Supervisor, Personal Monitoring Lab (PML). 

2001 - 2003 Inspector, Industrial and research applications. 

2000 - 2001 Teacher, Physics-high school. http://www.moe.gov.jo/en/ 

Training 

Meetings Conferences 

2001 – 2021 

Professional Training, Workshops and Technical Meetings in: 

Jordan, Egypt, Iran, Yemen, India, China, Italy, Turkey, KSA, South Korea, Mongolia, France, Austria, 

USA, UAE, Australia, Indonesia, Hungary and Czech Republic. 

Languages 

Arabic   Mother Language 

English Working Language 

French   Fair 

P
u

b
li

c
a

ti
o

n
s 

1. Dabbas A.A., Kopecskó K. Potential impact of geological deposition conditions on durability of glass used for radioactive waste 

disposal, Mérnökgeológia-Kőzetmechanika 2018 (Szerk  Török Á., Görög P. & V s rhelyi B.), ISBN 978-615-5086-11-3, pp 193-200. 

2. Dabbas A.A., Kopecskó K. Corrosion of glass used for radioactive waste disposal – state of the art, Pollack Periodica, Vol. 14, No. 1, pp. 

85–94 (2019). https://doi.org/10.1556/606.2019.14.1.9 

3. Dabbas A.A., Kopecskó K. Corrosion of glass used for radioactive waste disposal influenced by environmental parameters, Proceedings 

of the 12th fib International Ph.D. Symposium in Civil Engineering August 29-31, 2018 - Prague, pp 1071-1078. 

http://Ph.D.symp2018.eu/dwn/Proceedings%20of%20the%2012th%20fib%20Ph.D.%20Symposium.pdf 

4. Dabbas A.A., Kopecskó K., Corrosion of glass used for radioactive waste disposal influenced by iron corrosion products, IOP 

Conference Series: Materials Science and Engineering (MSE), (2019). doi:10.1088/1757-899X/613/1/012030 

5. Kopecskó K., Dabbas A.A. (2021). Silicate Sorption on Ankerite from a Standard Silicate Solution. Periodica Polytechnica Chemical 

Engineering, 65(3). https://doi.org/10.3311/ppch.16967 

6. Dabbas A.A., Kopecskó K. Corrosion of glass used for radioactive waste disposal influenced by Ankerite, Advanced Aspects of 

Engineering Research, Vol. 9, (2021), Chapter 10 - Book Publisher International. http://dx.doi.org/10.9734/bpi/aaer/v9/1997F 

7. Dabbas A.A., Kopecskó K., Corrosion of International Simple Glass by Mg-Si Precipitation in Presence of Ankerite, Pollack Periodica. 

DOI:10.1556/606.2021.00410 
8. Dabbas A.A., Al-Hyari, L., Al Awana, A. D., & Fawaier, M. (2021). Energetic Investigation and Economic Feasibility for a University 

Campus in Romania towards Becoming an Energy Supplier. Periodica Polytechnica Mechanical Engineering, 65(2), 180–188. 

https://doi.org/10.3311/ppme.17361  

Skills 

 As a teacher and inspector 

- Personal power and speed of decision-making. 

- Organize time and tasks by priorities. 

- Mastering a good relation with the various groups in society, (students, managers, chairmen). 

 As a lab. Supervisor 

- Perfect to deal with scientific laboratories and specialized computer programs. 

- Adequate experience to deal with the public and public services. 

- Develop plans and schedules to provide services and good skills in work-field. 

 As a Head Department 

- Working under pressure, managerial matters and responsibility. 

Membership 
 Jordanian Association for Physicist in Medicine (JAPM). 

 IMT Atlantic Alumni club. 

Interests Sport (swimming), Travel and Action movies. 

  

https://www.researchgate.net/profile/Ali-Dabbas
https://www.linkedin.com/in/ali-dabbas-51b21ab9
mailto:ali.al.dabbas@emk.bme.hu
mailto:ali.dabbas@jaec.gov.jo
mailto:alialdabbas@edu.bme.hu
mailto:ali.dabbas.jaec@gmail.com
https://www.researchgate.net/publication/325985453_Bio-corrosion_of_radioactive_waste_steel_container_under_environmental_conditions
http://www.jaec.gov.jo/
http://www.moe.gov.jo/en/
https://doi.org/10.1556/606.2019.14.1.9
http://phdsymp2018.eu/dwn/Proceedings%20of%20the%2012th%20fib%20PhD%20Symposium.pdf


 

Ali AL DABBAS, 
Ph.D. Thesis Appendix 

 
 

  
XIII 

 
  

APPENDIX 

 

A.1 Sample Preparation for Characterization Methods: 

A.1.1 SEM/EDAX 

The SEM tests were performed on the ISG coupons. The method: Phenom XL 

SEM/EDAZ: CeB6 cathode with accelerating voltage in the range of 5 to 15 kV (optional 

setting). Equipped with an SDD (silicon-drift detector) as EDS detector with an active surface 

area of 20-30 mm2 and a resolution of at least 140 eV in the range of the Mn Kα line. 

A.1.2 ICP-MS, ICP-OES 

The ICP-MS tests were performed on the aqueous solutions and to characterize the ISG to 

assign its components (impurities). The ICP-OES tests were performed to characterize the 

components of the Ankerite and the ISG (primary composition). 

The method: Addition the amount 12.0 mL of HNO3 3.0 mL HF (optional for analyze Si), 

3 mL H2O2 using micropipette, mix and transfer to Digi block, heat samples at 120 °C from 2-

4 hours then cool samples. After complete digestion, then 20 ml of 4% Boric acid is added to 

the digested sample (if HF is used) into 50 ml polypropylene graduated centrifuge tube and 

shake the tube well then put the tubes in ultrasonic water bath or water bath (at 60 °C) for at 

least 30 minutes (if HF acid not used add 20.0 ml of water only). For B analysis, 0.1 mL of 

digested sample is taken; addition 50µL of IS solution (Mixture IS) and completes the volume 

with 2% HNO3 up to 10 mL. (ICP –Lab, RID-F-041, JAEC). 

A.1.3 XRD 

The XRD tests were performed to identify the Ankerite-rich geological sample. 

The method: In polished thin slices (30 µm), the whole rock mineral assembly was examined 

using the optical and electron microscope transmitted and reflected light. Thin sections were 

coated with ferro-fluid (EMG 807) of Ferro-fluidics GmbH, which has been diluted with 

distillation of water by ratio of 1:10 to discriminate against and emphasize tiny Ankerite 

remnants in the host material martite. The Ferromagnetic Ankerite, but not the anti-

ferromagnetic martite or other faintly magnetic phases, attracted the ferro-fluid on the thin 

portion that was covered by a glass plate. 

X-ray diffraction on powdered samples using Siemens (Bruker) Diffrac 500 was used to 

evaluate mineral phases before and after heating. 

The 2 θ range of samples was 0° 80° (40 kV power generator potential, 30 mA power 

generator utilizing the CuKaα radiation system, Ni filter and 1°/min scan speed). Diffrac AT 

was the program for analyzing XRD data. 
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A.2 Specifications and Primary Investigations on Leachate Aqueous in 

the main Experiment (Chapter 8): 

Table 1.A Weights of ISG and Ankerite, weight loss details of ISG, pH of all aqueous 

Sample  

ID 

Duration 

(d) 

Wi(g) 
SAg  

(cm
2
) 

S/V  

(cm
-1

) 

Wi 

(g) 

SA 

(cm
2
) 

S/V 

(cm
-1

) pH 
Wf 

(g) 

Loss 

(g) 

Weight Loss 

(%) 
ISG Ankerite 

R
G

C
9

0
 

3 0.307 3.1 0.129    6.203 0.302 0.005 1.758 

7 0.299 3.1 0.129    6.170 0.297 0.002 0.502 

14 0.301 3.1 0.129    6.356 0.299 0.001 0.466 

28 0.302 3.1 0.129    6.290 0.300 0.002 0.531 

90 0.304 3.1 0.129    9.112 0.295 0.008 2.702 

180 0.305 3.1 0.129    8.329 0.303 0.002 0.689 

270 0.298 3.1 0.129    9.026 0.290 0.008 2.617 

G
C

9
0

 

3 0.298 3.1 0.129 0.240 0.005 2.251 7.986 0.297 0.001 0.269 

7 0.299 3.1 0.129 0.241 0.005 2.261 7.960 0.298 0.001 0.468 

14 0.305 3.1 0.129 0.241 0.005 2.259 8.215 0.302 0.003 0.985 

28 0.303 3.1 0.129 0.240 0.005 2.246 7.970 0.298 0.005 1.487 

90 0.304 3.1 0.129 0.240 0.005 2.250 7.861 0.295 0.009 3.089 

180 0.303 3.1 0.129 0.240 0.005 2.249 8.191 0.282 0.021 7.032 

270 0.304 3.1 0.129 0.240 0.005 2.249 8.365 0.262 0.042 13.684 

R
G

C
2

5
 

3 0.302 3.1 0.129    6.564 0.302 0.000 0.000 

7 0.309 3.1 0.129    6.293 0.308 0.000 0.065 

14 0.304 3.1 0.129    6.048 0.304 0.000 0.066 

28 0.299 3.1 0.129    6.734 0.299 0.000 0.033 

R
G

P
9

0
 

3 0.200 0.049 20.596    8.495 0.188 0.012 6.188 

7 0.200 0.049 20.555    9.268 0.181 0.019 9.650 

14 0.200 0.049 20.504    9.459 0.173 0.027 13.283 

28 0.201 0.050 20.637    9.169 0.181 0.020 9.910 

90 0.200 0.049 20.565    9.251 0.172 0.028 13.893 

180 0.200 0.049 20.545    9.328 0.171 0.029 14.457 

270 0.200 0.049 20.545    9.276 0.170 0.030 14.807 

R
G

P
2

5
 

3 0.200 0.049 20.596    8.880 0.186 0.015 7.435 

7 0.199 0.049 20.483    9.563 0.178 0.021 10.637 

14 0.200 0.049 20.545    9.321 0.195 0.005 12.351 

28 0.200 0.049 20.504    9.355 0.184 0.016 7.769 

90 0.200 0.049 20.545    9.270 0.187 0.013 6.253 

180 0.200 0.049 20.555    9.386 0.189 0.011 5.500 

270 0.200 0.049 20.586    9.420 0.190 0.011 5.292 

G
P

9
0

 

3 0.200 0.049 20.545 0.240 0.005 2.249 8.877    

7 0.200 0.049 20.565 0.240 0.005 2.248 9.229    

14 0.201 0.049 20.617 0.241 0.005 2.255 9.273    

28 0.200 0.049 20.555 0.240 0.005 2.251 9.172    

90 0.200 0.049 20.545 0.240 0.005 2.250 9.220    

180 0.200 0.049 20.586 0.240 0.005 2.248 8.870    

270 0.200 0.049 20.524 0.241 0.005 2.255 9.303    

G
P

2
5

 

3 0.200 0.049 20.545 0.240 0.005 2.245 9.246    

7 0.201 0.049 20.617 0.240 0.005 2.252 9.331    

14 0.200 0.049 20.545 0.240 0.005 2.248 9.209    

28 0.200 0.049 20.545 0.240 0.005 2.253 9.267    

90 0.200 0.049 20.565 0.240 0.005 2.249 9.310    
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180 0.200 0.049 20.565 0.240 0.005 2.250 9.362    

270 0.200 0.049 20.576 0.240 0.005 2.252 9.331    
R

A
P

9
0

 

3    0.240 0.005 2.250 7.748    

7    0.239 0.005 2.244 7.913    

14    0.240 0.005 2.251 8.342    

28    0.240 0.005 2.249 8.015    

90    0.240 0.005 2.250 7.963    

180    0.240 0.005 2.252 8.209    

270    0.240 0.005 2.252 8.393    

R
A

P
2

5
 

3    0.240 0.005 2.253 8.056    

7    0.240 0.005 2.250 7.957    

14    0.240 0.005 2.250 8.064    

28    0.240 0.005 2.248 8.207    

90    0.240 0.005 2.250 8.304    

180    0.241 0.005 2.256 8.259    

270    0.240 0.005 2.249 8.244    
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A.3 All Related Characterizations for the Released Primary Elements in 

ISG: 

A.3.1 Sodium Na 

Table 2.A Na characterizations 

Sample  

ID 

Duration  

(d) 

[Na]  

(ppm) 

WNa  

(mg) 

NL Na  

(g.m
2
) 

NL rate Na  

(g.m
-2

.d
-1

) 

Xg Na 

 (mg) 

Eth Na 

 (nm) 

Expand Uncertainty 

(38.86 %) 

R
G

C
9

0
 

3 6.6 0.16 5.7 1.906 6 2287.5 2.6 

7 23.2 0.56 20.0 2.853 21 7989.7 9.0 

14 21.9 0.52 18.8 1.344 19 7525.2 8.5 

28 28.9 0.69 24.8 0.887 26 9930.3 11.2 

90 78.7 1.90 67.7 0.752 69 27076.1 30.6 

180 16.2 0.39 13.9 0.077 14 5574.2 6.3 

270 80.2 1.90 69.0 0.255 72 27588.8 31.2 

R
G

P
9

0
 

3 222.0 5.30 1.2 0.399 295 479.1 86.3 

7 221.6 5.30 1.2 0.171 295 479.1 86.1 

14 283.9 6.80 1.5 0.110 379 615.4 110.3 

28 343.0 8.20 1.8 0.066 456 738.7 133.3 

90 488.9 12.00 2.6 0.029 652 1056.6 190.0 

180 497.3 12.00 2.7 0.015 663 1075.8 193.2 

270 455.2 11.00 2.5 0.009 607 984.7 176.9 

R
G

P
2

5
 

3 17.1 0.41 0.1 0.031 23 36.9 6.6 

7 26.9 0.65 0.1 0.021 36 58.5 10.5 

14 34.0 0.82 0.2 0.013 45 73.5 13.2 

28 48.3 1.20 0.3 0.009 65 104.7 18.8 

90 108.3 2.60 0.6 0.007 144 234.2 42.1 

180 113.5 2.70 0.6 0.003 151 245.4 44.1 

270 106.7 2.60 0.6 0.002 142 230.4 41.5 

R
A

P
9

0
 

3 2.6 0.06 1.8 0.585 0 0.0 1.0 

7 1.5 0.04 1.1 0.150 0 0.0 0.6 

14 2.9 0.07 2.0 0.141 0 0.0 1.1 

28 1.8 0.04 1.2 0.043 0 0.0 0.7 

90 1.4 0.04 1.0 0.011 0 0.0 0.6 

180 1.1 0.03 0.8 0.004 0 0.0 0.4 

270 2.9 0.07 2.0 0.007 0 0.0 1.1 

R
A

P
2

5
 

3 0.8 0.02 0.5 0.181 0 0.0 0.3 

7 0.9 0.02 0.6 0.091 0 0.0 0.4 

14 0.9 0.02 0.6 0.044 0 0.0 0.4 

28 1.0 0.03 0.7 0.025 0 0.0 0.4 

90 1.7 0.04 1.2 0.013 0 0.0 0.7 

180 0.4 0.01 0.3 0.002 0 0.0 0.2 

270 1.0 0.02 0.7 0.002 0 0.0 0.4 

G
C

9
0

 3 3.3 0.08 2.9 0.951 3 1141.3 1.3 

7 7.1 0.17 6.1 0.877 6 2455.2 2.8 

14 14.3 0.34 12.3 0.879 13 4922.3 5.6 
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28 19.6 0.47 16.8 0.601 17 6731.1 7.6 

90 43.0 1.00 37.0 0.411 38 14791.6 16.7 

180 98.8 2.40 85.0 0.472 87 34012.7 38.4 

270 190.7 4.60 164.0 0.608 167 65619.9 74.1 
G

P
9

0
 

3 198.3 4.80 1.1 0.358 265 429.1 77.1 

7 293.4 7.00 1.6 0.226 391 634.0 114.0 

14 350.4 8.40 1.9 0.135 466 755.4 136.2 

28 405.0 9.70 2.2 0.078 540 875.8 157.4 

90 495.9 12.00 2.7 0.030 661 1072.7 192.7 

180 670.9 16.00 3.6 0.020 893 1448.4 260.7 

270 669.5 16.00 3.6 0.013 894 1449.8 260.2 

G
P

2
5

 

3 17.3 0.42 0.1 0.031 23 37.4 6.7 

7 28.6 0.69 0.2 0.022 38 61.7 11.1 

14 39.1 0.94 0.2 0.015 52 84.5 15.2 

28 55.6 1.30 0.3 0.011 74 120.2 21.6 

90 87.6 2.10 0.5 0.005 117 189.4 34.1 

180 108.1 2.60 0.6 0.003 144 233.6 42.0 

270 117.2 2.80 0.6 0.002 156 253.2 45.6 

R
G

C
2

5
 

3 3.7 0.09 3.2 1.052 3 1262.8 0.0 

7 1.1 0.03 0.9 0.129 1 361.3 1.4 

14 0.9 0.02 0.7 0.053 1 299.0 0.4 

28 0.1 0.00 0.1 0.004 0 39.5 0.3 

        0.0 

 

 

A.3.2 Boron B 

Table 3.A B characterizations 

Sample 

ID 

Duration 

 (d) 

[B]  

(ppm) 

WB  

(mg) 

NL B  

(g.m
2
) 

NL rate B  

(g.m
-2

.d
-1

) 

Xg B 

 (mg) 

Eth B  

(nm) 

Expand Uncertainty 

(10.00 %) 

R
G

C
9

0
 

3 3.2 0.08 4.6 1.526 5 1831.7 0.3 

7 14.1 0.34 20.1 2.878 21 8057.3 1.4 

14 12.5 0.30 17.9 1.281 18 7174.2 1.3 

28 17.8 0.43 25.6 0.913 26 10230.8 1.8 

90 49.6 1.20 71.0 0.789 73 28415.8 5.0 

180 7.2 0.17 10.4 0.058 11 4154.8 0.7 

270 49.5 1.20 71.0 0.263 74 28392.8 5.0 

R
G

P
9

0
 

3 164.3 3.90 1.5 0.492 364 590.9 16.4 

7 164.6 4.00 1.5 0.212 366 593.2 16.5 

14 207.4 5.00 1.9 0.134 462 749.3 20.7 

28 256.4 6.20 2.3 0.082 568 920.3 25.6 

90 304.5 7.30 2.7 0.030 676 1096.8 30.5 

180 353.8 8.50 3.2 0.018 787 1275.6 35.4 

270 334.8 8.00 3.0 0.011 744 1207.1 33.5 

R
G

P

2
5
 3 10.1 0.24 0.1 0.030 22 36.4 1.0 

7 17.2 0.41 0.2 0.022 38 62.1 1.7 
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14 22.5 0.54 0.2 0.014 50 81.0 2.2 

28 33.6 0.81 0.3 0.011 75 121.2 3.4 

90 65.1 1.60 0.6 0.007 145 234.7 6.5 

180 44.6 1.10 0.4 0.002 99 160.6 4.5 

270 75.4 1.80 0.7 0.003 167 271.2 7.5 

R
A

P
9

0
 

3 0.6 0.02 1.4 0.475 0 0.0 0.1 

7 0.0 0.00 0.0 0.000 0 0.0 0.0 

14 0.0 0.00 0.0 0.000 0 0.0 0.0 

28 0.0 0.00 0.0 0.000 0 0.0 0.0 

90 0.0 0.00 0.0 0.000 0 0.0 0.0 

180 0.0 0.00 0.0 0.000 0 0.0 0.0 

270 1.8 0.04 4.1 0.015 0 0.0 0.2 

R
A

P
2

5
 

3 0.0 0.00 0.0 0.000 0 0.0 0.0 

7 0.0 0.00 0.0 0.000 0 0.0 0.0 

14 0.0 0.00 0.0 0.000 0 0.0 0.0 

28 0.3 0.01 0.7 0.023 0 0.0 0.0 

90 0.0 0.00 0.0 0.000 0 0.0 0.0 

180 0.0 0.00 0.0 0.000 0 0.0 0.0 

270 0.5 0.01 1.1 0.004 0 0.0 0.0 

G
C

9
0

 

3 1.4 0.03 2.0 0.676 2 810.6 0.1 

7 3.2 0.08 4.6 0.664 5 1859.2 0.3 

14 7.9 0.19 11.3 0.806 11 4513.3 0.8 

28 10.9 0.26 15.6 0.557 16 6239.4 1.1 

90 25.8 0.62 36.9 0.410 38 14767.0 2.6 

180 28.4 0.68 40.8 0.226 42 16303.9 2.8 

270 110.4 2.60 158.2 0.586 161 63298.1 11.0 

G
P

9
0

 

3 142.3 3.40 1.3 0.427 316 512.9 14.2 

7 219.7 5.30 2.0 0.283 488 791.3 22.0 

14 271.9 6.50 2.4 0.174 602 976.9 27.2 

28 320.1 7.70 2.9 0.103 711 1153.5 32.0 

90 513.5 12.00 4.6 0.051 1142 1851.4 51.4 

180 666.5 16.00 6.0 0.033 1479 2398.3 66.7 

270 436.0 10.00 3.9 0.015 970 1573.5 43.6 

G
P

2
5

 

3 8.0 0.19 0.1 0.024 18 28.7 0.8 

7 15.1 0.36 0.1 0.019 33 54.2 1.5 

14 22.9 0.55 0.2 0.015 51 82.5 2.3 

28 33.6 0.81 0.3 0.011 75 121.1 3.4 

90 34.1 0.82 0.3 0.003 76 122.9 3.4 

180 34.5 0.83 0.3 0.002 77 124.4 3.5 

270 75.4 1.80 0.7 0.003 167 271.4 7.5 

R
G

C
2

5
 

3 0.0 0.00 0.0 0.000 0 0.0 0.0 

7 0.0 0.00 0.0 0.000 0 0.0 0.0 

14 0.0 0.00 0.0 0.000 0 0.0 0.0 

28 0.0 0.00 0.0 0.000 0 0.0 0.0 
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A.3.3 Silicon Si 

Table 4.A Na characterizations 

Sample 

 ID 

Duration  

(d) 

[Si]  

(ppm) 

WSi 

(mg) 

NL Si 

(g.m
2
) 

NL rate Si 

(g.m
-2

.d
-1

) 

Xg Si  

(mg) 

Eth Si  

(nm) 

Expand Uncertainty 

(10.00 %) 
R

G
C

9
0

 

3 5.5 0.13 1.6 0.536 2 643.4 0.5 

7 14.8 0.35 4.3 0.621 5 1738.0 1.5 

14 9.7 0.23 2.8 0.203 3 1139.4 1.0 

28 14.9 0.36 4.4 0.157 5 1754.4 1.5 

90 84.7 2.00 24.9 0.277 25 9972.1 8.5 

180 19.3 0.46 5.7 0.032 6 2277.2 1.9 

270 82.7 2.00 24.4 0.090 25 9742.5 8.3 

R
G

P
9

0
 

3 16.8 0.40 0.0 0.010 8 12.4 1.7 

7 81.4 2.00 0.2 0.022 37 60.2 8.1 

14 111.0 2.70 0.2 0.015 51 82.3 11.1 

28 66.7 1.60 0.1 0.004 30 49.1 6.7 

90 284.6 6.80 0.5 0.006 130 210.5 28.5 

180 132.6 3.20 0.2 0.001 61 98.2 13.3 

270 44.5 1.10 0.1 0.000 20 33.0 4.5 

R
G

P
2

5
 

3 8.2 0.20 0.0 0.005 4 6.0 0.8 

7 14.0 0.34 0.0 0.004 6 10.4 1.4 

14 17.6 0.42 0.0 0.002 8 13.0 1.8 

28 28.0 0.67 0.1 0.002 13 20.8 2.8 

90 96.7 2.30 0.2 0.002 44 71.6 9.7 

180 37.6 0.90 0.1 0.000 17 27.8 3.8 

270 38.5 0.92 0.1 0.000 18 28.5 3.9 

R
A

P
9

0
 

3 0.0 0.00 0.0 0.000 0 0.0 0.0 

7 0.0 0.00 0.0 0.000 0 0.0 0.0 

14 4.7 0.11 8.0 0.569 0 0.0 0.5 

28 4.6 0.11 7.8 0.278 0 0.0 0.5 

90 7.8 0.19 13.3 0.147 0 0.0 0.8 

180 23.3 0.56 39.8 0.221 0 0.0 2.3 

270 6.2 0.15 10.6 0.039 0 0.0 0.6 

R
A

P
2

5
 

3 0.0 0.00 0.0 0.000 0 0.0 0.0 

7 0.0 0.00 0.0 0.000 0 0.0 0.0 

14 0.0 0.00 0.0 0.000 0 0.0 0.0 

28 0.0 0.00 0.0 0.000 0 0.0 0.0 

90 1.0 0.02 1.6 0.018 0 0.0 0.1 

180 18.2 0.44 31.0 0.172 0 0.0 1.8 

270 4.6 0.11 7.8 0.029 0 0.0 0.5 

G
C

9
0

 

3 2.7 0.06 0.8 0.261 1 312.9 0.3 

7 4.3 0.10 1.3 0.183 1 511.0 0.4 

14 5.6 0.13 1.7 0.118 2 661.0 0.6 

28 11.9 0.29 3.5 0.125 4 1403.3 1.2 

90 11.1 0.27 3.3 0.036 3 1310.1 1.1 

180 7.9 0.19 2.3 0.013 2 931.3 0.8 
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270 24.5 0.59 7.2 0.027 7 2880.5 2.4 

G
P

9
0

 

3 46.4 1.10 0.1 0.029 21 34.4 4.6 

7 98.1 2.40 0.2 0.026 45 72.6 9.8 

14 97.9 2.40 0.2 0.013 45 72.2 9.8 

28 93.9 2.30 0.2 0.006 43 69.5 9.4 

90 97.6 2.30 0.2 0.002 45 72.2 9.8 

180 42.9 1.00 0.1 0.000 20 31.7 4.3 

270 102.0 2.40 0.2 0.001 47 75.6 10.2 

G
P

2
5

 

3 6.8 0.16 0.0 0.004 3 5.0 0.7 

7 13.0 0.31 0.0 0.003 6 9.6 1.3 

14 17.3 0.41 0.0 0.002 8 12.8 1.7 

28 24.0 0.58 0.0 0.002 11 17.8 2.4 

90 35.5 0.85 0.1 0.001 16 26.2 3.5 

180 30.3 0.73 0.1 0.000 14 22.4 3.0 

270 33.5 0.80 0.1 0.000 15 24.8 3.3 

R
G

C
2

5
 

3 0.0 0.00 0.0 0.000 0 0.0 0.0 

7 0.0 0.00 0.0 0.000 0 0.0 0.0 

14 0.0 0.00 0.0 0.000 0 0.0 0.0 

28 0.0 0.00 0.0 0.000 0 0.0 0.0 

 

 

A.3.4 Aluminum Al 

Table 5.A Al characterizations 

Sample 

ID 

Duration 

(d) 

[Al]  

(ppm) 

WAl  

(mg) 

NL Al  

(g.m
2
) 

NL rate Al 

(g.m
-2

.d
-1

) 

Xg Al 

 (mg) 

Eth Al  

(nm) 

Expand Uncertainty 

(19.70 %) 

R
G

C
9

0
 

3 0.6 0.01 1.4 0.456 1 547.1 0.1 

7 2.3 0.06 5.7 0.808 6 2263.5 0.5 

14 0.5 0.01 1.3 0.091 1 511.6 0.1 

28 0.4 0.01 1.0 0.037 1 409.1 0.1 

90 0.7 0.02 1.8 0.020 2 724.0 0.1 

180 2.4 0.06 5.8 0.032 6 2311.9 0.5 

270 0.4 0.01 1.0 0.004 1 415.5 0.1 

R
G

P
9

0
 

3 8.3 0.20 0.1 0.042 31 50.5 1.6 

7 1.6 0.04 0.0 0.003 6 9.8 0.3 

14 0.3 0.01 0.0 0.000 1 1.7 0.1 

28 2.4 0.06 0.0 0.001 9 14.7 0.5 

90 2.2 0.05 0.0 0.000 8 13.6 0.4 

180 1.3 0.03 0.0 0.000 5 8.0 0.3 

270 3.2 0.08 0.0 0.000 12 19.7 0.6 

R
G

P
2

5
 

3 0.0 0.00 0.0 0.000 0 0.0 0.0 

7 0.0 0.00 0.0 0.000 0 0.0 0.0 

14 0.0 0.00 0.0 0.000 0 0.0 0.0 

28 0.0 0.00 0.0 0.000 0 0.0 0.0 

90 0.0 0.00 0.0 0.000 0 0.0 0.0 

180 0.0 0.00 0.0 0.000 0 0.0 0.0 
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270 0.0 0.00 0.0 0.000 0 0.0 0.0 

R
A

P
9

0
 

3 0.5 0.01 1.5 0.503 0 0.0 0.1 

7 0.0 0.00 0.0 0.000 0 0.0 0.0 

14 0.0 0.00 0.0 0.000 0 0.0 0.0 

28 0.0 0.00 0.0 0.000 0 0.0 0.0 

90 0.0 0.00 0.0 0.000 0 0.0 0.0 

180 0.0 0.00 0.0 0.000 0 0.0 0.0 

270 0.0 0.00 0.0 0.000 0 0.0 0.0 

R
A

P
2

5
 

3 0.0 0.00 0.0 0.000 0 0.0 0.0 

7 0.0 0.00 0.0 0.000 0 0.0 0.0 

14 0.0 0.00 0.0 0.000 0 0.0 0.0 

28 0.0 0.00 0.0 0.000 0 0.0 0.0 

90 0.0 0.00 0.0 0.000 0 0.0 0.0 

180 0.0 0.00 0.0 0.000 0 0.0 0.0 

270 0.0 0.00 0.0 0.000 0 0.0 0.0 

G
C

9
0

 

3 -0.5 -0.01 -1.3 -0.439 -1 -526.3 -0.1 

7 0.0 0.00 0.0 0.000 0 0.0 0.0 

14 0.0 0.00 0.0 0.000 0 0.0 0.0 

28 0.0 0.00 0.0 0.000 0 0.0 0.0 

90 0.0 0.00 0.0 0.000 0 0.0 0.0 

180 0.0 0.00 0.0 0.000 0 0.0 0.0 

270 0.0 0.00 0.0 0.000 0 0.0 0.0 

G
P

9
0

 

3 2.3 0.05 0.0 0.011 8 13.7 0.4 

7 0.0 0.00 0.0 0.000 0 0.0 0.0 

14 0.1 0.00 0.0 0.000 1 0.9 0.0 

28 0.2 0.00 0.0 0.000 1 1.1 0.0 

90 0.0 0.00 0.0 0.000 0 0.0 0.0 

180 0.0 0.00 0.0 0.000 0 0.0 0.0 

270 0.4 0.01 0.0 0.000 1 2.2 0.1 

G
P

2
5

 

3 0.0 0.00 0.0 0.000 0 0.0 0.0 

7 0.0 0.00 0.0 0.000 0 0.0 0.0 

14 0.0 0.00 0.0 0.000 0 0.0 0.0 

28 0.0 0.00 0.0 0.000 0 0.0 0.0 

90 0.0 0.00 0.0 0.000 0 0.0 0.0 

180 0.0 0.00 0.0 0.000 0 0.0 0.0 

270 0.0 0.00 0.0 0.000 0 0.0 0.0 

R
G

C
2

5
 

3 0.0 0.00 0.0 0.000 0 0.0 0.0 

7 0.0 0.00 0.0 0.000 0 0.0 0.0 

14 0.0 0.00 0.0 0.000 0 0.0 0.0 

28 0.0 0.00 0.0 0.000 0 0.0 0.0 
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A.3.5 Calcium Ca 

Table 6.A Ca characterizations 

Sample  

ID 

Duration 

(d) 

[Ca]  

(ppm) 

WCa  

(mg) 

NL Ca  

(g.m
2
) 

NL rate Ca  

(g.m
-2

.d
-1

) 

Xg Ca 

 (mg) 

Eth Ca 

 (nm) 

Expand Uncertainty 

(10 %) 
R

G
C

9
0

 

3 0.4 0.01 0.9 0.312 1 373.9 0.0 

7 2.4 0.06 5.2 0.750 5 2099.8 0.2 

14 1.6 0.04 3.4 0.240 3 1344.5 0.2 

28 2.0 0.05 4.2 0.150 4 1680.9 0.2 

90 1.7 0.04 3.6 0.040 4 1453.8 0.2 

180 2.3 0.05 4.8 0.027 5 1937.2 0.2 

270 1.8 0.04 3.8 0.014 4 1521.7 0.2 

R
G

P
9

0
 

3 4.8 0.11 0.1 0.021 16 25.7 0.5 

7 3.4 0.08 0.0 0.007 11 18.5 0.3 

14 4.5 0.11 0.1 0.004 15 24.5 0.5 

28 5.0 0.12 0.1 0.002 17 26.9 0.5 

90 4.3 0.10 0.1 0.001 14 23.3 0.4 

180 3.7 0.09 0.1 0.000 12 20.2 0.4 

270 6.0 0.14 0.1 0.000 20 32.4 0.6 

R
G

P
2

5
 

3 0.8 0.02 0.0 0.004 3 4.3 0.1 

7 0.9 0.02 0.0 0.002 3 4.6 0.1 

14 0.7 0.02 0.0 0.001 2 3.5 0.1 

28 0.8 0.02 0.0 0.000 3 4.5 0.1 

90 0.7 0.02 0.0 0.000 2 3.7 0.1 

180 1.3 0.03 0.0 0.000 4 7.0 0.1 

270 3.0 0.07 0.0 0.000 10 16.3 0.3 

R
A

P
9

0
 

3 6.9 0.17 0.4 0.123 0 0.0 0.7 

7 8.1 0.20 0.4 0.062 0 0.0 0.8 

14 8.5 0.20 0.5 0.032 0 0.0 0.8 

28 5.2 0.13 0.3 0.010 0 0.0 0.5 

90 2.9 0.07 0.2 0.002 0 0.0 0.3 

180 3.1 0.07 0.2 0.001 0 0.0 0.3 

270 6.5 0.16 0.3 0.001 0 0.0 0.6 

R
A

P
2

5
 

3 2.3 0.05 0.1 0.040 0 0.0 0.2 

7 2.8 0.07 0.1 0.021 0 0.0 0.3 

14 3.5 0.08 0.2 0.013 0 0.0 0.3 

28 4.7 0.11 0.3 0.009 0 0.0 0.5 

90 12.9 0.31 0.7 0.008 0 0.0 1.3 

180 25.5 0.61 1.4 0.008 0 0.0 2.5 

270 17.4 0.42 0.9 0.003 0 0.0 1.7 

G
C

9
0

 

3 1.4 0.03 3.0 1.009 3 1210.4 0.1 

7 3.2 0.08 6.8 0.977 7 2734.4 0.3 

14 3.4 0.08 7.3 0.519 7 2903.9 0.3 

28 9.5 0.23 20.3 0.726 21 8136.4 0.9 

90 1.1 0.03 2.3 0.025 2 917.8 0.1 

180 5.8 0.14 12.4 0.069 13 4960.7 0.6 
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270 -2.8 -0.07 -6.1 -0.022 -6 -2423.4 -0.3 

G
P

9
0

 

3 -2.1 -0.05 0.0 -0.010 -7 -11.4 -0.2 

7 -3.7 -0.09 -0.1 -0.007 -12 -20.2 -0.4 

14 -3.7 -0.09 -0.1 -0.004 -12 -20.2 -0.4 

28 0.2 0.01 0.0 0.000 1 1.2 0.0 

90 1.7 0.04 0.0 0.000 6 9.1 0.2 

180 0.9 0.02 0.0 0.000 3 5.1 0.1 

270 2.4 0.06 0.0 0.000 8 12.9 0.2 

G
P

2
5

 

3 -0.6 -0.02 0.0 -0.003 -2 -3.5 -0.1 

7 -0.3 -0.01 0.0 -0.001 -1 -1.9 0.0 

14 -0.9 -0.02 0.0 -0.001 -3 -4.7 -0.1 

28 -1.6 -0.04 0.0 -0.001 -5 -8.9 -0.2 

90 -10.6 -0.25 -0.1 -0.002 -35 -57.2 -1.1 

180 -24.2 -0.58 -0.3 -0.002 -81 -130.8 -2.4 

270 -12.9 -0.31 -0.2 -0.001 -43 -69.6 -1.3 

R
G

C
2

5
 

3 0.0 0.00 0.0 0.000 0 0.0 0.0 

7 0.0 0.00 0.0 0.000 0 0.0 0.0 

14 0.0 0.00 0.0 0.000 0 0.0 0.0 

28 0.0 0.00 0.0 0.000 0 0.0 0.0 

 

 

A.4 Chemical Analytical on Mass Fraction of Dissolved ISG and Total 

Normalized Loss vs. ISG Corrosion Rate: 

Table 7.A Analytical weight loss vs. CRISG 

Sample  

ID 

Duration  

(d) 

Wi (ICP-MS) Overall  

(mg) 

Wgel  

(mg) 

Xg overall  

(mg) 

Eth overall  

(nm) 

NL total  

(g.m
-2

) 
CRISG (nm.d

-1
) 

R
G

C
9

0
 

3 0.39 5.01 1.27 5684 14.2 610.6 

7 1.40 0.14 4.56 22148 55.4 1151.0 

14 1.10 0.29 3.68 17695 44.2 512.4 

28 1.50 0.06 5.09 24006 60.0 365.4 

90 5.20 3.03 17.00 67642 169.1 315.7 

180 1.10 0.96 3.73 16255 40.6 23.1 

270 5.20 2.65 17.30 67661 169.2 105.2 

R
G

P
9

0
 

3 10.00 2.41 49.80 1159 2.9 197.0 

7 11.00 7.96 56.70 1161 2.9 84.7 

14 15.00 11.93 73.00 1473 3.7 53.5 

28 16.00 3.74 80.50 1750 4.4 32.9 

90 26.00 1.77 130.00 2401 6.0 12.2 

180 24.00 5.17 119.00 2478 6.2 7.1 

270 20.00 9.35 101.00 2277 5.7 4.5 

R
G

P
2

5
 

3 0.87 14.03 4.34 84 0.2 12.1 

7 1.40 19.78 7.10 136 0.3 8.9 

14 1.80 2.91 8.97 171 0.4 5.8 

28 2.70 12.84 13.30 251 0.6 4.3 

90 6.50 6.00 32.50 544 1.4 2.6 
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180 4.70 6.27 23.60 441 1.1 0.9 

270 5.40 5.23 26.80 546 1.4 1.0 

G
C

9
0

 

3 0.20 0.60 0.67 2949 7.4 270.2 

7 0.43 0.97 1.44 7560 18.9 265.6 

14 0.75 2.25 2.46 13000 32.5 322.4 

28 1.20 3.26 4.11 22510 56.3 222.8 

90 1.90 7.46 6.38 31787 79.5 164.1 

180 3.40 17.92 11.20 56209 140.5 90.6 

270 7.70 33.85 25.50 129375 323.4 234.4 

G
P

9
0

 

3 9.30 16.80 46.50 979 2.4 171.0 

7 15.00 -2.61 72.90 1478 3.7 113.0 

14 17.00 18.15 85.70 1785 4.5 69.8 

28 20.00 8.70 98.30 2101 5.3 41.2 

90 27.00 32.10 0.00 3005 7.5 20.6 

180 33.00 47.57 0.00 3883 9.7 13.3 

270 29.00 38.75 0.00 3114 7.8 5.8 

G
P

2
5

 

3 0.75 0.00 3.77 68 0.2 9.6 

7 1.40 0.00 6.74 124 0.3 7.7 

14 1.90 0.00 9.40 175 0.4 5.9 

28 2.70 0.00 13.40 250 0.6 4.3 

90 3.50 0.00 0.00 281 0.7 1.4 

180 3.60 0.00 0.00 250 0.6 0.7 

270 5.10 0.00 0.00 480 1.2 1.0 

R
G

C
2

5
 

3 0.09 0.00 0.29 1263 3.2 0.0 

7 0.03 0.00 0.08 361 0.9 0.0 

14 0.02 0.00 0.07 299 0.7 0.0 

28 0.00 0.00 0.01 39 0.1 0.0 

 

 

A.5 Insight into the Concentrations of the Primary Released Elements 

from ISG: 
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Fig. 1.A Concentrations of the primary elements (Na, B, Si, Al) in all leaching systems  


