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Abstract 
 

In deep geological repositories for nuclear waste disposal, the canister of the spent fuel or vitrified waste 

provides temporarily a barrier against radionuclide migration from the repository near-field. Some 

countries consider salt rock as potential host rock for a nuclear waste disposal repository, among those 

Germany and the US. In case of unlikely but possible groundwater intrusion, the conditions in this 

repository type are expected to evolve into reducing and mildly alkaline with groundwater containing high 

salt content. Corrosion rates determine the integrity of the container. In turn, secondary corrosion phases 

form, which may contribute to the retention of radionuclides. The role of such secondary corrosion phases 

is widely unexplored.   

The first part of this PhD thesis addresses the corrosion behaviour of the two different materials used 

for spent fuel canister and vitrified waste canister under conditions relevant for the repository in 

salt rock, with a focus laid on the examination of corrosion rates and corrosion mechanisms.  

The stainless steel 309S (Cr-Ni steel) used to construct coquilles containing vitrified waste and the 

spheroidal graphite iron GGG 40.3 (SGI), one constituent of the POLLUX container for heat generating 

high-level radioactive waste in Germany, were corroded under anoxic conditions in dilute to concentrated 

NaCl and MgCl2 brines in the presence and absence of sulfate at room and at elevated temperature (90 °C) 

for various exposure times.  

The corrosion rate was estimated for these systems, allowing better predictions of the integrity of the 

canister under repository conditions. The corrosion rates for the SGI in 5 M NaCl brine were found 

1.22±0.05 µm/a at 90 °C and 1.11±0.05 µm/a at room temperature, considering 42 weeks and 49 weeks 

exposure time, respectively. For the 5 M NaCl brine in the presence of accessory components (e.g. K+, 

Ca2+, SO4
2-) representing realistic brine composition, the corrosion rates were 9.6±1.0 µm/a at 90 °C and 

0.79±0.05 µm/a at room temperature considering 26 weeks exposure time. In the dilute brines at 90 °C 

(0.1 M NaCl and 0.033 M MgCl2), the corrosion rate was found 10.0±1.0 µm/a for both brine types. The 

corrosion rates for the SGI in 3.4 M MgCl2 based brines were substantially higher, 16.9±1.5 µm/a after 

42 weeks and 26.3±1.5 µm/a after 26 weeks at 90 °C in the absence and presence of sulfate respectively. 

For the room temperature, the corrosion rate in the 3.4 M MgCl2 brine without sulfate presence was found 

similar to NaCl brine, 1.22±0.05 µm/a after 49 weeks. For the same system with the sulfate presence, the 
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corrosion rate was found 3.65±0.05 µm/a after 26 weeks. For the systems, in which the corrosion rate 

evolution with time was followed, the corrosion rate has decreased with increasing time due to precipitates 

passivating the steel and hindering iron oxidation. The observed corrosion rates can be clearly related to 

the measured pHM values, with higher rates corresponding to lower pHM. Furthermore, the MgCl2 based 

concentrated brines at elevated temperature showed significantly higher corrosion rates compared to NaCl 

concentrated brines.  

The corrosion rates obtained for the Cr-Ni steel are very low, <0.1 µm/a for almost all systems. Two 

systems run at 90 °C, showed slightly higher corrosion rates of 0.49±0.05 µm/a for the 5 M NaCl system 

with sulfate and 0.44±0.05 µm/a for 3.4 M MgCl2 system with sulfate, respectively. For this steel type, no 

considerable effect of brine or temperature on corrosion rate has been observed.  

The solid phase characterization allowed identifying the nature of the formed corrosion products, while 

the pH, 𝐸ℎ evolution and analysis of metal ions in the aqueous phase allowed setting up a preliminary 

thermodynamic model, which could predict the long-term stability of corrosion products and thus their 

relevance as potential radionuclide sorbents in the context of waste disposal. A corrosion mechanism was 

subsequently derived for the two steel types in various brines. A part of this study was performed at the 

synchrotron light source SOLEIL (Saint-Aubin, France), allowing the application of spectroscopic 

techniques with high spatial resolution (µXRF, µXAS, µXRD) for detailed characterisation of the 

corrosion front.  

For SGI, the presence of the corrosion product magnetite was verified in dilute to concentrated NaCl 

brines at elevated under mildly alkaline (pHM 9.0) and reducing conditions (𝐸ℎ of -210 mV). The 

thermodynamic model suggests stability of this phase under strongly reducing conditions (𝐸ℎ ~ -400 mV), 

thus its formation hints at locally different environments and the role of kinetic effects on solid phase 

formation. Other corrosion phases were identified, such as silicate phase cronstedtite, co-present with 

magnetite in dilute NaCl and MgCl2 systems to concentrated NaCl systems in the absence and presence 

of sulfate at elevated temperature. Additionally, iron(II) hydroxychloride was found at the bulk 

steel/corrosion layer interface by the techniques with high spatial resolution for concentrated NaCl brine 

at elevated temperature. This phase, along with cronstedtite, is not relevant as potential radionuclide 

sorbent in the NaCl systems due to its lower stability compared to magnetite. The presence of green rust 

chloride was also established in concentrated NaCl brine at room temperature for this steel type as an 

intermediate iron corrosion product, which likely transforms into magnetite.  
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Similarly, the presence of iron(II) hydroxychloride was established in the concentrated MgCl2 brine at 

room and elevated temperature in the absence of sulfate and at elevated temperature in the presence of 

sulfate in the pHM range of 6.6-8.6 and reducing conditions with 𝐸ℎ of -110 to -300 mV as a dominant 

corrosion product. The stability of this phase has been proposed in the thermodynamic model under the 

experimental conditions, provided sufficient iron oxidation, highlighting its possible relevance under very 

high ionic strength conditions.  

For the Cr-Ni steel, the precipitated films were very thin, but hint at the presence of trevorite (nickel iron 

oxide) and chromite (iron chromium oxide) as a part of the passive layer formed on the surface in dilute 

and concentrated NaCl brines at elevated temperature. At room temperature for all brines and at elevated 

temperature in the dilute to concentrated MgCl2 brines, presence of chromium oxide and chromium 

hydroxide has been confirmed by techniques applied to the analysis of the surface and crosscut. Upon 

penetration of the passive film, the local Cl- accumulation at the metal/oxide interface favours the 

formation of green rust chloride. The thermodynamic model suggests trevorite, chromite and chromium 

oxide as the relevant long-term stable phases in NaCl solutions under corresponding experimental 

conditions of pHM of 5.6-7.7 and 𝐸ℎ values in the range of -80 mV to +210 mV. The thermodynamic 

model for MgCl2 brine was not developed but it is assumed that chromite and trevorite will also contribute 

to the passive film once conditions in the solution reach the stability region of these compounds, which is 

shifted to higher pHM due to high I.  

Spent nuclear fuel contains long-lived americium and plutonium, contributing significantly to the long-

lived part of the alpha radiotoxic actinide content. Upon canister failure, they can be potentially released 

in their trivalent oxidation state, prevalent under very reducing conditions. The behaviour of trivalent 

americium and europium as a chemical actinide analogue is exemplarily investigated here. Adequate 

understanding of radionuclide migration behaviour is essential for the safety case of nuclear waste 

repositories in salt rock. The second part of this thesis is devoted to the trivalent radionuclide uptake by 

relevant corrosion products, identified in the corrosion part, and the examination of underlying 

mechanisms under saline conditions.  

Synthesis and thorough characterization of selected compounds (magnetite, iron(II) hydroxychloride, 

trevorite, chromium oxide and green rust chloride) were performed, followed by batch experiments with 

quantitative analysis of europium sorption onto these phases in dilute to concentrated NaCl brines for 

trevorite, chromium oxide and green rust chloride and additionally in dilute to concentrated MgCl2 brines 
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for iron(II) hydroxychloride and magnetite. Advanced spectroscopic technique (XAS) provided insight 

into structures of sorbed trivalent americium and showed the absence of structural incorporation and only 

surface complexation contribution to the uptake by magnetite in concentrated NaCl brines. The large 

difference in ionic strength between the dilute and concentrated NaCl brines did not significantly affect 

the europium uptake by magnetite, trevorite, chromium oxide and green rust chloride, while europium 

uptake by iron hydroxychloride was strongly affected in concentrated MgCl2 brine. Experimental findings 

indicate that the investigated solid phases play an important role in the retention of trivalent actinides and 

lanthanides.  

A charge distribution (multi-site) surface complexation model was developed for trevorite, chromium 

oxide and magnetite, using the information on the solid phase from acid/base titrations, experimental 

europium uptake data and in the case of magnetite americium surface speciation information from XAS, 

to obtain the complexation constants at infinite dilution.  

As a conclusion, slow corrosion of the canister under specific water access scenarios will lead to a loss of 

container integrity only after a long contact time. New secondary corrosion phases are generated, where 

the nature of these phases depend on steel type and geochemical conditions. Those corrosion phases may 

act as sorbents for radionuclides. In this work, strong retention of trivalent radionuclides (actinides, 

lanthanides) was observed for many corrosion phases, highlighting that even though corrosion is an 

undesirable process, it has a beneficial effect on the retention of the radionuclides.  

The mechanistic and quantitative information achieved for the sorption processes of trivalent 

radionuclides onto long-term stable corrosion phases under repository conditions for salt rock represent a 

first step towards a more comprehensive understanding of the relevant processes ultimately aiding the 

long-term safety performance assessment in nuclear waste repositories.   
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1 Introduction 

1.1 Background of the work & motivation 

 

In today’s civilization, all human activities are somehow associated with consuming naturally 

occurring resources and thus producing waste materials. The waste produced in the production of 

electricity, whichever fuel is used, must be responsibly managed in a way to minimize the impact on 

environment and effects on human health. In case of applying nuclear energy, reduction of waste 

volumes, fuel recycling in some countries and finally residual waste containment technologies and 

disposal strategies have been developed quite early. Politics and nuclear industry has been aware of its 

long-term responsibility since the early days and have always pursued a careful management of the 

spent fuel and radioactive waste produced by about 450 reactors providing about 10 % of world’s 

electricity [WNA, 2019a]. Radioactive waste originates as well from other industries and processes 

using radioactive materials such as medial applications, agriculture, non-destructive testing, nuclear 

research or decommissioning of nuclear weapons. Radioactive waste types generated by energy 

production consist largely of actinides, fission and activation products partly with long half-lives and 

pose a radiological risk to human health and the environment. 

 

The safe disposal of the long-lived radioactive waste for extended timescale is one of the crucial 

elements in the application of nuclear energy as well as its public acceptance. The development of 

robust disposal concepts, its safety demonstration and throughout understanding of the behaviour of 

various engineered and natural barriers is involved in safe waste disposal issues. Deep geological 

repositories are considered the safest and widely accepted option for the final disposal of long-lived 

intermediate level (ILW) and high-level radioactive waste (HLW). Deep geological repositories are 

located underground in depths between 250 m and 1000 m for mined repositories in stable geological 

formations [BGR, 2007; Brady et al., 2012; Chen et al., 2017; WNA, 2019b]. Recently, deep borehole 

disposal in 2000 m to 5000 m depths has also been proposed. In all those cases, the isolation is provided 

by natural barriers such as host rock in combination with engineered and geo-engineered barriers 

providing a high degree of passive safety after closure of the site. Such disposal concepts ease the 

burden for the future generations. One of the remaining major challenges is to obtain data, which allow 

assessing the safety of a disposal site for long periods of time. In final disposal facilities, high-level 

nuclear waste is foreseen to be encapsulated in thick-walled steel or copper containers. The waste 
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canister is then emplaced in selected host rock depending on which buffer and backfill materials are 

selected. Preferred host rock types vary internationally with three main formations being sedimentary 

clay rock, crystalline (mostly granite) rock and salt rock. Clay rock formations have been selected in 

Switzerland (Opalinus Clay), Belgium (Boom Clay) and France (Callovo-Oxfordian). They fulfil 

many of the required properties stated above, such as high sorption capacity, low permeability and 

fracture self-healing. However, drawbacks are their low thermal conductivity and low mechanical 

stiffness requiring additional reinforcement efforts during excavation and construction. Canada, China, 

Finland and Sweden are among those countries, which have selected crystalline rock. These hard rocks 

are self-supporting and minimal engineering effort is required to stabilize rock walls in emplacement 

and access drifts. However, fractures in the relatively brittle rock may have high permeability, thus 

allowing the radionuclides (RN) to potentially migrate via advective water flow. Salt host rocks, 

considered as potential host rocks for repositories in Germany and the US, benefit from high thermal 

conductivity, favourable mechanical and viscoplastic properties, which cause the rock to deform under 

lithostatic pressure leading to compaction of crushed salt used as backfill material and, thus, to the 

encapsulation of the waste containers in emplacement cells. Furthermore, genuine salt rock is 

impermeable towards fluids rendering water intrusion unlikely in comparison to the other two host 

rocks. The disadvantage is a limited sorption capacity and the relatively high solubility in water in the 

case of contact with unsaturated aqueous solutions [BGR, 2007; IAEA, 2009; Jobmann et al., 2017]. 

In Germany, LLW (low-level waste) and ILW have been disposed in former salt mines at Asse, which 

after water intrusion is under preparation for waste retrieval, and Morsleben, which is currently 

prepared for closure. The Gorleben site (about 900 m below ground) is not anymore a reference for 

geological disposal of HLW but still remains in the newly started site selection process, which is 

planned to be completed in 2031 [BGR, 2019; IAEA, 1997; WNA, 2019b]. In the US, the Waste 

Isolation Pilot Plant (WIPP) repository, also in salt rock, has been operational since 1999 for disposal 

of long-lived ILW [WIPP, 2019; WNA, 2019b]. 

 

The extent of potential migration of radionuclides from the repository to the biosphere needs to be 

quantified for the long-term safety assessment of repositories. Intrusion of water to the emplacement 

caverns is a possible scenario discussed for all repository types. Water access will lead to container 

corrosion and affect container integrity up to its possible failure. A safety case requires the knowledge 

of corrosion rates and corrosion mechanisms. On one side, data on corrosion rates will allow estimating 

the time frame of waste package integrity. On the other side, quantitative insight into corrosion 

mechanisms may allow for the assessment of corrosion products as additional barriers against 

radionuclide migration to the far field. Radionuclide retention can be provided by two mechanisms: 
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development of very reducing conditions due to metallic corrosion, which is known to reduce mobility 

and solubility of many redox sensitive RNs, and interaction with the corrosion products and subsequent 

retardation or retention [Kim & Grambow, 1999]. The latter processes have so far not been considered 

in safety assessment for radioactive waste repositories. The composition of the intruding groundwater 

varies depending on the host rock formation. Relatively low ionic strength solutions (I ≤ 0.5 M) are 

encountered in many clay and crystalline environments, while aqueous systems in salt rock formations 

may have salinities of up to 5 M for NaCl and 10 M for MgCl2 containing also relatively low 

concentrations of K+, SO4
2- and Ca2+ [Kienzler & Loida, 2001]. Iron corrosion causes changes in many 

geochemical conditions such as pH, redox potential (𝐸ℎ ), affecting not only oxidation states and 

solubility of radionuclides, but also favouring stability of different corrosion products, which in turn 

can affect RN mobility by sorption. The corrosion reactions and RN solution chemistry in systems 

with high ionic strength cannot be directly derived from data obtained for dilute systems. The presence 

of chloride at high concentration levels may for instance accelerate corrosion processes and favour the 

formation of Cl- bearing species and solid phases. Solubilities of many solid phases increase in 

concentrated brines due to ion activity effects and sorption at mineral surfaces in solutions of elevated 

ionic strength is different from that in dilute aqueous solutions. In a deep geological repository 

environment, the residual oxygen is expected to be consumed within a couple of tens to hundred years 

after closure of the emplacement cell, buffering the environment of the system to reducing conditions. 

Therefore, experimental effort should be dedicated to a better understanding of the salt brine effects 

on corrosion and solution chemistry, and migration behaviour of radionuclides under anoxic conditions. 

1.2 Aim of present work  

 

This PhD thesis focuses on two processes affecting the migration of the radionuclides, the corrosion 

of steel and subsequent sorption of radionuclides onto formed secondary phases. The study aims at a 

comprehensive description of corrosion processes including corrosion phase identification and 

corrosion rate estimation of two types of steel under anoxic, stagnant and dilute to concentrated saline 

conditions, with a major focus on concentrated brine systems. The second investigated process is the 

retention of radionuclides onto corrosion products formed under anoxic, elevated temperature and 

dilute to concentrated saline conditions to establish the ionic strength effect on the sorption capability 

(Figure 1). This data is of relevance in the context of salt rock repositories and may aid the safety 

performance assessment of radioactive waste disposal under saline ground- or porewater conditions.  
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The main objectives of this work are summarized below: 

 A detailed investigation of the corrosion behaviour of stainless steel 309S and spheroidal graphite 

iron GGG40.3, which are used as materials for canisters for vitrified waste and spent fuel in 

Germany and other countries, respectively, in dilute to concentrated NaCl and MgCl2 brines at 

elevated (90 °C) and room temperature with various exposure times in closed autoclaves. The 

pH and 𝐸ℎ evolution is followed and the corresponding values are along with the experimentally 

identified corrosion products compared to the thermodynamically stable corrosion phase in 

Pourbaix diagrams. The effect of different steel, brine compositions and temperature on 

corrosion phase formation and corrosion rates is evaluated and the underlying reaction 

mechanisms are identified. Note that the impact of irradiation effects is not considered within the 

context of this thesis.    

 

 The uptake of trivalent radionuclides by Fe (Cr/Ni) corrosion products identified in corrosion 

experiments is investigated in dilute to concentrated NaCl and MgCl2 systems. Batch 

experiments are performed with a radioactive europium and americium tracer added to 

equilibrated saline suspensions of well characterized synthetic corrosion phases. At sorption 

equilibrium, pH is measured and sorption is quantified via solid-liquid distribution coefficients 

using gamma counting. The dissolution of the investigated minerals in the experimental pH range 

is quantified by the measurements of dissolved Fe (Ni, Cr) amounts. RN uptake by certain solid 

phases is subsequently modelled using a surface complexation model to obtain complexation 

constants. The model is supported by experimentally obtained surface charge data for the solid 

phases, and where applicable, advanced spectroscopic techniques are applied to aid the 

evaluation of underlying mechanisms, binding modes and surface speciation.   

 

 

 

 

 

 

 

 

 

Figure 1: Schematic of the objectives for this thesis.  

Salt host rock 

Water intrusion  

1. Steel/Brine interface 

2. Corrosion product/RN interaction 

 2. 
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1.3 State of the art 

1.3.1 Basic corrosion chemistry  

 

Corrosion is a chemical reaction between a material (metal in this work) and its surrounding 

environment leading to the deterioration of the material, the result of which is the corrosion damage. 

The present thesis restricts to phenomena related to the chemical corrosion of iron based metals and 

does not consider damage related to mechanical overstressing. The corrosion process involves two 

simultaneous half-cell redox reactions: oxidation (anodic) and reduction (cathodic) reactions. These 

are coupled through electron exchange and are generally known as electrochemical reactions. For the 

iron corrosion under anoxic conditions, these are coupled as follow: the anodic iron oxidation (Eq. 1) 

and the cathodic water reduction (Eq. 2).            

𝐹𝑒0 ⇔ 𝐹𝑒𝑎𝑞 
2+ + 2𝑒− (𝐸𝑞. 1) 

2𝐻2𝑂 + 2𝑒−  ⇔  2(𝑂𝐻)− + 𝐻2  (𝐸𝑞. 2) 

𝐹𝑒0 +  2𝐻2𝑂 ⇔  𝐹𝑒(𝑂𝐻)2  +  2𝐻2    (𝐸𝑞. 3)  

 

Thus in the corrosion process, anode, cathode and an electrolyte are always present. In case of aqueous 

corrosion in real systems, the electrolyte usually contains additional corrosive agents such as ions. The 

equilibrium potential between the two half-cell reactions is called corrosion potential. Although the 

two reactions must proceed at the same time and rate, they are spatially separated. The separation is 

caused by a difference in voltage at an anode and at a cathode. This potential difference in the solution 

then gives rise to electron migration. As mentioned above, the iron dissolution occurs in the anodic 

area while no corrosion damage occurs at the cathodic area (Figure 2). The corrosion of various metals 

produces hydrogen gas as seen in Eq. 2, buffering the system to lower potentials and establishing 

reducing conditions. 

 

Uniform corrosion is a process where active metal dissolution is the dominant corrosion mechanism. 

The locations of anode and cathode tend to move randomly over the surface and thus, on average, the 

metal dissolution is uniform. If the precipitated corrosion product is electrically insulating, the rate of 

dissolution and corrosion rate will decrease. Depending on the porosity of the film, it may give rise to 

localized attacks [Lyon, 2012; McCafferty, 2010; Sato, 2012]. 
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Figure 2: Schematic diagram showing spatial separation of anode and cathode and corresponding 

migration of ions in the solution.  

 

Stainless steels are known for their good corrosion resistance due to a protective, passivating layer 

formed at the surface. Passivity is caused by a solid-state electrochemical oxidation of a metal to solid 

species that are largely stable against dissolution under specific pH and 𝐸ℎ conditions. However, for 

these steel types, the anodic area tends to be strongly localized giving rise to localized corrosion 

damage such as pitting corrosion, crevice corrosion or stress corrosion cracking. Furthermore, the 

hydroxyl ions produced by the cathodic reaction may cause local pH increase in the surface solution 

layer. This can alter the corrosion behaviour of the substance or favour the precipitation of different 

solid phases. The passive film on stainless steel is usually made of a several nanometres thick layer of 

metal oxides and hydroxides containing bound water. From the electrochemical point of view, the 

passive film is stable when the metal is in the so called passivation region where the dissolution current 

of the metal is extremely small and is independent from the potential. Pitting corrosion occurs due to 

localized breakdown of the passive film, usually induced by chloride ions. After the passive film 

breakdown, re-passivation, growth of metastable pits (limited pit growth) or growth of stable pits are 

possible. In the presence of an applied mechanical stress, the pit can serve as a site for stress corrosion 

cracking. Furthermore, discovering of pits can be challenging if the corrosion products cover them. As 

pits may require months to years to occur, the short-term absence does not mean that the steel is 

immune to this type of attack. Chloride is particularly unique in causing pitting corrosion, as it is a 

small anion and a strong electron donor, which tends to interact with electron acceptors such as metal 

cations and has high diffusivity. The critical pitting potential (the potential where pitting will occur) 

is characteristic to every metal and is dependent on chloride concentration, pH and temperature. The 

higher the pitting potential the higher the resistance to pitting. Higher chloride concentrations, lower 

pH and higher temperature decrease the pitting potential to lower values. The addition of inhibitors 

 

Anode Cathode 

2H2O + 2e- → 2(OH)- + H2 Fe0 → Fe2+ + 2e- 

Electron Flow 

Solution 

Cations (Na+) Anions (Cl-) 
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such as sulfate in solution or molybdenum in the alloy composition raises the pitting potential [King, 

2012; Ramya et al., 2010; Sato, 2012]. 

 

Pit formation can generally be divided into three possible mechanisms: the penetration, the film 

thinning and the film rupture. These three mechanisms are not mutually exclusive and the pit initiation 

may be a result of their combination. Once the pit is initiated, the local current density is very high due 

to small geometrical area. The dissolved metal cations are confined within the pit and do not diffuse 

to the bulk due to restricted geometry which results in hydrolysis and development of local acidity. 

Once the corrosive pit electrolyte rich in chloride and hydrogen ions is formed, the environment is 

capable of sustaining further pit growth [Marcus, 2011; McCafferty, 2010]. Crevice corrosion is 

another form of localized corrosion attack, which occurs within narrow and confined clearances such 

as seals or within screw threads or under deposits such as corrosion products. The various forms of 

corrosion are shown in Figure 3.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Various forms of corrosion [Chaturvedi, 2009]. 

 

Different types of corrosion can occur depending on environmental factors. In the context of waste 

disposal, the localized corrosion is the most undesirable corrosion mechanism, potentially causing the 

failure of the canister even though most of the steel surface remains intact. Although localized attacks 

are more common for alloyed steels, they may also be observed in non-alloyed steel (carbon steel) if 

a formed iron oxide layer is sufficiently thick to act as an insulator with cracks formation giving way 

for pitting attack with corresponding pitting potential. 
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The redox reactions are the core of the corrosion process, with the potential playing a crucial role in 

corrosion type, stability of formed phases and films, and at the same time, the redox state and with it 

associated solubility and sorption behaviour of radionuclides.   

 

The Nernst equation (Eq. 4) defines the relationship between the half-cell or full-cell potential of a 

redox couple and the standard electrode potential, temperature and activity of the involved species.   

 

𝐸 =  𝐸0 −  
2.303 ×  𝑅𝑇 

𝑛𝐹
log (

𝑎𝑟𝑒𝑑

𝑎𝑜𝑥
)     (𝐸𝑞. 4) 

Where E is the redox potential of the given medium, 𝐸0  is the redox potential under standard 

conditions, n is the number of transferred electrons, 𝑇 is the absolute temperature in Kelvin, 𝑅 is the 

ideal gas constant,  𝐹 is the Faraday constant, and 𝑎𝑟𝑒𝑑, 𝑎𝑜𝑥 are the activities of the reducing and 

oxidizing species, respectively.  

Since a single potential cannot be experimentally measured, in practice a potential difference is 

measured, with hydrogen electrode taken as a primary standard. The electrochemical potential of the 

standard hydrogen electrode (𝐸ℎ) at a hydrogen gas pressure of 1 bar at 298 K, with activity equal to 

1 is 0 V. Potential measured with respect to the hydrogen electrode is referred to as the S.H.E scale 

[Lyon, 2012; McCafferty, 2010]. In the nuclear waste repository the oxygen is expected to be 

consumed after a certain amount of time and reducing conditions will develop. Hence, this work is 

focused on anoxic conditions.  

1.3.2 Corrosion of steels under saline anoxic conditions 

 

In the past years, research has been performed into the various types of barriers to immobilize the 

radioactive waste, including spent fuel canisters, glass for high-level waste (HLW) and cement. The 

canisters for nuclear waste are in most disposal concepts made of steel. The corrosion of many steel 

types has been internationally investigated in different media. The most relevant steel types can be 

summarized in Table 1.  

Low alloyed steels such as fine grained steel (TStE 355), major candidate for container material in salt 

rock, clay and granitic rock, spheroidal graphite iron (GGG40.3), candidate for container material in 

salt and clay rock, and copper, one of the major candidates in granitic rock are so called “corrosion 
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allowance materials”. These are considered relevant for the repository due to exhibition of active, but 

uniform corrosion with predictable corrosion rates and can be used economically in sufficient thickness 

for a desired lifetime [Kusten et al., 2004]. Furthermore, copper is known to achieve thermodynamic 

stability under reducing conditions [Shoesmith, 2006]. 

Nickel based Hastelloy C4 and Ti-99.8Pd, major candidates for container materials in salt rock, clay 

and in case of Ti99.8-Pd also in granitic rock, along with the stainless steel 309S, candidate mainly in 

salt rock are so called “corrosion resistant materials” [Kusten et al., 2004]. They exhibit high corrosion 

resistance in the disposal environment, corroding at a very low corrosion rate due to instantaneous 

formation of a protective adherent oxide layer, called the passive surface film. They can be used in 

relatively small thickness. The “corrosion resistant material” should prove absence of the localized 

corrosion or at least its propagation resistance [Van Iseghem, 2012].  

 

1.3.2.1 Clay 

Steel corrosion, particularly low alloyed steels  (AISI 1050, P235GH, A37, SA516, P235), in 

conditions representative of disposal in clay-based repositories (e.g., under consideration in France 

and Belgium) has been reported [El Mendili et al., 2014; King, 2012; Necib et al., 2016; Schlegel et 

al., 2008; 2018]. The corrosion rates depend on the type of clay, backfill material contact, and aerobic 

or anaerobic environment. A great overview of corrosion rates under various conditions is done by 

Kursten et al. [2004] and King [2008]. King [2008] reported decreasing corrosion rate with time due 

to formation of protective surface film, with the rate anodically limited by transport of species across 

Table 1: Composition of most relevant materials investigated in the context of waste disposal. 

Material/ 

Composition  

wt % 

Cr Ni Mo Ti Pd C Si Mn Fe 

Ti99.8-Pd 

(3.7025) 

- - - 99.77 0.17 0.01 - - 0.05 

Hastelloy C4 

(2.4610) 

16.8 66.77 15.9 0.33 - 0.006 0.05 0.09 0.05 

Fine-grained steel 

TStE 355 (1.0566) 

- - - - - 0.17 0.44 1.49  97.9 

Spheroidal 

Graphite iron 

GGG40.3 SGI 

(0.7043) 

- - - - - 3.7 1.83 0.21 94.26 

Stainless steel 

309S, Cr-Ni steel 

(1.4833) 

22-24 13 - - - 0.08 0.75 2 60-62 
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this film. Furthermore, a difference in behaviour was observed in the presence of compacted bentonite 

and in bulk solution. In the compacted clay systems, the decrease in corrosion rate with time is slow, 

and steady-state is not reached even after several years of exposure. The anaerobic corrosion rate in 

these systems is 1-2 µm/a. In the bulk solution, the corrosion rate reaches steady-state rate after 6 

months and the long-term corrosion rate is 0.1 µm/a [King, 2008]. Kursten et al. [2004] reported strong 

dependence of corrosion rate on temperature with carbon steel average corrosion rate in Boom clay 

formation of 1.81 µm/a at 16 °C, while the rate reached 8.59 µm/a at 170 °C. These studies also 

demonstrated susceptibility of the carbon steel to pitting with pit depths of 100-200 µm after 5 years 

exposure period at 16 °C and 240 µm after 2 years exposure period at 90 °C. 

Regarding the formed corrosion products, various authors found the formation of magnetite, siderite 

(FeCO3) and various silicate phases such as greenalite (Fe2-3Si2O5(OH)4), cronstedtite 

(Fe3(Si,Fe)O5(OH)4) or berthierine ((Fe,Al)3(Si,Al)2O5(OH)4) due to presence of silicate and carbonate 

in the groundwater. A good summary of numerous experimental studies with various bentonite types 

was reported by Kaufhold et al. [2015]. 

These studies also showed that despite low Cl- concentration in aquatic systems in clay formations, the 

formed secondary phases (traces) on mild steels contain Cl-, such as iron hydroxychloride, β-

Fe2(OH)3Cl. Under acidic conditions (pH of 4.5), this phase was found at the metal surface (inner 

corrosion layer), while siderite and mackinawite (FeS) phases were found in the external corrosion 

layer with corrosion rate of 250 µm/a at 85 °C. The coupons exposed to near neutral pH conditions, β-

Fe2(OH)3Cl was found at the metal surface with magnetite and silicate compounds observed in the 

external layer with corrosion rate of 10 µm/a at 85 °C. This was explained by electrophoretic 

concentration of Cl- near the metal surface. Furthermore, the stability of this phase hints at neutral to 

alkaline conditions at the metal surface [Schlegel et al., 2018]. The Si phases inhibit the corrosion by 

the formation of protective films, while Cl- phases favour active corrosion [Necib et al., 2017; Schlegel 

et al., 2016].  

Stainless steels (309, 316), Ni- based and Ti- based alloys remained unaffected by the interaction with 

clay. This findings were reported based on the situ experiments under various conditions [Gaudin et 

al., 2009; Kursten et al., 2004]. 

1.3.2.2 Crystalline rock 

Similarly, corrosion of various steel types in crystalline rock based repository has been investigated 

by various authors [Anantatmula & Fish, 1986; Hung et al., 2017; Marsh et al., 1986] showing low 

corrosion rates and the formation of iron smectite clay and magnetite films on the surface for low 
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alloyed steels. However, low alloyed steels are not suitable for use without a buffer or backfill due to 

likely microbial induced corrosion [King et al., 2016].  

The concept of disposal in Sweden considers fuel assemblies fixed in a cast iron insert surrounded by 

copper canister [Shoesmith, 2006; Van Iseghem, 2012]. Copper is thermodynamically stable in 

oxygen-free water and does not corrode. However, in water containing Cl- or HS- species, copper is 

no longer immune to corrosion. Under repository conditions, the copper canister surface will be 

covered by duplex bilayer corrosion product film. This layer consists of an inner layer of Cu2O  formed 

during the initial aerobic period and outer layer of malachite (Cu2CO3(OH)2), atacamite 

(CuCl2·3Cu(OH)2) or Cu2S depending on the Cl- or CO3
2- concentration in the porewater and bentonite 

presence, as many types of bentonite contain sulphide minerals. Under long-term reducing conditions, 

Cu2S is the most thermodynamically stable phase. This layer composition is also applicable on the Cu-

Ni alloys in deaerated water in the presence of sulphides. The in-situ experiments in the Aspo Hard 

Rock Laboratory showed corrosion rate of copper specimen exposed to bentonite clay of 3 µm/a. The 

laboratory immersion experiments of copper exposed to compacted bentonite-sand mixture saturated 

with saline synthetic groundwater revealed corrosion rates of 30-50 µm/a [Kursten [2004]. In all those 

cases residual oxygen is assumed to be responsible for the high corrosion rates. Under expected anoxic 

repository conditions, longer copper corrosion rates lie in the < 1 µm/a range [King & Lilja, 2011]. A 

great overview of copper corrosion in volcanic rock systems has been reported by Shoesmith [2006]. 

The studies performed in two geological media representative of the near field repository in granite 

(Spanish disposal concept) include granitic-bentonite water with varying chloride content and 

saturated bentonite. The corrosion rate of carbon steel TStE 355 in granitic-bentonite water was 

reported 6 µm/a at 90 °C increasing to 14 µm/a at 120 °C. The temperature had no significant effect 

on the corrosion rate after 18 months of exposure to saturated bentonite, which reached 10 µm/a at 50 

°C and 100 °C. The carbon steel was found resistant to pitting corrosion in the aqueous bentonite 

buffered granitic groundwater, but susceptible to pitting (up to 100 µm) in compacted and saturated 

bentonite. This behaviour was attributed to the inhomogeneity of the electrolyte surrounding the 

metallic specimen. The compacted bentonite environment leads to creation of zones with different 

corrosion potential on the surface leading to local attack as opposed to uniform attack observed in 

homogenous medium – granitic-bentonite water. The XRD analyses of the corrosion products revealed 

formation of hematite for the specimen exposed to granitic-bentonite water, which could have been 

formed due to the air interaction during the XRD measurement with previously formed corrosion 

products under anaerobic conditions. The corrosion products formed on specimen exposed to saturated 

bentonite consisted of siderite (due to CO2 presence in saturated bentonite) and magnetite. The 
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stainless steel 316L was found resistant to stress corrosion cracking, localised corrosion and corrosion 

rate was less than 0.1 µm/a in both geological media mentioned above [Kursten et al., 2004].   

1.3.2.3 Salt rock 

Research into corrosion under saline conditions has mainly been conducted in countries with saline 

rock geologies: Germany and part of Unites States. Composition of the fluids inclusions in the salt 

rock vary essentially from pure NaCl solutions to MgCl2, CaCl2 dominated solutions along with other 

components in low amounts. The thermal gradient produced by the heat generated by the waste could 

cause brine (fluid pockets in the salt) migration towards the container. The extent of the corrosion will 

then be determined by the brine composition, volume and container material [Winterle et al., 2012]. 

The thermal conductivity in the salt rock is very high, which allows higher surface temperature of the 

canister, up to 200 °C. Nevertheless, recent studies showed that the initial disposal temperature of the 

canister in salt rock should not exceed 100 °C [Kommission Lagerung hoch radioaktiver Abfallstoffe, 

2016]. 

In the early 80’s, extensive research into corrosion of materials shown in Table 1 has been done at 

INE, KIT, previously Kernforschungszentrum Karlsruhe, where the major focus was on the corrosion 

rate estimation. Saline and anoxic conditions were of interest due to the fact that disposal in a salt dome 

was under consideration as the reference concept for high-level radioactive waste in Germany. The 

mechanism of formation and identification of secondary phases were not of primary interest, though 

secondary phase analysis was performed in some cases. The corrosion tests were performed in airtight 

autoclaves with brines either saturated in NaCl with additions of 0.02 M MgCl2 and CaSO4, or 

saturated MgCl2 with additions of 0.3 M NaCl, 0.8 M KCl and 0.15 M MgSO4 [Kienzler, 2017a; 

Smailos et al., 1987] at various temperatures for duration of 2 years.  

An in-situ study was performed at INE [Kursten et al., 2004; Smailos & Fiehn, 1995], where specimen 

of various materials were exposed for five years in an electrically heated borehole in the Asse mine at 

temperatures between 170 °C and 190 °C. The composition of the Asse salt mine rock is mainly halite 

thus the brine is saturated in NaCl. A similar in-situ experiment “DEBORA” was performed in the 

Asse environment for 504 days at 180 °C without irradiation. A third in-situ experiment “BAMBUS 

II” was also performed, where steels were corroded in Asse environment for 3740 days at 90 °C 

without irradiation. 

In the laboratory tests, the corrosion of fine-grained steel TStE 355 showed a strong temperature 

dependence, particularly for MgCl2 based brine. The estimated corrosion rate was 56 µm/a at 90 °C 



13 
 

increasing to 186 µm/a at 170 °C in MgCl2 solution, whereas in NaCl solution it was only 25 µm/a at 

90 °C and the increase with temperature was minimal, 35 µm/a at 170 °C, considering a volume to 

surface area ratio of 2 mL/cm2 and pH of the solution being 5. Increasing the volume to surface area 

ratio to 5, the corrosion rate increases to 220 µm/a at 170 °C for the MgCl2 brine and 46 µm/a at 170 

°C for the NaCl brine. The presence of magnetite and hematite was found as formed secondary phases 

in NaCl rich brines and (Fe,Mg)(OH)2 / Fe(OH)3Cl with traces of magnetite was found in Mg-rich 

brines at 90 °C and 150 °C [Grambow et al., 1996]. The presence of hematite could be due to sample 

oxidation during XRD measurements. The presence of sulphides (0-200 mg/L H2S) did not influence 

the general corrosion behaviour independent of the brine. The formed corrosion products were the 

same in the sulphide containing and sulphide free brines.    

In the field studies, the fine-grained steel TStE 355 showed uniform corrosion with rates in the range 

of 13-37 µm/a. The variation in the corrosion rates is related to different contact time with brine. The 

specimen part at the bottom of the borehole had longer brine contact time than that in the top part, thus 

giving rise to different local corrosion rates. Furthermore, the gas phase measurement evidenced the 

presence of oxygen, which could affect the corrosion process and associated corrosion rate. In 

DEBORA, the corrosion rate of fine-grained steel was around 17 µm/a [Kursten et al., 2004]. In 

BAMBUS II, the fine-grained steel corrosion rates were very low 0.02-1.7 μm/year. It must be noted 

that the variation of corrosion rates, particularly for unalloyed materials, in in-situ vs. laboratory 

experiment may be attributed to the fact that in the in-situ experiments only small amounts of brine 

were present while in the laboratory experiments, large amounts of brine were used. 

A study by Wang et al. [2000] focused on corrosion product identification of a low-alloyed steel A36 

(similar to fine-grained steel TStE 355) under saline anaerobic conditions corresponding to WIPP 

brines at 25 °C, at pH 9.5 and found formation of non-homogenous film of magnetite and green rust 

bearing SO4
2- and Cl- species. The brines compositions in WIPP are not too different from the ones 

used in experiments at INE.  

Green rust (GR) is a member of the Fe(II), Fe(III) layered double hydroxide family of minerals. GRs 

contain both Fe(II) and Fe(III) cations in brucite-like layers along with anions and water structurally 

arranged in the interlayer. i.e., sulfate (SO4
2−), carbonate (CO3

2−), or chloride (Cl−) [Refait et al., 1998]. 

Green rusts are metastable with respect to magnetite under anoxic conditions in the pH range of 7-9 

[Tosca et al., 2018].   

More work summarizing the corrosion of canister materials in saline systems in the context of the 

WIPP was reported by Winterle et al. [2012].  The authors found strong dependence of corrosion rate 
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of low carbon steel (A216 steel) on MgCl2 content and exponential increase in corrosion rate for 

temperatures ranging from 100 °C to 200 °C. The corrosion product identification confirmed presence 

of mixed magnesium iron hydroxychloride, also observed in INE studies for fine-grained steel in 

MgCl2 rich brines.  

In the laboratory tests, the spheroidal graphite iron (GGG 40.3) exhibited a strong dependence on 

brine composition, with corrosion rates of 25 µm/a at 150 °C for NaCl-rich brine, and 46 µm/a at 90 

°C to 91 µm/a at 170 °C for MgCl2-rich brine. The presence of cathodic graphite particles promote 

localised dissolution of adjacent ferrite independent of the environment [King et al., 2016]. Due to this 

mechanism, pits up to 1.3 mm were found after exposure to MgCl2-rich brine for 465 days at 90 °C 

[Smailos et al., 1987]. In the field studies, the corrosion rates after 10 years of exposure to salt host 

rock in Asse mine were 0.09 µm/a at 90 °C and 0.08 µm/a at 170 °C, respectively, with no indication 

of pitting. The difference in the corrosion rate between the field and the laboratory studies is a 

consequence of a lower amount of brine in the actual host rock and lower corrosivity of brine in Asse 

compared to MgCl2 rich brine [King et al., 2016]. Spheroidal graphite iron corrosion under mildly 

saline conditions were studied by Hsu and Chen [2010], confirming the presence of graphitic corrosion 

and the formation of FeCl2.  

Higher corrosion rates in the MgCl2-rich brines in comparison to the NaCl-rich brines are attributed to 

the higher chloride concentration and to the presence of magnesium ions. It seems that the Mg2+ ions 

intrude into the ferrous hydroxide layers of Fe2+ and cause interference with the normally expected 

conversion of Fe(OH)2 to magnetite by the Schikorr reaction [Kursten et al., 2004; King, 2008]. This 

reaction involves the anaerobic oxidation of Fe2+ into Fe3+, and to the formation of a more stable 

Fe(II,III) oxide phase, magnetite (Eq. 5). A corrosion layer of Fe(OH)2 does not passivate the steel as 

a layer of magnetite would, and thus the steel continues to corrode. Low pH corrosion would force 

similar effect as it would prohibit the formation of a layer of precipitated corrosion products [Kursten 

et al., 2004]. 

3𝐹𝑒(𝑂𝐻)2 → 𝐹𝑒3𝑂4 + 𝐻2 + 2𝐻2𝑂  (𝐸𝑞. 5)    

Hastelloy C4, showed in the laboratory studies very low corrosion rate, 0.05-1.2 µm/a; depending on 

the brine and temperature. However, at 200 °C, crevice and pitting corrosion were noticeable. 

[Kienzler, 2017b; Kusten et al., 2004; Smailos et al., 1987]. In all the field studies, the hastelloy C4 

showed high corrosion resistance, corrosion rate below detection limit, but formations of small pits 

were observed (10 μm in depth).  
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Ti99.8-Pd seems as a great candidate for the canister material as it has high corrosion resistance to 

general and localized corrosion due to formed protective layer of TiO2. In the laboratory studies, 

change of temperature and change of brine composition showed no effect, all corrosion rates were 

under 0.1 µm/a [Kusten et al., 2004; Smailos et al., 1987]. The field studies showed that Ti99.8-Pd is 

highly resistant to pitting and crevice corrosion, its general corrosion rate was below the detection limit. 

Ti99.8-Pd seems to be best suited as HLW packaging material; however, hydrogen embrittlement 

needs to be considered as well as the economic aspect. Hydrogen cracking could be a concern for 

titanium alloys as hydrogen can precipitate as titanium hydrides, which causes material embrittlement 

[Winterle et al., 2012]. Hydrogen embrittlement is less relevant in the case of carbon steel [Nagies, & 

Heusler, 1998].  

Stainless steel 309S showed in the laboratory studies high susceptibility to stress corrosion cracking 

(SCC) and pitting (around 30 µm depth independent of the brine after 2 years), but exhibited low 

corrosion rates at 150 °C of 4.4 µm/a decreasing to below 1.9 µm/a in MgCl2 brine, and below 0.62 

µm/a in NaCl brine after 3 months [Kienzler, 2017b].  

In the field studies, stainless steel 309S suffered from pitting corrosion (up to 200 μm in depth) and 

stress corrosion cracking but showed very low corrosion rates, 0.3-0.7 µm/a. DEBORA showed 

corrosion rate of stainless steel 309S of about 1 µm/a. However, also in this experiment, pitting was 

observed (30 µm) [Kursten et al., 2004; Smailos & Fiehn, 1995]. In BAMBUS II, the corrosion rates 

of 0.30±0.20 µm/a with 50 µm deep pits were obtained. 

The low corrosion rates are attributed to the formation of protective Cr2O3 layer. This property is the 

reason for stainless steels being alloyed with Cr [Ramya et al., 2010]. Furthermore, Zhang et al. [2017] 

investigated the formed oxide film on stainless steels by transmission electron microscopy and found 

that in addition for Cr, Fe is also present in the passive films and the Fe/Cr ratio increases with the 

applied potential. Additionally, they detected Ni in the film in marginal amounts, attributing it to 

originate from NiFe2O4 spinel. 

1.3.2.4 Irradiation 

 
Un-alloyed materials may exhibit low-moderate corrosion rates in the absence of irradiation but the 

corrosion rate can increase as much as 15 times if certain radiation levels are present [Kursten et al., 

2004; Shoesmith & King, 1999]. Sets of experiments were performed under gamma irradiation in the 

spent fuel storage pool of KFA Jülich to investigate the effect of radiolytic products formed in salt 

brines (H2O2, ClO-, and ClO3
-) on the corrosion process. The dose rate of 1000 Gy/h corresponds to 
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the gamma dose rate on the surface of the HLW canister (~5 mm), while much lower dose rate of 10 

Gy/h is relevant for thick unalloyed containers. For spheroidal graphite iron, under a high gamma dose 

rate of 1000 Gy/h, the corrosion rate increased from 46 µm/a to 165 µm/a at 90 °C in MgCl2 based 

brine. For fine-grained steel TStE355 in MgCl2 based brine at 90 °C, the corrosion rate reached under 

irradiation of 1000 Gy/h 464 µm/a. There is a negligible effect on corrosion rate when the dose rate is 

low, 1-10 Gy/h, which is the likely absorbed dose rate for these steel types. For Hastelloy C4, 

irradiation of 1000 Gy/h increased the corrosion rate to 3.5 µm/a with 1 mm deep pits after 1 year at 

90 °C. Irradiation had negligible effect on Ti99.8-Pd. The effect of irradiation on corrosion product 

formation was not investigated.  

 

Corrosion studies performed in this thesis focus on the detailed investigation of the two types of steel, 

which are used for canisters for vitrified waste and spent fuel. High-level waste is a waste form, which 

contains elements from reprocessing of spent nuclear fuel, which are through a vitrification process 

incorporated into a borosilicate glass matrix. This glass is then poured into a stainless steel canister (4-

5 mm thick) (Figure 4 A) and if necessary, a steel overpack is added later on upon cooling, usually 

made of spheroidal graphite iron [Kursten et al., 2004].  The stainless steel 309S (from now on referred 

as Cr-Ni steel) examined in this work is currently used for the vitrified waste container due to its high 

temperature resistance [King, 2008]. Recent study by Guo et al. (2020) reported that under simulated 

repository conditions, corrosion could be significantly accelerated at the interfaces of different barrier 

materials (using stainless steel 316), which has not been considered in the current safety and 

performance assessment models. If this phenomenon is also applicable on stainless steel 309S, it may 

potentially lead to its failure. 

 

 

 

 

 

 

Figure 4: High-level vitrified waste canister (left) [Van Iseghem, 2012] and spent fuel canister (right) 

[Filbert et al., 2011]. 

A B 
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In cases of spent fuel being directly disposed without reprocessing, a different concept (POLLUX 

container) is adopted, where the assemblies are encapsulated in an un-alloyed or low alloyed steel 

(Figure 4 B), which if necessary can be surrounded by 3-4 mm layer of corrosion resistant steel. This 

inner cask is additionally surrounded by 265 mm of spheroidal graphite iron. [Kursten et al., 2004; 

GNS, 2020]. The second material of interest is spheroidal graphite iron (GGG40.3) (from now on 

referred as SGI). This material is a great candidate due to its high impact and fatigue resistance as well 

as its cost-effectiveness. 

Many of the reported studies looked very systematically at corrosion under saline conditions at room 

and elevated temperatures, microbial activity effect and effects of other factors on corrosion of many 

alloys. Furthermore, many studies have looked into corrosion of steels in brines corresponding to 

German repository site conditions at elevated temperature but here no systematic evolution of 

corrosion mechanism, including anoxic corrosion phases identification, pH, 𝐸ℎ  and gas phase was 

done for the two steels of interest. This work provides this missing information and allows better 

understanding of the corrosion mechanism under repository conditions in salt rock.  

The relevant corrosion mechanism for low alloyed steel in low saline media found in the literature 

consist of initial stage of corrosion, random oxidation of the surface until the monolayer of the 

corrosion product is complete. The film thickening process then proceeds by ion transport through the 

film under the influence of the electric field gradient established in the film. As the film is thickening, 

the filed decreases and with it the rate of the film growth. A net constant corrosion rate (of metal loss) 

is reached when the rate of the film thickening is equal to the rate of film dissolution. The resulting 

corrosion product layer consists of inner and outer film. Inner film is formed by a solid-state process, 

and is made of magnetite [Diomidis, 2014] or iron hydroxychloride due to electrophoretic 

concentration of Cl- at the metal surface [Schlegel et al., 2018]. The thicker outer part us formed by 

dissolution-precipitation mechanism. The outer layer consist of magnetite, siderite or other carbonate 

and calcium containing products [Diomidis, 2014] or silicate containing products [Schlegel et al., 

2018]. The composition of the outer part depends on the local conditions at the surface, electrolyte 

chemistry and temperature. The presence of surface layer leads to mass-transport controlled corrosion 

process. A specific mechanism applies on the spheroidal graphite iron, which due to presence of 

graphite inclusion undergoes graphitic corrosion, form of galvanic corrosion under which the iron in 

the proximity of cathodic graphite dissolves preferentially. This mechanism is only of concern when 

the corrosion rate is low [King et al., 2016]. The porosity of the formed film and initial heterogeneous 

film formation in the low alloyed steels can lead to localised damage. The presence and composition 

of the double layer for low alloyed steels has not yet been reported in highly saline conditions. 
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Nevertheless, due to high Cl- concentration, the electrophoretic accumulation at the surface can be 

expected. The identified corrosion products in the literature under saline conditions are magnetite and 

hematite in NaCl rich brines and (Fe,Mg)(OH)2 / Fe(OH)3Cl with traces of magnetite in Mg-rich brines.  

The highly alloyed steels along Ti99.8-Pd exhibit low corrosion rates due to formation of protective 

Cr/Ti oxide layers. Due to negligible corrosion damage for these materials, no corrosion product 

information is available. In Cr-Ni alloyed steels, the literature reports formation of a passive double 

layer made of inner Cr oxide/Cr containing spinel oxide formed by a solid-state growth mechanism 

and an outer layer of Fe, Ni spinel oxide formed by metal dissolution and corrosion product 

precipitation mechanism [Zhang et al., 2017]. 

1.3.3 Sorption processes 

 

Sorption processes at solid / water interfaces belong to the most relevant mechanisms regarding the 

retardation and retention of radionuclides. Sorption processes can be categorized into several types of 

interaction mechanisms: incorporation into the structure of the sorbent, inner-sphere and outer-sphere 

surface complexation of ionic species, surface induced redox reaction, surface precipitation and ion 

exchange reactions. The difference between the inner-sphere and the outer-sphere complexes on a 

metal oxide and water interface is the type of chemical bonding between the aqueous ionic species and 

the surface site. In the inner sphere complex the ion is partially dehydrated and binds directly to the 

surface while in the outer sphere complex the ion keeps its hydration sphere and is attached to the 

surface only via electrostatic forces [Geckeis et al., 2013; Payne et al., 2013]. 

The sorption of a pollutant/ RN onto a mineral surface is usually empirically expressed in terms of 

distribution coefficient 𝐾𝐷(
𝐿

𝑘𝑔
) representing the distribution of the contaminant between the solid 

surface and the aqueous phase. As performance assessment calculations for radioactive waste disposal 

use distribution coefficients it is crucial to have robust arguments for the selected values. The 𝐾𝐷 can 

be further incorporated into transport models, from which further parameters for the assessment of RN 

migration behaviour can be obtained. The experimental sorption results can be converted into a 𝐾𝐷 

value using the relationship in Eq. 6: 

𝐾𝐷 =  
[𝑀]𝑠

[𝑀]𝑒
×

𝑉

𝑚
=   

[𝑀]𝑖 − [𝑀]𝑒

[𝑀]𝑒
×

𝑉

𝑚
    (

𝐿

𝑘𝑔
)   (𝐸𝑞. 6) 
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[𝑀]𝑖 and [𝑀]𝑒 are the initial and equilibrium concentration of radionuclide in solution respectively, 

[𝑀]𝑠  is the concentration of the sorbed / incorporated radionuclide in the solid, 𝑉  is the solution 

volume (L) and 𝑚 is the mass of the sorbent (kg). Sorption experiments can be performed at various 

pH, ionic strength levels and solid to liquid ratios in order to examine the dependence of log KD values 

on such variations. Additional sorption data (amount of sorbed metal per unit sorbent) are often 

determined as a function of metal concentration, so called sorption isotherms. The underlying uptake 

mechanism: sorption vs. incorporation and type of sorption can be identified applying complimentary 

spectroscopic techniques. There are numerous studies providing the 𝐾𝐷 values intended for nuclear 

waste disposal safety assessment applications, summarized e.g. by Jung et al. [2001] and Lee et al. 

[2013] and while they describe the range of 𝐾𝐷 values for specific RNs and cover various factors 

affecting these values, they cannot be extrapolated to a wide range of conditions. Therefore, a 

development of a thermodynamic sorption model, which includes relevant sorption reactions and 

aqueous RN species with associated equilibrium constants is beneficial because it allows extrapolation 

of existing data and direct estimation of contaminant 𝐾𝐷  values for a wide range of geochemical 

conditions.  

1.3.4 Sorption of radionuclides and metal ions onto minerals  

 

Spent fuel consists of 96 wt. % uranium which can be reprocessed. The remaining matrix consists of 

minor actinides, plutonium and long/short-lived fission products. In the context of final repository 

short-lived fission products are not considered. From this remaining matrix, plutonium accounts for 

25 wt. %, minor actinides (neptunium, americium and curium) for 2.5 wt. % and the remaining matrix 

(72.5 wt. %) consists of fission products such as technetium, zirconium and cesium [Oecd-nea.org, 

2017]. These radionuclides are covering the whole range of oxidation states, while trivalent state is of 

interest in this work.  

Plutonium is a constituent of high-level radioactive waste. The 1.15 % present in the spent fuel from 

a commercial pressurized light water reactor with a burn up of 42 GWd/t consists of 53 % 239Pu, 25 % 

240Pu, 15 % 241Pu (which decays beta minus to 241Am with t1/2 = 14 a), 5 % 242Pu and remaining amounts 

of 238Pu [WNA, 2019c]. Plutonium is the main source of heat and radioactivity in the spent fuel after 

several hundred years. Its environmental chemistry is important due to the long half-life of its main 

isotope 239Pu (t1/2 = 24,000 a) and high solubility and mobility in its oxidation state 5+, which is 

dominant under very oxidizing conditions. Plutonium is redox sensitive with reduction potentials being 
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strongly pH dependent. Its tetravalent oxidation (4+) state, which is considered immobile and sorbs 

strongly to minerals, prevails under oxidizing to mildly reducing conditions [Kirsch et al., 2011; 

Marsac et al., 2017; Powell et al., 2004]. Under very reducing conditions, the reduction can partially 

or entirely reach trivalent oxidation state in presence of a corroding iron based container. The Pourbaix 

diagram for plutonium is shown in Figure 5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: The Pourbaix diagram for plutonium taken from Hixon & Powell [2018].  

 

The separation of the minor actinide americium from spent fuel during fuel reprocessing is challenging 

and not practiced on commercial scale yet, thus it remains in the waste matrix, which is disposed in 

the final waste repository. Here it is strongly contributing to the heat generation and radiotoxicity for 

quite some time. Europium is frequently taken as a chemical homologue to these trivalent actinides 

(americium, curium and plutonium). Those trivalent metal ions show comparable aquatic chemistry 

characteristics.  

 

Assuming that the canister is subject to corrosion, which results in breaching of this barrier and 

radionuclides come in contact with the corrosion products on the surface, the sorption process may 

result in their capture. The thermodynamic sorption constants are thus important data, which are 

needed for the safety performance assessment. The second part of this thesis is focused on retention of 
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trivalent radionuclides onto formed secondary phases observed in the first part (corrosion experiments) 

if considered important with respect to the long-term disposal under saline conditions.   

Many countries consider radioactive waste disposal in argillaceous or sedimentary host rock; therefore 

numerous studies regarding sorption of heavy metals onto clay have been performed. Clay minerals 

were found to sorb heavy metals well either through ion exchange reaction in their interlayer or through 

inner-sphere surface complex formation [Bauer et al., 2005; Bradbury & Baeyens, 2006; Coppin et al., 

2002; Finck et al., 2015; Finck et al., 2017; Franco et al., 2016; Hartmann et al., 2008; Kowal-Fouchard 

et al., 2004; Lujanienė et al., 2010; de Pablo et al., 2011; Rabung et al., 2005; Stumpf et al., 2007]. 

These works focus on low ionic strength conditions. As certain pore waters in clay rock e.g. in Northern 

Germany and in Canada may contain high salt contents up to 4.9 m [Brewitz, 1980], Schnurr et al. 

[2015] and Vilks & Yang [2018] investigated the sorption of trivalent radionuclides onto several clay 

minerals in brines with NaCl concentration up to 3.9 m and found that an increase in the ionic strength 

decreases the extent of the uptake in the low pH region (< 7). Radionuclides with different oxidation 

states exhibited different sorption behaviour onto clays [Vilks & Yang, 2018]. 

There are few studies reporting sorption data of radionuclides onto various surfaces at high 𝐼, which 

are modelled with a surface complexation model. Ams et al. [2013] investigated neptunium sorption 

onto bacteria under moderately saline conditions, while Schnurr et al. [2015] evaluated and modelled 

europium sorption onto clay minerals in up to nearly saturated NaCl solution. Scholze et al. [2019] 

and Banik et al. [2017] examined neptunium sorption onto various clays in solution with 𝐼 up to 3 M. 

A similar approach was adopted by Marsac et al. [2017] who studied plutonium sorption onto clay 

particles under similar conditions. In all these studies, a non-electrostatic surface complexation model 

was sufficient to describe the experimental data when applying the SIT and Pitzer approach to calculate 

activity coefficients in solution. Strontium adsorption onto clay minerals in systems with 𝐼 up to 4 m 

was modelled by Mahoney & Langmuir [1991] using a surface complexation triple layer model. 

Recently, García et al. [2019] used a basic Stern model combined with the Pitzer approach to describe 

the uptake of europium on quartz up to high 𝐼.    

There are many available data describing the sorption of trivalent metal ions and RNs onto iron 

hydr(oxides) under variety of conditions. A study summarizing possible retention mechanisms of 

radionuclides on mineral surfaces and approaches to geochemical modelling of actinide sorption was 

done by Geckeis et al. [2013] with data obtained by various complexation models available in HZDR 

database [HZDR, 2018]. A good overview of the sorption coefficients for Pu, Am, U, Np and Tc onto 

Fe hydroxides and oxides was published by Li and Kaplan [2012]. The oxidation states of investigated 
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Pu and Np are mainly 4+ and 5+, thus not of interest in the framework of this thesis. Sorption of trivalent 

radionuclides onto Fe(III) minerals under oxic conditions were investigated by various authors [Estes 

et al., 2013; Naveau et al., 2005; Rabung et al., 1998; Stumpf et al., 2006]. All these studies found 

strong sorption capacity of the iron hydr(oxide) phases under low ionic strength and oxic conditions. 

Sorption onto nickel ferrites (NiFe2O4) has been reported for divalent ions such as Co, Ni [Martin 

Cabañas et al., 2011] and tetravalent Tc [Wang et al., 2019] at low ionic strength, but no sorption of 

trivalent pollutants or radionuclides has been reported. The pure iron analogue of nickel ferrite, 

magnetite (Fe(II)Fe(III)2O4) has been investigated by many authors as potential sink for numerous 

pollutants due to its ability to reduce higher valent, usually mobile, species into trivalent or tetravalent 

species which are likely to sorb on its surface already at acidic to neutral pH values [Latta et al., 2011]. 

This ability is due to the presence of Fe(II) in the structure. Magnetite is a stable crystalline iron 

corrosion product in moderately to strongly reducing environments and under neutral to alkaline 

conditions, and was mentioned as an observed corrosion product in the corrosion literature review 

section 1.3.2. Magnetite can be formed either by the Schikorr reaction (Eq. 5) or by transformation of 

metastable phases such as layered double hydroxides (green rusts) [Cornell & Schwertmann, 1996].  

The affinity and redox behaviour of uranium in presence of magnetite was studied by Huber et al. 

[2012], Ilton et al. [2010], Latta et al. [2011], Missana et al. [2003], Pidchenko et al. [2017], Rovira et 

al. [2007], Scott et al. [2005] and Yuan et al. [2015]. The sorption of pentavalent neptunium was 

investigated by Nakata et al. [2002], while sorption of tetravalent thorium onto magnetite was reported 

by Rojo et al. [2009]. Powell et al. [2004] studied the redox and retention behaviour of pentavalent 

plutonium, while Kirsch et al. [2011] investigated interaction of trivalent plutonium with magnetite 

and found strong retention by formation of inner sphere surface complexes. Another recent study by 

Dumas et al. [2019] showed that precipitation of magnetite in presence of pentavalent plutonium 

results in its reduction into Pu3+ and retention of plutonium partly by incorporation into the magnetite 

structure and partly by sorption on the surface by formation of tridentate surface complexes. Limited 

literature is available on europium or americium and its respective sorption behaviour on magnetite 

[Catalette et al., 1998; Lujanienė et al., 2010; Singh et al., 2009]. Singh et al. [2009] investigated the 

sorption of europium onto magnetite (2 g/L) for and Eu concentration of 2 × 10-9 M and observed 

complete sorption at pH 5.5 in background electrolyte with I = 0.1 M. These authors used magnetite 

with high surface area, 72 m2/g. Similarly, in the work of Catalette et al [1998], the authors used higher 

europium concentration (2 × 10-4 M) and magnetite with a specific surface area of 18.3 m2/g and a 

solid to liquid ratio of 2 g/L. They found complete sorption above pH 7 and modelled the sorption with 

diffuse layer surface complexation model. Finck et al, [2016a,b] who investigated Am retention by 
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adsorption or co-precipitation with magnetite by X-ray diffraction and X-ray absorption spectroscopy 

found that the fate and type of entrapment of Am depends on the circumstance whether the radionuclide 

is present during (incorporation) or after (surface sorption) formation of magnetite. None of these data 

sets focused on environments with high ionic strength. To our knowledge, only sorption and reduction 

behaviour of uranium in the presence of magnetite under reducing saline conditions has been reported 

[Grambow et al., 1996].  

Green rust chloride (Fe(II)3Fe(III)(OH)8Cl ·nH2O) or sulfate are other minerals observed as corrosion 

products of carbon steel [Refait et al., 1998]. Their formation and possible transformation mechanisms 

into magnetite are described in a review by Usman et al. [2018]. Similarly as for magnetite, its nature 

of mixed Fe2+ and Fe3+ allows reduction of higher valent radionuclides to lower oxidation states, 

however compared to magnetite it contains stoichiometric two times more structural Fe2+ which makes 

it more powerful reductant. A great summary of green rusts interaction with various elements, with 

focus on uranium was reported by Latta et al. [2015], while Bach et al. [2014], Christiansen et al. 

[2011], Römer et al. [2011] and Roberts et al. [2019] studied the green rust retention capacity with 

neptunium. They found out, that once the radionuclide is reduced to tetravalent oxidation state, it is 

retained at the green rust edge sites. Jönsson & Sherman [2008] found that green rust retains trivalent 

arsenic by forming bidentate inner sphere surface complexes. Reduction and retention of technetium 

by green rust was studied by Pepper et al. [2003]. Americium sorption and incorporation into green 

rust chloride was also studied by Finck et al. [2016a], who demonstrated that formation of green rust 

in presence of americium via a precipitation route retains the americium as it substitutes for Fe3+ within 

the green rust octahedral sheet. The immobilisation via this mechanism was also confirmed by Refait 

et al. [2017], who has demonstrated the incorporation of Al3+ or Cr3+ into the structure of green rust 

sulfate upon formation while replacing Fe3+ in the brucite layer. Yet again, all these works were 

performed in suspensions with low ionic strength. To our knowledge, no sorption data for green rusts 

in solutions with high ionic strength are available. 

Beside the above mentioned phases, other Fe phases frequently detected in corrosion experiments may 

be of interest, but for which hardly any work on RN retention has been reported. For example, only 

one publication is existing describing sorption data for ferrous hydroxychloride (Fe2(OH)3Cl) 

[Grambow et al., 1996], a mineral that is often found on archaeological artefacts corroded in seawater 

and corrosion product in clay formations [Necib et al., 2017; Nemer et al., 2011; Réguer et al., 2015; 

Schlegel et al., 2018 ]. The work by Grambow et al. [1996] describes in-situ reduction and retention 

of U6+ on corroded carbon steel (TStE 355) in MgCl2 rich brine, which results in formation of 

(Mg,Fe)2(OH)3Cl and traces of magnetite. These corrosion products immobilized 98 % of dissolved, 
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now reduced to tetravalent, uranium within one day. However, magnetite appears to be the main 

sorbent phase and no uptake quantification on ferrous hydroxychloride was performed.  

As Cr2O3 forms instantaneously on Cr containing stainless steels and plays an important role regarding 

its passivity, it is likely that even during a canister failure due to pitting corrosion, the layer of Cr2O3 

will still cover a large area of the canister surface. There are limited sorption data regarding this mineral, 

mainly focusing on H2 and CO2 as pollutants [Borello et al., 1972; Kuhlenbeck et al., 1992; Zhou et 

al., 2019]. The affinity of radionuclides to this phase has not yet been reported.  

In the context of safety case, strong sorption capacity and reducing power of Fe(II) containing minerals 

have been reported for low I (clay) environment. However, there is clearly a lack of sorption data of 

radionuclides under highly saline conditions for various metal hydr(oxides). This work aims to provide 

these information for the various corrosion phases observed in the corrosion experiments under 

stagnant saline anoxic conditions.  

1.3.5 Modelling 

Pourbaix diagrams (showing equilibrium potentials between a metal/radionuclide and its various 

oxidized aqueous species and solid compounds) are systematically used in the corrosion focused part 

of this work to compare the identified formed corrosion phases from experiments to 

thermodynamically stable solid compounds under corresponding conditions (pH,  𝐸ℎ , T, I and 

dissolved metal concentrations). The equilibrium lines correspond to a 50:50 % distribution between 

the species [Pourbaix, 1974].  The outcome then shows whether the given compound is stable in long-

term or is prone to further transformation. The diagram is crucial to check whether these found 

corrosion phases are relevant in the long-term (provided geochemical conditions will not change). 

Such phases will specifically be of interest for the radionuclide retention studies. In addition, the 

measured potential will be compared to passivation/pitting potentials of the steels in given brines to 

establish the possible corrosion type and relate these to the observed corrosion damage. A simplified 

general Pourbaix diagram for Fe and Cr are shown in Figure 6 giving an overview of the passivity 

and corrosion domains [McCafferty, 2010; Pourbaix, 1974].  In no cases throughout this work is the 

potential externally forced to reducing values by addition of buffers. 
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Figure 6: Simplified Pourbaix diagrams for Fe showing general domains (A) and Cr with species and 

solid compounds (B) [McCafferty, 2010].The dashed lines in figure B correspond to borders of the 

stability region of water described below. 

In the Pourbaix diagram the redox potential of a system may be defined as the negative logarithm of 

the electron activity: 𝑝𝑒 =  − log 𝑎𝑒−. The correlation between 𝐸ℎ and 𝑝𝑒 values is shown in Eq. 7. 

𝐸ℎ  = − 
 𝑅𝑇 

𝐹
𝑙𝑛(𝑎𝑒−)   =

2.303 ×  𝑅𝑇 

𝐹
𝑝𝑒  = 0.059 𝑝𝑒 [𝑉] 𝑎𝑡 25 ℃  (𝐸𝑞. 7) 

The redox potential of an aqueous solution is limited in the Pourbaix diagram by the upper stability 

line of water corresponding to water oxidation and by the lower stability line corresponding to water 

reduction [Pourbaix, 1974]. 

The oxidation of water to O2 according to reaction in Eq. 8 corresponds to an oxygen partial pressure 

of 1 bar. 

𝐻2𝑂 (𝑙) ⇔ 0.5 𝑂2(𝑔) + 2𝐻+ + 2𝑒− (𝐸𝑞. 8) 

The reduction of water to H2 according to reaction in Eq. 9 corresponds to a hydrogen partial pressure 

of 1 bar.  

2𝐻+ + 2𝑒− ⇔  𝐻2(𝑔)   (𝐸𝑞. 9) 

A B 
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The oxidation and reduction of water above the upper and below the lower stability lines are kinetically 

very slow processes thus it is possible to obtain potential values in solutions even above and below the 

lines.  

1.3.5.1 Solubility 

 

The thermodynamic stability of solid phases in aqueous environment is determined by its solubility. 

In the absence of other complexing ligands than OH- ions, the aqueous metal species (𝑀𝑗+) reacts with 

water by hydrolysis as shown in Eq. 10.  

𝑀𝑗+ + 𝑥𝐻2𝑂 ⇔ 𝑀(𝑂𝐻)𝑥
𝑗−𝑥

+ 𝑥𝐻+    (𝐸𝑞. 10) 

The formation constant of the hydroxide complex in a given medium is given by 𝐾𝐻 or log 𝐾𝐻 as 

shown below in Eq. 11 and 12.  

𝐾𝐻  =
[𝑀(𝑂𝐻)𝑥

𝑗−𝑥
][𝐻+]𝑥

[𝑀𝑗+]
      (𝐸𝑞. 11) 

log 𝐾𝐻 = log[𝑀(𝑂𝐻)𝑥
𝑗−𝑥

] + 𝑥 log[ 𝐻+]  −  log[𝑀𝑗+]       (𝐸𝑞. 12) 

The standard state hydrolysis constant at dilute conditions 𝐼 = 0 and 𝑇 = 25 ℃ is expressed as a 

function of activity coefficients of an ion (𝛾𝑖) and activity of water (𝑎𝑤) (Eq. 13). 

log𝐾𝐻
∘ = log 𝐾𝐻 + log 𝛾

𝑀(𝑂𝐻)𝑥
𝑗−𝑥 + 𝑥 log 𝛾𝐻+ − log 𝛾𝑀𝑗+ − 𝑥 log 𝑎𝑤     (𝐸𝑞. 13) 

Similarly, the solubility of metal hydroxides is conventionally defined as shown in Eq. 14 with 

conditional constant 𝐾𝑠 (Eq. 15) in a given medium and standard state conditions constant  𝑙𝑜𝑔 𝐾𝑆
∘ (Eq. 

16). 

𝑀(𝑂𝐻)𝑏 ∙ 𝑥𝐻2𝑂(𝑠) + 𝑏𝐻+ ⇔  𝑀𝑗+ + (𝑏 + 𝑥)𝐻2𝑂(𝑙)   (𝐸𝑞. 14)  

𝐾𝑠  =
[𝑀𝑗+]

[𝐻+]𝑏
      (𝐸𝑞. 15) 

log 𝐾𝑆
∘ = log 𝐾𝑆 + log 𝛾𝑀𝑗+ − 𝑏 log 𝛾𝐻+ + (𝑏 + 𝑥) log 𝑎𝑤     (𝐸𝑞. 16) 
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The values of log 𝐾𝑠  in a given medium and under the standard state conditions 𝑙𝑜𝑔𝐾𝑠
∘  are 

interconnected and can be obtained using the activity coefficients calculated with SIT, Pitzer or other 

activity models. The ionic strength (𝐼) can be calculated using Eq. 17.   

𝐼 =
1

2
× ∑ 𝑀𝑖𝑧𝑖

2

𝑖

  (𝑚𝑜𝑙/𝐿)  (𝐸𝑞. 17) 

Where 𝑀𝑖 is the molarity (mol/L) of all aqueous solute species and 𝑧𝑖 is its electrical charge. 

1.3.5.2 Activity models and databases 

 

In deep geological repositories with salt rock formations, the aqueous systems will have high ionic 

strength up to 10 M. Although experiments in this thesis are also performed at low ionic strength 𝐼 =

0.1 M, most of the work focuses on highly saline systems. Consequently, the activity coefficients must 

be taken into account due to non-negligible interactions between the ions in the solution. The 

subsections below give a short overview of the SIT and Pitzer activity models, which are used in this 

work for the activity coefficients calculations.  

SIT (Specific Interaction Theory) approach  

 

A popular method for treatment of ion interaction processes and ionic strength effects in real systems 

with 𝐼 > 0 is the SIT approach. It is based on the Debye-Hückel model which is able to express the 

activity coefficients in dilute solutions and accounts for long range electrostatic interactions [Brönsted, 

1922; Scatchard, 1936]. However, at higher salt concentration also short range non-electrostatic 

interactions between ions need to be taken into account. This is commonly done by adding a further 

ionic strength dependence term. The calculation of an activity coefficient is shown in Eq. 18 where D 

is the Debye-Hückel term shown in Eq. 19.     

log 𝛾𝑖  =  −𝑧𝑖
2  × 𝐷 + ∑ 𝜀(𝑖, 𝑘, 𝐼𝑚) × 𝑚𝑘

𝑘

    (𝐸𝑞. 18) 

𝐷 =
𝐴 × √𝐼𝑚

1 + 1.5 × √𝐼𝑚

  (𝐸𝑞. 19) 

Here 𝑧𝑖 is the charge of ion 𝑖, 𝜀(𝑖, 𝑘, 𝐼𝑚) is the specific ion interaction coefficient for a given electrolyte 

with molal ionic strength 𝐼𝑚 (mol/kg) between the examined ion 𝑖 and the ion 𝑘 of opposite charge, 
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and 𝑚𝑘 is the molality (mol/kg) of the oppositely charged ion 𝑘. The Debye-Hückel constant A is 

temperature and pressure dependent and equals 0.509 ± 0.001 kg½ × mol-½ at 25 °C and 0.600 ± 0.001 

kg½ × mol-½ at 100 °C at a pressure of 1 bar [Bretti et al., 2004; Grenthe et al., 2013]. The specific ion 

interaction coefficient is not a constant and may vary with the ionic strength. The extent of the variation 

is small for 1:1, 1:2 and 2:1 electrolytes as long as the molality is less than 3.5 𝑚 and for these cases 

is may be assumed constant. Thus, the SIT model validity is limited to 𝐼𝑚 ≤ 3.5 𝑚 [Grenthe et al., 

2013]. A study by Bretti et al. [2004] introduced an additional two parameters SIT equation for the 

specific ion interaction coefficient calculation, which makes it possible to calculate activity 

coefficients correctly up to ionic strength of at least 6 𝑚. Another option to take into account the 

significant effect of the concentration on ion interaction coefficients and to correctly calculate the 

activity coefficients at high ionic strength is the use of Pitzer model.  

Pitzer approach 

 

In order to accurately describe the activity coefficients in aqueous solutions, Pitzer [1973; Pitzer & 

Kim, 1974] proposed a set of semi empirical equations which could deal with the thermodynamics of 

concentrated solutions. As these have proven successful, many models based on these equations have 

been developed to describe ion-ion interactions in solution [Harvie et al., 1984]. Pitzer’s equations are 

based on the virial expansion for the excess Gibbs Energy (𝐺𝑒𝑥) principally made up of two parts (Eq. 

20). 

𝐺𝑒𝑥

𝑅𝑇
 = (𝑤𝑤𝑓(𝐼𝑚) +  

1

𝑤𝑤
 ∑ 𝜆𝑖𝑗(𝐼𝑚)𝑛𝑖𝑛𝑗

𝑖𝑗

+  
1

𝑤𝑤
2

 ∑ 𝜇𝑖𝑗𝑘𝑛𝑖𝑛𝑗

𝑖𝑗𝑘

𝑛𝑘)       (𝐸𝑞. 20) 

Where 𝑤𝑤is the number of kilograms of solvent water, 𝑓(𝐼𝑚) is the Debye-Hückel function describing 

the first order long range electrical interactions between ions (Eq. 21) and 𝑛 is the number of moles of 

solute species 𝑖, 𝑗 or 𝑘. The virial coefficients 𝜆𝑖𝑗 and 𝜇𝑖𝑗𝑘 are second order and third order interaction 

coefficients. The Debye-Hückel part is dependent on ionic strength and solvent properties but not on 

individual species, while the second part considers the binary interactions giving the effect of short 

range forces between solutes and the ternary interactions between the three solutes 𝑖, 𝑗 and 𝑘. The virial 

coefficients 𝜆𝑖𝑗  for the ion-ion interaction are also function of ionic strength, while this dependence 

can be neglected for the 𝜇𝑖𝑗𝑘 virial coefficients. The Pitzer approach allows more realistic modelling, 

but at the same time it increases significantly the number of parameters required for calculation.     
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The empirical form chosen by Pitzer for the first part 𝑓(𝐼𝑚) is: 

𝑓(𝐼𝑚)  =  −𝐴𝜑

4𝐼

1.2
ln(1 + 1.2√𝐼𝑚)    (𝐸𝑞. 21) 

Where 𝐴𝜑  is the Debye-Hückel constant for the osmotic coefficient and can be found in tables 

[Silvester & Pitzer, 1976] as a function of temperature.  

Pitzer modified the equation for strong electrolyte systems to allow addition of more directly 

observable parameters (Eq. 22).  

𝐺𝑒𝑥

𝑅𝑇𝑤𝑤
 = 𝑓(𝐼𝑚) + ∑ 𝑛𝑐𝑛𝑐′

𝑐𝑐′

(𝜃𝑐𝑐′ +  ∑ 𝑛𝑎𝜓𝑐𝑐′𝑎

𝑎

) +   ∑ 𝑛𝑎𝑛𝑎′

𝑎𝑎′

(𝜃𝑎𝑎′ +  ∑ 𝑛𝑐𝜓𝑎𝑎′𝑐

𝑐

)

+ 2 ∑ 𝑛𝑐𝑛𝑎

𝑐𝑎

(𝐵𝑐𝑎(𝐼𝑚) +
∑ 𝑍𝑐𝑚𝑐𝑐

√𝑍𝑐𝑍𝑎

𝐶𝑐𝑎)  (𝐸𝑞. 22) 

Where c, c’, a, a’ and Z stand for cations, anions and absolute values of ionic changes respectively. 

New parameters 𝜃 and 𝐵(𝐼𝑚) are binary ion-ion interaction parameters, and 𝜓 and 𝐶 are ternary ion-

ion parameters. The B and C parameters are characteristic of each aqueous single electrolyte system 

and are determined by properties of pure electrolytes, while the 𝜃 and 𝜓 parameters are characteristic 

of each aqueous mixed electrolyte system [Chen et al., 1979; Pitzer & Mayorga, 1973; Pitzer & Kim, 

1974]. The B parameter can be further expanded (Eq. 23).   

𝐵𝑐𝑎(𝐼𝑚)  = 𝛽𝑐𝑎
0 + 

𝛽𝑐𝑎
1

2𝐼𝑚
 [1 − (1 + 2√𝐼𝑚) exp(−2√𝐼𝑚)]    (𝐸𝑞. 23) 

The activity coefficient can thus be expressed as:  

ln 𝛾𝑖  =
1

𝑅𝑇
(𝛿 𝐺𝑒𝑥/𝛿𝑛𝑖)  (𝐸𝑞. 24) 

The adjustable parameters that have to be determined for given solution composition are 𝛽0, 𝛽1, 𝜃, 𝜓 

and 𝐶. The binary parameter 𝛽𝑖𝑗
0  describes the effect of repulsive forces between similar ions, while 

𝛽𝑖𝑗
1  describes the attractive force between oppositely charged ions. An additional term including 𝛽𝑖𝑗

2  is 

considered for 2-2 and higher valence electrolytes. 𝜃𝑖𝑗 and 𝜓𝑖𝑗 are mixing parameters in case of ternary 

and higher electrolyte systems and are not expected to contribute significantly in systems examined in 

this work. The full description of Pitzer equations can be found elsewhere [Chen et al., 1979; Koh et 
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al., 1985; Pitzer, 1973; Pitzer & Kim, 1974]. The obtained molal activity coefficients were recalculated 

into molar activity coefficient in this work where needed.   

Databases 

 

Geochemical calculations are some of the key tools being used for performance assessment studies, 

which allow quantification of geo/chemical reactions and RN speciation. Comprehensive and complete 

thermodynamic databases are crucial for any model or thermodynamic assessment. There are various 

databases with sets of thermodynamic data of radionuclides and other elements relevant to be used for 

the nuclear waste disposal safety case. The criteria for adequate database are completeness, tractability, 

consistency and ideally include various ionic strength models and temperature dependence. The most 

quality-assured thermodynamic database available for actinides and fission products is the NEA-TDB, 

the Thermochemical Database Project of the Nuclear Energy Agency. For instance, americium data 

were initially reviewed by Silva et al. [1995] and further updated in Volume 5 by Guillaumont et al. 

[2003]. The thermodynamic data for europium were reviewed by Hummel et al. [2002], who found 

that the majority of the selected constants were fairly close to the corresponding values of americium 

as expected due to similar chemical properties of the two elements. Hummel et al. [2002] at PSI were 

acquiring data and compiling a database for the National Cooperative for the Disposal of Radioactive 

Waste (NAGRA) supporting the safety assessment of possible Swiss nuclear waste repositories. The 

selection of thermodynamic data of iron was summarized by Lemire et al. [2013; 2020].  

Within this thesis, speciation and solubility of europium and americium species were calculated using 

the PhreeqC software (version 3.4.0.12927) [Parkhurst & Appelo, 1999]. Guillaumont et al. [2003] 

and Hummel et al. [2002] provided the equilibrium constants for europium and americium for all used 

databases. For activity corrections, SIT and Pitzer approaches were used. The ThermoChimie database 

with SIT parameters [Grivé et al., 2015] was used for calculation of activity coefficients using the 

Debye-Hückel approach, while the Harvie-Moller-Weare database [Harvie et al., 1984] was chosen 

for the Pitzer approach.  

ThermoChimie is a thermodynamic database developed by the French National Radioactive Waste 

Management Agency (ANDRA). Belgium and the UK later joined the ThermoChimie consortium. 

This database provides ion interaction parameters for ionic strength up to SIT capabilities [Grivé et al., 

2015], therefore its applicability is constrained to low-intermediate ionic strength. This database is 

comprehensive, reliable regarding values for transition metals as well as radionuclides, and used in 
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this thesis for all calculations for low-intermediate ionic strength. It will be referenced when used as 

[TC]. The SIT parameters for Eu/Am species were provided by Neck et al. [2009].  

THEREDA, the Thermodynamic Reference Database developed by various German research 

institutions aims at providing reliable thermodynamic data allowing geochemical modelling in high 

ionic strength solutions [Moog et al., 2015]. This database is applicable to saline solutions, uses Pitzer 

approach for activity coefficients caclulations and to a large extent the Harvie-Moller-Weare database 

[Harvie et al., 1984]. THEREDA provides reliable ready to use databases for mainly actinides in 

solutions with high ionic strength [Neck et al., 2009]. This database is used for solubility and speciation 

calculations for high ionic strength in sorption part of this thesis as well as for surface complexation 

modelling and is referenced when used as [TPA].   

PhreeqC was further used for temperature correction calculations for pH (explained in experimental 

part) and to obtain activities of all aqueous species in the corrosion experiments at 25 °C and 90 °C, 

which further served as an input for the Geochemist’s Workbench (GWB) software (version 8.0) 

[Bethke, 1996; Bethke and Yeakel, 2018]. Act2 module of GWB was then used to obtain Pourbaix 

diagrams. For low-intermediate ionic strength, the Thermochimie database was used, however 

obtaining correct activity coefficients at high ionic strength was difficult, as no reliable Pitzer database 

for transition metals is available. Fortunately, PhreeqC and GWB offer a database largely based on 

Harvie et al. [1984;] with Pitzer parameters for iron, collected from various literature [Appelo, 2015; 

Millero et al., 1995; Pitzer and Mayorga, 1973; Plummer et al., 1988]. The data are however 

unconfirmed and thus a source of uncertainty for these calculations. This database will be referred to 

as [PI]. The aqueous species for the elements of interest in each database are shown in Annex Table 

A1. 

Surface complexation modelling of sorption and surface titration data (explained in section 1.3.5.3) 

was done with FITEQL 2 code [Westall, 1982]. The Pitzer database [Harvie et al., 1984] with 

parameters from Neck et al. [2009] was used for calculations at 𝐼 > 0.1 M and the Davies approach 

[Davies, 1962] for 𝐼 ≤ 0.1 M. Activity coefficients obtained using Davies and Debye-Hückel approach 

do not differ at such low ionic strength, thus no inconsistencies were created using different activity 

coefficient approaches under these conditions.  
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1.3.5.3 Surface complexation modelling  

 

RN sorption onto mineral surfaces can be described by thermodynamic sorption models yielding 

equilibrium constants for the relevant sorption reactions under varying geochemical conditions. 

Surface complexation modelling is a powerful tool widely used to describe the sorption behaviour of 

RNs and other ionic species. One of its advantages is the ability to consider charges at surfaces as well 

as of the solutes in aqueous solutions and thus to take ionic strength effects into account [Lützenkirchen, 

2006].  

In order to choose the appropriate model a series of decisions on the model features such as 

electrostatic factors, type and number of surface sites and sorption reactions need to be made depending 

on the complexity of the system and objective of the study. Furthermore, a comprehensive model 

should be calibrated by experimental sorption data as a function of pH, ionic strength and sorbent 

concentration. Minerals should be characterized in terms of surface area, impurities and structure 

[Payne et al., 2013]. In this work, cation sorption to various metal oxides up to highly saline conditions 

based on own experimental data is modelled and under this scenario the surface charge and surface 

electrostatic play a significant role. Thus, an electrostatic model was adopted [Lützenkirchen, 2006].  

Iron oxides are considered primarily in this work. They are known exhibiting variable charge surfaces 

on their different exposed surface planes. The many available electrostatic models differ in the 

treatment of the surface charge or the number of planes and sites. The different treatment of the surface 

charge is based on the description of the electric double layer forming at the solid-liquid interface. A 

Helmholtz double layer consists of two layers of opposite charges located on opposite sides of an 

interface [Helmholtz, 1853]. Thus, the charge on the mineral surface is compensated by the charge of 

a layer of ions on the solution side. This was the basis for Gouy and Chapman who introduced a diffuse 

layer of ions into the model, which extends further from the surface, also called Diffuse Layer Model. 

Stern then combined the two approaches and developed what is nowadays called the Basic Stern Model.  

In the various models, the electrostatic potential varies with the distance from the surface in different 

ways. Regardless of the model, the specific surface area and site capacity must be specified and the 

formation constants of surface complexes are adjustable parameters which have usually to be fitted to 

experimental data. The Constant Capacitance Model has one immobile layer of specifically adsorbed 

ions and the capacitance is in this case either optimized or set to a recommended literature value. The 

diffuse layer model includes a diffuse layer of electrostatically bound counter-ions. A capacitance is 

not required in this model, only the intrinsic stability constants. The popular Triple Layer Model 
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includes two immobile layers (planes) and a diffuse layer of ions. Only hydroxyl groups are found on 

metal oxide surfaces. The inner plane contains ions that are specifically bound to surface groups of 

opposite charge while the outer plane is regarded as the head end of the diffuse layer. The two 

capacitances, one for each layer, are either optimized in the model alongside formation constants for 

the interaction of surface groups with the ions in the inner plane or set to literature values if known 

[Lützenkirchen, 2006]. A schematic representation of the triple layer model is shown in Figure 7 with 

corresponding potentials and surface charge densities.  

 

 

 

 

 

 

 

 

 

Figure 7: Schematic representation of the triple layer model with planes 0, β and d, with corresponding 

potentials 𝜓0, 𝜓𝛽, 𝜓𝑑, surface charge densities 𝜎0, 𝜎𝛽, 𝜎𝑑, two capacitances in the Stern layer and a 

diffuse layer. 

The effective surface charge density 𝜎, the charge of the surface region equals to surface charge density 

of the diffuse layer but with an opposite sign. 𝜎 = − 𝜎𝑑, which is also the sum of the surface charge 

densities of the 0 and β planes, 𝜎 = − 𝜎𝑑 = 𝜎0 + 𝜎𝛽 [Lützenkirchen et al., 2012]. 

In this work, charge distribution generic site or multi-site complexation triple layer models [Davis et 

al., 1978] were used depending on the available information on the solid phase. The general approach 

developed by Hiemstra & Van Riemsdijk [1996] treats surface complexes as having a spatial charge 

distribution in the interfacial region over two electrostatic planes rather than considering them as point 

charges located in one electrostatic plane. Such point charges are a feature of a simple diffuse layer 

model and are known to lead to physically unrealistic results. The charge distribution multi side 
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complexation (CD-MUSIC) model is best suited to address known complex crystal structures. The 

development of the model used in this work was based on the following strategy. 

1. The specific surface area is determined for a given sorbent. This is done using the Brunauer-

Emmett-Teller (BET) method.  

2. The relevant crystal planes, binding site types and site concentrations are defined. If this is not 

known from literature in combination with known particle morphology, generic sites are used 

to describe the surface functional groups. The number of generic sites may range from a single 

type of binding site to multiple sites possibly including “strong” and “weak” sites. Initial values 

for site concentrations are set to reasonable values and the model is iteratively redefined to 

better fit the experimental data. 

3. The suitable surface reactions on the surface sites (point 2.) are defined.  

4. The protonation/ deprotonation (titration) data on the specific sorbent and with it associated 

parameters (e.g. capacitances) are optimized. These are then fixed in the model. 

5. Suitable surface reactions with the radionuclide are defined. In case of known surface complex 

structures, e.g. binding mode (obtained by spectroscopic techniques), these are incorporated.  

6. The activity coefficients of all species in the solution and the dielectric constants of solutions 

are estimated for all used ionic strengths and applied in the model for all sorbents.  

7. The uptake data of the radionuclide on the solid are modelled in various sites configurations 

until a satisfactory fit is achieved and associated complexation constants and charge 

distribution factors are obtained.  

Overall, the final model is usually a compromise between the model complexity (number of sites and 

reactions) and fit to the experimental data.  
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2 Experimental 

2.1 Materials and chemicals 

2.1.1 Chemicals 
 

All sample preparation and handling was performed in an Ar-filled glovebox with O2 and H2O content 

below 1 ppmv at 22 ± 2 °C. Ultrapure water (MilliQ system, 18.2 MΩ/cm at 25 °C) was used to prepare 

suspensions and electrolyte solutions which were further purged with Ar for 4 hours to remove traces 

of CO2 and O2 prior storage in the Ar glovebox or prior use. The pH electrode was calibrated using 

reference buffer solutions of pH 4, 7, and 10 (Radiometer Analytical) and the response of the 𝐸ℎ 

electrode was checked using standard buffer from Hach giving 220 mV at 25 °C. All other chemicals 

used in this work are summarized in Annex Table A2. 

2.1.2 Steels 
 

The two steel types used for corrosion experiments in this work were obtained from commercial 

suppliers ThyssenKrupp Acciai Speciali Terni (SS 309S - referred in this work as Cr-Ni steel) and 

Mittelrheinische Metallgießerei Heinrich Beyer GmbH (GGG40.3 - referred in this work as SGI). The 

steel specimen (coupons) were cut from a block of steel to obtain dimensions of 4 mm x 18 mm x 10 

mm and 4 mm x 14 mm x 8 mm with 3 mm holes, providing surface area of ~ 10 cm2. In order to reach 

low roughness and adequate morphology, all sides of each coupon were grinded on 500 SiC sheet 

(Struers, Knuth-Rotor 3) and polished with diamond containing paste up to ¼ µm (Buehler, Ecomet 1 

Polisher). After polishing, ultrasound with ethanol was used to remove impurities, the samples were 

dried, weighted and put into an Ar glovebox to avoid oxidation. The initial state of the coupons was 

examined by various analytical techniques described in section 2.2.4 to obtain an overview of the 

initial surface. The chemical composition of the steels according to the certificates provided by the 

manufacturers is shown in Table 2.  

 

Table 2: Chemical composition of the steels according to the certificates/ wt. %. 

Steel C Mn Si Cr Ni Mo Cu Mg Fe 

Cr-Ni steel 0.06 1.15 0.35 22.45 13.17 0.23 0.23 - 62.36 

SGI 3.46 0.29 3.39 0.042 - - 0.038 0.052 92.73 
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2.1.3 Mineral phases 
 

As not all compounds of interest were available commercially, certain minerals were synthesised in 

house, usually oxygen sensitive or metastable compounds. The secondary phases for use in the sorption 

experiments and as reference compounds in spectroscopic studies were synthesized according to the 

routes described in Table 3. This table also shows few naturally occurring mineral phases used in this 

work. After the synthesis, all the compounds except of magnetite for sorption (already available as 

suspension with no salt content) were centrifuged for 15 mins at 14,500 rpm (~ 14,130 g). The 

supernatant was removed, the compound washed with deionized water and dried under argon 

atmosphere. The iron hydroxychloride batch 2 was synthesized by GRS Braunschweig and sent to INE 

under anoxic conditions. This batch yielded bigger particle size, 400 nm.  

Table 3: Synthesis routes for secondary phases and references. 

Secondary Phase Synthesis Route Particle 

size 

Reference 

Magnetite for 

Sorption 

Fe3O4 

Heat 0.3 M (560 mL) of iron sulfate to 90 

°C, 240 mL of 3.33 M KOH + 0.27 M 

KNO3. Heat for 60 minutes. Follow with 

dialysis, available in house. 

100 nm Cornell & Schwertmann, 

[1996] 

Magnetite for 

Reference 

Fe3O4 

45 mL MilliQ, 0.3 g FeCl2·4H2O, 0.49 g 

FeCl3, 12.3 mL of 1 M NaOH. 

- Cornell & Schwertmann, 

[1996] 

Green Rust 

Chloride –Pure 

Fe4(OH)8Cl·nH2O 

90 mL MilliQ, 2 g of FeCl2, 0.4 g FeCl3,15 

mL of 0.8 M NaOH. 

500 nm Génin et al., [1998]; 

Usman et al., [2018] 

Green Rust 

Chloride –Doped 

(Ni,Cr,Fe)4(OH)8Cl 

·nH2O 

42.5 mL MilliQ, 0.35 g of NiCl2·6H2O, 0.49 

g FeCl2·4H2O, 0.06 g FeCl3, 0.085 g of 

CrCl3, 7.5 mL of 1 M NaOH. 

- Same path as pure GR 

added Cr and Ni ions  

Iron 

hydroxychloride 

Fe2(OH)3Cl 

100 mL MilliQ, 47.7 g of FeCl2·4H2O, 100 

mL of 0.8 M NaOH. Let age for 24 hours. 

200 nm Réguer et al., [2015]  

Nickel hydroxide 

Ni(OH)2 

0.52 g of NiO in 50 mL of 3 M HCl, heat for 

1 hour at 80 °C, 21 mL of 6 M NaOH. 

- Hall et al., [2015] 

Akaganeite for 

Reference 

 

Heat 2 l of 0.1 M FeCl3 in closed vessel at 

70 °C for 48 hours, available in house. 

- Cornell & Schwertmann, 

[1996] 

Naturally occurring mineral phases used in this work 

Mineral Formula Molar 

mass 

Origin 

Greenalite Fe2-3Si2O5(OH)4 371.73 Excalibur-Cureton, US 

Cronstedtite Fe3(Si,Fe)O5 (OH)4 399.49 Muséum national 

d’histoire naturelle 

Iron Chromium 

Oxide-Chromite 

FeCr2O4 223.84 KIT-AGW, Karlsruhe, 

Germany 
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2.1.4 Europium / Americium  
 

Europium was used for batch sorption experiments as a chemical analogue to trivalent actinides such 

as americium, curium and plutonium. Use of radioactive isotope allowed for direct gamma 

measurements and avoided dilution due to salt content, which would be needed for other quantification 

techniques such as high resolution (HR) inductively coupled plasma mass spectrometry (ICP-MS) 

(Thermo Element XR). The radioactive europium stock solution consisted of dissolved EuCl3 obtained 

from Eckert & Ziegler Nuclitec with a composition of > 95 % 152Eu (t1/2 = 13.5 y), 3.76 % 153Gd and 

0.55 % 154Eu, and an activity of 1×104 MBq/L on 15.3.2016. Inactive europium isotope 153 stock 

solution used alongside active europium for experiments with high europium concentrations was 

obtained by dissolving Eu2O3 in 0.5 M HCl. In order to obtain structural information by application of 

XAS, americium was used to better fit the needs of the experiments as europium Eu L3-edge (6977 eV) 

and iron Fe K-edge (7112 eV) have very close excitation energies, while americium Am L3-edge 

(18,510 eV) is well above the Fe K-edge excitation energy. The isotopic composition of the Am stock 

solution was 99.5 % 243Am (t1/2 = 7370 y), 0.5 % 241Am (t1/2 = 432.2 y) and had an activity of 1.11×104 

MBq/L. The concentrations of Am and inactive Eu in the respective stock solutions were confirmed 

by HR ICP-MS. 243Am is a preferred isotope in research due to its lower specific activity and gamma 

emission compared to 241Am. 

2.2 Analytical methods 

2.2.1 pH measurements  
 

2.2.1.1 General definition & Measurements in saline solutions 

 

The pH is defined as a negative decimal logarithm of hydrogen ion activity in a solution (Eq. 25), 

where 𝑀𝐻+ is a molar (molal) concentration of 𝐻+, 𝛾𝐻+is the molar (molal) activity coefficient of 

𝐻+ and 𝑀0  is a constant representing the standard state conditions, either 1 mol/L or 1 mol/kg 

depending on the chosen scale. The difference between the two scales can be ignored for dilute systems 

[Buck et al., 2002; Covington et al., 1985]. In saline systems, attention must be paid to activity 

coefficients and whether molal or molar scale is used. 

𝑝𝐻 = − log(𝑎𝐻+) = −log (
𝑀𝐻+   𝛾𝐻+  

𝑀0 
)    (𝐸𝑞. 25)    
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As any other single ion activity, it is not directly measurable, as thus it is defined operationally by the 

means of an operational cell where potential difference between two electrodes, one hydrogen 

electrode and one reference electrode, is measured [Buck et al., 2002; Covington et al., 1985; 

Lützenkirchen et al., 2012]. Potential (mV) can be related to the activity of hydrogen ions via the 

Nernst equation (Eq. 26), which also explains strong temperature dependence of pH.  

𝐸 =  𝐸0 +  
 𝑅𝑇 

𝐹
ln (𝑎𝐻+  )    (𝐸𝑞. 26) 

Where 𝐸0 is the standard potential difference of the cell. 

A combined glass electrode has a built in reference electrode, which can be calibrated against buffer 

solutions at low ionic strength with known hydrogen ion activity. This electrode is connected to a pH-

meter which measures the potential between the two internal electrodes. This type of electrode has 

been used in this work for all pH measurements. The operational cell of this electrode type is: 

Reference electrode (Ag/AgCl) | salt bridge KCl (c ≥3.5 mol/L) ¦¦ solution [pH(Buffer) or pH(Sample)] 

| glass electrode. 

The reference electrode is calibrated against 2-3 buffers in this work. In case of two reference buffers 

(B1, B2), the pH of the sample (S) is then obtained by the voltage difference between the sample and 

the standard buffer solution (Eq. 27) where calculation of the potential of the sample is shown in Eq. 

28 [Lützenkirchen et al., 2012]: 

𝑝𝐻(𝑆) =
[𝐸(𝑆) − 𝐸(𝐵1)]

[𝐸(𝐵2) − 𝐸(𝐵1)]
 × [𝑝𝐻(𝐵2) − 𝑝𝐻(𝐵1)]  +  𝑝𝐻(𝐵1)     (𝐸𝑞. 27) 

𝐸(𝑆) =  𝐸0(𝑅𝑒𝑓) − 𝐸0(𝐺𝑙𝑎𝑠𝑠) − 𝐸𝐴 +
 𝑅𝑇 

𝐹
ln(𝑎𝐻+  ) + 𝐸𝑗(𝑆)    (𝐸𝑞. 28) 

The same principle then applies for calculation of the potential for buffer 1 and 2. The 𝐸0(𝑅𝑒𝑓), 

𝐸0(𝐺𝑙𝑎𝑠𝑠)  and 𝐸𝐴 , standard potentials of the reference electrode and glass electrode as well as 

asymmetry potential of the glass electrode remain the same for buffers and sample and thus cancel out. 

The difference in the liquid junction potential 𝐸𝑗 (potential at the interface between electrolyte in the 

reference electrode and the sample/buffer solution) between the sample and the buffers requires low 

( 𝐼 ≤ 0.1 𝑀 ) and similar ionic strength for all buffers and sample solution. [Buck et al., 2002; 

Covington et al., 1985]. In the case of samples with elevated/ high ionic strength, not only is the 

junction potential difference significant, but also the activity coefficient is affected and thus this 

method is no longer valid for accurate pH determination.  
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In saline solutions, I ≥ 0.1 M, the pH is expressed in terms of concentration rather than activity (Eq. 

29). This value is calculated from the measured experimental pH (𝑝𝐻𝐸𝑋𝑃) and an empirical correction 

factor (A) which accounts for the liquid junction potential effect and activity coefficients changes of 

H+ (Eq. 30, 31) for a given electrolyte system. 

𝑝𝐻 = − log(𝑎𝐻+)  =  −𝑙𝑜𝑔 𝑀𝐻+ −  log 𝛾𝐻+      (𝐸𝑞. 29) 

𝑝𝐻𝑀 = −𝑙𝑜𝑔 𝑀𝐻+ = 𝑝𝐻𝐸𝑋𝑃 + 𝐴𝑀       (𝐸𝑞. 30) 

𝐴𝑀   = log 𝛾𝐻+ + ∆𝐸𝑗

𝐹

𝑅𝑇
ln 10    (𝐸𝑞. 31) 

A values are experimentally determined as a function of the brine type and concentration, and can be 

calculated from the empirical polynomial published in literature for various salts [Altmaier et al., 2003; 

2008]. All pHM values in this work refer to the molar concentration of protons.  

2.2.1.2 pH measurements and corrections in this work 

 

The electrode used for pHEXP measurements in corrosion and sorption experiments is a Metrohm 

solitrode pH electrode with reference electrolyte 3 M KCl. The pHEXP measurements were performed 

in corrosion and sorption studies in Ar gloveboxes at room temperature. The pH electrode was 

conditioned in 0.5 M HCl solution for 10 minutes, stored in 3 M KCl solution and rinsed with deionized 

water prior every use. The pH electrode was calibrated using reference buffer solutions at pH 4, 7 and 

10 (Radiometer Analytical) prior pH measurement. No buffer additions or pH adjustments were 

performed in the corrosion studies.  

In all samples in the sorption studies, one of the following buffers (MES, MOPS or TRIS) was used. 

The middle pH (pKa) values for the buffers are shown in Table 4.  

 

Table 4. The buffering range and pKa values of pH buffers used in this work. 

Buffer Name pH range (25 ℃) pKa value 

MES 2-(N-Morpholino)-ethanesulfonic acid 5.5 - 6.7 6.10 

MOPS 3-(N-Morpholino)-propanesulfonic acid 6.5 - 7.9 7.14 

TRIS Tris (hydroxymethyl)-aminomethane 7.5 - 9.0 8.06 

 

𝑝𝐻𝐸𝑋𝑃 adjustments were done using 0.1 M and 0.5 M HCl, and 0.1 M and 0.5 M NaOH.  
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The A factors used in this work for NaCl and MgCl2 brines at room temperature are summarized in 

Table 5 [Altmaier et al., 2003]. The pHEXP was measured for 10 minutes in sorption samples and up 

to 1 hour for corrosion samples to allow stabilization.  

Table 5: Correction factors for ionic strength (A factors). 

Background Electrolyte Experiment 

Molarity Molar A Factor  Corrosion/Sorption/Titration 

0.1 M NaCl -0.076 Corr/ Sorp/Titr 

0.94 M NaCl 0.075 Sorp 

0.95 M NaCl 0.077 Sorp 

0.96 M NaCl 0.08 Sorp 

1 M NaCl 0.087 Titr/Corr 

2.8 M NaCl 0.45 Sorp 

2.9 M NaCl 0.47 Sorp 

3 M NaCl 0.49 Corr 

4.7 M NaCl 0.88 Sorp 

4.8 M NaCl 0.9 Sorp 

5 M NaCl 0.95 Corr 

0.033 M MgCl2 -0.06 Corr/Sorp 

0.31 M MgCl2 0.06 Sorp 

0.33 M MgCl2 0.07 Corr 

0.95 M MgCl2 0.37 Sorp 

3 M MgCl2 1.6 Corr 

3.25 M MgCl2 1.8 Sorp 

3.4 M MgCl2 1.9 Corr 

 

As the pHM electrodes were not mounted on the autoclaves, it was not possible to measure the in-situ 

pHEXP at 90 °C, but only after cooling down at room temperature. As mentioned in section 2.2.1.1 the 

pHM is dependent on the temperature and a significant shift was expected between the two 

temperatures. In order to get a meaningful pHM of the system, the initial and final pHM values for 

experiments at 90 °C were recalculated using the PhreeqC software. The software can use the measured 

pHM, 𝐸ℎ and dissolved metals content determined by HR ICP-MS at 25 °C as an input and recalculate 

the values for pHM for the same system at 90 °C. Depending on the systems, either the [TC] database 

with SIT approach was used (all Cr-Ni steel systems and low I systems for SGI) or the [PI] database 

with Pitzer approach (high I systems for SGI). The pHM uncertainty at room temperature was 

determined as ±0.05 unit after repeated measurements and calibrations at various times. The 

recalculated pHM at 90 °C has much larger uncertainty, which comes from HR ICP-MS uncertainty 

and database completeness and reliability. The value for the maximum uncertainty for the recalculated 
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pHM was estimated as 0.5. As the sorption experiments are performed at room temperature, no 

temperature correction is applied in this case.  

2.2.2 𝑬𝒉 measurements 

 

The potential was introduced in section 1.3.1. It can be expressed by Nernst equation (Eq. 4). The 

electrode used for redox potential measurements is a Radiometer Analytics Ag/AgCl combined 

platinum 𝐸ℎ electrode with 3 M KCl internal electrolyte. The corresponding electrochemical reaction 

can be presented as follows:  

𝐴𝑔𝐶𝑙(𝑠) ⇋ 𝐴𝑔+ + 𝐶𝑙−  (𝐸𝑞. 32) 

with the potential depending on the activity of chloride ions. The conversion of measured 𝐸ℎ into 

potential of standard hydrogen electrode (S.H.E.) is calculated from the Nernst equation 

with 𝐸0
𝐴𝑔/𝐴𝑔𝐶𝑙 = 0.22249 V [Bates & Macaskill, 1978] (Eq. 33).  

𝐸 =  𝐸0
𝐴𝑔/𝐴𝑔𝐶𝑙 −

 𝑅𝑇 

𝐹
ln 𝑎𝐶𝑙−   = 0.208 𝑉  at 25 ℃  (𝐸𝑞. 33) 

 

This factor (+208 mV) is also confirmed in the literature [Friis et al., 1997]. Same cleaning steps as 

for the pH electrode were applied on the 𝐸ℎ electrode. The response of the electrode was tested using 

a reference buffer solution of +220 mV vs. Ag/AgCl (Hach) prior measurements. In case of deviation 

(usually below 20 mV), this was taken into account and the final values were corrected for the offset. 

The 𝐸ℎ was measured without agitation up to 1 hour in corrosion samples to allow stabilization and 

achieve a drift in 𝐸ℎ below 0.5 mV/min. All 𝐸ℎ values reported in this work are with respect to S.H.E. 

In PhreeqC, the potential values needed for pHM recalculations are input as pe values, and are 

recalculated from 𝐸ℎ using the Eq. 7. 

The correction for pHM with respect to temperature was described in section 2.2.1.2. The 𝐸ℎ correction 

with respect to temperature is not as straightforward and cannot be recalculated as the exact 

contribution of different dissolved species in the solution is not known. The variation of the standard 

electrode potential for various pairs (Fe2+/Fe3+; Cr0/Cr3+ etc.) with temperature is summarized in work 

of Bratsch [1989], but also in this study it is constrained to water and not ionic solutions. No empirical 

correction factor is available for the 𝐸ℎ measured in solutions with high ionic strength, which would 

account for variations in liquid junction potential. Liquid junction potentials should not exceed 50 mV 
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in the conditions of this study [Barry, 1994; Yalçıntaş et al., 2015]. This can be considered as an 

uncertainty for the 𝐸ℎ measurements.  

2.2.3 Determination of gas phase composition & dissolved metals concentration in 

solutions 
  

The gas phase in the corrosion experiments was characterized by a quadrupole gas mass spectrometer 

(GAM400, In Process Instruments, Pfeiffer Vacuum). The gas sample was collected in an Ar glovebox 

using a gas sampling cylinder which was previously evacuated to vacuum of 10-11 Pa (Figure 8). Then 

it was mounted onto the experimental equipment and the vent was open. A steel filter between the 

equipment and the sampling cylinder was used to prevent potential moisture from entering the gas 

sampling cylinder. The spectrometer was calibrated on a known gas mixture and the mass spectrometer 

was pumped overnight to vacuum to remove any residual moisture coming from the sample. The mass 

spectrometer measures the mass to charge ratio of gas components and produces results in terms of the 

intensity as a function of the mass which gives the composition of the gas. 

 

 

 

 

Figure 8: The gas sampling cylinder used for sampling of the gas phase.  

The main gases of interest were H2 and O2. Low oxygen content in the gas phase confirmed tightness 

of the setup, while high hydrogen content hinted at higher degree of corrosion. The tightness of the 

setup was a crucial property as oxygen intrusion indicated oxidizing environment, which would no 

longer represent the repository conditions. 

High resolution inductively coupled plasma mass spectrometry (HR) ICP-MS (Thermo Element XR) 

was used in this work to quantify the total concentration of metals in the aqueous phase. The ICP-MS 

uses an inductively coupled plasma to ionize the sample. In the corrosion and sorption studies the 

liquid phase was ultracentrifuged (Beckman Coulter XL-90 K) for 30 minutes at 90,000 rpm (~700,000 

g) and a 2 mL acidified aliquot was given for the analysis. The samples were diluted to achieve salt 

content below 50 mg/L due to the equipment limit for the salt matrix. The concentration of dissolved 

metals was then recalculated back in mg/L. In corrosion and sorption studies, Fe, Ni and Cr were 
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quantified, depending on the steel type/ solid phase used as a sorbent. Additionally, elements of interest 

in stock solutions were quantified as mentioned in section 2.1.4. 

2.2.4 Corrosion phase/ Solid phase characterization 

 

The initial steel samples, the formed corrosion phases on the steel samples in the corrosion experiments 

and the secondary phases used as sorbents in sorption experiments were characterized using the 

following methods:   

 Atomic force microscopy: AFM determines an average surface roughness, it was applied on 

the initial steel surfaces. The RMS (root mean square) roughness was evaluated for both steels.  

 Scanning electron microscopy (SEM, Quanta 650 FEG, FEI) - Energy dispersive X-ray 

spectroscopy (EDX, Thermo Scientific NORAN System 7) analysis was used to obtain the 

morphology and elemental composition of the secondary phases on corroded steels and 

synthesised or purchased compounds. The obtained elemental spectra were analysed and 

quantified using the NSS software (Thermo Scientific). The samples were prepared in an Ar 

box and positioned inside the microscope with short air exposure.   

 X-ray photoelectron spectroscopy (XPS, VersaProbe II, ULVAC-PHI, Al Kα monochromatic 

X-ray excitation) determined the elemental composition and oxidation states of the identified 

elements aiding with identification of secondary phases on corroded samples and 

characterisation of impurities in synthesised and purchased compounds used in sorption 

experiments. XPS probes only couple nm of the examined surface in comparison to EDX, 

which samples the depth in the range of µm. The samples were prepared in an Ar box and 

directly placed inside the XPS equipment without air exposure. 

 X-ray diffraction (XRD, D8 Advance from Bruker AXS, Cu-Kα radiation, Sol-X /LynxEye 

XE-T detector) was used to determine the purity of certain commercially obtained compounds, 

confirm the identity and possible impurities of the synthesised compounds and to characterize 

the crystalline secondary phases on the corroded steels. The redox sensitive compounds and all 

corrosion samples were measured encapsulated in a special anoxic holder, which was closed 

in an argon atmosphere. The measurements were performed in angles of 2θ ranging from 2 to 

80° with incremental step of 0.02° and a measurement time of 0.5-1s per step. This duration 

avoided the diffusion of oxygen and ensured anoxic conditions throughout the measurement. 

The obtained spectra were analysed with the Diffrac.Eva software [version 5.0] and compared 

to a JCPDS database (Joint Committee on Powder Diffraction Standards) [1970].  
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 Raman spectroscopy is another technique which could provide information about chemical 

structure and directly identify a compound. It is not restricted to crystalline powders which is 

a limitation of the XRD technique. Certain synthesised compounds were measured by Raman 

spectroscopy. Special anoxic copper holders were developed in house and used for redox 

sensitive samples. Various spots of 1000 x 500 µm2 using a 532 nm wavelength laser were 

measured for 20-40 minutes using 10x magnification. The obtained spectrum was then 

compared to various literature data due to the absence of database in the OPUS software 

[version 7.5, Bruker Optik].  

 Certain corroded samples were embedded in epoxy resin (Buehler), crosscut and polished with 

500 SiC grinding paper and further 1 µm diamond paste under air. SEM-EDX measurements 

were done on the crosscut allowing better examination of the steel-corrosion products interface.  

 The specific surface area of solid compounds is an essential information needed for the surface 

complexation model and for the sorption experiments allowing exposure of the same surface 

area for various compounds and thus direct comparison. The determination of specific surface 

area is done using a Brunauer-Emmett-Teller (BET) technique performed in house using 

Autosorb 1 equipment from Quantachome. This technique was performed on all not redox 

sensitive compounds used for sorption experiments, as the complete analysis is not performed 

under anoxic conditions.  

 The last technique performed on the corroded steel samples was weight loss measurement 

allowing the estimation of the corrosion rate. The steel coupon was dipped several times in a 

solution of 50 wt. % de-ionized water and 50 wt % 6 M HCl containing 5 g/L hexamethylene 

tetramine, which hinders dissolution of non-corroded steel surface and only allows dissolution 

of the hydr(oxides) under acidic conditions [Bayol et al., 2007]. Subsequently the weight was 

measured and the weight loss allowed determination of the corrosion rate (CR) in m/a (Eq. 34).  

𝐶𝑅 =
∆𝑚

𝑆 × 𝜌𝑆 × 𝑡
          (𝐸𝑞. 34) 

Where ∆𝑚 is the weight loss in kg, 𝑆 is the surface area of the steel coupon in m2, 𝜌𝑆 is the 

steel density and t is the exposure time in years. Initial steels were likewise tested in the removal 

solution to obtain the mass loss of the non-corroded surface if any and thus compensate for the 

error. The post corrosion cleaning of the specimen follows the ASTM G1-03 standards [2003]. 
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2.3 Iron granules corrosion experiments 
 

As iron is the major constituent of the two steels investigated in this work, a set of preliminary 

experiments including pure zero valent iron was done to get an approximate idea of the corrosion 

evolution and formed secondary phases. Furthermore, this simple system would further allow 

comparison to the more complex steel compositions and the effect of various other constituents on 

corrosion and secondary phases’ formation. The starting material were commercially obtained 2 mm 

large iron granules, which were cleaned by washing shortly with 5 mM HCl. The granules were 

estimated as spheres and the surface area of the solid to brine volume ratio 1:5 was used (2.64 g of 

granules and 50 mL of brine). Experiments were performed in PFA (perfluoroalkoxy alkane) 

containers with screw closing considering contact times of (2), 6, 12 and 18 weeks. For the liquid 

phase, various brines were compared: NaCl solutions with I = 1 M and 3 M, and MgCl2 with I = 1 M 

and 9 M for experiments performed in an oven at 60 °C. The preparation of the experiments as well as 

the sampling was done inside an Ar-filled glovebox to ensure anoxic conditions. pHEXP and 𝐸ℎ were 

measured initially prior the experiments and then prior each sampling. The pHM was recalculated for 

60 °C with PhreeqC software using Pitzer approach for activity coefficients calculations and [PI] 

database. The pHEXP and 𝐸ℎ  were measured after cooling down to room temperature in the Ar 

glovebox. After pHEXP and 𝐸ℎ measurements, part of the granules and of the brine were removed in 

such manner to allow the surface area to volume ratio remaining constant (15 mL of brine and 0.8 g 

of iron granules). After sampling the containers were closed again and placed back into the oven. The 

various analytical techniques were applied on the removed granules, which were briefly washed to 

remove dried salt content (XPS and SEM-EDX) and on the liquid phase (ICP-MS). The precipitates 

in the liquid phase were examined by X-ray diffraction (XRD). The results of these experiments are 

reported in the Annex.  

2.4 Autoclave corrosion experiments 

 

The long-term corrosion experiments were performed for the two types of steels described in depth in 

sections 1.3.2 and 2.1.2, the stainless steel 309S used for the vitrified waste container and the 

spheroidal graphite iron (GGG40) used for the spent fuel canister. The specimen preparation was 

described in section 2.1.2. The polished steels were initially characterized using the XPS, AFM, XRD 

and SEM-EDX analytical techniques. Raman spectroscopy cannot be performed on metals, only on 

metallic oxides/hydroxides. The corrosion experiments were performed in tightly closed vessels 
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(autoclaves), which were designed and built according to the experimental needs. The autoclaves are 

small reactors consisting of a stainless steel body, a Teflon and tantalum internal liner (tantalum is a 

highly corrosion resistant metal), fluorocarbon rubber Viton O-ring, underlid steel plate and a stainless 

steel lid. The tight closing is ensured via 6 screws. The fluorocarbon rubber Viton O-ring was chosen 

due to its ability to prohibit the escape of hydrogen, which is expected to form. In order to follow the 

evolution of the gas phase during the corrosion process as well as to avoid the overpressure, some of 

the autoclaves were modified and the lid was fitted with a manometer, an overpressure valve and a 

valve for sampling of the gas phase for mass spectrometry measurements (fittings also made of 

tantalum). All parts were ordered from PARCOM (Bad Schönborn, Germany) and mounted on the 

autoclaves in house (Figure 9). After fitting the lid with tantalum connections, the autoclaves were 

tested for tightness of the connection welds with water at 62 bars for 30 mins. Additional tightness test 

was conducted after the autoclaves were fully mounted with fittings, with nitrogen up to 10 bars for 

10 mins. Both tests confirmed the tightness of the setup. Prior to the experiments, the autoclaves were 

thoroughly cleaned with ethanol. The total volume of the autoclave was 90 mL.  

Figure 9: The autoclave setup with fittings (A, B) and the heating setup (C). 

The steel coupons were placed onto a Teflon stand and fully submerged in the brine, not touching the 

bottom and not touching each other to avoid galvanic corrosion. In each autoclave, the setup consisted 

of two coupons (surface area of 9.50 cm2) and 48 mL of brine giving the 1:5 surface area to brine 

volume ratio. This also allowed for additional free space for the formed gas. This steel surface area to 

brine volume ratio has been adopted in some of the previous corrosion studies [Smailos et al.]. There 

A B C 
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are studies confirming the effect of the ratio on corrosion, particularly higher volume to surface area 

ratio causing higher availability of H+ ions and hence higher corrosion rate [Smailos, 1985].  

The brines used in the corrosion experiments were taken from the literature describing the Asse 

[Kienzler & Loida, 2001] and Gorleben [Kursten et al., 2004] salt dome brine composition. In case of 

groundwater coming in contact with the canister, the composition of the brine is either saturated NaCl 

or MgCl2, with NaCl being more likely. There are also traces of calcium, sulfate and potassium present. 

In order to distinguish the effect of NaCl and MgCl2 with regard to the additional elements, four brines 

were prepared: brine saturated with respect to NaCl, brine saturated with respect to MgCl2 and two so 

called solutions 1 and 3, which correspond to saturated NaCl or MgCl2 with addition of respective salts 

as found in the literature. The solutions were prepared from high purity reagents described in Table 

A2. All solutions were diluted to 95 % saturation in order to avoid precipitation. Table 6 shows the 

composition of the respective brines. One set of experiments was also performed with dilute brines 

with I = 0.1 M NaCl and I = 0.1 M MgCl2 to allow the comparison of the corrosion phases formation 

and corrosion rates with respect to the chloride concentration.  

Table 6: Composition of brines used in the corrosion experiments. 

Salts Solution 3/M Saturated 

NaCl/M 

Salts Solution 1/M Saturated 

MgCl2 /M 

NaCl 5 5 NaCl 0.31 - 

CaCl2·2H2O 0.0188 - KCl 0.8 - 

Na2SO4 0.0188 - MgCl2·6H2O 3.4 3.4 

K2SO4 0.015 - MgSO4·7H2O 0.15 - 

MgSO4·7H2O 0.015 - - - - 

 

Prior the filling of the autoclaves, the polished coupons were weighted. The coupons were hanged onto 

the Teflon stand including spacers and the autoclaves were filled with respective brines. The pHEXP 

and 𝐸ℎ were measured as described in sections 2.2.1.2 and 2.2.2 and the autoclaves were closed inside 

the Ar glovebox. The pressure for the experiments is atmospheric (1 atm). 

Our corrosion experiments focused on room temperature and on 90 °C [Kommission Lagerung hoch 

radioaktiver Abfallstoffe, 2016], as the groundwater is not expected to enter the repository chamber in 

the beginning of the disposal but rather later on when the temperature already decreased.  
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For the experiments performed at elevated temperature, it was not possible to use the oven to heat the 

autoclaves with fittings due to the limitation of the manometer material which could not withstand the 

temperature of 90 °C. A different setup was developed. Two aluminium blocks with 4 holes each to 

fit the autoclaves were manufactured in house and set onto heating plates with dimensions of 215 x 

215 mm2. 8 autoclaves could therefore be heated simultaneously. The whole setup was carefully 

isolated by an additional block of Teflon leaving the bottom free for cooling of the heating plate. A 

hole was made in the aluminium and Teflon to accommodate the heating element for the temperature 

control (Figure 9). The heating plate setup was tested to obtain the temperature offset within the 

autoclave. As the temperature was not measured directly in the autoclave, but rather within the 

aluminium block, the vapour pressure of water on the manometer allowed determination of the 

temperature within the autoclave and further correction with respect to the heating block temperature. 

Additional tests with an open autoclave and thermometer were done to confirm the temperature offset. 

The uncertainty for the temperature in the autoclave was determined as ± 3 °C. One set of experiments, 

run in the laboratory outside of the glovebox, showed that in long-term, oxygen may intrude inside the 

autoclave and the whole setup was placed inside of a newly built glovebox continuously flushed with 

nitrogen to minimize possible oxygen intrusion over extended period of time. The experiments run at 

the room temperature were placed in either argon filled or nitrogen filled box. The environment of the 

autoclaves for various experimental batches is summarized in Annex Table A4.  

Since corrosion is a slow process, long-term corrosion experiments were performed in this PhD study. 

The aim of these experiments is to obtain the corrosion rate, to identify which secondary phases are 

formed, what is the underlying corrosion mechanism and additional effects of temperature, sulfate 

presence and various brine compositions. Corrosion process of the waste package as well as the 

solubility of the waste matrix in the groundwater is affected by many parameters such as pH, 𝐸ℎ, partial 

pressure of CO2, and presence of various cationic, anionic and other species. Additional factors 

influence corrosion processes in the repository such as defects in welds, radiation from the waste 

package, which produces certain oxidizing species as well as the reducing effect of bacteria. These are 

beyond the scope of this thesis.   

The set of 4 autoclaves without fittings and 12 autoclaves mounted with fittings were used, in which 

the experiments were run batch wise in various configurations of brines, temperatures and exposure 

summarized in Annex Table A4. Experiments at various temperatures allow the observation of the 

temperature effect on the corrosion rate, while the different exposure times aids observation of the 

corrosion front progress and possible corrosion phases’ transformation as well as determination of the 

mean corrosion rate.  
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At the end of the experiment, the heated autoclaves were cooled down to the room temperature inside 

the argon or nitrogen filled glovebox. Next, the sampling cylinder was mounted onto the fittings, the 

gas phase was sampled and subsequently the composition determined by mass spectrometry. Once 

opened, the 𝐸ℎ and pHEXP measurements took place prior to the removal of the coupons. The pHM for 

heated experiments was recalculated as described in section 2.2.1.2. The brine was sampled and 

examined for concentration of dissolved Fe (Ni, Cr) using the HR ICP-MS technique. The corroded 

coupons were quickly washed by de-ionized water and then blown dry to get rid of the salt content on 

the surface. Subsequently the smaller coupon was taken for XPS measurement followed by SEM-

(EDX) measurement. The larger coupon was for examination by XRD technique. All the 

measurements as well as the transport were performed under anoxic conditions or vacuum. Some of 

the samples were then embedded in resin, crosscut and send for additional SEM-EDX measurement. 

At last, the weight loss of the coupons was determined and corrosion rate calculated after which the 

coupons were discarded.   

2.5 Sorption of trivalent actinides onto secondary phases detected in 

corrosion experiments  

2.5.1 Solid phase titrations 

 

The surface charge behaviour of the solid in the solution as a function of pH is one of the crucial inputs 

into a surface complexation model. A method for measuring the surface charge is acid-base titration, 

examining the number of protons sorbed/desorbed by the solid particles as a function of the pH. Ideally, 

the titration is performed on the specific solid used in the sorption experiments and the protonation 

/deprotonation constants are determined directly from the model. In this case, the specific surface area 

needs to be known. These constants may also be found in the literature, but are not available for many 

solids. Within the framework of this thesis, the titration should be performed at various ionic strengths 

because this parameter affects the electrostatic forces, as ions of opposite charge to that of the surface 

create a shielding effect of the surface charge. In this work, five different solid phases were used for 

sorption experiments: green rust chloride, iron hydroxychloride, magnetite, trevorite and chromium 

oxide. There are no titration data available for iron hydroxychloride due to its very narrow stability pH 

range [7.6-9] and its strong reactivity with oxygen. Very scarce titration data is available for green rust 

sulfate and carbonate [Guilbaud et al., 2013], also due to metastability of green rust and its narrow 

stability pH range [7-9]. The titration was not performed for green rust chloride and iron 

hydroxychloride as it was not possible to accurately determine the specific surface area by the BET 
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method due to the sensitive nature of these two phases. The titration was however performed on the 

remaining three solid phases.  

 

In case of trevorite, 0.04 g of solid was added to 30 mL of NaCl for various molarities (0.1 M and 1 

M) and 50 µL of 1 M NaOH was added to obtain alkaline initial conditions. This equilibrated mixture 

(10 hours) was titrated using the Metrohm 907 Titrando with Metrohm 801 Stirrer by injecting 10 µL 

of 0.25 M HCl every 1-2 minutes (drift < 0.3 mV/min) until pH 4.5 was achieved. The raw data from 

the titration set-up were measured electrode potentials vs. cumulative volume of the added acid (base). 

The titration was done under humidified argon that was passed through a NaOH solution to avoid 

interference from carbon dioxide.  

Using an excel-macro (Titrator Journal), the titration raw data (in most cases the number of data points 

was reduced prior to using the macro) were used to calibrate the measurement set-up (i.e. to transfer 

measured potentials to proton concentrations) and to calculate the relative amount of protons on the 

target surface. The input parameters required for this treatment on proton (molar) concentration scale 

were the pKw (dissociation constant of water) for a given ionic strength. These values were a priori 

calculated using Geochemist’s Workbench with the appropriate ion-activity model. The activity 

coefficients involved in these calculations are self-consistent with those used in the surface 

complexation model calculations.  

For the calculation of the relative surface charge density, the raw data were converted to molar proton 

concentration, which were then, in combination with the known total proton concentration, used to 

calculate the amount of protons consumed or released by the surface. This amount was recalculated to 

charge density using the Faraday constant, the known mass of mineral in the suspension, the known 

volume at each titration point and the independently determined specific surface area of the mineral of 

interest [Lützenkirchen et al., 2012]. In this, the theoretical blank (which is consistent with the 

calibration/blank titration in the absence of the mineral surface but otherwise identical conditions) is 

subtracted. The equation is given below: 

𝜎 =
𝐹

𝑆 × 𝐴
× [(𝐶𝐴 − 𝐶𝐵𝐼

) − (𝐶𝐻+ − 𝐶𝑂𝐻−)] ×
𝑉𝐼

𝑉2
     (𝐸𝑞. 35) 

Here, the 𝜎 is the relative surface charge density in C/m2, 𝐹 is the Faraday constant (96485 C/mol), 𝑆 

is the solid content in g/L, 𝐴 is the specific surface area determined by BET method in m2/g, 𝐶𝐴and 

𝐶𝐵𝐼
 are the cumulative acid and initial base concentrations in moles respectively, 𝐶𝐻+ and 𝐶𝑂𝐻− are 
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the free concentrations of 𝐻+ and 𝑂𝐻− in the solution in moles and 𝑉𝐼  and 𝑉  are the initial and 

cumulative volume in litres accounting for the dilution of 𝑆 and acid at every step. 

The new output was the pHM vs. relative surface charge density. To obtain absolute values the point 

of zero charge is needed. In the case of magnetite the independently measured isoelectric point was 

used, while in other cases the values of point of zero charge were taken from the literature.   

The commercially obtained trevorite mineral has a large surface area, as determined by BET, thus less 

solid was required for titration. The point of zero charge (PZC) at 25℃ for trevorite was taken from 

the literature as 8.3 [Barale et al., 2008; Martin Cabañas et al., 2011]. A value measured directly for 

the specific solid was unobtainable as the equipment for zeta potential measurements was unavailable. 

In the literature, the point of zero charge is given in terms of activity, but the model incorporates the 

pH as a molar proton concentration pHM, so this correction was made using the calculated activity 

coefficients. The point of zero charge was corrected for the molar proton concentration for each ionic 

strength used in the titration experiments, and the charge was shifted to get the point of zero charge 

according to the corrected pHM for each ionic strength. This then gave the absolute surface charge 

density. The logarithm of the activity coefficient was obtained as -0.1 for 0.1 M and -0.05 for 1 M. 

Similar procedure was followed for the titration of Cr2O3. Due to a small surface area, 0.56 g of 

chromium oxide was titrated. The other quantities remained as in the case of trevorite. The point of 

zero charge for this solid was taken as 7.9 [Blesa et al., 2000; Wiśniewska & Szewczuk-Karpisz, 2013] 

and corrected to pHM as described above.  

Magnetite was titrated manually in an argon box due to its sensitivity towards oxidation. The 

background electrolyte solutions were 0.1 M and 1 M NaCl (25 mL each) with 1.08 g of magnetite 

giving an exposed surface area of magnetite of 14 m2. Similarly in this case, 35 µL of 1 M NaOH was 

added and the solution was equilibrated for 24 hours. Next, 100 µL of 0.01 M HCl were added every 

2 minutes and the pHEXP was recorded until pHEXP around 5 was achieved. It was preferential to start 

at alkaline conditions to avoid dissolution of magnetite in acidic pH region. The point of zero charge 

was found at pHM = 6.4, which is in agreement with the independently measured isoelectric point. This 

is also in agreement with various published data summarized in a recent review by Vidojkovic & Rakin 

[2017]. 

For the three solids the obtained pHM vs. absolute surface charge density values served as the 

experimental input for the surface complexation models. 
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2.5.2 Europium uptake 

 

The uptake of europium by various solid phases was investigated in batch type experiments in 

background electrolytes of NaCl and MgCl2 brines with various ionic strength. The percentage of 

sorbed Eu and solid-liquid distribution coefficients (KD values) for europium were obtained as a 

function of pHM  for several fixed Eu concentrations (5.1×10-10 M, 1×10-7 M, and 1×10-5 M). The 

examined pHM range was depending on the mineral and limited at the lower limit by the solubility of 

the phase and at the upper limit to avoid precipitation of Eu(OH)3 and other europium phases. The 

solid to liquid ratio was varying with respect to different solid phases to obtain same exposed surface 

area or in case of very soluble phase to prevent dissolution prior sorption. In the screw-cap vial (PP, 

20 mL, Zinsser Analytic), the solid phase and the background electrolyte were equilibrated for 24 

hours, after which the respective buffer was added (MES, MOPS, TRIS) to reach 20 mM in the solution. 

The use of buffer was required to avoid undesirable pH shift in samples.  

After a further equilibration time of 5 hours, the europium was added. For europium concentration of 

5.1×10-10 M, only active europium was used, while for the higher concentrations (1×10-7 M and 1×10-

5 M) the inactive europium was added as well. The pHM was adjusted using 0.5 M and 0.1 M HCl, 0.5 

M and 0.1 M NaOH to obtain the desired pHM value. Usually for each system all three buffers were 

used due to different pH (pKa) values of different buffers, thus fewer adjustments with acid or base 

were needed to cover the required pHM range. The summary of the experimental conditions for the 

sorption samples is shown in Annex Table A5.  

A brief kinetic study was done for all systems, where phase separation took place after 2, 4, 24 and 72 

hours to confirm the time needed to reach equilibrium. After the pHM adjustment and further 

equilibration period of 24 hours (for magnetite, green rust, chromium oxide) or 72 hours (for trevorite, 

iron hydroxychloride), a given suspension was ultracentrifuged (Beckman Coulter XL-90 K) at 90,000 

rpm (~700,000 g) for 30 minutes. After the phase separation, the solid phase was disposed and the 

supernatant (2 mL) was acidified with concentrated HCl or HNO3 (50 µL) to avoid wall sorption. The 

concentration of the radionuclide in the supernatant was quantified using a gamma counter (Packard 

Cobra Auto-Gamma 5003). In the case of use of inactive europium, the ratio of active/inactive 

europium in addition to the gamma counting results was used to obtain the total europium 

concentration in the solution. An aliquot of the supernatant was also analysed by HR ICP-MS to 

quantify the content of dissolved Fe/Ni/Cr to conclude whether dissolution of the solid phase had 

occurred and to which degree.  
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The sorption isotherm studies performed only for magnetite followed similar experimental procedure, 

separation and measurement processes. In the latter, the amount of europium sorbed at the magnetite 

surface (in mol/g) was obtained for I = 0.96 M, 2.9 M and 4.8 M NaCl at constant solid to liquid ratio 

(0.5 g/L) and Eu concentration ranging from 1×10-4 M to 5.1×10-10 M at constant pHM ~ 6 and ~ 7. The 

data was then plotted as a function of initial Eu concentration in the liquid phase.   

An additional experimental set was performed with magnetite and americium, which aimed at 

determining the binding mode of the americium to the magnetite surface, possible incorporation and 

potential effect of ionic strength on the retention mechanism. The solid phase from this set of 

experiments was used for EXAFS measurements at the INE beamline at KIT synchrotron light source 

and is explained in depth below.  

2.6 Measurements at synchrotron light sources 

 

Sorption and corrosion samples were characterized by application of synchrotron-based techniques at 

the KIT (INE beamline for Actinide Research, Karlsruhe, Germany) and SOLEIL (DIFFABS beamline, 

Gif-sur-Yvette, France) synchrotron light sources. The measurements were completed in cooperation 

with the respective beamline scientists.   

2.6.1 KIT Synchrotron Light Source, INE-beamline 

 

EXAFS measurements allow exploring in-situ molecular structure of surface species by determination 

of near neighbour coordination number and interatomic distance of the neighbouring atom in the 

sample. The obtained information on the potential ionic strength effect, retention mechanism and 

binding mode also allow formation of an accurate and realistic surface complexation model. In this 

work, americium was contacted with pre-formed magnetite under anoxic and saline conditions. 

Information on the local environment was obtained by probing the Am L3-edge. 

2.6.1.1 Sample preparation 

 

In order to observe the possible ionic strength effect on retention mechanism, four samples were 

examined at a fixed solid to liquid ratio of 1 g/L magnetite at pHM values of 6.1 and 7.1 for I = 0.95 M 

NaCl, as well as 6.1 and 7.0 for I = 4.7 M NaCl. The Am concentration was 7.8×10-6 M, with MES 

(20 mM) used to buffer the pHM. The equilibration time of the solid phase and the electrolyte as well 
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as the buffer were identical to europium batch experiments. After pHM correction and an equilibration 

period of 24 hours, the solid phase (wet paste) was transferred into 250 µL polyethylene vial. This vial 

was sealed and mounted inside a tight cell with Kapton (polyimide) film windows. The sample 

preparation and encapsulation took place inside an argon glovebox. This setup (four samples in one 

cell) was transported to the INE beamline [Rothe et al., 2012] where the measurements were done 

under continuous argon flow.  

2.6.1.2 EXAFS measurements 

 

Am L3-edge (18510 eV) XAFS spectra (5-6 scans to achieve adequate signal-to-noise ratio) were 

collected on the solid phase. The spectra were energy calibrated using the Zr K-edge XANES of a Zr 

foil measured simultaneously by assigning the first inflection point to 17998.0 eV. The XAFS signal 

was recorded in fluorescence detection mode at room temperature using a 5-element low energy 

germanium solid state detector (Canberra-Eurisys).  

2.6.1.3 Data evaluation 

 

The collected data were analysed and modelled following standard procedures using Athena (Demeter 

version 0.9.26) and Artemis (version 0.8.012) interfaces of the Ifeffit software [Ravel & Newville, 

2005]. Structural information was obtained by applying the multi-shell approach for the data fitting. 

The coordination number (CN), interatomic distance (ΔR), relative shift in ionization energy (ΔE0) 

and Debye-Waller term (σ2) were the fitting parameters for each shell. For the four samples of interest, 

the amplitude reduction factor (S0
2) was fixed during the fit to the experimental data and set to the 

value obtained for the americium solution without solid phase, which was used as reference. The k2 

and k3 weighted Fourier transformed spectra were fitted in R space using a combination of single Am-

Cl, Am-Fe and Am-O scattering paths [Ravel & Newville, 2005]. The misfit between data and model 

is expressed by the factor F representing the figure of the merit of the fit [Ravel, 2000].   

2.6.2 SOLEIL, DIFFABS-beamline 
 

The long-term corrosion experiments in this work aim at estimating the corrosion rate and identifying 

the formed corrosion products. This information will help the estimation of the period of the container 

integrity, which is an important input for safety performance assessment of disposal sites. 

Identification of corrosion products is also important with respect to retention of radionuclides (RN) 

dissolved from the waste matrix. Due to the nature of our corrosion samples, the analytical techniques 
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used to determine the nature of the corrosion products are applied on the surface. Embedding in resin 

and crosscutting of the sample is possible but only SEM-EDX analysis can be performed on the 

crosscut, which does not allow overall characterization of the corrosion front. The corrosion interface 

on the crosscut is too thin for XRD analysis and the geometry would not allow for anoxic measurement 

by Raman spectroscopy at INE laboratories. For these reasons, XRF (X-ray fluorescence), XRD and 

XANES measurements were performed on the crosscuts of selected corrosion samples to allow 

obtaining a complete picture of the elements distribution, phase characterization and corrosion front 

progression. DIFFABS beamline has the capability to apply various techniques, diffraction and 

absorption on the same region of the sample under identical conditions with micro focused beam, size 

below 5 x 9 µm2 (reached in our case), which is essential for the corroded samples where the corrosion 

front is very thin. 

2.6.2.1 Sample preparation 

 

The preparation of the specimen followed the identical procedure as in the case of the long-term 

corrosion experiments. The polished Cr-Ni steel and SGI coupons (4 mm x 18 mm x 10 mm) were 

contacted with 5 M NaCl or 3.4 M MgCl2 for 31 weeks at 90 °C (in the oven) in closed autoclaves 

under anoxic conditions without additional fittings for the gas phase sampling. The 31 weeks contact 

time should ensure sufficient coverage by the secondary phases for the analysis by synchrotron-based 

methods. The autoclaves were cooled down and opened in an argon glovebox where the corroded 

samples were cleaned off salt and embedded in epoxy resin (Buehler). The four embedded coupons 

were put in an airtight transfer vessel and transported to CEA (Commissariat à l'énergie atomique et 

aux énergies alternatives) Saclay SEARS Laboratory in France. The vessel was opened in an argon 

box, where each sample was transversally cut with a small saw (Minitom, Struers). The cutting took 

about 2 hours to minimize the strain on the sample. After the cut, the sample was polished with a 

diamond containing paste to 1 µm providing a study area of 10 mm x 4 mm. No grinding paper was 

used for the specimen preparation. In order to get a good overview of the different areas on the crosscut 

and select best areas for the synchrotron measurements, optical microscopy was performed on all 

samples. This revealed one small spot of interest for Cr-Ni steel corroded in 5 M NaCl, no corrosion 

for Cr-Ni steel in 3.4 M MgCl2 and various spots of interest for the SGI in both brines. µRaman 

spectroscopy and SEM-EDX measurements were then performed on the spots of interest. All 

measurements were performed on the samples encapsulated in an anoxic holder with argon atmosphere. 

After these measurements were completed the crosscut samples were placed again in the transfer vessel 

in the argon box and transported to another argon glovebox in the synchrotron Soleil chemical 
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laboratory, where conditioning in an appropriate sample holder for the measurements at beamline took 

place.   

2.6.2.2 µXRF, µXANES and µXRD measurements   

 

In the synchrotron laboratory argon box, the cut samples were encapsulated inside a specially designed 

cell with Kapton windows to fit the required geometry for the measurements (Figure 10). These were 

brought to the DIFFABS beamline where the measurements took place without additional argon flow. 

 

Figure 10: The corroded sample encapsulated in an anoxic cell built for the measurements.   

As the main constituents of the steels are Cr, Ni and Fe for the Cr-Ni steel and only Fe for the SGI, 

these three elements were of interest for the synchrotron measurements.  

The energy of incoming X-ray beam was calibrated by Fe K-edge of an iron foil (7112 eV) was 

measured for calibration purposes, where a 10 eV offset (7122 eV) was determined. This was taken 

into account during data evaluation for all samples. Spatial distribution of the elements was determined 

by recording µXRF maps. The µXRF maps were recorded for the three samples (Cr-Ni steel corroded 

in 3.4 M MgCl2 was not measured due to lack of corrosion front), at specific excitation energies, above 

the edge of the element of interest, at 7.2 keV for Fe (K-edge at 7112 eV) for the SGI and additionally 

at 8.4 keV for Ni (K-edge at 8333 eV) and at 6.2 keV for Cr (K-edge at 5989 eV) for the Cr-Ni steel. 

According to the maps, showing local enrichments of elements, the points of interest were selected to 

perform further µXRD and µXANES analyses. µXANES spectra (2 scans per point) were collected at 

Fe K-edge, Ni K-edge and Cr K-edge for the following range of energies: 7000-7320 eV for Fe, 5890-

6200 eV for Cr and 8280-8450 eV for Ni. µXRD measurements were performed as a line scan though 

the corrosion front and at selected points at a discrete energy of 8.4 keV for all samples to identify the 
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present crystalline phases. At last, as XANES is characteristic of a local environment surrounding the 

probed element and valence state, one or several reference compound spectra are needed for the spectra 

fitting. A linear combination of XANES spectra of known species allows determination of the 

compounds nature and proportion in the measured sample. Various reference compounds (purchased 

or synthesised) were measured (not with µfocused beam) at a Fe K-edge and compared to the µXANES 

spectra obtained for the steel samples. The selection of reference compounds (Annex Table A6) was 

based on earlier analyses in the laboratory of steel specimen corroded for 13 weeks under identical 

chemical conditions and other thermodynamically stable compounds based on Pourbaix diagrams for 

iron, nickel and chromium. The Fe K-edge XANES of reference compounds were measured at 

SOLEIL while the Ni and Cr K-edge XANES of reference compounds were measured at INE-beamline 

at KIT synchrotron light source due to insufficient time at synchrotron SOLEIL.  

2.6.2.3 Data evaluation   

 

The obtained µXRF maps were opened using the PyMca software (version 5.4.2) [Solé et al., 2007] 

and exported to Origin with the corresponding coordinates. The µXANES spectra were analysed 

following standard procedures using the Athena (Demeter version 0.9.26) interface of the Ifeffit 

software [Ravel & Newville, 2005]. The energy calibration was done to account for the 10 eV offset 

determined at the beamline. Further self-absorption correction using the appropriate steel composition 

was done for each spectrum to account for the fluorescence absorption by the bulk steel, which affects 

the amplitude of the edge data. A linear combination fitting in Athena allowed the identification of the 

corrosion phases or their partial contribution at various points of interest shown directly in the µXRF 

map. The obtained µXRD data were converted from the wavelength used at the beamline (1.476 Å 

(8.4 keV)) to the wavelength used in the laboratory (Cu-Kα radiation at 1.5406 Å) to allow better 

comparison and data treatment in the Diffrac.Eva software.   
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3 Corrosion Studies 

3.1 Spheroidal graphite iron corrosion in dilute to concentrated NaCl 

and MgCl2 solutions   

3.1.1 Initial characterization   

 

The examination of the initial sample surface was an important first step to allow observation of the 

morphological changes as corrosion progresses. Figure 11 shows the SEM images of polished non-

corroded spheroidal graphite iron. The light material is the iron whereas the dark spots are carbon 

inclusions (particle size ~ 50 µm in diameter), which are typical for spheroidal graphite iron. Closing 

up onto the carbon inclusion, the sheet like structure is clear, confirming presence of graphite, which 

is not homogeneously distributed. As expected, XPS analysis showed the presence of Fe(0) (Figure 

12 A). EDX results show the chemical composition of the selected points (Table 7), first focused on 

the iron surface and then on the graphite inclusion. The Si amount is slightly lower compared to the 

certificate when looking at the composition of the bulk steel. The X-ray diffractogram of spheroidal 

graphite iron (Figure 12 B) shows a good match with cubic iron, while the small peaks correspond to 

the graphite. Finally, the surface roughness of the starting material was assessed by AFM. A value for 

the root mean square (RMS) roughness of 15 nm was obtained for a scanned area of 30 x 30 µm2.     

 

Figure 11: SEM images of the initial spheroidal graphite iron showing the graphite inclusions. 
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Figure 12: Fe 2p XPS spectrum (A) and X-ray diffractogram (B) of the initial spheroidal graphite iron; 

reflections correspond to cubic iron. 

Table 7: Chemical composition of the spheroidal graphite iron.  

Element / wt. % C Mn Si Cr Mg Cu Fe 

Certificate 3.46 0.29 3.39 0.042 0.052 0.038 92.691 

EDX of overall surface/ 

(Error: +/- 3 Sigma) 

3.79±0.60 - 2.47±0.14 - - - 93.73±0.56 

EDX focused onto graphite/  

(Error: +/- 3 Sigma) 

99.67±1.91 -  - - - 0.33±0.09 

 

3.1.2 Dissolved metals evolution 

 

The quantification of the dissolved metals in the solution at the end of the experiments was done using 

HR ICP-MS following the procedure for sample preparation described in section 2.2.3. In case of SGI, 

only iron dissolution was of interest. The silica and carbon dissolution were not followed, but it was 

later found that silica contributes to the corrosion product formation. As we do not possess the exact 

amounts of dissolved silica in these dynamic systems, we have calculated the amounts of dissolved Si 

from the corresponding weight loss for all systems (Table 8). As the weight loss of silica from the steel 

accounts in addition to the dissolved amount of silicon also for the corrosion products formation by 

precipitation, taking this value as corresponding to the dissolved amount on silica in the solution is 

overestimating the real dissolved amount. This contributes to the uncertainty of the recalculated pHM 

at elevated temperature, as the sensitivity study has shown that changing the aqueous silica 
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concentration by 1 order of magnitude can shift the recalculated pHM by 0.02-0.4 unit. Table 9 shows 

the dissolved amounts of iron given by HR ICP-MS.  

Table 8: Dissolved amounts of silica in the solution for SGI estimated from weight loss. 

System/ Amounts in µg/L 13 weeks 26 weeks 28 weeks 42 weeks 49 weeks 

5 M NaCl, 90 °C 2121±70 1202±70 - 2758±70 - 

3.4 M MgCl2, 90 °C 24822±70 34016±70 - 44270±70 - 

5 M NaCl, 25 °C - - - - 2121±70 

3.4 M MgCl2, 25 °C - - - - 3253±70 

0.1 M NaCl, 90 °C - - 10183±70 - - 

0.033 M MgCl2, 90 °C - - 10182±70 - - 

Solution 3, 90 °C - 14285±70 - - - 

Solution 1, 90 °C - 38683±70 - - - 

Solution 3, 25 °C - 1202±70 - - - 

Solution 1, 25 °C - 5233±70 - - - 

  

Table 9: Iron concentrations in the solution for SGI experiments. The numbers in 

parentheses correspond to the relative standard deviation in %. 

System/ Amounts in µg/L 13 weeks 26 weeks 28 weeks 42 weeks 49 weeks 

5 M NaCl, 90 °C 102.9 (24) 130.8 (7.6) - 151(5.6) - 

3.4 M MgCl2, 90 °C 216945.4 

(2.2) 

61874.1 (0.7) - 105000 

(2.1) 

- 

5 M NaCl, 25 °C - - - - 300(2.6) 

3.4 M MgCl2, 25 °C - - - - 42730 (2.3) 

0.1 M NaCl, 90 °C - - 16500 (0.2) - - 

0.033 M MgCl2, 90 °C - - 11800 (0.9) - - 

Solution 3, 90 °C - 4867.5 (1.5) - - - 

Solution 1, 90 °C - 360991.7 (1.2) - - - 

Solution 3, 25 °C - <10 - - - 

Solution 1, 25 °C - 63238 (0.3) - - - 

 

The dissolved iron amounts in 5 M NaCl at 90 °C were quite low. This is also applicable for the 5 M 

NaCl system at room temperature. Interestingly, in solution 3 (rich in NaCl), the dissolved amount is 

an order of magnitude higher. In the corrosion experiments in 3.4 MgCl2 and solution 1 (rich in MgCl2), 

independent of the temperature, the dissolved amounts were 2-3 orders of magnitudes higher compared 

to those in NaCl systems. Finally, the experiments performed in more dilute electrolyte solutions 

showed surprisingly high dissolution of iron, with similar concentrations for both electrolyte types. 

The values are all likely related to the pHM of each system.   
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3.1.3 pH / 𝑬𝒉 evolution  

 

The accurate pHM and 𝐸ℎ values of a system are along dissolved metals amounts crucial parameters 

allowing identification of thermodynamically stable corrosion phase(s) in Pourbaix diagram under 

those conditions.  

The pHM values (Figure 13) either remain stable or increase to a more or less extent in most of the 

investigated systems. The largest increase in pHM (ΔpHM ~ 2.5) is observed in 5 M NaCl solution at 

90 °C. Significant pHM increase is, however, also noticed in 3.4 M MgCl2 solution and solutions 1 and 

3 at room temperature. A small decrease is observed for one system, solution 3 at 90 °C. 

The initial pHM is different for each system, even in case of the same brine at different temperatures, 

as the pHM values for room temperature systems are the measured ones, while the pHM values for the 

systems at 90 °C are the recalculated values from the measured values using the dissolved amounts of 

metals.  

Figure 13: The pHM evolution for the spheroidal graphite iron corroded in various brines with time. 

In similar manner, the 𝐸ℎ evolution was followed for all systems, and is shown in Figure 14. Redox 

potentials in all solutions clearly decrease and finally reach reducing conditions. With the exception 

of experiment in solution 1, 𝐸ℎ values level out at ~ - 200 mV. In the case of 𝐸ℎ, the initial values are 

the same for the identical brines at 90 °C and 25 °C. The uncertainties for the redox potentials lie in 

the ±50 mV range. Corroding iron is known to have the redox potential on the stability line of water, 

which in this pHM range is around -300 to -400 mV. The higher values in the experiments could be 

related to ionic strength correction, but most likely to the hydrogen escape over time. Moderate 
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amounts of hydrogen were found in the gas phase, however, not sufficient to correspond to the 

observed corrosion rate confirming that the setup is not hydrogen tight over longer period.  

In house potentiodynamic polarization measurements by Dr. P. Cakir-Wuttke determined preliminary 

values of the corrosion potential, Ecorr, described in the section 1.3.1 [McCafferty, 2010; Popov, 2015] 

for steels investigated in this study. The values of the corrosion potential for SGI in 5 M NaCl and 3.4 

M MgCl2 brines with pH approximately 7 were estimated in the range of -400 to -450 mV, close to the 

stability line of water. These values are with respect to S.H.E. and compared to values obtained in this 

study, the measured potentials (- 160 mV for 5 M NaCl and -300 mV for 3.4 M MgCl2 at 25 °C) are 

above the corrosion potentials, as expected. 

Figure 14: The 𝐸ℎ evolution for the spheroidal graphite iron corroded in various brines with time. 

 

3.1.4 Corrosion rate  

 

The corrosion rates of spheroidal graphite iron for all systems were calculated from the weight loss 

and are shown in Table 10 along with pHM values. The procedure for post-corrosion sample cleaning 

was described in section 2.2.4. The corrosion in MgCl2 brines is in general faster than in NaCl solutions 

and pHM is an important driver for corrosion rates with lower pHM values resulting in faster corrosion.  

The decrease of the rate with time observed in 5 M NaCl and 3.4 M MgCl2 brine is due to corrosion 

product formation, which protects the surface and puts the steel in the passivation region, thus the 

dissolution of iron/silica from the steel is slower and dependent on the oxide film porosity/ 
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homogeneity. The rates after 42 weeks are not necessarily final values and longer exposure is needed 

to obtain the steady-state, where the corrosion rates are no longer changing with time.  

The low pHM of the solution 3 system run at 90 °C justifies high corrosion rate. In this case MgCl2 at 

90 °C and solution 1 system at 90 °C, the pHM is similar and the same corrosion product was forming 

in significant coverage in both cases, thus similar corrosion rates were expected (after 26 weeks).   

The corrosion rate of the steel corroded in solution 1 at 25 °C for 26 weeks is much lower than the rate 

in solution 1 at 90 °C after 26 weeks (likely due to kinetics and higher pHM), but higher than in 3.4 M 

MgCl2 at 25 °C after 49 weeks. If the corrosion rate in solution 1 at 25 °C will decrease with time, it 

may reach similar values after 49 weeks as the 3.4 M MgCl2 brine at 25 °C. The pHM evolution in 

these two solutions is similar and hence, the sulfate presence does not seem to play a role with respect 

to the corrosion rate.    

The relatively low pHM values in dilute systems could explain quite high corrosion rate, 10±1.0 µm/a 

for both brines. It was expected that the corrosion rate for the two brines with identical ionic strength 

would be similar as the same corrosion product is formed, similar pHM is established and similar 

amounts of dissolved iron were found.  

Table 10: The corrosion rate CR and (pHM) of SGI for various systems. 

System/ CR in 

µm/a 

13 weeks 20 weeks 26 weeks 28 weeks 42 weeks 49 weeks 

5 M NaCl, 90 °C 2.89±0.05 

(6.5±0.3) 

- 1.01±0.05 

(8.5±0.3) 

- 1.22±0.05 

(9.0±0.3) 

- 

3.4 M MgCl2, 

        90 °C 

38.1±2.0 

(6.3±0.3) 

- 23.1±1.5 

(6.9±0.3) 

- 16.9±1.5 

(6.6±0.3) 

- 

5 M NaCl, 25 °C - - - - - 1.11±0.05 

(7.10±0.05) 

3.4 M MgCl2,  

25 °C 

- - - - - 1.22±0.05 

(8.60±0.05) 

Solution 3, 90 °C - - 9.6±1.0 

(5.2±0.3) 

- - - 

Solution 1, 90 °C - - 26.3±1.5 

(6.7±0.3) 

- - - 

Solution 3, 25 °C - 1.26±0.05 

(8.63±0.05) 

0.79±0.05 

(8.97±0.05) 

- - - 

Solution 1, 25 °C - 2.07±0.05 

(8.00±0.05) 

3.65±0.05 

(8.90±0.05) 

- - - 

0.1 M NaCl,  

   90 °C 

- - - 10.0±1.0 

(6.1±0.3) 

- - 

0.033 M MgCl2, 

90 °C 

- - - 10.0±1.0 

(6.4±0.3) 

- - 
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In the literature [Smailos et al., 1987], in solution 1 the corrosion rate of SGI was reported 46 µm/a at 

90 °C, considering identical brine volume to surface area ratio used in this work, but much lower pH 

of ~ 4.0 . We have observed a corrosion rate of 26.3±1.5 µm/a at 90 °C at pHM 6.7±0.3 and 3.65±0.05 

µm/a at 25 °C at pHM 8.90±0.05, clearly demonstrating the importance of pHM on iron corrosion. 

Considering solution 3 system, the corrosion rate in the literature is 25 µm/a at 150 °C at pH of ~6.0-

7.0, while we have observed a corrosion rate of 9.6±1.0 µm/a at 90 °C at pHM of 5.2±0.3. Similarly, 

the corrosion rate of cast steel in Ar-purged synthetic seawater at 90 °C, pH ~ 8.0 was reported 6-8 

µm/a [Marsh et al., 1983; King, 2008]. 

The technical report by King [2008] describes carbon steel and cast steel long-term anaerobic corrosion 

rates of the order of 1-2 µm/a in systems containing compacted clay and 0.1 µm/a in bulk solution 

(simulated and natural groundwaters) considering ambient temperature to 100 °C. Carbon steel and 

cast iron corrosion rates in dilute Allar granitic groundwater (low I, pH 8.1) at 90 °C were reported < 

1 µm/a.  

3.1.5 Secondary phase characterization and evolution  

3.1.5.1 NaCl brine  

 

The SEM images show a nice evolution with respect to time in 5 M NaCl at 90 °C (Figure 15). The 

white area in the image after 13 weeks corresponds to the initially non-corroded surface. After 26 and 

42 weeks this area is not visible anymore, while the coverage by the formed corrosion products is 

increasing, highlighting the corrosion progress. After 13 weeks, very few phases with platelet like 

morphology can be observed. After 26 weeks, two different morphologies can be observed, a clustered 

platelet one and small octahedral structures. After 42 weeks, the octahedral structure has clustered into 

big octahedral arrangement of 20 µm in size, while the platelet like structures are present in less 

significant quantities. XPS analysis (Figure 16) showed very similar Fe 2p spectra for all samples, 

showing a mixed contribution from Fe(III), Fe(II) and absence of Fe(0). O 1s spectra (not shown) for 

samples after 26 and 42 weeks showed hydroxide and oxide contributions, while after 42 weeks, the 

oxide peak is dominant.  
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Figure 15: SEM images of the evolution of the solid phase morphology of the SGI in the 5 M NaCl 

brine (I = 5 M) exposed for 13 weeks (top) to 42 weeks (bottom), T = 90 °C applying two microscope 

magnifications.  
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Figure 16: The XPS Fe 2p spectra of the corrosion products in 5 M NaCl. 

According to the EDX analyses (Table 11), the platelet like corrosion phase formed after 13 weeks is 

an iron silicate phase, likely greenalite (Fe2-3Si2O5(OH)4) or cronstedtite (Fe3(Si,Fe)O5(OH)4), with 

Si/Fe and Si/O ratios pointing rather to the cronstedtite phase. This phase does not transform and is 

present also after 26 and 42 weeks as shown by EDX, however as noted by SEM analysis in much 

lower quantities than the octahedral phase, corresponding to magnetite. Small amounts of ~2 wt. % Si 

are found in the magnetite structure. Various spots after 26 and 42 weeks were examined to investigate 

whether this is an anomaly. The Si could originate from iron silicate impurities in the magnetite or 

from the Si in the steel below the corrosion product. 

 

Table 11: The chemical composition of the observed corrosion products on SGI according to 

their morphology in 5 M NaCl brine at 90 °C. 

Element / Atomic % Si Fe O 

13 weeks - Platelet structure 9.3 ±0.2 27.5±0.7 63.2±1.0 

26 weeks - Platelet structure, Spot 1 7.54±0.27 28.91±0.82 63.55±1.16 

26 weeks - Platelet structure, Spot 2 7.86±0.28 30.03±0.85 62.11±1.16 

26 weeks - Octahedral structure, Spot 1 2.3±0.31 41.39±1.29 56.3±1.37 

26 weeks - Octahedral structure, Spot 2 2.49±0.31 40.83±1.27 56.68±1.41 

42 weeks - Octahedral structure, Spot 1 2.33±0.15 40.56±0.73 57.11±1.03 

42 weeks - Octahedral structure, Spot 2 2.73±0.26 42.13±1.31 55.14±1.37 

42 weeks - Octahedral structure, Spot 3 2.58±0.15 40.63±0.73 56.79±1.01 

42 weeks – Platelet structure 8.12±0.19 31.22±0.66 60.35±1.07 
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The XRD analyses corroborate the EDX and SEM findings. Initially (up to 13 weeks), only the initial 

cubic iron surface (PDF card 87-0721) could be identified (Annex Figure A8). As the corrosion 

product layer is thin and the steel surface is not completely covered, the initial surface is also observed 

after 26 and 42 weeks. Small peaks matching magnetite (PDF card 88-0315) are present after 26 weeks 

and the intensity gets higher after 42 weeks. A small peak with low intensity is present at 2θ = 12.5° 

after 13 and 26 weeks and in moderate intensity along another peak at 2θ = 25° after 42 weeks. These 

two peaks are consistent with both silicate phases, greenalite and cronstedtite, and cannot be 

differentiated.  

Pourbaix diagrams for SGI were constructed using GWB software and the Pitzer approach with [PI] 

database except for ionic strength 0.1 M where the Debye-Hückel approach and [TC] database was 

used to calculate the activity coefficients. The points in the diagram correspond to the pH (in activity, 

defined in Eq. 25, 29) and 𝐸ℎ values measured in this work for each system. For the purposes of this 

thesis, it is of interest to establish which corrosion phases of thermodynamic stability are relevant for 

the sorption studies.  

The Annex Figure A9 A shows the Pourbaix diagram for 5 M NaCl system corroded at 90 °C using 

dissolved amounts of Fe and Si after 42 weeks and the [PI] database. The diagram suggests hematite 

as a long-term thermodynamically stable phase under our conditions and no precipitation after 13 

weeks. However, minnesotaite, iron silicate mineral containing structural Fe(II) is shown as stable 

phase under more reducing conditions considering the Si activity calculated from the weight loss. 

Constructing the Pourbaix diagram with lower Si activity, magnetite as stable phase under reducing 

conditions along with minnesotaite (Annex Figure A9 B). Lowering the Si activity further reveals 

stability of magnetite and greenalite (instead of minnesotaite), which is another iron silicate phase very 

similar to cronstedtite (containing structural Fe(II) and Fe(III)). This highlights the importance of 

accurate quantification of aqueous silica. Crystalline hematite has a very high thermodynamic stability, 

however, its formation under various conditions can be kinetically hindered so that other Fe-phases 

can be found in many systems [Chesworth et al., 2008]. It is revealed that cronstedtite is stable under 

similar conditions as magnetite, as these are both mixed Fe(II)/Fe(III) phases, which are stable under 

reducing and neutral to alkaline conditions. As magnetite is more stable, cronstedtite is not appearing 

on the Pourbaix diagrams. Apparently, thermodynamic calculations do not reflect the experimental 

findings. The experimental observation of a corrosion layer composed of different, heterogeneously 

distributed Fe-corrosion phases is an indication for locally different conditions and the role of kinetic 

effects on solid phase formation (see discussion below).  
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As discussed previously, in iron corroding systems, the 𝐸ℎ values should be at the water stability line. 

Considering our experimental data points, this is not the case. This could be due to the insufficient 

tightness of the autoclaves or difficulties with the used redox electrode (high ionic strength, 

temperature correction). Considering the uncertainty of the silica activity calculated from the weight 

loss and uncertainties surrounding the 𝐸ℎ values, experimentally observed corrosion phases magnetite 

and Fe-silicate phases could be of long-term relevance in a repository system and their role as potential 

radionuclide sinks should be investigated.   

This section describes the characterization of steel sample crosscut interface corroded for 31 weeks in 

5 M NaCl at 90 °C in the CEA Saclay SEARS laboratory and the results obtained by the synchrotron-

based microscopic (µXRF, µXAS and µXRD) techniques. The aim of the synchrotron-based 

experiments was to obtain information on the distribution of the elements in the corrosion layer and 

therefore possibly conclude on the corrosion reaction pathway from the iron surface to the solution. 

The additional measurements performed on the crosscut sample in the CEA SEARS laboratory by 

optical microscopy prior the synchrotron measurements revealed heterogeneous corrosion layer with 

one region of interest (Figure 17). The SEM (Figure 18) - EDX (Table 12) and µRaman analysis 

(Figure 19) on this region of interest further suggested phase distribution of silicate phase cronstedtite 

(spots 3,4) at the former place of the graphite inclusion removed upon corrosion, magnetite (spots 5,6,8, 

A) at the rim close to the non-corroded steel and iron hydroxychloride is found close to the 

steel/corrosion layer interface (spots 1,2,7,9,10,B). As the corrosion layer is detached from the steel 

upon crosscutting, the spots 7, 9 and 10 were likely close to the bulk steel before the cutting and thus 

it could explain why this phase is not detected by the surface analysis of non-embedded samples. 

 

Figure 17: The optical image of the crosscut with the red circle highlighting the interface of interest in 

SGI sample corroded in 5 M NaCl for 31 weeks at 90 °C. 
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Figure 18: SEM image of the crosscut for the SGI corroded in 5 M NaCl for 31 weeks. The spots 

shown in the figure correspond to the spots in the Table 12. T = 90 °C. 

 

Table 12: The chemical composition of the phases observed for SGI crosscut corroded in 5 M 

NaCl for 31 weeks at 90 °C. 

Element/ Atomic % O Si Cl Fe 

Spot 1 51.6±1.2 0.5±0.1 17.6±2.6 30.3±2.0 

Spot 2 54.8±1.2 0.09±0.03 16.7±2.6 28.4±1.9 

Spot 3 62.3±1.3 16.05±1.75 0.12±0.05 21.5±1.6 

Spot 4 60.9±1.3 15.39±1.75 0.10±0.04 23.5±1.7 

Spot 5 56.7±1.3 1.3±0.3 0.3±0.1 41.5±2.1 

Spot 6 59.1±1.3 0.4±0.1 0.10±0.03 40.3±2.1 

Spot 7 50.7±1.2 0.8±0.1 17.2±2.6 31.3±2.0 

Spot 8 58.0±1.3 0.6±0.1 0.12±0.03 41.2±2.1 

Spot 9 47.6±1.2 0.05±0.03 19.7±2.6 32.6±2.1 

Spot 10 48.9±1.2 0.08±0.03 19.1±2.6 31.8±2.0 

 

B 

A 
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Figure 19: µRaman spectra of the SGI crosscut corroded in 5 M NaCl. 

At the synchrotron, the µXRF technique provided map of iron distribution in the sample (Figure 20). 

The yellow spots correspond to the graphite inclusions in the steel, while the yellow/green rim shows 

the corrosion layer, which thickness clearly varies along the rim. Several points of interest were 

selected in the map, at which the µXANES spectra were collected. The linear combination fitting was 

performed on the collected spectra using a linear combination of XANES spectra of reference 

compounds and best fits are shown along the samples’ spectra in Figure 20. The point 1 matches the 

pristine steel spectrum, while the point 2 shows the presence of iron silicate phase cronstedtite (63 %) 

and iron hydroxychloride (37 %). As point 3 shows only the presence of cronstedtite as a corrosion 

product, it seems that iron hydroxychloride is forming in thickest areas of the corrosion layer and is 

not uniformly distributed. Furthermore, as this phase was not observed by the surface analysis, only 

on the crosscut (consistent with findings by µRaman and SEM-EDX), it appears to be forming close 

to the bulk steel.  

The findings clearly show the heterogeneity of the corrosion phase layers. Furthermore, they suggest 

initial precipitation of cronstedtite, followed by more thermodynamically stable magnetite considering 

solution conditions. These two phases co-exist and no systematic spatial separation has been identified. 

Upon cracks in the layer of these corrosion products, Cl- diffusion and accumulation at the 

steel/corrosion product interface favours formation of iron hydroxychloride phase. These findings aid 

with the determination of the corrosion sequence. 



72 
 

 

Figure 20: The µXRF map showing iron distribution and the µXANES spectra of the 5 M NaCl sample. 

The µXANES spectra corresponding to the respective reference compounds are shown in Annex 

Figure A10. I.H.C. in the µXANES spectra refers to iron hydroxychloride phase. 

In order to observe the effect of temperature on the corrosion progress, an experiment was performed 

in concentrated brine under similar long exposure (49 weeks) at room temperature. The SEM images 

of the corrosion phases (Figure 21) show the presence of crystals with hexagonal platelet morphology 

with uniform and significant surface coverage and occasional octahedral crystallites sitting on top of 

the hexagonal structures. XPS shows presence of Fe(II) and Fe(III) in the narrow Fe 2p spectrum 

(Annex Figure A11). Furthermore, a significant chloride peak was also found for the sample corroded 

at 25 °C, hinting at presence of green rust chloride, which would match the hexagonal morphology.  

The Fe/O/Cl ratio and absence of sodium and thus salt evaluated by EDX analysis and shown in Table 

13, suggest that the octahedral structure is in fact iron hydroxychloride. The platelet structure also 

shows the presence of chloride and a Fe/Cl ratio is matching green rust chloride matching the XPS 

analysis. The oxygen amount is however too low to match the ratio. The XRD analysis (Figure 22) 

showed peaks matching green rust chloride in addition to peak corresponding to the initial surface. As 

overall the hexagonal phase was covering way larger area than the octahedral iron hydroxychloride 

phase, the XRD analysis showing only the presence of green rust chloride peaks was anticipated. 
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Figure 21: SEM images of the solid phase morphology in 5 M NaCl brine at 25 °C, applying two 

microscope magnifications. 

Table 13: The chemical composition of the observed corrosion products on SGI according to 

morphology in 5 M NaCl brine at 25 °C. 

Element / Atomic % Cl Fe O 

49 weeks - Octahedral structure, Spot 1 15.46±0.30 21.60±0.68 62.94±1.30 

49 weeks - Octahedral structure, Spot 2 15.36±0.29 26.06±0.66 58.58±1.21 

49 weeks - Octahedral structure, Spot 3 16.8±0.49 31.11±1.20 52.09±1.61 

  49 weeks - Hexagonal structure, Spot 1 10.64±0.31 42.79±1.02 46.17±1.10 

49 weeks - Hexagonal structure, Spot 2 9.52±0.26 37.37±0.85 52.90±1.09 

 

 

 

 

 

 

 

Figure 22: X-ray diffractograms of the spheroidal graphite iron corroded in 5 M NaCl for 49 weeks at 

25 °C. PDF card 87-0721 refers to non-corroded steel surface, cubic iron and 49-0095 to green rust 

chloride. 

In this case, the neutral pHM values favour green rust chloride phase [Refait et al., 1998] in competition 

with iron hydroxychloride considering the present chloride concentrations and established equilibrium. 
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At elevated temperature, the moderately alkaline pHM favours the precipitation of magnetite and 

cronstedtite. Overall, in both cases, the coverage by secondary phases is significant and corrosion rates 

are more or less identical.  

Green rust chloride is a metastable phase and would never be shown as a long-term thermodynamically 

stable phase in the Pourbaix diagram. According to the Pourbaix diagram of Refait et al. [1998] shown 

in Annex Figure A12, the stability window of green rust chloride is fitting to the experimental 

conditions of the room temperature system. It may however in the long-term transform to magnetite 

[Usman et al., 2018].    

An experiment performed at elevated temperature of 90 °C included solution 3; saturated NaCl with 

addition of small amounts of sulfate and was run for 26 weeks. The graphs corresponding to the results 

are shown in Annex Figures A13, A14 and A15. The specimen coverage by secondary phases observed 

in SEM was lower than in the saturated NaCl brine in the absence of sulfate with the phase having 

hexagonal morphology. The lower coverage by precipitated phases compared to the saturated 5 M 

NaCl solution without sulfates is likely due to different pHM values (5.2 vs. 8.5). No magnetite 

matching octahedral structure was found in solution 3, as the pHM is too low for this phase to precipitate. 

The XPS showed presence of Fe(II) and Fe(III) in Fe 2p spectrum of the precipitated particles. The 

XRD showed due to low coverage only peaks matching the presence of initial steel. The EDX analyses 

(Annex Table A7) of the hexagonal particles showed compositions, which seem to correspond to iron 

silicate with Mg(II) replacing for Fe(II). In solution 3, the Mg amount accounts only for 0.015 M but 

it seems sufficient for the partial Fe-Mg replacement. The steel specimen from this experiment was 

embedded in resin, cut and polished and additional SEM analysis was performed on the crosscut 

(Annex Figure A16). The corrosion dissolution depth is uniform, 23-26 µm. In comparison, the 

corrosion rate for this system was obtained 9.6±1.0 µm/a. 

Two sets of experiments in solution 3 were performed at 25 °C. The exposure in these experiments 

was 20 and 26 weeks. The SEM image of the SGI corroded in solution 3 for 20 weeks (Annex Figure 

A17) show small circular abrasions looking like pits around the graphite inclusion. The steel further 

away from the inclusion is less attacked, most of it intact, showing preferential place of corrosion in 

the vicinity of the graphite inclusion, as mentioned earlier, likely due to position of cathode (graphite) 

and anode (steel). No distinct corrosion products were observed on the surface. The SEM images after 

26 weeks show similar behaviour, a non-corroded surface with no corrosion products present on the 

smooth polished area. Upon zooming into the hole, which is used for hanging the coupon in the 

experimental setup, it seems that the rough area inside the hole and crevice environment caused crevice 
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corrosion. A structure with hexagonal morphology of 10 µm in size was observed. The XPS analysis 

of the sample after 20 weeks showed only Fe(0) confirming the non-corroded surface but zooming into 

the dissolved (pit) area a small Fe(II) peak was obtained along Fe(0) peak, likely from a small amount 

of Fe(OH)2 precipitated from the solution within the dissolved structure. The low 𝐸ℎ and high pHM 

conditions of this sample would fit with presence of this compound prior transforming into more 

thermodynamically stable iron silicate or magnetite phase later on. The XPS Fe 2p spectra of the 26 

weeks sample showed the presence of Fe(II), a small peak of Fe(III), sulfate and hydroxide when 

focused on the hexagonal structure. The EDX analysis of the hexagonal particles (Annex Table A8) 

suggest presence of precipitated sodium sulfate from the solution along with possible Fe(OH)2. The 

EDX and XRD analyses of the polished sample area (Annex Figure A18) showed composition and 

peaks matching the initial SGI.   

According to existing data shown in Pourbaix diagram in Annex Figure A19, pyrite should be 

thermodynamically stable in those experiments performed in presence of sulfate. However, it is well 

known that pyrite will not form under given conditions. Sulfate reduction is usually microbially 

induced, kinetically strongly hindered and might play a role on the very long-term. 

One experiment was performed in dilute brine with ionic strength of 0.1 M NaCl at 90 °C for 28 weeks. 

The results of various analyses are shown in the Annex Figures A14, A15, A20 and Table A9. Overall, 

the SEM showed presence of crystallites with octahedral morphology of 10 µm in size, small bright 

crystals of undefined morphology and hexagonal stack layered crystals of about 1-2 µm in size. XPS 

analysis of this sample showed the presence of Fe(II) and Fe(III) in Fe 2p spectrum. The EDX analysis 

showed Fe/O ratio matching magnetite for the octahedral and undefined morphology particles and 

Fe/Si/O ratio matching cronstedtite for the stacked hexagonal particles. The X-ray diffractogram shows 

peaks matching the initial steel, magnetite and cronstedtite (greenalite XRD pattern is similar, but EDX 

suggested cronstedtite from the Si/O ratio), confirming the observations of SEM and EDX techniques. 

Increasing the chloride concentration does not change the behaviour for the examined NaCl systems, 

showing that the brine with I = 5 M NaCl favours the same secondary phases as the dilute NaCl solution 

with I = 0.1 M NaCl, which are not Cl- bearing phases. 

The Pourbaix diagram generated for the low ionic strength system, 0.1 M NaCl at 90 °C run for 28 

weeks is shown in the Annex Figure A21. Overall, lower ionic strength of the system moves the FeCl+ 

(FeCl2)/ solid phase border line to the lower pH values.  
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Overall, it seems that in NaCl based systems, magnetite, and depending on the silica activity likely 

minnesotaite, are the long-term phases of interest, taking into account the redox potentials of corroding 

iron, which lie below the values obtained in this work.  

3.1.5.2 MgCl2 brine 

 

In 3.4 M MgCl2 brine the surface developed completely differently with time as compared to 

observations made in NaCl brine. The SEM images show the presence of the same pyramid shaped 

corrosion phase of 50 µm in diameter after 13, 26 and 42 weeks (Figure 23) and a significantly higher 

coverage of the surface. From the morphology of the secondary phases, it can be concluded that this 

phase is not magnetite. The XPS narrow 2p spectra (Figure 24) show the presence of Fe(II) only, while 

the narrow O 2s spectra (not shown here) show the presence of hydroxide only, thus suggesting that 

the structure with pyramid morphology is a Fe(II) hydroxide phase.  
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Figure 23: SEM images of the evolution of the solid phase morphology of the SGI in the 3.4 M MgCl2 

(I = 10.2 M) brine exposed for 13 weeks (top) to 42 weeks (bottom), T = 90 °C, applying two 

microscope magnifications. 
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Figure 24: XPS narrow Fe 2p spectra of the spheroidal graphite iron surface/corrosion phase evolution 

with time in 3.4 M MgCl2 at 90 °C. 

The EDX analyses in Table 14 show absence of Si and presence of Mg and Cl in the structure with the 

pyramid morphology. The absence of Si is an additional confirmation that corrosion in MgCl2 and 

NaCl brine favour the generation of different secondary phases. This could be due to difference in 

ionic strength or due to the different pH ranges establishing. The Mg to Cl ratio could be residual salt. 

However, no salt crystals were observed in SEM and samples were carefully washed thus rendering 

the presence of crystallised salt unlikely. 

Table 14: The chemical composition of the observed corrosion products on SGI according to 

their morphology in 3.4 M MgCl2 brine at 90 °C. 

Element / Atomic % Cl Fe O Mg 

13 weeks - Pyramid structure 14.91±0.44 17.57±0.83 62.33±1.68 5.19±0.36 

26 weeks - Pyramid structure 14.04±0.44 13.35±0.77 65.78±1.76 6.83±0.39 

42 weeks - Pyramid structure 13.12±0.26 14.76±0.52 64.94±1.29 7.19±0.24 

 

The XRD analyses (Annex Figure A22), show the occurrence of Fe2(OH)3Cl, iron hydroxychloride 

(PDF card 34-0199) as a dominant phase after 13, 26 and 42 weeks. EDX analysis suggests Mg(II) 

replacing about 25 % of Fe(II) in the structure. This substitution is possible due to similar atomic radius 

sizes between the two, 71 pm vs. 77 pm, respectively [Shannon, 1976]. The two small peaks present 

at 2θ = 56.4° and 70.2° after 26 and 42 weeks match with amakinite, which is a (Mg,Fe)(OH)2 phase 

(PDF card 15-0125). This phase may correspond to the precursor of the iron hydroxychloride phase. 

It appears that under given conditions, the Fe2(OH)3Cl is more stable than magnetite or silicate phases.    

705 710 715 720 725 730 
Binding Energy (eV) 

In
te

n
s
it
y
 /

 a
.u

. 

Fe 2p 

satellite 
Fe(II) 2p3/2 

13 weeks 

 26 weeks 

Fe 2p1/2 

satellite 
Fe(II) 42 weeks 

Fe(II) 



79 
 

The sample corroded for 13 weeks in saturated MgCl2 at 90 °C was embedded in resin, crosscut and 

polished following the procedure described in detail in section 2.2.4 and examined by SEM-EDX. The 

images in Figure 25 show the steel coupon (light) and surrounding resin (black) with the corrosion 

layer in-between. The corrosion layer detached from the steel upon cutting. The thickness of the layer 

is between 14.2-17.9 µm, highlighting rather uniform corrosion. The graphite inclusion at the exposed 

surface is removed (hole at the rim), which likely occurred upon polishing. Annex Figure A23 shows 

the elemental distribution obtained by EDX analysis of the crosscut, corroborating the obtained results 

on the magnesium/iron hydroxychloride phase.  

Figure 25: SEM images of the SGI crosscut corroded in 3.4 M MgCl2 for 13 weeks at 90 °C.  

Iron hydroxychloride is known as being metastable and oxidizes into green rust chloride, sulfate 

[Nemer et al., 2011; Rémazeilles & Refait, 2008] or magnetite [Schlegel et al., 2016], depending on 

the environment. The Pourbaix diagram generated for 3.4 M MgCl2 system using the dissolved metals 

amounts after 42 weeks shows that no phase is thermodynamically stable under conditions 

corresponding to our data (Figure 26 A), with minnesotaite mineral stability window being the closest. 

Iron hydroxychloride has been found on many archaeological artefacts. However, the data for this 

compound are very limited and the log K value is only available at 25 °C. Running this system at 25 

°C with low activity of silica and high activity of iron then shows the stability window of iron 

hydroxychloride close to our data points (Figure 26 B). This highlights that this compound may 

actually be thermodynamically stable under high ionic strength, in the slightly acidic-neutral pH range 

and could be of relevance in the repository, provided high availability of aqueous iron. The mismatch 

between the experimentally observed and thermodynamically stable phases could, also in this case be, 

attributed to locally different conditions and/or kinetic effects on solid phase formation. Additionally, 

the silica activity in this system was calculated from the dissolved amounts based on the weight loss, 
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thus in reality it may be quite low in MgCl2 systems. Furthermore, the calculated activity of iron is 

closely depending on the database, while the used [PI] database may be a source of uncertainty due to 

lack of reliable and complete iron data for activity calculations based on the Pitzer approach.  

Figure 26: Pourbaix diagrams for the 3.4 M MgCl2 system at 90 °C calculated with Pitzer approach 

and [PI] database. Iron (Fe2+) activity taken from ICP-MS of log a = -3.65 and silica (SiO2,aq) activity 

taken from the weight loss of log a = -1.87 (A). High iron activity log a = 3 and low silica activity log 

a = -5 (B).   

This section describes the characterization of SGI crosscut sample corroded in the 3.4 M MgCl2 for 31 

weeks at 90 °C in the CEA Saclay SEARS laboratory and the results obtained by the synchrotron-

based µXRF, µXAS and µXRD techniques. The optical microscopy on the crosscut of the sample 

(Figure 27) revealed a homogenous corrosion attack matching the surface analysis finding of the thick 

corrosion layer of iron hydroxychloride. The whole interface along the sample was selected as the 

region of interest.  

Figure 27: The optical images of the crosscut with the red circle highlighting the interface of interest 

for SGI sample corroded in 3.4 M MgCl2 for 31 weeks at 90 °C.  
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The µRaman spectra of this sample (Figure 28) showed the presence of iron hydroxychloride in 

various spots in the corrosion layer (A, B) shown in Figure 29. One spectrum (C) showed in addition 

to iron hydroxychloride peaks corresponding to potentially FeO (wüstite) phase [Hazan et al., 2013] 

Additional peaks at ~ 385 cm-1 and ~ 712 cm-1 were not matched.  

Figure 28: µRaman spectra of the SGI crosscut corroded in 3.4 M MgCl2 at 90 °C for 31 weeks. 

The SEM-EDX analysis of this sample showed the chemical composition (Table 15) of various 

examined spots in the corrosion layer shown in Figure 29. The Fe/Cl/Si/O ratio hinted at the presence 

of iron hydroxychloride in spots 5, 6, and 7, where Mg is also present in the structure and replaces 

approximately 20 % of Fe(II). Spots 3 and 4 were too close to non-corroded surface and are showing 

mainly the presence of iron. Spots 1, 2 and 8 have various compositions but include Mg, Si and Cl at 

the same time and could origin from a mixed Mg-Fe silicate phase or (Mg,Fe)(OH)2 phase.   
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Figure 29: SEM image of the crosscut of the SGI corroded in 3.4 M MgCl2 at 90 °C for 31 weeks. The 

spots shown in the figure correspond to the spots in the Table 15.  

 

The µXRF map shows a homogenous thick corrosion layer (Figure 30). The fitted XANES spectra in 

Figure 30 are corresponding to the locations shown in the XRF map. The point 4 corresponds to 

pristine steel. The spectrum in point 5 matches iron hydroxychloride, while point 6 shows FeO as a 

corrosion product close to the bulk steel. FeO (wüstite) was also observed by µRaman, but not by 

SEM-EDX.  

Table 15: The chemical composition of the phases observed for SGI crosscut in 3.4 M MgCl2. 

Element/ Atomic % O Mg Si Cl Fe 

Spot 1 32.0±3.1 9.2±1.6 16.0±1.8 5.5±0.8 37.2±3.2 

Spot 2 57.7±3.5 8.6±1.6 6.6±1.0 0.9±0.1 26.1±2.7 

Spot 3 6.3±1.0 0.13±0.07 6.4±1.0 0.3±0.1 86.7±6.1 

Spot 4 6.7±1.0 1.2±0.1 6.3±1.0 0.4±0.1 85.3±6.1 

Spot 5 52.6±3.3 7.1±1.4 0.7±0.2 13.1±2.3 26.4±2.8 

Spot 6 50.7±3.3 7.1±1.4 0.3±0.1 14.4±2.3 27.4±2.8 

Spot 7 47.8±3.2 6.5±1.2 0.1±0.07 15.9±2.4 29.5±2.8 

Spot 8 60.4±3.6 14.8±2.3 6.4±1.0 5.4±0.8 12.9±2.1 

B 

A 

C 
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Figure 30: The µXRF map and µXANES spectra of the SGI sample crosscut corroded in 3.4 M MgCl2. 

The µXANES spectra corresponding to the respective reference compounds are shown in Annex 

Figure A10. 

The µXRD line scan through the steel-corrosion product-resin interface (Annex Figure A24) was 

performed showing peaks matching the pristine steel and the iron hydroxychloride. The major peak 

for wüstite at 2θ = 42° is also present in weak intensity, however this is very close to another peak of 

iron hydroxychloride (2θ = 43°) and it cannot be distinguished with certainty. The observation of FeO 

(wüstite) in 3.4 M MgCl2 sample is novel and was not detected by surface analyses. This observation 

could help identify the reaction pathway from the steel surface to the solution.  

Similarly to NaCl brine, an experiment was run at 25 °C for 49 weeks for the SGI in 3.4 M MgCl2 (I 

= 10.2 M). The SEM analysis showed the formation of a phase with identical pyramid morphology to 

iron hydroxychloride but with smaller crystal size, about 10-15 µm in size (Figure 31). The XPS Fe 

2p narrow spectra (Annex Figure A25) showed the presence of Fe(II) only, as in the case of elevated 

temperature. The EDX showed a chemical composition matching the findings of the elevated 

temperature system, also including the Mg doping (Table 16). Finally, the X-ray diffractogram of the 

system at 25 °C (Figure 32) showed peaks matching iron hydroxychloride and additional peak 

matching the cubic iron due to low surface coverage. In this system, the formation of the secondary 

phase is independent of temperature. It is likely due to high ionic strength-chloride concentration, and 

range of pHM and 𝐸ℎ conditions of the two systems, under which this phase is stable.  
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Figure 31: SEM image of the solid phase morphology on SGI in 3.4 M MgCl2 brine at 25 °C. 

 

 

 

 

 

 

 

 

Figure 32: X-ray diffractograms of the spheroidal graphite iron corroded in 3.4 M MgCl2 for 49 weeks 

at 25 °C. PDF card 87-0721 refers to the non-corroded steel surface, cubic iron, and 34-0199 to iron 

hydroxychloride. 

One experiment was performed for SGI at 90 °C in solution 1, concentrated MgCl2 with addition of 

sulfate. The results of various analytical techniques are shown in the Annex Figures A26, A27 and 

A28. The SEM image of the specimen for this system showed a structure of the consistent pyramid 

morphology as in the 3.4 M MgCl2 brine, suggesting the presence of iron hydroxychloride. However, 

Table 16: The chemical composition of the observed corrosion products on SGI according to 

morphology in 3.4 M MgCl2 brine at 25 °C. 

Element / Atomic % Cl Fe O Mg 

49 weeks - Pyramid structure, Spot 1 15.2±0.4 22.75±0.91 56.63±1.51 5.42±0.33 

49 weeks - Pyramid structure, Spot 2 17.66±0.52 31.79±1.27 45.86±1.57 4.69±0.37 
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an additional phase was observed on top of the pyramid structure. A significant Fe(III) peak is present 

along the Fe(II) peak in the narrow Fe 2p spectrum, suggesting that the additional formed phase on top 

of the presumably iron hydroxychloride is a mixed Fe(II)-Fe(III) or pure Fe(III) phase. This is most 

likely due to higher 𝐸ℎ measured for solution 1 (- 100 mV) compared to 3.4 M MgCl2 (- 200 mV). The 

EDX analysis (Annex Table A10) of the pyramid structure particles matches iron hydroxychloride 

while the additional phase with no distinct morphology matches green rust chloride where Fe(II) is 

significantly replaced by Mg(II). This is in agreement with the additional Fe(III) peak observation by 

XPS. The X-ray diffractogram has high background, however pattern matching iron hydroxychloride 

phase can be identified. The pHM value of the system with and without sulfate is similar (~ 6.7), while 

ionic strength is very high for both systems. Under these conditions it appears that the same phase, Mg 

doped iron hydroxychloride, is favoured. However, due to higher redox potential in solution 1, the 

competition with green rust chloride takes place.   

The corroded coupon from the solution 1 experiment was embedded in resin, cut and polished. The 

SEM-EDX analysis (SEM image in Annex Figure A29) on the cut evaluated the thickness of the 

corrosion layer to be in the range of 23-32 µm. In comparison, the corrosion rate for this system from 

weight loss was determined as 26.3±1.5 µm. 

A set of experiments was performed for SGI in solution 1 at 25 °C. The SEM images of the surface 

(Annex Figure A30) after 20 weeks revealed, as in the case of solution 3, iron dissolution but no clear 

presence of corrosion phases (occasional precipitate of Na2SO4 from the solution after 26 weeks). The 

dissolution seems to be less concentrated to graphite inclusions proximity and is rather uniform. When 

focused on the edge of the sample, a strong corrosion attack was found, likely due to the rough surface 

at the edge, which provides imperfections and defects where dissolution can be initiated easily.The 

XPS analysis (not shown here) showed a strong peak of Fe(0) in the narrow Fe 2p spectra, supporting 

the absence of precipitated corrosion phases. The EDX and XRD analyses showed results matching 

the initial steel (Annex Figure A31).    

As in the case of NaCl, an experiment was performed in dilute brine with ionic strength of 0.1 M 

MgCl2 at 90 °C for 28 weeks. The results of various analyses are shown in the Annex Figures A27, 

A28 and A32. The XPS, SEM and XRD results of the steel coupon were identical to the I = 0.1 M 

NaCl system, with formed phases of stacked hexagonal and octahedral morphologies, confirmed as 

magnetite and cronstedtite. Interestingly, in I = 0.1 M MgCl2 brine, the overall composition determined 

by EDX analysis (Annex Table A11) for the hexagonal phase matches cronstedtite, but part of Fe(II) 

is replaced by Mg(II) in the structure upon formation. The EDX determined Fe/O ratio of octahedral 
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structure matches magnetite composition. The corrosion in both dilute solutions of identical ionic 

strength (0.1 M) progressed similarly, highlighting that at this ionic strength the cation in the salt is 

not playing a role with regard to corrosion phase formation. Similarly, the Pourbaix diagram 

constructed for this system (not shown) is close to identical to 0.1 M NaCl system due to similar metals 

dissolved amounts and similar pHM/ 𝐸ℎ values of the two systems.   

In the MgCl2 based systems, the stable phases of interest are magnetite (low I), minnesotaite 

(depending on the aqueous Si concentration) and potentially iron hydroxychloride (high I). 

Table 17 summarizes the experimentally determined secondary phases on SGI in various brines and 

at different temperatures along with the corresponding pHM and 𝐸ℎ values. The experimental results 

discussed above show that various corrosion phases are distributed heterogeneously at the iron 

corrosion front. Findings point to an ongoing reaction taking place at the iron solution interface and a 

real equilibrium does most likely not establish under experimental conditions. This is also reflected by 

the different types of secondary phases suggested by thermodynamic calculations and found in the 

experiments.  

 

Table 17: The observed secondary phases formed on corroded SGI under various conditions. 

Steel Brine/ Molarity T /°C pHM 𝐸ℎ Experimentally determined secondary phase 

SGI 

5 M NaCl 90 9.0±0.3 -210±50 Cronstedtite and magnetite. IHC at the 

steel/corrosion layer interface. 

5 M NaCl 25 7.10±0.05 -162±50 Green Rust Chloride, few iron hydroxychloride 

particles. 

Sol. 3 90 5.2±0.3 -199±50 Cronstedtite with Mg partially replacing Fe(II). 

Sol. 3 25 8.97±0.05 -212±50 No phase precipitation on the surface, marginal 

presence of Fe(OH)2 in the hole of the coupon. 

0.1 M NaCl 90 6.1±0.3 -218±50 Cronstedtite and magnetite. 

3.4 M MgCl2 90 6.6±0.3 -212±50 Iron hydroxychloride with partial Fe(II) 

replacement with Mg. (Fe,Mg)(OH)2 as 

potential precursor. FeO at the steel/corrosion 

layer interface. 

3.4 M MgCl2 25 8.58±0.05 -299±50 Iron hydroxychloride with partial Fe(II) 

replacement with Mg. 

Sol. 1 90 6.7±0.3 -81±50 Iron hydroxychloride with partial Fe(II) 

replacement with Mg. Green Rust chloride with 

partial Fe(II) replacement with Mg. 

Sol. 1 25 8.90±0.05 -112±50 No phase precipitation. 

0.033M MgCl2 90 6.4±0.3 -155±50 Cronstedtite and magnetite. 
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3.1.6 Corrosion mechanism 

 

In case of all SGI samples, graphitic corrosion is taking place, where the iron around the graphite 

inclusion is preferentially corroded due to the galvanic coupling of iron (anodic sites) and carbon 

(cathodic sites). This phenomenon has been considerably more observed in certain samples (5 M NaCl 

at 90 °C, solution 3 at 25 °C) than in others. At some point, due to this phenomenon the graphite 

inclusion is removed upon corrosion and this contributes to the weight loss increasing the corrosion 

rate, even though the amounts of dissolved iron or coverage by secondary phases are low. The graphitic 

corrosion was previously observed for this type of steel by Hsu & Chen [2010]. Overall, uniform 

corrosion has been observed for SGI in NaCl and MgCl2 brines, no distinct pitting corrosion was 

observed in the samples. pHM has been confirmed as the main driver for iron corrosion in all systems 

with higher corrosion rates observed in systems with low pHM.  

The main findings in this work could be interpreted by the following corrosion mechanisms: The most 

general oxidation reaction for metals is specified for iron (Eq. 1) and since this reaction is anaerobic, 

the reduction of water gives rise to the formation of hydrogen (Eq. 2). Accumulation of Fe2+ in the 

solution gives rise to formation of iron hydroxide (Eq. 3) [Lyon, 2012; Sato, 2012; Tosca et al, 2018]. 

From the overall mass balance of this reaction, there is no direct change in pH upon formation of 

Fe(OH)2. 

For SGI corroded in NaCl brines, the 3.4 wt. % Si contained in steel seem to play a significant role. 

The Si is present as SiO2 in the steel and its solubility is increasing with the ionic strength [Ahmed et 

al., 2015] and temperature [Zarrouk & Purnanto, 2015], but is ~ 1 mmol/L at near-neutral pH, room 

temperature and I = 0.3 M NaCl. This is however sufficient to form an iron silicate compounds, such 

as cronstedtite, under certain conditions. This phase was observed as the only formed phase in the 5 

M NaCl system at 90 °C after 13 weeks, dominant phase in the 0.1 M NaCl system at 90 °C and 0.033 

M MgCl2 system at 90 °C after 28 weeks and in solution 3 system at 90 °C after 26 weeks. These four 

systems have one common feature; the pHM value is below 6.5. Cronstedtite is likely formed though 

the following mass balance in Eq. 36 [Schlegel et al., 2014, 2016; Vacher et al., 2019]. In the case of 

formation of this mineral, the pHM with not change. The variation of pHM considering uncertainty in 

these systems reached maximum of 0.7 pHM unit, which can be explained by production of (OH)- by 

water reduction on cathodic sites or impurities in salt or steel specimen. Hydrogen gas is produced, 

which drives the 𝐸ℎ to lower values. The 𝐸ℎ reduction is observable for all systems. The Cl- in this 
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system is forming iron chloride aqueous species, but no Si-Cl phase has high enough stability under 

our conditions to precipitate.    

4𝐹𝑒 
0(𝑠) + 𝑆𝑖𝑂2,𝑎𝑞 + 7𝐻2𝑂 ↔   𝑭𝒆 

𝟐+
𝟐𝑭𝒆

𝟑+
(𝑺𝒊, 𝑭𝒆 

𝟑+𝑶𝟓)(𝑶𝑯)𝟒(𝒔) +  5𝐻2(𝑔) (𝐸𝑞. 36) 

Formation of magnetite was observed in 5 M NaCl system after 26 weeks, and bigger magnetite 

crystals were observed after 42 weeks. At this point, the magnetite and cronstedtite co-existed and no 

transformation was observed. Furthermore, no systematic spatial separation of the two phases on the 

surface was identified. The initial formation of cronstedtite in 5 M NaCl system did not passive the 

surface sufficiently which lead to further iron oxidation and water reduction which drove the pHM to 

values of 8.5. Here the magnetite was favoured alongside cronstedtite and the coverage by the 

secondary phases achieved partial passivation of the steel, thus the pHM increase levelled out. As only 

parts of the sample were covered by the corrosion products, a complete oxide monolayer has not yet 

been formed, thus in this system, the constant corrosion rate has not been reached and oxidation of the 

uncovered surface contributes to the further pHM increase. The formation of magnetite, which is 

described in Schikorr equation (Eq. 5), does not produce or consume any acid or base and thus does 

not affect the pHM.  

The formation of magnetite alongside cronstedtite was observed also in dilute systems at pHM 6.1-6.5. 

This can be explained by looking at the respective Pourbaix diagram of these systems, from which it 

is clear that lower ionic strength shifts the aqueous phase /solid stability border to lower pHM values.  

The sequential formation of cronstedtite, and then magnetite, can be explained as follows. At the 

beginning of the corrosion process, as the fresh surface was exposed, a possible slight excess of Si at 

the surface reacted with oxidised iron and formed cronstedtite. Afterward, cronstedtite formation was 

limited by the heterogeneity and concentration of Si in the steel, and the excess of oxidized Fe was 

eventually incorporated in magnetite. Magnetite formation is likely a result of solid-state 

transformations. Iron silicates are also stable under neutral - alkaline and reducing conditions as 

magnetite, but the precipitation of magnetite is solubility driven due to higher iron dissolved amounts 

compared to silica. The stability fields of magnetite vs. cronstedtite and greenalite as a function of Si 

concentration and redox potential are shown in work of Vacher et al. [2019], pointing at a very narrow 

stability window of cronstedtite with respect to the other two phases.  

Despite high Cl- concentration, SGI favours in 5 M NaCl brine the formation of magnetite within a 

very short period considering the timeframe of the repository evolution. Furthermore, this phase is 

stable in the Pourbaix diagram under the high ionic strength and very reducing conditions (at lower 
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redox potential than the one measured in this system) showing that it will not transform in long-term 

but rather grow into large crystals. The Pourbaix diagram generated in this work for 5 M NaCl system 

showed another potentially long-term stable phase under neutral-alkaline and reducing conditions, 

minnesotaite. It stability with respect to magnetite is strongly dependent on Si concentration in the 

solution. Therefore, the accurate determination of silicate concentrations should be envisaged in future 

experiments.   

We do not observe any transformation of cronstedtite into magnetite despite magnetite being more 

stable phase. Cronstedtite could be temporarily stabilized by cathodic protection due to electrical 

contact of newly formed cathode (precipitated phase) and anode (steel surface). This could lead to its 

extended stability, even if it is not favoured by thermodynamics. Nagies, & Heusler [1998] performed 

electrochemical experiments with low carbon steel in salt brines at elevated temperature of 90-200 °C 

and also observed the presence of magnetite. 

The 5 M NaCl system run at 25 °C showed the presence of green rust chloride. It can be formed via 

direct precipitation from aqueous Fe2+ and Fe3+ [Usman et al., 2018] or as shown in Eq. 37 in the 

presence of dissolved oxygen [Refait & Génin, 1993]. This mass balance is similar also for green rust 

sulfate where each SO4
2- replaces two Cl- in the interlayer of the phase. The pHM variation upon 

formation should be minimal (OH- consumed, but produced upon iron oxidation). The pHM for this 

system slightly increased over the period of 49 weeks from pHM 6.5 to 7.1. This change can be 

attributed to same causes as for cronstedtite described above. Furthermore, lower pHM compared to 

the elevated system despite similar corrosion rates could be attributed to the precipitation of (OH)- 

containing solids. These conditions favour with redox potential of -160±50 mV under this ionic 

strength the formation of green rust chloride.  

7𝐹𝑒(𝑂𝐻)2  + 𝐹𝑒𝑎𝑞 
2+ +  2𝐶𝑙− + (2𝑛 + 1)𝐻2𝑂 +

1

2
𝑂2 ↔ 𝟐(𝑭𝒆𝟐+

𝟑𝑭𝒆 
𝟑+

)(𝑶𝑯)𝟖𝑪𝒍 ∗ 𝒏𝑯𝟐𝑶    (𝐸𝑞. 37) 

The observed coverage by green rust chloride was significant and homogenous, and slowed down steel 

corrosion by hindering the access of Cl- and water to the metal surface. This film stability will be 

driven by the low solubility of green rust. However, cracks and pores will develop in the film and 

water will reach the metal surface leading to further iron oxidation. This will lead to further 𝐸ℎ 

decrease and possible pHM increase. According to Jolivet et al. [2004] and Usman et al. [2018], the 

green rust chloride will transform into a mixture of magnetite and Fe(OH)2 above pH 10, however 

depending on the ionic strength and 𝐸ℎ, this transformation could start at lower pHM from 7.0 [Sagoe-

Crentsil & Glasser, 1993; Tosca et al., 2018]. 
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This mechanism may also help explaining the presence of iron hydroxychloride close to the bulk steel, 

so called internal layer as found by µXANES spectroscopy in the 5 M NaCl, 90 °C sample. It appears 

that once cronstedtite and magnetite form a protective layer, Cl- diffuses through layer voids and cracks 

to the metal surface where it enhances the anodic reaction. This spatial delocalization of anodic and 

cathodic reactions leading to the electrophoretic accumulation of Cl- at the interface thus favour the 

precipitation of iron hydroxychloride even if the conditions in the solution are unfavourable for this 

phase [Schlegel et al., 2016; 2018]. The conditions at the steel/corrosion product interface are not the 

same as in the aqueous phase, thus allow existence of the iron hydroxychloride at the interface, where 

an electrochemical control is taking place. This also explains why it was found only in the thick areas 

of the corrosion layer, where additional corrosion phase is also present and why it was not observed 

by the surface analyses on non crosscut samples. The scheme of the suggested interface for the 

saturated NaCl system at 90 °C is shown in Figure 33 with iron hydroxychloride shown as the internal 

corrosion layer and cronstedtite with magnetite as the external corrosion layer. The presence and 

composition of the double layer for low alloyed steel under highly saline conditions is reported in this 

work for the first time. 

This phenomenon was observed by Schlegel et al. [2016; 2018], who examined the corrosion of low 

carbon steel in anoxic clay porewater under slightly alkaline conditions at 85 °C for up to 2 years, 

finding the formation of iron silicate phases such as greenalite and cronstedtite, and exposed to room 

temperature transients finding the presence of chukanovite, siderite (external corrosion layer) and iron 

hydroxychloride (internal corrosion layer), with iron hydroxychloride close to the bulk steel. This 

study has shown that despite low Cl- concentration in aquatic systems in clay formations, the formed 

secondary phases on mild steels may contain Cl due to the mechanism explained above. 
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Figure 33: Schematic illustration of the elemental transfer at the steel/brine interface for saturated NaCl 

system at 90 °C. ICL stands for internal corrosion layer, ECL external corrosion layer and I.H.C. 

denotes the iron hydroxychloride phase. 

In solution 3 and 1 at room temperature, iron corrosion was observed but no distinct precipitated phases 

were observed. In sulfate-containing solutions, pyrite could potentially be the long-term stable phase 

but will only form if microbial activity becomes relevant.  

In MgCl2 based systems, iron hydroxychloride was found at 90 °C and 25 °C in the saturated brine 

and in solution 1 at 90 °C. Mg was found to replace part of Fe(II), so the formation mass balance is 

proposed in Eq. 38. The pHM is not expected to change upon iron hydroxychloride formation (H+ 

formation is balanced OH- from water reduction).  

1.5𝐹𝑒𝑎𝑞 
2+ + 0.5𝑀𝑔𝑎𝑞 

2+  + 𝐶𝑙− + 3𝐻2𝑂 ↔   𝜷 − (𝑭𝒆, 𝑴𝒈)
𝟐

(𝑶𝑯)𝟑𝑪𝒍 +  3𝐻+ (𝐸𝑞. 38) 

At elevated temperature in 3.4 M MgCl2 and solution 1, the pHM increased from ~5.2 to 6.6. In both 

cases, the coverage by this phase was significant and corrosion rates similar, likely due to similar pHM 

values. Once the corrosion layer was thick enough to passivate the surface, the pHM reached a plateau. 

At room temperature, the pHM increase was larger, from 6.2 to 8.6. In this case, the coverage by the 

phase was too low. The lack of precipitates buffering the system, higher water dissociation constant at 

25 °C compared to 90 °C and impurities in the brine/steel could explain the pHM increase in this system. 

The corrosion mechanism appears unchanged as identical phases were formed for the two temperatures, 

with higher corrosion rate at elevated temperature. No Fe silicate compounds were found on SGI in 

Metal ICL ECL Brine 

Fe,Cl,O Fe,Si Si,Fe,O Fe,O Na,Cl 

Metal I.H.C. Cronst. Magnetite 

Cl + H
2
O 

Si 

Fe 
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MgCl2 brines with high ionic strength, although Ahmed et al. [2015] reported that higher ionic strength 

increases the silica solubility. Under the ionic strength conditions in these experiments, the Cl- 

concentration in the solution favours the formation of chloride bearing phases. The formed Fe-Si 

phases in dilute MgCl2 brine and Fe-Cl in concentrated MgCl2 contain structural Mg replacing Fe(II).  

The presence of mixed magnesium-iron hydroxychloride as a corrosion product of low carbon steel 

under highly saline conditions was also confirmed by Westerman & Pitman [1984]. Furthermore, a 

study performed at INE focusing on the low carbon steel corrosion in saturated MgCl2 brine at elevated 

temperature by Grambow et al. [1996] also found the presence of mixed magnesium-iron 

hydroxychloride and amakinite.  

Although iron hydroxychloride was found to be stable in the timespan of our experiments, it has been 

reported to eventually oxidize and form green rust chloride [Nemer et al., 2011; Refait & Génin, 1997; 

Rémazeilles & Refait, 2008] or magnetite [Schlegel et al., 2016]. The proposed mass balance for these 

transformations is detailed in the Eq. 39 and 40.  

2(𝐹𝑒, 𝑀𝑔)2(𝑂𝐻)3𝐶𝑙 + 2𝐻2𝑂   ↔   (𝐹𝑒, 𝑀𝑔)4(𝑂𝐻)8𝐶𝑙 +  𝐶𝑙− +  2𝐻+  + 𝑒− (𝐸𝑞. 39)  

3(𝐹𝑒, 𝑀𝑔)2(𝑂𝐻)3𝐶𝑙 + 3𝑂𝐻−  ↔  2𝐹𝑒3𝑂4 + 3𝐶𝑙− + 4𝐻2𝑂 + 2𝐻2  (𝐸𝑞. 40)  

Additionally, green rust chloride is prone to transformation into either of the other GR in the presence 

of the appropriate anion, ferrous ions and oxygen [Refait & Génin, 1993]. Green rust chloride and iron 

hydroxychloride are stable under similar pH/ 𝐸ℎ conditions, with higher iron hydroxychloride stability 

at lower 𝐸ℎ values, as it is a pure Fe(II) phase compared to mixed Fe(II)/Fe(III) green rust chloride 

phase.  

All the outcomes show that iron hydroxychloride remains stable in saturated MgCl2 brines within the 

experimental timespan. Although partial iron hydroxychloride transformation into green rust chloride 

was observed for solution 1 at 90 °C, further transformation into magnetite cannot be confirmed nor 

ruled out based on the results obtained in this work. Furthermore, the partial transformation observed 

in solution 1 took place at rather high 𝐸ℎ, which would unlikely be the condition in the repository. The 

thermodynamic model has shown that under ionic strength corresponding to the saturated MgCl2 brine, 

iron hydroxychloride is potentially stable under moderately acidic-neutral and reducing conditions, 

provided that sufficient iron is oxidised, thus making this phase of interest in the context of the 

repository.  

The paper by Rémazeilles & Refait [2008] also described the equilibrium between Fe(OH)2 and 

Fe2(OH)3Cl, specifying Fe(OH)2 as the precursor of iron hydroxychloride. The formation mechanism 



93 
 

was suggested as alternating Fe(OH)2 and FeCl2 layers, which are structurally similar and where Cl- 

substitutes at random for OH- ions. This configuration is then rearranged into iron hydroxychloride.  

The µXANES for the SGI sample in saturated MgCl2 revealed the presence of FeO at the metal 

interface. FeO formation in likely a result of solid-state transformation. FeO is metastable and is known 

to transform into magnetite [Tanei and Kondo, 2017]. The route for this transformation most likely is 

via anaerobic oxidation into Fe(OH)2. As Mg is present in the solution, it would likely partially 

substitute for Fe(II) upon Fe(OH)2 formation from FeO, as presence of (Fe,Mg)(OH)2 phase was 

confirmed by XRD for 3.4 M MgCl2 system. The presence this mixed compound alongside FeCl2 

would hinder the transformation into magnetite, and instead favour the formation of iron 

hydroxychloride. 

 

In terms of which phase should be evaluated as a sink for radionuclides from the point of long-term 

stability under reducing conditions, it would be magnetite for dilute NaCl, MgCl2 systems and 

concentrated NaCl systems and iron hydroxychloride for concentrated MgCl2 brines. Furthermore, a 

silica containing phase such as minnesotaite may also be present in long-term in both brines. This 

would need to be experimentally confirmed in longer experiments and under strictly reducing 

conditions, where the silica dissolution would be followed. Of course, many other aspects (e.g. 

oxidizing species effect on the 𝐸ℎ) need to be taken into account to accurately predict the corrosion 

behaviour in the repository. 
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3.2 Cr-Ni steel corrosion in dilute to concentrated NaCl and MgCl2 

solutions  

3.2.1 Initial characterization   

 

The second type of steel was characterized by the same techniques as SGI. SEM images of the polished 

initial steel surface show a uniform smooth surface of the Cr-Ni steel (Figure 34). At higher 

magnification, scratches originating from the production as well as small carbon impurity spots were 

detected. XPS Fe 2p spectrum (Figure 35 A) shows only the peak of Fe(0), similarly as in the case of 

the SGI. In case of Cr-Ni steel, the formation of the protective Cr2O3 layer is instantaneous and thus 

the Cr(III) is always present on the surface, even prior to submerging the samples into brines. 

Comparing the elemental quantification by EDX analysis with the certificate (Table 18) shows a good 

match considering the uncertainty of EDX data. XRD analysis (Figure 35 B) was performed under 

anoxic conditions and compared to the database. The red lines show a match in the database with an 

alloy of 70 % iron, 11 % Ni and 19 % Cr, close to the composition of the alloy used in this study. As 

for SGI, the AFM analysis was performed on the Cr-Ni steel, showing lower roughness in comparison 

to the SGI steel, as due to the carbon inclusions in SGI obtaining a smooth surface is more challenging. 

A root mean square (RMS) roughness of 5.8 nm was found considering a scanning area of 30 x 30 

µm2.   

 

 Figure 34: SEM images of the initial Cr-Ni steel surface under various magnifications. 
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Table 18: Chemical composition of the Cr-Ni steel. 

Element / 

wt. % 

C Mn Si Cr Ni Mo Cu Fe 

Certificate  0.06 1.15 0.35 22.45 13.17 0.23 0.23 62.36 

EDX 

(Uncertainty 

+/- 3 Sigma) 

- 1.18±0.32 0.45±0.07 23.13±0.53 13.21±1.05 0.29±0.17 - 61.74±1.13 

 

Figure 35: XPS narrow Fe 2p spectrum (A) and X-ray diffractogram (B) of the initial Cr-Ni steel, 

matching 304 austenitic steel (PDF 33-0397). 

 

3.2.2 Dissolved metals evolution 

 

The Tables 19, 20, 21 below show the dissolved amounts of Cr, Fe and Ni measured for the Cr-Ni 

steel by the ICP-MS for all systems. The lowest are the values of chromium, then iron and highest are 

the ones of nickel.  

Chromium concentrations lie either below or close to the detection limit in all solutions. The low 

concentrations are easily explained by the expected low solubility of Cr(III) oxide solid phases. Low 

concentrations of iron indicate generally low corrosion rates. The highest amounts of dissolved iron 

are found in solution 1 and in 3.4 M MgCl2 at 90 °C. The inconsistent trends for the measured iron 

concentrations decreasing with time after initial increase are pointing to the precipitation of iron 

containing solid phases. Fe(II) should not reach solubility limits of pure hydroxide solids at the low 

concentration level, so that we may assume Fe(III) oxihydroxides or mixed phases forming with time. 
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The relatively high 𝐸ℎ values measured in the solutions (see section below) could point to oxidation 

to Fe(III).  

Finally, the amounts of dissolved nickel were high after 26 weeks for almost all solutions. The highest 

dissolution of nickel was found in solution 1 at 90 °C. But also for nickel a clear reduction in 

concentrations below detection limits is found after 28 weeks for all solutions. As in the case of iron, 

precipitation of solid phases must be invoked for this observation. As nickel is not redox sensitive 

under given conditions, one may assume coprecipitation of Ni(II) with Fe(III) oxihyhdroxides or 

formation of mixed Ni(II)-Cr(III) or Ni(II)-Fe(III) solid phases (see also the outcome of geochemical 

calculations below).  

Table 19: The dissolved amounts of chromium in the solution for Cr-Ni steel. The numbers 

in parentheses correspond to the relative standard deviation in %. 

System/ Amounts in 

µg/L 

13 weeks 26 weeks 28 weeks 42 weeks 49 weeks 

5 M NaCl, 90 °C <10 40.5 (46.4) - <10. - 

3.4 M MgCl2, 90 °C 30.7 (21.8) <10 - <10 - 

5 M NaCl, 25 °C - - - - <10 

3.4 M MgCl2, 25 °C - - - - <10 

0.1 M NaCl, 90 °C - - <10 - - 

0.033 M MgCl2, 90 °C - - <10 - - 

Solution 3, 90 °C - 27.8 (56.0) - - - 

Solution 1, 90 °C          - 32.7 (6.0) - - - 

Solution 3, 25 °C - <10 - - - 

Solution 1, 25 °C - <10 - - - 
 

Table 20: The dissolved amounts of iron in the solution for Cr-Ni steel. The numbers in 

parentheses correspond to the relative standard deviation in %. 

System/ Amounts in 

µg/L 

13 weeks 26 weeks 28 weeks 42 weeks 49 weeks 

5 M NaCl, 90 °C 11.93 (28.2) 61.1 (15.3) - <10 - 

3.4 M MgCl2, 90 °C 91 (43.9) 1099 (3.9) - <10 - 

5 M NaCl, 25 °C - - - - <10 

3.4 M MgCl2, 25 °C - - - - <10 

0.1 M NaCl, 90 °C - - 117(58.6) - - 

0.033 M MgCl2, 90 °C - - <10 - - 

Solution 3, 90 °C - 668(23.5) - - - 

Solution 1, 90 °C - 151 (3.0) - - - 

Solution 3, 25 °C - <10 - - - 

Solution 1, 25 °C - <10 - - - 
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Table 21: The dissolved amounts of nickel in the solution for Cr-Ni steel. The numbers in 

parentheses correspond to the relative standard deviation in %.  

System/ Amounts in 

µg/L 

13 weeks 26 weeks 28 weeks 42 weeks 49 weeks 

5 M NaCl, 90 °C 228.3 (1.2) 796.7 (3.4) - <30 - 

3.4 M MgCl2, 90 °C 110.9 (21.2) 542.4 (3.4) - <30 - 

5 M NaCl, 25 °C - - - - <30 

3.4 M MgCl2, 25 °C - - - - <30 

0.1 M NaCl, 90 °C - - <30 - - 

0.033 M MgCl2, 90 °C - - <30 - - 

Solution 3, 90 °C - 963.9 (2.0) - - - 

Solution 1, 90 °C - 9688.3 (1.8) - - - 

Solution 3, 25 °C - <30 - - - 

Solution 1, 25 °C - 782 (1.7) - - - 
 

3.2.3 pH / 𝑬𝒉 evolution    

 

pHM and 𝐸ℎ values are shown in Figures 36 and 37. pHM remains constant or shows slight increase 

(largest ΔpHM ~ 1.0).   

 

Figure 36: The pHM evolution for the Cr-Ni steel corroded in various brines with time. 

The 𝐸ℎ  evolution in experiments with corroding Cr-Ni steel is different to that for SGI. The 

concentration of the redox buffers Fe(II)/Fe(III) in solutions in general is low, which makes it difficult 

to measure reliable 𝐸ℎ values. Thus in our case the values may have high uncertainty and have to be 

considered with care. The 𝐸ℎ decreased in some solutions in others a slight increase is found.  
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The measured 𝐸ℎ values indicate that not really reducing conditions establish in the solutions. It is, 

however, unlikely that oxygen intrusion occurs, which would shift the 𝐸ℎ up, as these autoclaves were 

stored in an inert atmosphere environment, which was regularly controlled over the whole course of 

the experiments. This is also confirmed by presence of only traces of oxygen in the gas phase. The 

reason for the relatively high 𝐸ℎ values in solutions, therefore, is assumed to be mainly due to the low 

Fe(II) concentrations.   

 

Figure 37: The 𝐸ℎ evolution of the Cr-Ni steel corroded in various brines with time. 

As in the case for the SGI, the potentiodynamic polarization measurements [McCafferty, 2010; Popov, 

2015] performed by Dr. P. Cekir-Wuttke determined the approximate corrosion potentials (Ecorr) and 

pitting potentials (Epit) (described in section 1.3.1) for Cr-Ni steel used in this study in two brines. The 

found values were: Ecorr ~ -70 mV, Epit ~ 200 mV for 5 M NaCl, 25 °C and Ecorr ~ -440 mV, Epit ~ -80 

mV for 3.4 M MgCl2, 25 °C. The values of redox potentials measured in this work for the corroded 

steels are above the pitting potentials for both brines at 25 °C (212±50 mV for NaCl and 202±50 mV 

for MgCl2). Pit formation, however, can be a slow process and possibly will take place in the long-

term but not necessarily in the relatively short experiments of this work.  

This general finding that metal ion concentrations remain low in all experiments points to an efficient 

passivation mechanism and small corrosion rates of the Cr-Ni steel under given experimental 

conditions.  
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3.2.4 Corrosion rate  

 

The corrosion rates obtained from the weight loss for this type of steel are very low, <0.1 µm/a for 

almost all systems (Table 22). In these cases, the weight loss was equal to the uncertainty of the scale, 

which is 0.0001 g. The two systems with sulfate, run at 90 °C, showed slightly higher corrosion rates 

of 0.49±0.05 µm/a for solution 3 and 0.44±0.05 µm/a for solution 1, respectively. The values for 

hydrogen evolution obtained from the analysis of the gas phase composition were all in the range of 

the background, matching the low corrosion rates. 

Table 22: The corrosion rate (CR) of Cr-Ni steel for various systems. 

System/ CR in µm/a 13 weeks 20 weeks 26 weeks 28 weeks 42 weeks 49 weeks 

5 M NaCl, 90 °C <0.1 - <0.1 - <0.1 - 

3.4 M MgCl2, 90 °C <0.1 - <0.1 - <0.1 - 

5 M NaCl, 25 °C - - - - - <0.1 

3.4 M MgCl2, 25 °C - - - - - <0.1 

0.1 M NaCl, 90 °C - - - <0.1 - - 

0.033 M MgCl2, 90 °C - - - <0.1 - - 

Solution 3, 90 °C - - 0.49±0.05 - - - 

Solution 1, 90 °C - - 0.44±0.05 - - - 

Solution 3, 25 °C - <0.1 <0.1 - - - 

Solution 1, 25 °C - <0.1 <0.1 - - - 

 

In the literature, laboratory autoclaves experiments showed for the Cr-Ni steel used in this study 

corrosion rate of 1.9 µm/a in solution 1 and 0.62 µm/a in solution 3 after 2 years at 150 °C with small 

pits of average 30 µm depth [Kienzler, 2017b]. The steel has been found susceptible to stress corrosion 

cracking and pitting. The comparison to our corrosion rates shows that the rate is dependent on the 

temperature, particularly in solution 1 and that pits are present already after 2 years of exposure.  

Cr-Ni steel showed corrosion rates of 0.3-0.7 µm/a at 170 °C after almost 5 years in an electrically 

heated borehole in the Asse salt mine (solution 3), along with stress corrosion cracking and pitting 

corrosion (up to 200 μm in depth) [Kursten et al., 2004; Smailos & Fiehn, 1995]. Further field studies 

revealed corrosion rates below 1 µm/ with pits up to 50 µm deep [Kursten et al., 2004]. 

Due to those findings of pitting corrosion in various studies the investigators considered Cr-Ni a less 

qualified material for the overpack container wall and preferred the SGI. SGI shows - as also stated in 

the present study – higher corrosion rates. The absence of pitting corrosion, however, allows for a 
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better predictability of container integrity over the long-term. The fact that pitting corrosion is not 

found for Cr-Ni steel in the present work might be due to the relatively short experiment duration. 

3.2.5 Secondary phase characterization and evolution 

 

It needs to be noted that XPS analysis is very surface sensitive with an information depth of a few nm 

while EDX provides rather bulk information on a given sample. XPS, therefore, is able to detect very 

thin Cr2O3 layers, while EDX analysis still “sees” the bulk metal. 

3.2.5.1 NaCl brine 

 

Corrosion experiments in 5 M NaCl at an elevated temperature of 90 °C were run up to 42 weeks. The 

SEM images of the surface in Figure 38 show the formation of a thin layer on top of the non-corroded 

surface after 13 and 26 weeks. Its thickness and morphology could not be evaluated. No pits are visible 

at any spot on the sample after 13 and 26 weeks. After 42 weeks, the SEM image shows a damage 

point on the surface, but its size and geometry suggest it is from the steel production. The rest of the 

surface after 42 weeks is also appearing without damage. The XPS analyses of the surface with respect 

to time show after 13 and 26 weeks presence of Cr(III) (Annex Figure A33), Fe(0), Fe(III), Ni(0) and 

a weak Ni(II) peak, but no significant contribution of Fe(II) in locations with the particles suggesting 

initial surface with Cr2O3, Cr(OH)3 and/or NiFe2O4 (possible solid solution with magnetite) layer. 

Similarly, after 42 weeks, the XPS shows presence of Cr(III), mixed oxide / hydroxide signal and Fe(0) 

peak.  

The EDX analyses of the particles after 13 and 26 weeks show the presence of Cr, Ni, Fe and O but 

no compound can be concluded, as the interference from the steel below does not allow obtaining clear 

composition. The EDX analyses of the locations without the particle layer (including the damage hole) 

and of the sample after 42 weeks match the composition of the initial steel. At last, the XRD analyses 

(Annex Figure A34) show only peaks matching the initial surface: Cr-Ni steel after 13, 26 and 42 

weeks. More detailed information is available from synchrotron based µXAS studies. 

After SEM measurements were completed, the Cr-Ni sample corroded for 13 weeks in saturated NaCl 

at 90 °C was embedded in resin, crosscut and polished. Additional SEM analysis was performed on 

the cut (Annex Figure A35). No corrosion damage could be observed. 
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Figure 38: SEM images of the evolution of the solid phase/surface morphology of the Cr-Ni steel in 

the 5 M NaCl brine (I = 5 M) exposed for 13 weeks (top) to 42 weeks (bottom), T = 90 °C, applying 

two microscope magnifications.  
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As in the case of SGI, the Cr-Ni steel corrosion interface of the 5 M NaCl, 31 weeks, 90 °C sample 

was examined by the same various techniques. Figure 39 shows the optical image of the crosscut of 

the Cr-Ni steel sample corroded in 5 M NaCl with two regions of interest with a very thin detached 

corrosion layer.  

Figure 39: The optical image of the crosscut with the red circles highlighting the interface of interest 

in Cr-Ni steel sample corroded in 5 M NaCl at 90 °C.  

The µRaman analysis did not provide any conclusive results. The SEM-EDX analyses of the detached 

corrosion layer shown in Annex Figure A36, Table A12, showed composition, which could match a 

mixed FeCr2O4 / NiFe2O4 and Cr2O3 or Cr(OH)3 phases. No single phase could be assumed from the 

elemental ratios. 

The µXRF maps showing the elemental distribution of Ni and Fe are shown along with the positions 

of the selected points of interest for µXANES in Figure 40. The µXANES spectra for the two elements 

with the corresponding fits using the linear combination fitting of reference spectra are shown in 

Figure 41.  

The corrosion layer in the examined Cr-Ni steel sample is very thin as shown in optical microscopy. 

The µXANES spectra of iron (Figure 41 A) are consistent with the presence of green rust chloride 

along with the pristine steel in points 3, 4, 5 and pristine steel only in point 6. Points 1 and 2 show 

spectra which can be fitted by a linear combination of spectra for 58-60 % trevorite (NiFe2O4) and 40-

42 % green rust chloride.  

The µXANES spectra of nickel (Figure 41 B) match the pristine steel in points 3 and 4, and show the 

presence of the same two compounds, trevorite and green rust chloride in points 1 and 2 in different 

proportions. The point 1, closer to the bulk steel has almost equal distribution of the two compounds, 

while point 2 in the corrosion layer shows 71 % of trevorite and 29 % of green rust chloride. 

Considering these findings along with the results of µXANES of iron, where more spectra matching 

the green rust chloride along pristine steel were obtained, it appears that there is a systematic 

Resin 

Steel 3 mm 
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distribution of the phases: GR Cl is forming close to the bulk steel and trevorite in the outer part of the 

corrosion layer.  

Figure 40: The µXRF maps of the 5 M NaCl sample showing iron and nickel distribution in the sample. 

Figure 41: µXANES spectra of iron (A) and nickel (B) of the Cr-Ni steel crosscut in 5 M NaCl at 90 

°C collected at locations shown in corresponding µXRF maps. The µXANES spectra corresponding 

to the respective reference compounds are shown in Annex Figure A37. 

A B 
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More µXANES spectra were collected in the left region of the sample, where nickel and iron show 

high concentration, but unfortunately, due to the thinness of the corrosion layer, the spectra were only 

matching the pristine steel.  

Similarly, Figure 42 shows the µXRF map of the chromium distribution in the sample and the 

µXANES spectra at the corresponding points. Points 1 to 4 show spectra matching Cr(OH)3 and Cr2O3 

references, with different contributions from the two compounds, but in all cases, the Cr(OH)3 phase 

is dominant. No spectra were matching the NiCr2O4 or FeCr2O4 phases.  

 

Figure 42: The µXRF map of the 5 M NaCl sample showing chromium distribution in the sample and 

the µXANES spectra collected at the corresponding points. The µXANES spectra corresponding to 

the respective reference compounds are shown in Annex Figure A38. 

Finally, µXRD line scans though the interface, steel-corrosion layer-resin were performed at the 

regions of interest. These locations are shown in separate µXRF maps in Annex Figure A39. The X-

ray diffractograms are shown in Annex Figure A40. The µXRD line scan through the Cr-rich region 

showed match with steel, Cr2O3 and resin as scanning through the interface. The presence of Cr(OH)3 

was not observed, likely due to the absence of (or too low) crystallinity of this phase. No other phases 

were detected. The scan through the Fe/Ni-rich region generated diffractograms with absence of clear 

peaks, showing mainly background, likely due to the thinness of the layer and step size (20 µm).  

Overall, the high resolution analysis indicates the presence of different secondary phases and some 

kind of a corrosion progress scheme/double layer formation: GR-Cl containing structural Ni(II) and 
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Cr(III) forms at the steel/corrosion layer interface. Transformation to trevorite (NiFe2O4) takes place 

when moving towards the solution. Inhomogeneous distribution of the Cr2O3 / Cr(OH)3 layer is 

observed. 

A thermodynamic model was also developed for the Cr-Ni steel in 5 M NaCl at 90 °C. For the system 

run for 13, 26 and 42 weeks the amounts of dissolved metals were quite low and generating the 

Pourbaix diagram using the varying amounts with respect to 13 and 26 weeks did not change the 

stability fields of the diagram in a significant way. The dissolved amounts of metals after 42 weeks 

were not used for Pourbaix diagram construction as they were below the detection limit. 

Constructing the Pourbaix diagram with respect to iron using the SIT approach for activity coefficient 

calculations and the [TC] database (Figure 43 A), the data points corresponding to our pH activity / 

𝐸ℎ  conditions were on the border between aqueous region of FeCl2 and stability field of 

thermodynamically stable phase chromite (FeCr2O4). The presence of this phase as a part of the passive 

film/corrosion layer is thus very likely. However the surface analyses (XPS) of samples in 5 M NaCl 

hinted at the presence of phases containing as well Fe(III). The presence of such a phase could, 

however, not be detected by µXANES and thus remains unclear. When constructing the Pourbaix 

diagram with respect to nickel (Figure 43 B), the data points are in the aqueous region of Ni2+, but 

close to the predominance field of trevorite (NiFe2O4). The presence of trevorite is in agreement with 

the µXANES observations. Finally, constructing the Pourbaix diagram for the 5 M NaCl system with 

respect to Cr (Figure 44), the data points are clearly located in the stability field of chromium oxide 

(Cr2O3). This finding is also in the agreement with the µXANES observations. These calculations need 

to be considered with care as they were done using SIT approach and [TC] database at ionic strength 

of 5 M, which is above the limit for the I for this approach. The observed phases trevorite and 

chromium oxide are confirmed as thermodynamically stable under neutral and a wide range of 

oxidizing to reducing conditions. Another issue alrady discussed previously needs to be considered. 

The corrosion experiments performed here investigate an ongoing reaction and the forming solid 

phases do not necessarily need to be identical with those expected from thermodynamic equilibrium 

calculations.  

In most of the remaining systems, the concentrations of dissolved metal ions were below the detection 

limit and no precipitation of phases was observed. Similar observations as 5 M NaCl were made in the 

experiments performed in solution 3 for 26 weeks at 90 °C and in dilute solution with I = 0.1 M NaCl 

for 28 weeks at 90 °C. A very thin heterogeneous layer was found by SEM (Annex Figures A41 and 

A42). XPS analysis of surfaces after contact with NaCl based solutions showed the presence of Fe(0), 
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Fe(III), Ni(0), Ni(II), Cr(III). The EDX and the XRD analysis could only detect the non-corroded steel 

in all samples.  

According to the Pourbaix diagrams of iron and nickel corresponding to the conditions in the solution 

3 system run at 90 °C for 26 weeks, chromite or trevorite are the thermodynamically stable phases 

(Annex Figure A43) with XPS analysis favouring trevorite. Also for this steel type, pyrite is shown in 

Pourbaix diagram as thermodynamically stable under reducing conditions in sulfate containing 

solutions, but will not form under given experimental conditions. 

 

Figure 43: Pourbaix diagrams for 5 M NaCl system at 90 °C drawn with respect to Fe (A) and with 

respect to Ni (B) using dissolved amounts after 26 weeks, SIT approach and [TC] database. No phase 

suppression. 

 

For the experiments performed at 25 °C in solution 3 for 20 and 26 weeks and in 5 M NaCl run for 49 

weeks, the SEM images are matching the initial surface (Annex Figures A44 and A45). The EDX 

(Annex Table A13), XPS and XRD analyses (Annex Figure A46) confirmed absence of observable 

corrosion. Occasional precipitate of sodium sulfate could be found after 26 weeks in solution 3 (by 

EDX). 

 

A B 
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Figure 44: Pourbaix diagram for 5 M NaCl system at 90 °C drawn with respect to Cr (A) using 

dissolved amounts after 26 weeks, SIT approach and [TC] database. No phase suppression. 

3.2.5.2 MgCl2 brine 

 

The evolution of the surface morphology is similar to the NaCl brine, as the surface appears without 

any significant corrosion damage. A very thin heterogonous layer is formed after 13, 26 and 42 weeks 

in 3.4 M MgCl2 brine at 90 °C (Annex Figure A47). The XPS analyses show identical spectra for all 

samples with presence of Fe(0), Ni(0) and Cr(III) (Annex Figure A48), which would suggest that the 

layer is just Cr2O3 and/or Cr(OH)3. The EDX analyses in Annex Table A14 showed only the 

composition matching the initial steel after 13, 26 and 42 weeks, Lastly, XRD (Annex Figure A49) 

showed peaks matching the initial steel for all samples. The same behaviour is applicable for the dilute 

system with I = 0.1 MgCl2 system run at 90 °C for 28 weeks (Annex Figure A50) and for the 3.4 M 

MgCl2 system run at 25 °C for 49 weeks (Annex Figure A51). In solution 1 system run for 20 weeks 

at 25 °C, the analyses (Annex Figures A52, A53 and A54, Table A15) hint at an occasional possible 

MgFe2O4 precipitate on non-corroded surface. These findings are consistent with the optical 

microscopy observation on the crosscut of the embedded sample corroded for 31 weeks at 90 °C in 3.4 

M MgCl2, where no corrosion damage could be identified.   

In the solution 1 system run at 90 °C for 26 weeks, a likely pit initiation was observed along with 

precipitate forming in its vicinity (Figure 45 A). The presence of Ni(II), Fe(II), Fe(III), hydroxide, 

oxide and chloride were detected by XPS in the precipitate. This configuration could along with the 

morphology (higher microscope magnification SEM image in Annex Figure A55) correspond to green 
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rust chloride with Ni(II) replacing for Fe(II) (and possibly Cr(III) for Fe(III)), but other compounds 

are also possible. Additionally, a non-corroded surface is found further away from the pit (presence of 

Fe(0), Ni(0) and Cr(III) by XPS). The crosscut of this embedded sample revealed stress corrosion 

cracking with crack depth of 1 mm (Figure 45 B). It is likely that the crack was initiated in the pit 

location upon cutting due to stress. In other locations, where a pit was not initiated, corrosion damage 

was not observed.  

Overall, for both brines, no or a very thin corrosion layer was found, mainly consisting of Cr 

(hydr)oxide and Ni(II) and Fe(III) phases as visible by SEM and detected by XPS. As no reliable data 

are available for activity calculations using the Pitzer approach for Cr and Ni, the Pourbaix diagrams 

were not generated for the systems corroded in MgCl2. As similar behaviour is observed for the Cr-Ni 

steel in both brines and low degree of corrosion is found, it is assumed that similar phases are favoured, 

with Ni(II) and Fe(III) phases precipitation onset likely shifted to higher pHM due to higher ionic 

strength of 3.4 M MgCl2 vs. 5 M NaCl. The phases of interest for the for radionuclides retention are 

trevorite (NiFe2O4), chromium hydroxide (Cr(OH)3), chromium oxide (Cr2O3) and chromite (FeCr2O4), 

considering the long-term stability, with the first three phases experimentally confirmed in this work. 

 

 Figure 45: SEM image of the solid phase morphology of Cr-Ni steel sample in solution 1, T = 90 °C 

with exposure of 26 weeks (A) and the embedded crosscut of the same sample (B).     

Table 23 below summarizes the experimentally determined secondary phases on Cr-Ni steel in various 

brines and at different temperatures along with the corresponding pHM and 𝐸ℎ values. 

 

A B 
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Table 23: The observed secondary phases formed on corroded Cr-Ni steel under various conditions. 

Steel 
Brine/ 

Molarity 
T /°C pHM 𝑬𝒉 

Experimentally determined secondary 

phase 

Cr-Ni 

Steel 

5 M NaCl 90 6.9±0.3 -77±50 

Passive film composed of chromium oxide, 

chromium hydroxide and trevorite. Green 

Rust chloride doped with Ni and Cr at the 

steel/film interface. 

5 M NaCl 25 6.40±0.05 214±50 
Chromium oxide and chromium hydroxide 

layer. 

Sol. 3 90 6.0±0.3 123±50 
Passive film composed of chromium oxide, 

chromium hydroxide and trevorite. 

Sol. 3 25 6.70±0.05 91±50 
Chromium oxide and chromium hydroxide 

layer. 

0.1 M NaCl 90 6.0±0.1 -64±50 
Passive film composed of chromium oxide, 

chromium hydroxide and trevorite. 

3.4 M MgCl2 90 5.6±0.5 98±50 
Chromium oxide and chromium hydroxide 

layer. 

3.4 M MgCl2 25 7.26±0.05 202±50 
Chromium oxide and chromium hydroxide 

layer. 

Sol. 1 90 6.1±0.5 98±50 

Green rust chloride with Ni and Cr near 

starting pit. Chromium oxide and chromium 

hydroxide layer away from the pit. 

Sol. 1 25 7.66±0.05 50±50 
Chromium oxide and chromium hydroxide 

layer. Possible MgFe2O4. 

0.033M MgCl2 90 5.8±0.1 -42±50 
Chromium oxide and chromium hydroxide 

layer. 

 

3.2.6 Corrosion mechanism 

 

Stainless steels, such as Cr-Ni steel in this study, are known for instantaneously forming a Cr2O3 

protective layer (Eq. 41). This layer can be hydrated (Eq. 42) and therefore a combination of Cr2O3 

and Cr(OH)3 is always present in the passive film [Kirchheim et al., 1989; Zhu et al., 2015 ]. This was 

also observed by µXANES technique in 5 M NaCl sample, where both of these compounds were 

detected. 

4𝐶𝑟0 + 3𝑂2  ↔  2𝐶𝑟2𝑂3  𝑓𝑖𝑙𝑚 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛   (𝐸𝑞. 41) 

𝐶𝑟2𝑂3 + 3𝐻2𝑂 ↔  2𝐶𝑟(𝑂𝐻)3   (𝐸𝑞. 42)  

We have observed this layer by XPS even on the initial samples prior to the corrosion experiments 

being started and in many systems as sole component of the film. This was particularly the case for 

room temperature systems: 5 M NaCl at 25 °C, in solution 3 at 25 °C and in solution 1 at 25 °C.   

In the case of Cr-Ni steel, the general oxidation of iron (Eq. 1) and reduction of water (Eq. 2) can also 

release Ni2+ which in turn will hydrolyse (Eq. 43). 
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𝑁𝑖𝑎𝑞 
2+ +  2(𝑂𝐻)−  ↔   𝑁𝑖(𝑂𝐻)2 (𝐸𝑞. 43) 

Furthermore, nickel has higher solubility, thus higher amounts of dissolved nickel were found despite 

lower nickel content in the Cr-Ni steel compared to iron. In all systems with dissolved amounts below 

detection limits, the pHM variation is small. This is likely be due to lack of water reduction and OH- 

formation.  

Other oxide phases depending on the alloy composition may form on the surface and contribute to the 

passive film. One particular group of formed oxides are spinels. Oxides with spinel structures are 

corrosion resistant and possess low solubilities [Beverskog & Puigdomenech, 1999]. In case of our Ni-

Cr-Fe-O-H system, the four spinels, which could form are magnetite Fe3O4, trevorite NiFe2O4, 

chromite FeCr2O4 and nichromite NiCr2O4. These compounds appear to be contributing to the 

passivation film in many of our samples as suggested by XPS and µXANES analyses, particularly in 

systems run at elevated temperature. 

Many studies are looking into the passivation film composition with respect to distribution of these 

compounds and their interaction [Kirchheim et al., 1989; Pérez et al., 2002; Ramya et al., 2010; Zhang 

et al., 2017]. All these studies agree that the passivation film is made of a double layer structure, with 

inner layer made of Cr oxide or Cr-containing spinel oxide formed by a solid-state growth mechanism 

and an outer layer of Fe, Ni spinel oxide formed by metal dissolution and corrosion product 

precipitation mechanism [Duan et al., 2015; Terachi et al., 2008]. This is in agreement with the results 

obtained in this work, showing that a similar passivation mechanism proceeds in solution with low and 

high ionic strength for stainless steel 309S. 

In a recent study by Zhang et al. [2017] it was found that the oxide film is composed of amorphous 

Cr2O3, which is covered by discontinuous crystalline spinel oxides formed through Fe(OH)2 - initially 

formed according to Eq. 3. The dissociation of Fe(OH)2 leads to formation of chromite according to 

Eq. 44. Magnetite formation from Fe(OH)2 via Schikorr equation was shown in Eq. 5, but its presence 

is unlikely due to higher stability of mixed Ni, Cr, Fe compounds compared to magnetite [Beverskog 

& Puigdomenech, 1999]. The absence of magnetite was also suggested in our thermodynamic model 

calculation.  

𝐹𝑒(𝑂𝐻)2 + 2𝐶𝑟𝑎𝑞 
3+ + 6 𝑂𝐻−  ↔ 𝐹𝑒𝐶𝑟2𝑂4  + 4𝐻2𝑂  (𝐸𝑞. 44) 

In the similar manner, trevorite can be formed (Eq. 45). Upon formation of 2𝐹𝑒𝑎𝑞 
3+, the 6(OH)- are 

formed from water reduction, thus no pHM variation should occur upon formation of this compound. 
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The minor pHM changes in the systems considering the uncertainty come from (OH)- from water 

reduction associated with iron and nickel oxidation and from impurities in steel and salt. 

𝑁𝑖(𝑂𝐻)2 + 2𝐹𝑒𝑎𝑞 
3+ + 6 𝑂𝐻−  ↔ 𝑁𝑖𝐹𝑒2𝑂4  + 4𝐻2𝑂  (𝐸𝑞. 45) 

It can be concluded that the observed heterogenous corrosion layer of the spinel group phases was part 

of the passivation film and no observable pitting corrosion took place in these samples yet. The 

resolution did not allow for more precise structural evaluation of the passive film.     

From the electrochemical point of view, the passive film is stable when the metal is in the passivation 

region. From the available values for corrosion and pitting potentials (Ecorr ~ -70 mV, Epit ~ 200 mV 

for 5 M NaCl, 25 °C and Ecorr ~ -440 mV, Epit ~ -80 mV for 3.4 M MgCl2, 25 °C), pitting corrosion is 

expected to occur for all MgCl2 brines systems. The values for the pitting potentials are not known for 

the systems at 90 °C, but increasing the temperature results in even lower pitting potential values, 

therefore pitting potentials may be reached in some systems with NaCl brine at 90 °C. Pitting is a slow 

process and the lack of observable pitting in these relatively short experiments does not mean this steel 

is immune to pitting.   

The only sample with pit initiation was in the solution 1 corroded at 90 °C for 26 weeks. Here, the pit 

formation was accompanied by the presumably green rust chloride formation in its vicinity. It seems 

that upon the passive film penetration/dissolution (pure Cr2O3/ Cr(OH)3 film in this sample), the metal 

around the pit is under cathodic control, which causes cathodic reduction of water and thus higher local 

pHM, along with local Cl- accumulation allowing for formation of green rust chloride, where structural 

Fe(II) and Fe(III) are partially substituted by Ni(II) and Cr(III). Inside the pit, the pHM is lowering due 

to cation hydrolysis (Eq. 46). This acidic chloride environment in the pit thus tends to propagate the 

pit growth and hinders repassivation [Frankel, 1998].  

𝐹𝑒𝐶𝑙2𝑎𝑞
+  𝐻2𝑂 ↔ 𝐹𝑒(𝑂𝐻) + +  𝐻+ +  2𝐶𝑙− (𝐸𝑞. 46) 

It is not clear, whether the green rust chloride would transform into trevorite, and whether this phase 

would be stabilized by electrophoretic accumulation of Cl- at the interface or upon further metals 

dissolution from the pit, different compounds would be favoured. 

A similar phenomenon was observed in the results from application of synchrotron-based techniques, 

where according to µXANES of iron and nickel, the green rust chloride (doped with Ni and Cr) was 

forming close to the bulk steel in 5 M NaCl sample corroded at 90 °C for 31 weeks. The presence of 

the trevorite phase on the outer part of the layer was also confirmed. It appears that in this case, the Cl- 
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diffused through the cracks / pores in the film to the steel/oxide interface once trevorite already 

contributed to the passive film and at this interface the formation of green rust chloride occurred. It is 

possible that small/metastable pits were present but not visible in the µXRF maps. This sample seemed 

to be in an earlier stage of pitting corrosion compared to the solution 1 sample. This is in agreement 

with surface analyses of the 5 M NaCl sample corroded at 90 °C, where a layer likely containing 

trevorite or mixed trevorite - chromite was observed. 

However, it needs to be noted that the growth of the outer layer is also governed by the stability of the 

oxide phases [Bojinov & Beverskog, 2006].This could explain the presence of trevorite in 5 M NaCl 

sample with pHM of 6.3 and absence of trevorite in the passive film in solution 1 sample with pHM of 

6.1, keeping it mind that higher ionic strength shifts the stability region to higher pHM values. Similarly, 

it would explain the absence of spinel compounds in the film in concentrated MgCl2 brines.  

It appears every steel sample is unique notably in the initial corrosion phase due to specific 

imperfections or cracks in the passive film. This can enhance the pit initiation. The presence of green 

rust chloride was observed in NaCl based (5 M) and in MgCl2 based (solution 1) brines, highlighting 

that despite the difference in ionic strength (nevertheless high in both cases), the interface conditions 

upon film penetration favour, at least initially, the same compound.  The presence of sulfate was 

expected to cause an inhibition of the corrosion due to the reinforcement of the protective film by 

shifting the pitting potential to higher values [McCafferty, 2010]; nevertheless, the sulfate 

concentration in solution 1 did not suffice to avoid reaching the pitting potential. Green rust sulfate is 

more stable than green rust chloride in chloride and sulfate containing solutions [Refait et al., 1997, 

2003], however, it seems the interface conditions favour, due to chloride accumulation, green rust 

chloride.  

Finally, from the point of interest for radionuclide retention in dilute to concentrated NaCl and MgCl2 

brines, the thermodynamically stable spinel compounds (trevorite and chromite) are dominating along 

Cr2O3. Although trevorite forms in the outer layer of the passive film, which would make it more 

exposed and thus of interest for radionuclide retention, this film could be discontinuous and therefore 

Cr2O3 in the passive film may also be of interest.  
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3.3 Corrosion under flowing conditions (in collaboration with SNL) 

A set of experiments with identical steel types and brine composition was performed in Sandia 

National Laboratory (SNL) in New Mexico, USA under Charly Sisk-Scott with the aim to obtain the 

corrosion rates under saline anoxic flowing conditions (60 mL/day) at 90 °C and allow a comparison 

to stagnant conditions performed at INE. A more detailed description and obtained corrosion rates are 

shown in the Annex.  

Comparing the results to outcomes of our stagnant condition experiments, comparable corrosion rates 

were obtained for the Cr-Ni steel considering the uncertainties after 26 weeks in the identical brines at 

90 °C. Lower corrosion rates were expected under flowing conditions, as in case of stainless steels, it 

is the stagnant environment, accumulation and heterogeneities in the solution, which cause pitting and 

dissolution. However, this effect may not be observable as the corrosion rates have high uncertainty. 

Considering the corrosion allowance material such as SGI, flowing conditions prohibit oxide formation 

on the surface, which would lead to inhibition of iron dissolution, due to convection of cations away 

from the surface. We have observed this mechanism as the corrosion rate has decreased with time in 

our stagnant samples. Therefore, it was expected to observe higher corrosion rates under flowing 

conditions. This was only fulfilled for the 5 M NaCl brine. In 3.4 M MgCl2 and solution 3 we have 

observed 2-3 times higher corrosion rates under stagnant conditions, respectively. Furthermore, Raman 

analyses showed lack of silicate compounds on SGI corroded under flowing conditions in 5 M NaCl 

brine and presence of green rust chloride (not iron hydroxychloride) in 3.4 M MgCl2 brine. This is 

likely due to different pH values and lack of saturation of Si in the solution. This comparative study 

has shown that the conditions (stagnant brine or flowing brine) in the repository play a role in the 

formation of corrosion products and affect the corrosion rate. This may have further effect on 

radionuclide retention as the different conditions would favour different phases serving as sinks.  
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4 Sorption studies  

 

The formed corrosion phases may serve as a sink for the radionuclides upon canister breach. This 

chapter focuses on the sorption behaviour of the various corrosion phases, which have been identified 

in the corrosion experiments and considered relevant with regard to long-term stability under 

conditions relevant to repository in the salt rock. As a representative for a sorbing radionuclide, 

europium and americium were taken for sorption studies. As already mentioned previously, Eu(III) 

can be considered a chemical analogue to trivalent actinides such as Am/Cm/Pu(III).  

In each evaluated system, the uptake of europium and log KD values were determined as a function of 

pHM under various ionic strengths in either NaCl or MgCl2 brine. In case of certain solid phases, a 

surface complexation model of europium sorption was developed and complexation constants obtained 

at infinite dilution. For some studies Am(III) sorption was investigated by X-ray spectroscopy in order 

to identify the surface speciation of the radionuclide.  

Figure 46 shows both steel types along with observed and/or long-term stable corrosion phases, which 

were examined for retention in this work, but also others, which may be of interest in future studies. 

The detailed description of the sorption experiments is presented in Section 2.5. All experiments in 

the sorption studies were performed at 25 °C, considering that the canister breach will potentially occur 

once the temperature of the canister surface decreased to low temperature. The pHM in this part is 

therefore the measured pHEXP corrected for ionic strength.   
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TD - Thermodynamic 

model 

Figure 46: Scheme of the observed / stable corrosion phases and outline of which phases are examined in this work for europium / americium retention. 
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4.1 Solubility and speciation of europium and americium in dilute to 

concentrated NaCl and MgCl2 solutions 

4.1.1 Solubility 

 

Prior to the experiments, it was crucial to assess the potential precipitation of any solid europium and 

americium phase under the studied conditions. The saturation indices of significant solid phases were 

plotted as a function of pHM at various ionic strengths used in the experiments, for europium and 

americium. The saturation indices were calculated with the PhreeqC software using the SIT approach 

with [TC] at ionic strength of 0.1 M and 1 M NaCl, and additionally Pitzer approach with [TPA] 

database at ionic strength of 4.7 M and higher. These results set the upper limit for the pHM range for 

the sorption studies and define the selected metal concentration ranges. 

The solubility calculations were performed for various concentrations of Eu/Am in NaCl and MgCl2 

brine and the pHM values of precipitation onset of relevant Eu/Am-solid phases or salts are shown in 

Table 24. The N.P. (No Precipitation) in the table signifies that the compound will not precipitate in 

the whole pHM range (1-14). There is no europium available in the [TPA] database, thus the 

calculations were done with americium for high I instead. Furthermore, Am(OH)3,cr is also not 

available in the [TPA] database, only Am(OH)3,am. The saturation indices for one set of calculations, 

[Eu] = 5.1×10-10 M are shown in Figure 47. The graphs showing the saturation indices for the other 

sets of calculations are shown in Annex Figures A58, A59 and A60.   

As a set of sorption experiments for XAS (EXAFS) measurements was performed with americium. 

These samples and XAS experiments aim at obtaining structural information at the molecular scale of 

the sorption species. The saturation indices of americium were thus evaluated for a concentration of 

8.2×10-6 M for the two ionic strengths of 0.95 M and 4.7 M NaCl, which were used in the XAS 

experiments. (Annex Figure A59). According to the Table 24, no precipitation is taking place in 

samples prepared for XAS measurements where the pHM was set to ~ 6.1 and ~ 7.0.   
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Table 24: The pHM values of precipitation onset of Eu/Am-solid phases or salts. 

[Eu/Am] and I (M) Solid phase 

NaCl brine     

Europium Eu(OH)3,cr Eu(OH)3,am Am(OH)3,am EuCl(OH)2 

5.1×10-10, I = 0.1, SIT 

(Figure 57 A) 

9.3 N.P. 
 

N.P 

5.1×10-10, I = 0.96, SIT 9.5 N.P 
 

N.P 

5.1×10-10, I = 4.8, SIT 

(Figure 57 B) 

12 N.P 
 

N.P 

1×10-7, I = 0.1, SIT 7.9 9.1 
 

N.P 

1×10-7, I = 0.96, SIT 8.11 9.3 
 

N.P 

1×10-7, I = 4.8, SIT 9.6 11.6 Pitzer   11.1 N.P 

1×10-5, I = 0.1, SIT 7.1 7.9 
 

N.P 

1×10-5, I = 0.96, SIT 7.4 8.1 
 

8.1 

1×10-5, I = 4.8, SIT 8.2 9.8 Pitzer   9.3 8.4 

Americium Am(OH)3,cr 
 

Am(OH)3,am 
 

8.2×10-6, I = 0.95, SIT 7.5 
 

7.9 
 

8.2×10-6, I = 4.7, SIT 8.4 
 

9.6 (9.2 Pitzer) 
 

MgCl2 brine Eu(OH)3,cr Eu(OH)3,am Am(OH)3,am EuCl(OH)2 Mg(OH)2 

5.1×10-10, I = 0.1, SIT 9.1 N.P 
 

N.P 9.4 

5.1×10-10, I = 9.77, Pitzer 
  

N.P 
 

9.3 

1×10-5, I = 0.1, SIT 7 7.8 
 

8.5 9.4 

1×10-5, I = 9.77, Pitzer 
  

9.2 
 

9.2 

 

Figure 47: Saturation indices of europium solid phases vs. pHM calculated using the SIT approach and 

[TC] database. I = 0.1 M NaCl (A) and I = 4.8 M NaCl (B), [Eu] = 5.1×10-10 M. 

Overall, increasing the ionic strength shifts the precipitation threshold to the alkaline region. At I = 4.7 

M (americium) and 4.8 M (europium), the halite line is also close to zero as the salt concentration is 

close to saturation point of NaCl. The upper pHM limits for sorption were set such as to stay below 

A B 
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precipitation of phases for each system. Considering the Eu/Am(OH)3, only the amorphous phase was 

taken into account for the limit setting, as crystalline phases are not expected to form under our 

experimental conditions. These pHM limits are conservative, as they do not account for sorption, which 

would decrease the solute amount in the solution.  

4.1.2 Speciation 

 

Europium and Americium speciation in NaCl brines are plotted below (Figures 48 and 49). The 

speciation is the same, independent of the europium or americium concentration. Using the SIT 

approach and [TC] database, the predominant species in acidic-neutral pHM range are Eu3+ for low 

ionic strength and Eu3+, EuCl2+ and EuCl2
+ for high ionic strength. In alkaline pHM region, hydroxo 

species take over. Similar behaviour is observed in case of americium. Speciation curves for the MgCl2 

brines follow identical patterns as in the case of NaCl brines, as long as the ionic strength is the same.  

Figure 48: Aqueous speciation of europium vs. pHM calculated using the SIT approach and [TC] 

database. I = 0.1 M NaCl (A) and I = 4.8 M NaCl (B), [Eu] = 5.1×10-10 M.  
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Figure 49: Aqueous speciation of americium vs. pHM calculated using SIT approach and [TC] database. 

I = 0.95 M NaCl (A) and I = 4.7 M NaCl (B), [Am] = 8.2×10-6 M.  

 

4.2 Uptake of europium/americium by Fe (Ni, Cr) minerals 

4.2.1 Magnetite (Fe3O4) 

 

Magnetite was established as the dominant and thermodynamically long-term stable corrosion phase 

for SGI in dilute to concentrated NaCl brines at elevated temperature. The magnetite structure is shown 

in Figure 50.  

 

 

 

 

Figure 50: Structure of magnetite showing the tetrahedral (green) and octahedral (orange) sites [Jolivet 

et al., 2006]. 

Magnetite for sorption experiments was synthesised in house according to the procedure described by 

Cornell and Schwertmann [1996] in Table 3. Prior to the experiments, the solid phase was 

characterized using various methods to confirm its purity. Initial pHM and 𝐸ℎ of the magnetite stock 

suspension kept under Ar atmosphere were pHM = 6.64 and 𝐸ℎ = -5 mV, respectively.   

A B 
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The SEM images of the solid in Figure 51 show clear octahedral morphology and a size range of 50 

to 300 nm with an average size of 100 nm. EDX confirmed a Fe/O ratio of ¾ consistent with magnetite. 

SEM images suggest the predominance of the (111) plane as being relevant for sorption.  

Figure 51: SEM images of dried magnetite, showing octahedral shaped structures. 

 

The XRD analysis (Figure 52) was performed on the solid and compared to the database, showing an 

excellent match with PDF card 88-0315 (magnetite) and the absence of additional crystalline phases. 

The specific surface area of the same batch (42 g/L stock suspension) was previously determined by 

the BET method by Finck et al. [2016b] to be 13.1 m2/g. 

 

  

 

 

 

 

 

 

 

 

 

Figure 52: X-ray diffractogram of the dried magnetite, showing a perfect match of the sample 

diffraction pattern with PDF card of 88-0315 in the database - magnetite.  

The Fe 2p XPS spectrum of the dried magnetite confirmed the presence of both Fe(II) and Fe(III) 

(Figure 53). The respective ratio of Fe(II)/Fe(tot.) was found 0.25, while in the ideal magnetite structure 
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it should be 0.33. This result may hint at a slight increase in Fe(III) within the first few nm probed by 

XPS and likely originates from the long contact time between magnetite and traces of oxygen in the 

Ar-filled box.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 53: Fe 2p spectrum of dried magnetite obtained by XPS.   

At last, prior to the sorption experiments, it was important to identify the stability of magnetite along 

the pHM range to avoid mineral dissolution. Pourbaix diagram (not shown here) indicated low 

solubility for magnetite under reducing conditions in neutral and alkaline range. At pHM > 5.6 (25 ℃) 

the magnetite solubility is relatively low and unlikely to affect significantly the sorption experiments 

performed within a period of 24 h. This was shown by the study of Missana et al. [2003], who studied 

uranium sorption onto magnetite and found low dissolution above pH 5. In our corrosion experiments, 

this phase has been found being stable at pHM 6.1 in 0.1 M NaCl at 90 °C. However, at higher ionic 

strength, the stability window of magnetite shifts to higher pHM values and, therefore, dissolved iron 

in sorption samples was determined by ICP-MS to check for magnetite dissolution under given 

experimental conditions.   

 

 

4.2.1.1 Solid phase titration in dilute to concentrated NaCl solutions 

 

The magnetite solid phase was titrated according to the procedure described in section 2.5.1 and the 

relative charge was calculated as a function of pHM. The modelling was performed using a modified 

version of FITEQL 2 with activity coefficients obtained using the models and databases described in 
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section 1.3.5.2. Considering the complex structure of magnetite, containing tetrahedral and octahedral 

configurations exposed to the aqueous phase where Eu/Am can sorb, alongside different site densities 

for different crystal faces, the CD-MUSIC model was chosen to consider those different surfaces and 

to predict the proton binding constants for the several terminal oxygen sites. The absolute surface 

charge density data were fitted taking data from Vayssières [1995] into account, who reported the 

number of possible surface species along with formal charges and structural configuration for the (111) 

face of magnetite. The binding constants for Na+ and Cl- to differently coordinated sites and the 

capacitance values were then obtained from the fit. In order to reduce the number of adjustable 

parameters, the constants for Cl- and Na+ binding to non-charged surface hydroxyl groups were set 

equal. There are two different terminations in the (111) plane: oxygen atoms are either coordinated to 

iron atoms in mixed octahedral and tetrahedral sites or to iron atoms in octahedral sites only. In the 

mixed tetrahedral and octahedral termination, the oxygen atoms are doubly and singly coordinated, i.e. 

two and one metal ions are coordinated to the oxygen, while in the octahedral termination, they are 

doubly and triply coordinated. The pK values together with surface charges calculated from the bond 

valence for each coordination are summarised in Table 25.   

Table 25: pK values for each coordination in two terminations of magnetite taken from Vayssières 

[1995]. 

Mixed octahedral and tetrahedral termination 

Coordination of 

oxo/hydroxo groups 

Reaction pK Surface charge 

calculated from bond valence 

doubly 𝐹𝑒2 − 𝑂−0.83 + 𝐻+  ⇌  𝐹𝑒2 − 𝑂𝐻0.17 9.3 -0.83 

doubly 𝐹𝑒2 − 𝑂𝐻0.17 +  𝐻+  ⇌  𝐹𝑒2 − 𝑂𝐻2
1.17 -5.1 0.17 

singly 𝐹𝑒1 − 𝑂−1.25 + 𝐻+  ⇌  𝐹𝑒1 − 𝑂𝐻−0.25 17.5 -1.25 

singly 𝐹𝑒1 − 𝑂𝐻−0.25 +  𝐻+  ⇌  𝐹𝑒1 − 𝑂𝐻2
0.75 3.6 -0.25 

Octahedral termination 

Coordination of 

oxo/hydroxo groups 

Reaction pK Surface charge 

calculated from bond valence 

doubly 𝐹𝑒2 − 𝑂−1.16 + 𝐻+  ⇌  𝐹𝑒2 − 𝑂𝐻−0.16 16.4 -1.16 

doubly 𝐹𝑒2 − 𝑂𝐻−0.16 +  𝐻+  ⇌  𝐹𝑒2 − 𝑂𝐻2
0.84 2.5 -0.16 

triply 𝐹𝑒3 − 𝑂−0.75 + 𝐻+  ⇌  𝐹𝑒3 − 𝑂𝐻0.25 7.6 -0.75 

 

The contributions from the two terminations in the model were adjusted in such a way that the 

experimental point of zero charge (pzc) was retrieved. This was done for low ionic strength (0.001 M) 

using a diffuse layer model.  

After a satisfactory fit of the model to the experimentally determined pH dependent charge of the solid 

was obtained (Figure 54), the associated capacitance values and binding constants within the triple 

layer model were fixed. The solid to liquid ratio in pH titration experiments and europium sorption 
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experiments was 42 g/L and 0.5 g/L magnetite, respectively. Those different values were considered 

in model calculations. Suitable surface reactions with the radionuclide were defined and the model was 

modified to account for activity coefficients of europium species in solution. The dielectric constant 

of aqueous solutions was calculated for each ionic strength and used for the diffuse part of the triple 

layer model. The model was then run in various site configurations until a good fit with experimental 

uptake data was achieved.  

Figure 54 shows the experimental titration data for two ionic strengths, 0.1 M and 1 M NaCl in the 

pHM range of 5.3-8.8 and the associated modelled charges. The error bars for the surface charge are 

within the points. The point of zero charge was according to the titration curves at pHM = 6.4. This is 

in agreement with literature data [Vidojkovic & Rakin, 2017].  

 

 

 

 

 

 

 

 

 

Figure 54: The experimental and modelled pHM dependent surface charge of magnetite at two ionic 

strengths set by NaCl. The lines correspond to the calculated charges using the values summarized in 

Table 26. 

The best model parameters are summarized in Table 26, showing the two capacitance values and ion 

binding constants (Na+, Cl-) to differently coordinated hydroxyl sites. The ion binding constants for 

equally charged anions and cations on a given non-charged site were set to identical values. The 

simplest model in terms of numbers of adjustable parameters using equations in Table 25 was obtained 

when enforcing identical intrinsic ion binding constants for singly and triply coordinated sites and a 

separate value for the doubly coordinated sites. The fitted value for the doubly coordinated sites is 
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negative, which indicates that ion binding on these sites is weak. It appears that ions are preferentially 

bound to singly/triply coordinated sites. The overall Stern capacitance value of 1.32 F/m2 obtained in 

this work is within the range for overall capacitance for metal (hydr)oxides reported by Hiemstra & 

Van Riemsdijk [1991] for non-porous and well-ordered planar crystal faces ranging from 0.9 to 1.7 

F/m2.  

 

 

4.2.1.2 Uptake as a function of pH in dilute to concentrated NaCl and MgCl2 solutions 

 

The pHM dependent dissolution of magnetite was evaluated and is shown for NaCl and MgCl2 brines 

in Figure 55. The results showed an overall higher dissolution in MgCl2 brine (Figure 55 B). 

Dissolution in this case refers to the preferential release of structural Fe2+, leaving behind Fe2+ - poor 

magnetite. The values for dissolved iron reached 1 % of the initial magnetite content at pHM 5.4 in 

NaCl brine and 3 % at pHM 5.4 in MgCl2 brine. These dissolution values are unlikely to affect the 

sorption. For this reason the pHM range for the study was set to pHM > 5.5. The low dissolution in the 

used pHM range is in agreement with the solubility study by Missana et al. [2003] and GWB modelling 

in this study.  

Table 26. The CD-MUSIC model parameters for magnetite proton surface charge curves. 

Capacitance 1 3.22 F/m2 

Capacitance 2 2.25 F/m2 

Overall Stern capacitance 1.32 F/m2 

Constant for Cl- and Na+ binding to doubly 

coordinated hydroxyl sites, log Ka 

-5.01 - 

Constant for Cl- and Na+ binding to singly/triply 

coordinated hydroxyl sites, log Ke 

2.45 - 

Site densities used in optimization 

Doubly coordinated octahedral termination 6.68 sites/nm2 

Triply coordinated octahedral termination 2.23 sites/nm2 

Singly coordinated mixed termination 1.48 sites/nm2 

Doubly coordinated mixed termination 4.45 sites/nm2 
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Figure 55: Dissolved iron concentration in aqueous solutions in contact with magnetite vs. pHM at 

different ionic strengths of NaCl (A) and MgCl2 (B). 

 

The general pHM dependent interaction of trivalent radionuclides (Eu) with iron oxides exhibits strong 

sorption above pHM 5.5 (Figure 56 A). At such low europium concentration, for pHM > 6.2 all the data 

points are in the shown grey detection limit area of the gamma counting method, which corresponds 

to 99.1 % sorption for magnetite. For pHM < 6.2, the increase in salt content decreases the extent of 

sorption. The log KD values range from 4.3±0.2 to 7.1±0.5 (Figure 56 B) with the log KD value 

corresponding to the detection limit of 5.3. 

Gamma counting of the used 152Eu tracer yields only small analytical uncertainties. Errors due to 

pipetting, resuspension of solid particles after ultracentrifugation or wall sorption effects dominate the 

uncertainty of sorption data. The uncertainty of log KD values by all these errors is around ±0.5, when 

the concentrations of dissolved Eu lie close to the detection limit, which is in agreement with data 

provided by Schnurr et al. [2015], who followed a very similar procedure examining the europium 

sorption onto clay.  

Singh et al. [2009] investigated the sorption of europium onto magnetite (2 g/L) for a similar europium 

concentration of 2×10-9 M. The authors have observed a similar trend with quantitative sorption taking 

place at pHM > 5.5 in background electrolyte with I = 0.1 M, using magnetite with higher specific 

surface area in comparison to the magnetite used in this study.   
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Figure 56: Sorption of europium [Eu] = 5.1×10-10 M as percentage uptake (A) and as logarithm of 

distribution ratio (log KD) (B) on magnetite (0.5 g/L) as a function of pHM and at different ionic 

strengths of NaCl.  

Sorption data were recorded at a higher Eu concentration of 1×10-5 M corresponding closely to the 

concentration of Am chosen for XAS experiments. The sorption exhibited a pHM dependent behaviour 

(Figure 57 A). With this radionuclide concentration, the uptake was low at pHM 5.5 and increased 

within 2 pHM units, reaching quantitative sorption at pHM ≥ 8.0 for all ionic strength levels. The 

uncertainty regarding sorption was estimated in this case to ±4 %, i.e. ±0.2 for log KD. The log KD 

values in this case vary from 2.7±0.2 at 20±4 % sorption to 4.6±0.2 at 95±4 % (Figure 57 B). A very 

small ionic strength effect on log KD values can be observed considering the molar pHM scale. These 

experimental data are in good agreement with the work of Catalette et al. [1998], who performed 

europium sorption onto magnetite at a Eu concentration of 2×10-4 M and observed > 99.99 % uptake 

at pHM > 7.0 at I = 0.1 M.   
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Figure 57: Sorption of europium [Eu] = 1×10-5 M as percentage uptake (A) and as logarithm of 

distribution ratio (log KD) (B) on magnetite (0.5 g/L) as a function of pHM and at different ionic 

strengths of NaCl. 

Experiments in MgCl2 brine with various ionic strength levels were performed following the same 

experimental procedure. At low europium concentration of 5.1×10-10 M, the uptake was only 

performed for I = 0.95 M. This data is comparable to data obtained at I = 0.96 M NaCl, all the data for 

pHM ≥ 5.6 are below the detection limit (Annex Figure A61). Sorption data recorded for high europium 

concentration in MgCl2 brine exhibited, as in the case of NaCl, a pHM dependant behaviour (Figure 

58 A). In this brine, the ionic strength effect is more evident. A clear decrease in sorption by ~ 15 % 

occurs between data of I = 0.95 M MgCl2 and I = 2.85 M MgCl2.The corresponding log KD values are 

2.7±0.2 (21±4 %) increasing to 4.0±0.2 (85±4 %) (Figure 58 B).  

Increasing the ionic strength to a level, which may occur in Mg-brine solutions in rock salt formations 

(I = 9.77 M MgCl2), lowers the uptake significantly at slightly alkaline conditions due to competition 

of europium and magnesium for sorption. Figure 59 shows the direct comparison of the uptake data 

between the two brines for identical ionic strength levels of 0.95-0.96 M (Figure 59 A) and 2.85-2.9 

M (Figure 59 B). At I = 0.95-0.96 M, the uptake is similar for the two brines until pHM of 7.0, after 

which the uptake in MgCl2 brine is slightly lower. The possible reason is Mg adsorption onto magnetite 

at alkaline pHM. At I = 2.85-2.9 M, there is a substantially lower Eu uptake in MgCl2 for pHM ≥ 6.2 of 

about 15-20 % compared to the NaCl brine. In this case, it appears that the ionic strength is high enough 

not only for significant Mg adsorption but also for surface screening, which causes an overall lower 

sorption, also at neutral pHM.  
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Figure 58: Sorption of europium [Eu] = 1×10-5 M as percentage uptake (A) and as logarithm of 

distribution ratio (log KD) (B) on magnetite (0.5 g/L) as a function of pHM and at different ionic 

strengths of MgCl2. 

 

Figure 59: Sorption of europium [Eu] = 1×10-5 M as percentage uptake on magnetite (0.5 g/L) as a 

function of pHM and at similar ionic strength levels of NaCl and MgCl2. I = 0.95-0.96 M (A), I = 2.85-

2.9 M (B). 
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4.2.1.3 Uptake as a function of the Eu concentration in concentrated NaCl solutions 

 

Sorption isotherms were performed at pHM ~ 6.0 (Figure 60 A) and ~7.0 (Figure 60 B) for an 

europium concentration varying from 10-10 M to 10-4 M at various ionic strengths set by NaCl. The 

linear behaviour of the isotherms hints that magnetite exhibits only 1 strong sorption site group. 

Furthermore, the effect of ionic strength is not visible at all, as the points lay on top of each other until 

10-5 M of Eu, where a slight deviation can be noted.   

Figure 60: Sorption isotherms of europium onto magnetite (0.5 g/L) at pHM ~ 6.0 (A) and ~7.0 (B) in 

mol/g at various ionic strengths of NaCl. 

4.2.1.4 Structural interpretation of Am uptake: EXAFS 

 

EXAFS measurements of Am L3-edge were performed on a set of sorption samples and the 

experimental procedure is described in detail in section 2.6.1. In order to obtain the amplitude 

reduction factor S0
2, reference Am3+ aquo ions were modelled, fitting the data with one O coordination 

shell containing 9 atoms (CNO1 = 9.0 atoms, set parameter) at a distance of R(Am-O1) = 2.44 Å. This 

is in agreement with literature data [Finck et al., 2015; Skerencak-Frech et al., 2014]. Samples 

containing magnetite showed different Fourier transforms at R+ΔR > 2.5 Å in comparison to that of 

the aquo ions, highlighting the presence of an ordered shell at higher distances, likely iron. 

Nevertheless, the EXAFS spectra were very similar in all sorption samples, suggesting similar 

coordination environment for various pHM and I. The aqueous speciation calculation confirmed that 

the dominant species do not significantly vary between pHM 6.0 and 7.1 and thus a similar coordination 
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environment for various pHM was expected. Experimental and modelled EXAFS spectra are shown in 

Figure 61 with model parameters summarized in Table 27. 

 

 

 

 

 

 

 

 

 

 

Figure 61: Experimental (black solid line) and modelled (red dashed line) EXAFS spectra in k space 

and Fourier transforms of the Am3+ aquo ions and sorption samples. 

There is one contribution in the Fourier transformed (FT) spectra (Figure 61) originating from the 

aquo ions and two contributions from the sorption samples. The refinement of the first peak shows the 

similarity of the species to aquo ions having the same O coordination number. The refinement yields 

an Am-O path where the first peak corresponds to 9(1) oxygen atoms for all samples at a distance of 

2.48-2.53 Å (Table 27). No neighbouring Am was detected excluding the presence of precipitates on 

the surface. The absence of precipitates is consistent with what is expected from PhreeqC modelling. 

In order to obtain further information about the structure of Am species on magnetite, the fit of the 

Fourier transform peak was extended beyond the oxygen coordination sphere. The refinement of the 

second shell in the FT data at R + ΔR = 3.35 Å yields an Am-Fe interaction where the peak was fitted 

with 3(1) Fe atoms at a distance of 3.49-3.54 Å, suggesting a surface complex. This formation implies 

that an Am atom is linked via three oxygen atoms to three edge sharing FeO6 octahedra, as shown in 

Figure 62, with six remaining oxygen atoms in the liquid phase. This is in agreement with the work 

of Kirsch et al. [2011], who examined Pu3+ sorption onto magnetite at low I = 0.1 M NaCl and with 

the data reported by Finck et al. [2016a,b], who examined Am sorption onto magnetite at low I (0.1 M 
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NaCl). The latter authors observed the formation of the same monomeric tridentate inner sphere 

surface complex highlighting the similarity of the Am surface species structure for data obtained at 

low and high I, which confirms the negligible effect of I on the structure of surface complexes also 

observed in the uptake data. 

Adding a Cl coordination shell, which might be expected because of Am-chloro complex formation at 

high Cl- concentration, did not improve the fit. Thus, the presence of the chloride complex at the 

magnetite surface was considered insignificant under our experimental conditions.   

Table 27: Best-fit EXAFS Model Parameters for americium sorbed onto magnetite and the reference 

compound (Am3+ in solution). 

Sample FT range 

[Å-1] 

Fit range in 

R space [Å] 

Path CN R 

[Å] 

σ 2 

[Å2] 

ΔE0 

[eV] 

F 

factor 

Am3+ Aquo Ions 3.2-10.3 1.7-2.6 Am-O1 9.0 2.44 0.008 1.2(1.4) 0.0021 

Am-Magnetite, 

pHM 6.1, 

 I = 0.95 M 

3.2-8.2 1.5-3.5 Am-O1 8.9(6) 2.51 0.011 1.8(1.3) 0.0013 

Am-Fe1 3.1(5) 3.53 0.006 

Am-Magnetite, 

pHM 7.1, 

 I = 0.95 M 

3.2-7.8 1.3-3.45 Am-O1 9.9(7) 2.48 0.016 0.1(1.1) 0.0019 

Am-Fe1 3(2) 3.49 0.006 

Am-Magnetite, 

pHM 6.1, I = 4.7 M 

3.3-8.0 1.35-3.3 Am-O1 9.6(9) 2.53 0.013 2.5(2.1) 0.0018 

Am-Fe1 2.5(9) 3.54 0.008 

Am-Magnetite, 

pHM 7.0, I = 4.7 M 

3.2-7.7 1.3-3.3 Am-O1 9.9(6) 2.49 0.015 1.9(0.5) 0.0019 

Am-Fe1 2.9(6) 3.54 0.007 

FT range: Fourier Transform range, CN: Coordination number, R: Interatomic distance, σ 2: Debye - Waller 

factor, ΔE0: Shift in ionization energy where E0 is the energy at the maxima of the first derivative, F factor: 

figure of merit of the fit representing the absolute misfit between the data and the model. Amplitude reduction 

factor S0
2 = 0.87 for all samples. Estimated error for R = ±0.03 Å and for σ 2 = ±0.001 Å2. The numbers in 

parentheses indicate the uncertainty.   

Literature data suggest that the americium presence during the formation of magnetite from corrosion 

of Fe(0) would result in its substitution for Fe in early stages and once the magnetite phase is formed, 

it would be localized within its structure [Finck et al, 2016a]. The data obtained in the present study 

exclude Am incorporation under given experimental conditions.  
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Figure 62: Sorption complex of Am3+ on the edge sharing octahedral (111) plane of magnetite.  

4.2.1.5 Surface complexation model 

 

The developed surface complexation model is based on the aquatic speciation of europium/ americium 

as presented in section 4.1.2, the magnetite surface structural model in Tables 25 and 26 and the 

EXAFS characterization of the surface complex structure obtained for americium, showing a tridentate 

binding mode. The model has been developed for americium complexes using europium uptake in 

NaCl solutions. As already mentioned before, europium sorption is well known to compare closely to 

that of americium. The surface of the Fe3O4 (111) plane was optimized with either octahedral 

termination or mixed octahedral and tetrahedral terminations to compare the two terminations as 

explained in section 4.2.1.1. 

The charge distribution in the americium surface complex coordinated by nine oxygen atoms in the 

model was formulated such that three oxygen bonds would go to the surface and the remaining six 

were split such that three would be placed in the b plane and three equally divided between the 0 and 

the b plane to best represent the positioning of americium. This distribution is in agreement with the 

EXAFS data. 

The model delivered a very poor fit when using only singly coordinated sites, which was unexpected 

as titration experiments showed these as the dominant sites for proton adsorption.  
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The fit was improving as the distribution of the sites in the model was moving more towards doubly 

coordinated sites. The best fit occurred if only doubly coordinated sites were used, with satisfactory 

fit for both terminating hydroxyl groups. The spectroscopic data suggest that the binding occurs at the 

octahedral termination. This configuration matches well with the structure of the octahedral 

termination given by Vayssières [1995] allowing Am to be located close to three Fe atoms with the 

same distances and three available O atoms, likewise at the same distances, which is not the case for 

the mixed termination. The result of fitting sorption data by assuming this surface species as relevant 

is shown in Figure 63. The model inherent surface complexes are shown below with the complexation 

constants at infinite dilution summarized in Table 28:  

𝑆0:    ( 𝐹𝑒2 − 𝑂𝐻−0.16 )3 +  𝐴𝑚3+ ⇋ {( 𝐹𝑒2 − 𝑂𝐻−0.16 )3𝐴𝑚3+ }                                                            𝑙𝑜𝑔 𝐾0 

Transfer of charge:  Δz0 = 1.5, Δzβ = 1.5. 

 

 𝑆1:  ( 𝐹𝑒2 − 𝑂𝐻−0.16 )3 +  𝐴𝑚3+ ⇋ {( 𝐹𝑒2 − 𝑂𝐻−0.16 )2 ( 𝐹𝑒2 − 𝑂−1.16)𝐴𝑚3+} + 𝐻+                    𝑙𝑜𝑔 𝐾1 

Transfer of charge:  Δz0 = 0.5, Δzβ = 1.5. 

 

𝑆2:    ( 𝐹𝑒2 − 𝑂𝐻−0.16 )3 +  𝐴𝑚3+ +  𝐻2𝑂 ⇋ { (𝐹𝑒2 − 𝑂𝐻−0.16 )2(𝐹𝑒2 − 𝑂−1.16)𝐴𝑚 (𝑂𝐻)2+} + 2𝐻+     𝑙𝑜𝑔 𝐾2      

Transfer of charge:  Δz0 = 0.5, Δzβ = 0.5. 

 

Table 28: The complexation constants at infinite dilution. 

𝒍𝒐𝒈 𝑲𝟎 6.9 ± 0.1 

𝒍𝒐𝒈 𝑲𝟏 0.2 ± 0.1 

𝒍𝒐𝒈 𝑲𝟐 -7.5 ± 0.1 

 

The aquatic speciation of europium and americium showed significant contributions of AmCl2+/EuCl2+ 

species, however, these seem to be limited to the aqueous solution and do not contribute in significant 

manner to the surface complexation. The assumption is corroborated by the obtained satisfactory fit 

without the introduction of an Am-Cl surface complex {( 𝐹𝑒2 − 𝑂𝐻−0.16 )3𝐴𝑚 𝐶𝑙}.  
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The model is able to describe the respective pHM dependent trend of sorption (Figure 63) as well as 

experimental sorption data obtained at different Eu concentration and ionic strengths. The model fit 

for sorption isotherm data is shown in Figure 64. 

Figure 63: Sorption of europium [Eu] = 5.1×10-10 M (A) and 1×10-5 M (B) onto magnetite vs. pHM. 

Experimental uptake (points) modelled (full lines) using surface complexation model in FITEQL with 

the Pitzer approach and [TPA] database for various ionic strengths (NaCl). The dashed lines represent 

the complex distribution for the three complexes for I = 0.96 M (red) and I = 4.8 M (blue), respectively. 

Sx represents the surface complexation reaction described in the text. 

 

Figure 64: Sorption isotherm of europium onto magnetite (0.5 g/L) at pHM ~6.0 (A) and ~7.0 (B). 

Experimental uptake (points) modelled (full lines) using surface complexation model in FITEQL with 

the Pitzer approach and [TPA] database for various ionic strengths (NaCl). 

A B 
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Subtracting log K1 from log K2 results in the constant for the hydrolysis reaction of the magnetite 

sorbed Am(III) surface complex. The difference is -7.7 and is close to log K for americium hydrolysis 

in solution (-7.2), showing that the obtained values are realistic.   

Figure 63 B shows also the distribution of the different surface complexes as a function of pHM for 

[Eu] = 1×10-5 M, where S0 corresponds to the {( 𝐹𝑒2 − 𝑂𝐻−0.16 )3𝐴𝑚3+ }  complex, S1 to the 

{( 𝐹𝑒2 − 𝑂𝐻−0.16 )2 ( 𝐹𝑒2 − 𝑂−1.16)𝐴𝑚3+ }  complex, and S2 to the { (𝐹𝑒2 − 𝑂𝐻−0.16 )2(𝐹𝑒2 −

𝑂−1.16)𝐴𝑚 (𝑂𝐻)2+} complex. The dashed red lines correspond to surface complex distributions for I 

= 0.96 M, while the dashed blue lines correspond to surface complex distributions for I = 4.8 M. For I 

= 0.96 M, S0 prevails at low pHM up to 5.8, S1 exists within the entire studied pHM range and the 

hydrolysed S2 is dominant at high pHM (≥7.0). Upon increase of the I to 4.8 M, the distribution trend 

is the same, but the dominance of each complex is shifted to higher pHM, with S0 being dominant up 

to pHM 6.4, and S1 up to pHM 7.7. For clarity, the distribution was not plotted for low europium 

concentrations of 5.1×10-10 M. In this case the distribution was different with complex S0 dominating 

up to pHM 7.6 for I = 0.96 M and in the whole investigated pHM range for I = 4.8 M.  

The reason for different ionic strength effects for the two Eu concentrations is the interplay of 

competition for sites and ionic strength effect on activities in solution. With higher ionic strength, the 

electrolyte interacts with surface sites and, thus, competes with Eu, and at higher concentration of this 

radionuclide, this effect becomes notable. With low Eu concentration, this competition is minor. It is 

worth noting that even at high Eu concentrations only about 59 % of the surface sites are occupied. 

This reflects the high sorption capacity of magnetite, rendering this corrosion phase a candidate for 

strong radionuclide retention in a nuclear waste repository near-field considering dilute to concentrated 

NaCl brine.   
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4.2.2 Iron hydroxychloride (Fe2(OH)3Cl) 

 

The iron hydroxychloride was also examined for its sorption capability as it has been observed in both 

brines in case of SGI corrosion, close to bulk steel in NaCl brine and as a dominant and long-term 

stable phase in MgCl2 brine. A first batch of the solid has been synthesised by the project partners in 

GRS, while the second batch has been synthesised in house according to Table 3.  

The SEM images of the two batches are shown in Figure 65. Batch 1 shows particles of approximately 

200 nm in size. The batch 2 seems to have slightly smaller particle size; however the morphology of 

cube clusters is maintained. The shape is however different from the pyramid-trigonal morphology 

observed for this phase in the corrosion experiments. Furthermore, in corrosion experiments, Mg 

replaced part of Fe(II) in the structure (Fe2+,Mg)2(OH)3Cl), but in the sorption experiments, pure 

Fe2(OH)3Cl was used.  

 

 

Figure 65: SEM images of iron hydroxychloride. Batch 1 synthesised at GRS (A) and batch 2 

synthesised in house (B).   

The EDX analysis was performed for both batches and the chemical compositions are shown in Table 

29. The chemical composition of the two batches matches well and the Fe/Cl/O ratio matches iron 

hydroxychloride compound. 
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Table 29: The chemical composition of the two batches of iron hydroxychloride compound. 

Element/ Atomic % O Cl Fe 

Batch 1 52.05±1.01 16.59 ±0.32 31.36 ±0.72 

Batch 2 50.4±1.6 16.2±0.4 33.3±0.7 

 

XPS of batch 1 (Figure 66) shows the presence of Fe(II) only, highlighting that the surface of the 

phase is not oxidised. 

 

 

 

 

 

 

 

Figure 66: XPS narrow Fe 2p spectrum of the iron hydrochloride compound from batch 1.   

XRD analysis of batch 1 yielded high background and no clear peaks, thus Raman analysis was 

performed (not shown), obtaining peaks matching the iron hydroxychloride [Réguer et al., 2007]. XRD 

analysis of batch 2 (Figure 67) showed clear peaks matching iron hydroxychloride in the database. 

This could be attributed to the two different XRD machines used for the two respective batches with 

the first machine used for batch 1 having lower performance and tilting of samples leading to potential 

sample movement during measurement. 

Choosing the correct pHM range for sorption was challenging for this phase, as literature sources state 

stability only under neutral to mildly acidic conditions [Réguer et al, 2005]. In corrosion studies, the 

formation of this phase is observed in the pHM range 5-7 at 90 °C and up to pHM 8.5 at 25 °C. The 

selected pHM range for sorption experiments was 6.7-9 to match the conditions of the corrosion 

experiments performed at room temperature.   
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Figure 67: X-ray diffractogram of the synthesised iron hydroxychloride, batch 2. PDF card 34-0199 

refers to Fe2(OH)3Cl.    

4.2.2.1 Uptake as a function of pH in dilute to concentrated NaCl and MgCl2 solutions 

 

ICP-MS analyses for dissolved iron for the experiments performed in NaCl and MgCl2 brines (Figure 

68) show significant dissolution in the pHM range of 6.8-7.8 (almost half of introduced solid phase).  

Figure 68: Dissolved iron concentration in aqueous solutions in contact with iron hydroxychloride vs. 

pHM at different ionic strengths of NaCl (A) and MgCl2 (B). 

Geochemical calculations using PhreeqC software with the SIT approach and [TC] database showed 

that the 300 mg/L of dissolved iron under corresponding pHM conditions give rise to precipitation of 

magnetite in the solution with an ionic strength of 0.1 M NaCl and 4.7 M NaCl. This finding therefore 
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questions the extent of uptake by only iron hydroxychloride and the contribution of the other 

precipitated solid phases in the pHM region < 8. 

The retention of europium by iron hydroxychloride in dilute to concentrated NaCl brine is significant 

considering an europium concentration of 5.1×10-10 M, with an uptake above 96 % in the pHM range 

of 6.2-9.2 with the majority of data points at the analytical detection limit (Figure 69 A). This limit 

corresponds to 99 % uptake and log KD of 5.0-5.4. The range of log KD values corresponding to the 

detection limit is shown in Figure 69 B. Due to significant loss of the solid phase, the log KD values 

reported in this work were recalculated for each point to account for solid dissolution, leading also to 

the range of values corresponding to the detection limit. Considering that the remaining values lie close 

to the detection limit and their uncertainties, no ionic strength effect can be observed. The dissolution 

of the solid phase does not seem to affect the sorption in this case and the remaining solid (including 

potential magnetite precipitate) is sufficient to sorb the introduced europium.   

Figure 69: Sorption of europium [Eu] = 5.1×10-10 M as percentage uptake (A) and as logarithm of 

distribution ratio (log KD) (B) on iron hydroxychloride (1 g/L) as a function of pHM and at different 

ionic strengths of NaCl. 

Increasing the europium concentration to 1×10-7 M, the uptake seems to follow a stagnant to slightly 

decreasing trend with increasing pHM until 7.7, after which the uptake increases for all ionic strength 

levels. There is no obvious ionic strength effect (Figure 70 A). The log KD values range from 4.0±0.1 

to 4.7±0.2 (Figure 70 B). It seems that the lower availability of the solid phase concurrent with sorption 

competition with dissolved Fe(II) affects the extent of sorption and thus an initial sorption decrease 

took place. Once the dissolution becomes less significant, europium uptake increases with increasing 

pHM.  
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Figure 70: Sorption of europium [Eu] = 1×10-7 M as percentage uptake (A) and as logarithm of 

distribution ratio (log KD) (B) on iron hydroxychloride (1 g/L) as a function of pHM and at different 

ionic strengths of NaCl.  

Additional uptake experiments were performed in MgCl2 brine with various ionic strength levels, one 

closely corresponding to the 3.4 M concentration used in the corrosion experiments. The sorption 

behaviour of iron hydroxychloride in MgCl2 was of interest due to its formation mainly in those 

corrosion experiments performed in MgCl2 brine.  

For [Eu] = 5.1×10-10 M (Figure 71), the uptake data show a strong retention at an ionic strength of 0.1 

M, comparable to data in the NaCl brine with identical ionic strength and [Eu], with Eu(III) 

concentration values close to detection limit at the pHM 7.6-7.8. However, with increasing ionic 

strength (0.95 M and 2.85 M), the uptake decreases with increasing pHM. This effect was strongly 

enhanced for I = 9.77 M MgCl2.This distinctly different behaviour in concentrated MgCl2 brine was 

quite unexpected.  
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Figure 71: Sorption of europium [Eu] = 5.1×10-10 M as percentage uptake on iron hydroxychloride (1 

g/L) as a function of pHM and at different ionic strengths of MgCl2. 

Similar behaviour was observed in MgCl2 solution for [Eu] = 1×10-7 M (Figure 72 A). At low ionic 

strength of 0.1 M MgCl2, the uptake was close to the detection limit (pHM 7.4 to 8.2). The 

corresponding log KD values were 4.7-5.3±0.2 (Figure 72 B). However, a clear, decreasing trend is 

observed with increasing ionic strength. For I = 0.95 M, the log KD values decrease with increasing 

pHM from 5.2±0.2 to 2.9±0.2. Similarly, for I = 9.77 M MgCl2, the log KD values decrease from 3.4±0.2 

to 2.2±0.2. 

Within the frame of the current thesis, a closer examination of a possible alteration of the solid phase 

was not performed. Additionally, other solid phases likely precipitated due to high amount of dissolved 

iron, hereby were expected to scavenge europium (Figure 68).  
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Figure 72: Sorption of europium [Eu] = 1×10-7 M as percentage uptake (A) and as logarithm of 

distribution ratio (log KD) (B) on iron hydroxychloride (1 g/L) as a function of pHM and at different 

ionic strengths of MgCl2.  

One likely explanation for the observed behaviour could be a competing effect of divalent Mg ions on 

europium sorption onto iron hydroxychloride in the examined pHM range. The sorption behaviour of 

Ca and Sr, also divalent ions, onto hydrous ferric oxide is described by Dzombak & Morel [1990], 

showing a high uptake already at comparably low concentrations (10-7 M). Considering the 

significantly higher amount of Mg compared to Eu, and stronger hydrolysis tendency of Mg as 

compared to Ca, this may justify the observed Eu- uptake trend with increasing MgCl2 concentration 

in the brine. This would be an unfavourable behaviour for the repository scenario, where MgCl2 rich 

brines with mildly alkaline pHM intrude into the emplacement caverns. Due to the insufficient 

understanding of sorption data at present, a sorption model could not be developed within this thesis. 

As there are also no literature data describing sorption onto Fe2(OH)3Cl, more experiments with this 

system could provide further clarifications. 

4.2.3 Green rust chloride (Fe4(OH)8Cl)· nH2O (GR-Cl) 

 

Although the green rust chloride is a metastable phase, its presence was confirmed in corrosion 

experiments with SGI in 5 M NaCl at 25 °C, in solution 1 at 90 °C as a product of iron hydroxychloride 

oxidation and for Cr-Ni steel at the interface as the corrosion phase present upon start of pitting 

corrosion. In a scenario, where canister breach occurs when this phase is dominating the surface, its 

retention capability may be of interest. A brief sorption study in NaCl brine was performed with this 

solid phase. The green rust chloride solid phase was synthesised in house according to the procedure 
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described in Table 3. SEM images (Figure 73) show hexagonal particle morphology, typical for green 

rust, with particles of about 500 nm in size. Most of the platelets are laying flat.  

Figure 73: SEM images of the synthesised green rust chloride.  

The EDX analysis on the phase showed a Cl/Fe ratio of 1/4, which is consistent with GR-Cl, but also 

a Cl/O ratio of 1/5 instead of 1/8. XPS analysis was not performed for this phase, but the presence of 

GR-Cl was confirmed by XRD analysis (Figure 74). 

 

 

  

 

 

 

 

Figure 74: X-ray diffractogram of the synthesised green rust chloride. PDF card 40-0127 refers to 

green rust chloride in the database. 

The green rust chloride is stable under neutral and reducing conditions [Refait et al., 1998]. In 

corrosion experiments, this phase has been found at pHM 7.1, thus the investigated pHM range for 

sorption studies was set to 7-9. The green rust chloride transforms into mixture of magnetite and 

Fe(OH)2 above pH 10 [Jolivet et al., 2004; Usman et al., 2018].  
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4.2.3.1 Uptake as a function of pH in dilute to concentrated NaCl solutions 

 

The uptake of europium by green rust chloride considering 1 g/L solid phase shows quantitative uptake 

over the whole investigated pHM range, considering both europium concentrations, 5.1×10-10 M 

(Figure 75 A) and 1×10-7 M (Figure 75 B). The log KD values are all above 5.0 corresponding to the 

analytical detection limit of 99 % uptake.  

Figure 75: Sorption of europium as percentage uptake for [Eu] = 5.1×10-10 M (A) and [Eu] = 1×10-7 M 

(B) on green rust chloride (1 g/L) as a function of pHM and at different ionic strengths of NaCl.  

Figure 76 shows the pH dependent iron dissolution, with higher dissolved amounts at lower pHM and 

higher I. Overall, the values of dissolved iron are in the mM range and could act as competitors to 

Eu(III) sorption. Using higher Eu concentration could lead to precipitation of Eu(OH)3 phase, but more 

experiments with lower solid amount, ideally with known specific surface area could reveal potential 

pH dependent uptake and/or effect of dissolved iron on sorption.   

A B 
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Figure 76: Dissolved iron concentration in aqueous solutions in contact with green rust chloride vs. 

pHM at different ionic strengths of NaCl. 

This uptake behaviour is in agreement with literature, which shows strong retention capability of green 

rust with respect to tetravalent [Latta et al., 2015; Römer et al., 2011] and trivalent [Jönsson & Sherman, 

2008] radionuclides or pollutants in low ionic strength aqueous environment. The trivalent arsenic was 

found retained above pH 8 considering 1 g/L of solid and 1×10-3 M concentration at the green rust 

edge sites of the brucite layer by forming bidentate inner sphere surface complexes. One could, 

however, suspect that at an arsenic concentration of 1×10-3 M, precipitation could also contribute to 

the removal of arsenic from the liquid phase. Results obtained within this work are certainly not 

sufficient to derive a detailed atomistic model of the sorption reaction. However, they reveal the strong 

sorbent capability of GR-Cl solid in dilute to concentrated NaCl brines. 

4.2.4 Trevorite (NiFe2O4)  

 

Trevorite (Isostructural phase with magnetite, with Ni replacing for Fe(II) within the structure) has 

been established as the constituent of the oxide film layer formed on the Cr-Ni steel in saline brine 

environments at elevated temperature. Furthermore, in µXANES it has been confirmed as the phase 

on the outer layer of this oxide film. At last, thermodynamic calculations confirmed this phase as 

potentially long-term stable under conditions observed in corrosion experiments of Cr-Ni steel. 

Considering the possible breach scenario due to pitting corrosion, this phase will likely be the exposed 

phase, which could retain radionuclides. Trevorite is commercially available and has been purchased.  

The purchased mineral has been characterized by SEM, shown in Figure 77, finding very fine 

agglomerated particles. BET analysis yields a large specific surface area of 82.39 m2/g.  
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Figure 77: SEM image of the purchased trevorite compound.   

XPS analysis of the purchased compound has shown the presence of Fe(III) (Figure 78) and Ni(II) 

along with small Na and Cl impurities. The extent of impurities was evaluated by EDX analysis shown 

in Table 30. Here the Ni/Fe/O ratios are matching well the stoichiometric composition of trevorite. In 

addition small impurities of Na, and negligible amounts of Cl and Al were found.  

 

 

 

 

 

 

 

 

Figure 78: XPS narrow Fe 2p spectrum of the purchased trevorite compound.   

Table 30: The chemical composition of the purchased trevorite compound. 

Element O Na Al Cl Fe Ni 

 Atomic  % 54.7±1.5 0.8±0.5 0.3±0.2 0.2±0.1 29.6±0.8 14.5±0.9 
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At last, the X-ray diffractogram (Figure 79) showed peaks matching those for trevorite in the database. 

The structure of trevorite is very similar to that of magnetite. Furthermore, the small peak at 2θ = 33.2 

° belongs to iron oxide (hematite).  

 

 

 

 

 

 

 

 

Figure 79: X-ray diffractogram of the purchased trevorite compound. PDF card 86-2267 refers to 

nickel iron oxide in the database. 

The trevorite phase is stable under similar pHM conditions as magnetite but has a wider stability range 

in the oxidizing 𝐸ℎ region, as Fe(III) and Ni(II) cannot oxidize further. The same pHM range as for 

magnetite was selected for sorption studies to compare the two compounds and establish the effect of 

Ni on sorption.  

4.2.4.1 Solid phase titration in dilute to concentrated NaCl solutions 

 

No detailed structural information (morphology, exposed plane, charge distribution) was available for 

trevorite (compared to magnetite), and therefore a generic site for sorption was assumed to interpret 

titration data and to develop a sorption model. The generic site usually reflects the reactivity of singly 

coordinated site. The selected site density of 10 sites/nm2 is usually used in models with one generic 

site, as it is sufficiently high.   

Trevorite was titrated as described in section 2.5.1. Modelling was performed as in case of magnetite 

using a modified version of FITEQL 2 with activity coefficients obtained using the models and 

databases described in section 1.3.5.2. Figure 80 shows the experimental titration data for two ionic 

strengths, 0.1 M and 1 M NaCl in the pHM range of 7.0-9.2 and the associated modelled charges. The 

error bars for the surface charge are within the points. The point of zero charge is shown at 8.3, 

matching the literature [Barale et al., 2008; Martin Cabañas et al., 2011]. The best fit model parameters 
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are summarized in Table 31, showing the two capacitance values and ion binding constants for cation 

(Na+) and anion (Cl-) to the singly coordinated generic sites. The linear shape of the titration curve in 

Figure 80 is due to a one-step protonation process. The capacitance values are comparable to those 

for magnetite. The ion pair formation constants are similar, with a slightly weaker binding affinity for 

cations.  

 

 

 

 

 

 

 

 

Figure 80: The experimental and modelled pHM dependent charging behaviour of trevorite at two ionic 

strengths set by NaCl. The lines correspond to the calculated charges using the values summarized in 

Table 31. 

 

 

 

 

 

 

Table 31. The CD-MUSIC model parameters for trevorite proton surface charge curves. 

Capacitance 1 3.07 F/m2 

Capacitance 2 2.34 F/m2 

Overall Stern capacitance 1.33 F/m2 

Constant for Cl- binding, log Ka 0.63 - 

Constant for Na+ binding, log Kc 0.5 - 
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4.2.4.2 Europium uptake as a function of pH in dilute to concentrated NaCl solutions 

 

The uptake of europium by trevorite was investigated following the same procedure as used for 

magnetite studies, to allow direct comparison of data, and, thus, to identify a potential nickel effect on 

sorption. Ionic strength levels in solution and the solid surface to solution volume were similar (6.5 

m2/L). For [Eu] = 5.1×10-10 M, the uptake is high with values above the detection limit (>99 %) for 

pHM ≥ 6.2 for all ionic strength levels (Figure 81 A). The corresponding log KD values range from 

4.7±0.3 (81±3 % sorption) to above 6.1 corresponding to the analytical detection limit (Figure 81 B). 

An ionic strength effect on sorption can be observed at pHM below 6.2, where uptake decreases notably 

at the highest investigated ionic strength of 4.8 M.  

 

Figure 81: Sorption of europium [Eu] = 5.1×10-10 M as percentage uptake (A) and as logarithm of 

distribution ratio (Log KD) (B) on trevorite (0.08 g/L) as a function of pHM and at different ionic 

strengths of NaCl.  

 

For Eu = 1×10-5 M, the uptake showed a pHM dependent behaviour, with low uptake of 30±4 % at pHM 

5.4 for I = 0.1 M, and 18±4 % at pHM 5.8 for I = 4.8 M (Figure 82 A). At these low pHM values, a 

small ionic strength effect is observed. This effect decreases with uptake and no significant effect is 

observed at pHM > 7.0. The uptake reaches above 90 % at pHM 8.2 for all I levels. The log KD values 

range from 3.4±0.1 for 18±4 % to 6.1 at 99 % uptake, with a log KD of 5.0±0.2 at 90 % uptake (Figure 

82 B).  

B A 
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Figure 82: Sorption of europium [Eu] = 1×10-5 M as percentage uptake (A) and as logarithm of 

distribution ratio (Log KD) (B) on trevorite (0.08 g/L) as a function of pHM and at different ionic 

strengths of NaCl.  

The analyses of dissolved metals showed negligible dissolution of the trevorite (Figure 83 A and 

Figure 83 B), with a slightly decreasing trend with increasing pHM for nickel and no evolution pattern 

in case of iron. Overall, nickel concentrations seems to be somewhat higher, pointing to an incongruent 

dissolution behaviour. These dissolved amounts will not affect the sorption process considering the 

loss of solid, however the values of dissolved iron and nickel are in the mM range where they could 

compete with the Eu(III) sorption.   

Figure 83: Dissolved iron and nickel concentrations in aqueous solutions in contact with trevorite vs. 

pHM at different ionic strengths of NaCl. 

The behaviour for the Eu(III) uptake by trevorite is somewhat similar to that for magnetite considering 

both Eu concentrations, highlighting the negligible effect of nickel in the trevorite structure and 

A B 

A B 
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suggesting similar surface reactivity of the two compounds. It can however be noticed that for trevorite 

the uptake is weaker than for magnetite for both studied Eu concentrations, which is attributed to the 

different point of zero charge (6.4 for magnetite and 8.3 for trevorite), with solids with lower point of 

zero charge exhibiting stronger sorption behaviour of cations due to electrostatics.  

4.2.4.3 Surface complexation model 

 

The developed surface complexation model is very similar to the one derived for europium/americium 

sorption to magnetite. Optimization of parameters was challenging for this solid phase as the lack of 

information on the correct charge distribution and site densities did not allow for obtaining a good fit 

of the model to experimental data. It is assumed that the binding mode for trevorite sorbed europium 

is tridentate like at the magnetite surface. This, however, was not experimentally confirmed. Figure 

84 shows the fitting results for sorption data at [Eu] = 1×10-5 M only. The model was not able to 

reproduce the measured sorption data at both investigated europium concentrations.  

 

 

 

 

 

 

 

 

Figure 84: Sorption of [Eu] = 1×10-5 M onto trevorite vs. pHM. Experimental uptake (points) modelled 

(full lines) using surface complexation model in FITEQL with the Pitzer approach and [TPA] database 

for various ionic strengths (NaCl). The dashed lines represent the complex distribution for the two 

complexes for I = 0.1 M (black) and I = 4.8 M (blue), respectively. Sx represents the surface 

complexation reaction described in the text. The contribution of S1 is too low to be visible in the figure. 

 

The model is overestimating the uptake at low ionic strength and slightly underestimating the uptake 

for high ionic strength conditions compared to the experimental data. More structural and electrostatic 

information on the trevorite phase would be needed to improve the model. Surface complexation 
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reactions and respective fitted complexation constants at infinite dilution are shown below and 

summarized in Table 32. The obtained complexation constants are significantly different from those 

obtained for magnetite, despite similarities in uptake data. This can be attributed to use of different 

models, lower uptake for trevorite and potential nickel and iron sorption onto trevorite, which 

competes with Eu(III) but is not included in the model, as its extent is not known. This factor could 

also contribute to the poor fit of the model.   

𝑆0:    ( 𝑆𝑂𝐻−0.5 )3 +  𝐴𝑚3+ ⇋ { ( 𝑆𝑂𝐻−0.5 )3𝐴𝑚3+ }                                                                              𝑙𝑜𝑔 𝐾0 

Transfer of charge:  Δz0 = 2.5, Δzβ = 1.0. 

 

 𝑆1:  ( 𝑆𝑂𝐻−0.5 )3 +  𝐴𝑚3+ ⇋ { ( 𝑆𝑂𝐻−0.5 )2 (𝑆𝑂−1.5)𝐴𝑚3+} + 𝐻+                                                  𝑙𝑜𝑔 𝐾1 

Transfer of charge:  Δz0 = 1.5, Δzβ = 1.0. 

 

 𝑆2:  ( 𝑆𝑂𝐻−0.5 )3 +  𝐴𝑚3+ +  𝐻2𝑂 ⇋ {  ( 𝑆𝑂𝐻−0.5 )2 (𝑆𝑂−1.5)𝐴𝑚 (𝑂𝐻)2+} + 2𝐻+                      𝑙𝑜𝑔 𝐾2      

Transfer of charge:  Δz0 = 1.5, Δzβ = 0.0. 

Table 32: The complexation constants at infinite dilution. 

𝒍𝒐𝒈 𝑲𝟎 10.0 ± 0.1 

𝒍𝒐𝒈 𝑲𝟏 -2.2 ± 0.1 

𝒍𝒐𝒈 𝑲𝟐 -6.6 ± 0.1 

 

Figure 84 also shows the distribution of the different surface complexes as a function of pHM. The 

dashed black lines correspond to surface complex distributions for I = 0.1 M, while the dashed blue 

lines correspond to surface complex distributions for I = 4.8 M. For I = 0.1 M, S0 prevails up to pHM 

7.4, above which the hydrolysed S2 is dominant. S1 does not contribute in significant fractions within 

the whole studied pHM range (close to 0), which is reflected in the low value of log K1. Increasing the 

ionic strength to 4.8 M, S0 becomes dominant within the whole investigated pHM range up to pHM 8.4. 

A slight competition of europium and electrolyte ions for the surface sites may explain as for the case 

of magnetite the observed small ionic strength effect. Based on the experimental data, trevorite as the 

passive film constituent seems also to be a good candidate for strong radionuclide retention in a nuclear 

waste repository near-field in salt rock. To our knowledge, no other uptake data of trivalent pollutants 

onto trevorite have been reported so far. The proposed sorption model, however, has to be considered 

preliminary. A further development of the model requires the characterization of the trevorite surface 

structure in more detail.   
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4.2.5 Chromium oxide (Cr2O3) 

 

The last phase investigated for its capability to sorb trivalent radionuclides is the chromium oxide. 

This phase is present as a passive film constituent in all stainless steel samples and we have confirmed 

its presence by µXANES and multiple other techniques. Although Ni and Fe dissolution from the steel 

at several spots aid in the formation of a passive layer where these elements are included, due to 

heterogeneity of this film, a large area of the canister may still be covered by a Cr2O3 passive film even 

if pitting corrosion causes a canister breach. Thus, its retention ability and the ionic strength effect on 

sorption are of interest. Chromium oxide powder has been commercially purchased and characterized 

in house. The SEM image of the compound (Figure 85) showed the presence of large crystals without 

specific morphology. The BET specific surface area of chromium oxide was at 1.15 m2/g. EDX 

analysis further indicated a Cr/O ratio of 2/3 and the absence of additional elements.   

 

 

 

 

 

 

 

 

Figure 85: SEM image of the purchased chromium oxide.   

At last, XRD analysis (Figure 86) showed peaks matching with the expected XRD pattern for 

crystalline Cr2O3 and confirmed the absence of additional crystalline phases. The chromium oxide 

compound is stable under a wide range of conditions and only soluble under very acidic conditions 

[Lide, 2004], thus a wide pHM range of 3-9 was selected for sorption experiments. 
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Figure 86: X-ray diffractogram of the purchased chromium oxide compound. PDF card 76-0147 refers 

to chromium oxide in the database. 

4.2.5.1 Solid phase titration in dilute to concentrated NaCl solutions 

 

Similarly to trevorite, also for chromium oxide no detailed structural information could be obtained 

and therefore the same model with a generic site with density of 10 sites/nm2 was used to fit the titration 

experimental data and model uptake data. Figure 87 shows the experimental titration data for two 

ionic strengths, 0.1 M and 1 M NaCl in the pHM range of 5.2-8.7 and the associated modelled charges. 

The error bars for the surface charge are within the points. The point of zero charge is shown at 7.9, 

taken from the literature [Blesa et al., 2000; Wiśniewska & Szewczuk-Karpisz, 2013]. The best fit 

model parameters are summarized in Table 33, showing the two capacitance values and ion binding 

constants for Na+ and Cl- to the singly coordinated generic sites. The inner layer capacitance (C1) has 

a higher value compared to magnetite and trevorite, while the low value of the outer layer capacitance 

(C2) causes a very low overall Stern capacitance for the chrome oxide. The binding constants for Na+ 

and Cl- are similar. 
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Figure 87: The experimental and modelled pHM dependent charging behaviour of chromium oxide at 

two ionic strengths set by NaCl. The lines correspond to the calculated charges using the values 

summarized in Table 33. 

 

 

4.2.5.2 Uptake as a function of pH in dilute to concentrated NaCl solutions 

 

Two sets of sorption experiments with different solid to liquid ratios were performed. One set was 

done using 1 g/L of solid, and the other had 5.7 g/L, giving an exposed surface area to solution volume 

ratio of 6.5 m2/L, directly comparable to the experiments with magnetite and trevorite. 

For the lower solid content (1 g/L) and [Eu] = 5.1×10-10 M, the uptake showed a typical pHM dependent 

sorption reaching ≥ 98 % sorption at pH ≥ 7.0 for all ionic strength levels (Figure 88 A). The 

corresponding KD values range from 2.3±0.2 to 5.0 where the europium concentration in solution lies 

below the detection limit (Figure 88 B). No significant ionic strength effect is observable.  

Table 33. The CD-MUSIC model parameters for chromium oxide proton surface charge 

curves. 

Capacitance 1 4.49 F/m2 

Capacitance 2 0.11 F/m2 

Overall Stern capacitance 0.11 F/m2 

Constant for Cl- binding, log Ka 0.57 - 

Constant for Na+ binding, log Kc 0.53 - 
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Figure 88: Sorption of europium [Eu] = 5.1×10-10 M as percentage uptake (A) and as logarithm of 

distribution ratio (Log KD) (B) on chromium oxide (1 g/L) as a function of pHM and at different ionic 

strengths of NaCl.  

Similar pHM dependent behaviour is observed for [Eu] = 1×10-5 M, however in this case, the uptake 

only reaches 73±4 % at pHM 8.4, while for pHM < 4.0 the uptake is below ~ 10 % (Figure 89 A). No 

significant ionic strength effect is observable. The log KD values range from 1.9±0.1 to 3.4±0.1 at 73±4 

% uptake (Figure 89 B).   

Figure 89: Sorption of europium [Eu] = 1×10-5 M as percentage uptake (A) and as logarithm of 

distribution ratio (Log KD) (B) on chromium oxide (1 g/L) as a function of pHM and at different ionic 

strengths of NaCl.   

A B 

A B 
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The Figure 90 shows the dissolved chromium amount from the compound as a function of pHM. The 

amounts in the examined pHM range are, as expected due to the low solubility of the compound, 

negligible. 

 

 

 

 

 

 

 

 

Figure 90: Dissolved chromium concentration in aqueous solutions in contact with chromium oxide 

vs. pHM at different ionic strengths of NaCl. 

 

The set of experiments with higher solid content performed at two ionic strength levels, show a 

behaviour comparable to that found for trevorite and magnetite. Figure 91 A shows the uptake in a 

similar pHM range as studied for the other two compounds, for [Eu] = 5.1×10-10 M. For pHM > 6.3, the 

data points are in the area corresponding to the analytical detection limit for both ionic strength levels. 

A small ionic strength effect is visible. The log KD value corresponding to the detection limit of 99 % 

uptake is 4.2 (Figure 91 B).  

Also at [Eu] = 1×10-5 M a pHM dependant sorption is observed for both ionic strength levels (Figure 

92 A). A small ionic strength effect (approximately 15 % decrease in sorption) is observed between 

the two examined ionic strength levels below pHM 7.0. The log KD values range from 1.4±0.2 to 

3.8±0.3 (Figure 92 B). 
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Figure 91: Sorption of europium [Eu] = 5.1×10-10 M as percentage uptake (A) and as logarithm of 

distribution ratio (Log KD) (B) on chromium oxide (5.7 g/L) as a function of pHM and at different ionic 

strengths of NaCl.  

Figure 92: Sorption of europium [Eu] = 1×10-5 M as percentage uptake (A) and as logarithm of 

distribution ratio (Log KD) (B) on chromium oxide (5.7 g/L) as a function of pHM and at different ionic 

strengths of NaCl.   
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4.2.5.3 Surface complexation model 

 

The same model as in the case of trevorite was used to obtain the complexation constants for europium 

sorption onto chromium oxide. Due to lack of structural information for this compound, it was not 

possible for the model to fit the uptake data for the two europium concentrations simultaneously. The 

proposed model as such can, thus, only be very preliminary. As the lower europium concentration of 

5.1×10-10 M showed a pHM dependent uptake up to complete retention at high pHM, this set of data 

was chosen for a first model version. Due to the lack of experimental data in the low pHM range, the 

data set for I = 4.7 M had been removed to allow model convergence. Furthermore, tridentate binding 

mode of europium was assumed for this model as well. Figure 93 shows the fitting results for the [Eu] 

= 5.1×10-10 M with the model inherent surface complexes shown below and the complexation constants 

at infinite dilution summarized in Table 34.The model produced a satisfactory fit to the experimental 

data and managed to reproduce the ionic strength effect. Underestimation of the uptake is observed 

below pHM 4.5. More structural and electrostatic information on the solid phase would allow further 

improvement of the model.  

 

 

 

 

 

 

 

Figure 93: Sorption of [Eu] = 5.1×10-10 M onto chromium oxide vs. pHM. Experimental uptake (points) 

modelled (full lines) using surface complexation model in FITEQL with the Pitzer approach and [TPA] 

database for various ionic strengths (NaCl). The dashed lines represent the complex distribution for 

the three complexes for I = 0.1 M. Sx represents the surface complexation reaction described in the 

text. 
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𝑆0:    ( 𝑆𝑂𝐻−0.5 )3 +  𝐴𝑚3+ ⇋ { ( 𝑆𝑂𝐻−0.5 )3𝐴𝑚3+ }                                                                             𝑙𝑜𝑔 𝐾0 

Transfer of charge:  Δz0 = 2.0, Δzβ = 1.5. 

 

 𝑆1:  ( 𝑆𝑂𝐻−0.5 )3 +  𝐴𝑚3+ ⇋ { ( 𝑆𝑂𝐻−0.5 )2 (𝑆𝑂−1.5)𝐴𝑚3+} + 𝐻+                                                   𝑙𝑜𝑔 𝐾1 

Transfer of charge:  Δz0 = 1.0, Δzβ = 1.5. 

 

 𝑆2:  ( 𝑆𝑂𝐻−0.5 )3 +  𝐴𝑚3+ +  𝐻2𝑂 ⇋ {  ( 𝑆𝑂𝐻−0.5 )2 (𝑆𝑂−1.5)𝐴𝑚 (𝑂𝐻)2+} + 2𝐻+                      𝑙𝑜𝑔 𝐾2      

Transfer of charge:  Δz0 = 1.0, Δzβ = 0.5. 

Table 34: The complexation constants at infinite dilution. 

𝒍𝒐𝒈 𝑲𝟎 9.6 ± 0.1 

𝒍𝒐𝒈 𝑲𝟏 2.5 ± 0.1 

𝒍𝒐𝒈 𝑲𝟐 -5.2 ± 0.1 

 

As the data for the ionic strength of 4.7 M was not modelled, Figure 93 shows the distribution of the 

different surface complexes as a function of pHM only for I = 0.1 M. The S0 is present in low 

contribution within the whole studied pHM range, while S1 prevails up to pHM 7.0, above which the 

hydrolysed S2 is dominant. Further experimental and structural data are needed to accurately describe 

the retention mechanism. However, based on our obtained data, the chromium oxide has similar 

reactivity towards europium as magnetite and trevorite, making the passive oxide film on the canister 

surface a good sink for the radionuclides considering a salt rock repository. Furthermore, to our 

knowledge, no other uptake data of trivalent pollutants onto chromium oxide have been reported.   
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Conclusions and Outlook 
 

This PhD thesis addresses the corrosion behaviour of steels used for construction of spent fuel 

containers and vitrified waste containers, and the subsequent uptake behaviour of some of the 

identified corrosion phases with respect to trivalent radionuclides in brine solutions. These processes 

have been systematically evaluated in dilute to concentrated NaCl and MgCl2 brines. A special 

attention is given to saline systems due to lack of studies concerning uptake behaviour and in order to 

gain better insight into formation of corrosion products from steel corrosion under saline conditions 

relevant for scenarios to be considered for a repository for radioactive waste in rock salt 

The corrosion of spheroidal graphite iron, SGI (GGG40.3), foreseen as a material for the 

POLLUX container for heat generating high-level radioactive waste in Germany, and Cr-Ni steel 

(309S), used as material to construct coquilles for vitrified waste, was systematically investigated 

in dilute (0.1 M NaCl, 0.033 M MgCl2) to concentrated (5 M NaCl, 3.4 M MgCl2) brines at room and 

elevated temperature (90 °C) under anoxic conditions in airtight autoclaves for exposure times in the 

range of 13 to 49 weeks. The corrosion evolution with time was followed in the case of 5 M NaCl at 

90 °C and 3.4 M MgCl2 at 90 °C, and concentrated solutions containing accessory components (e.g. 

K+, Ca2+, SO4
2-) representing realistic brine compositions (solution 1 and solution 3) at room 

temperature. The corrosion in dilute systems at 90 °C, concentrated NaCl and MgCl2 systems at room 

temperature and the concentrated NaCl and MgCl2 dominated solutions 3 and 1 at 90 °C were 

evaluated only after specific exposure time, no evolution with time was followed for these systems. 

The steel specimen surface area to brine volume ratio was 1:5 for all systems. Measured pHM and 𝐸ℎ 

values along with the quantified amounts of the dissolved metals in the aqueous phase were used to 

calculate predominance fields for solution species and solid phases. The experimental solid phase 

characterization using various analytical techniques showed a strong influence of the composition of 

the contacting brine on the nature of the formed corrosion phases for the SGI and the Cr-Ni steel. At 

last, corrosion rates were determined for all systems, an important parameter for the estimation of the 

container integrity time frame.   

The results for SGI show that the pHM is an important driver for iron corrosion, with lower pHM values 

resulting in higher corrosion rates. The pHM variation in different systems can be attributed to the 

brine/steel impurities, water reduction associated to iron oxidation, precipitated solids buffering the 

systems and water dissociation constant dependence on temperature.  
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An initial formation of the (mixed Fe(II), Fe(III)) silicate phase cronstedtite due to silica dissolution 

from the steel was observed after 13 weeks in 5 M NaCl at 90 °C system, while upon longer exposure, 

the precipitated compounds (cronstedtite and magnetite) seem to decrease the steel dissolution rate. 

After 42 weeks, given geochemical conditions favour the predominant formation of magnetite as this 

phase has been identified in significant amounts. Cronstedtite was also present, but a significantly 

smaller surface area was covered by this phase. Calculations show that the stability window of these 

two solids are overlapping (under the identical alkaline/reducing conditions), however another phase, 

minnesotaite (purely Fe(II) silicate phase) is the long-term stable phase when the silica activity 

(dissolved silica amount) is high. Although the thermodynamic calculations do not reflect the 

experimental findings, possibly due to locally different conditions or kinetic effects on solid phase 

formation, suggesting the long-term stability of hematite under experimental conditions, magnetite 

appears as the long-term thermodynamically stable phase under strongly reducing conditions, taking 

into account uncertainty concerning silica activity. The corrosion rate for this system was found to be 

decreasing with time, from 2.89±0.05 µm/a after 13 weeks to 1.22±0.05 µm/a after 42 weeks. The 

presence of cronstedtite and magnetite was identified also in the dilute systems (0.1 M NaCl and 0.033 

M MgCl2) exposed for 28 weeks, regardless of the nature of the brine. In agreement with experimental 

results, geochemical calculations result in magnetite as the long-term stable phase under those 

conditions. The corrosion rate for the two dilute systems was the same, 10.0±1.0 µm/a after 28 weeks. 

Results show that at an ionic strength of 0.1 M, the brine composition does not play a role and that at 

an ionic strength of 5 M NaCl, the nature of the formed phases is identical to dilute systems.  

For the SGI corroded in 5 M NaCl at 90 °C, the characterization of the crosscut sample by µ-XAS at 

the synchrotron light source evidenced the presence of iron(II) hydroxychloride at the steel/corrosion 

product interface. This finding shows that despite magnetite being the dominant phase on the outer 

side of the corrosion layer and being the long-term stable phase considering the conditions in the 

aqueous phase, the interface conditions favour the formation of Cl- bearing compounds. This finding 

also evidenced the formation of a double corrosion layer at the SGI surface in saline brines, a property 

described in literature for low alloyed steels in dilute brines.  

In the 5 M NaCl brine corroded for 49 weeks at room temperature, a different phase was formed, green 

rust chloride, which was established as the likely precursor of magnetite. The aqueous conditions of 

pHM 7.10±0.05 and 𝐸ℎ of -160±50 mV were favouring this phase. The corrosion rate for the 5 M NaCl 

room temperature system was found to be 1.11±0.05 µm/a given the exposure of 49 weeks.   
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For the SGI corroded in NaCl rich solution 3 at 90 °C, results show the presence of cronstedtite only 

after 26 weeks at pHM 5.2±0.3 and 𝐸ℎ of -200±50 mV, but in low coverage. The corrosion rate for this 

system was higher than in pure NaCl solution at 9.6±1.0 µm/a, which likely is due to the low pHM 

establishing in this solution (5.2±0.3 in solution 3 as compared to 8.5±0.3 in 5 M NaCl solution). It is 

not clear whether the formed cronstedtite will remain as part of the internal corrosion layer, as was the 

case of iron hydroxychloride in the 5 M NaCl brine or whether it will transform into magnetite (upon 

pHM increase) or pyrite, possible long-term stable phases under very reducing conditions. The same 

system run at room temperature showed mainly iron dissolution, pHM increase from 6.70±0.05 to 

9.0±0.05 after 26 weeks, and a precipitation of Fe(OH)2 in very low amounts, likely a precursor of one 

of the more stable compounds: magnetite or cronstedtite. The corrosion rate was obtained as 0.79±0.05 

µm/a after 26 weeks.  

The corrosion in MgCl2 brines is in general faster than in NaCl solutions. For SGI corroding in 3.4 M 

MgCl2 brine, the iron(II) hydroxychloride appears as the single dominant formed secondary phase at 

room and elevated (90 °C) temperature after 49 and after 13 to 42 weeks, respectively. In these 

experiments, pHM values of 8.60±0.05 at room and 6.6±0.3 at elevated temperature were obtained, 

with 𝐸ℎ of -300±50 mV for room and -210±50 mV for elevated temperature. The corrosion rate for 

the system at 90 °C is initially relatively high due to the low pHM establishing in this experiment and 

decreased from 38.1±2.0 µm/a after 13 weeks to 16.9±1.5 µm/a after 42 weeks, due to formation of 

the iron(II) hydroxychloride layer. The corrosion rate of the same system run at room temperature was 

obtained as 1.22±0.05 µm/a after 49 weeks, comparable to the 5 M NaCl room temperature system. 

Under given experimental conditions, no solid phase has been found stable in the thermodynamic 

model. Iron(II) hydroxychloride was however found thermodynamically stable under reducing, acidic-

neutral conditions, similar to the experimental conditions, given higher aqueous iron concentration, 

suggesting its stability and its relevance under very high ionic strength conditions, provided sufficient 

iron oxidation. 

The formation of this phase appears to be initiated with FeO at the bulk steel, transforming into mixed 

(Mg,Fe)(OH)2, which in the presence of FeCl2 in the aqueous phase leads to the Mg doped iron(II) 

hydroxychloride formation. The presence of FeO at the bulk steel surface has been identified by the 

µ-XAS at the synchrotron for the 3.4 M MgCl2, 90 °C system. In all cases, Mg was found to substitute 

for iron in the Fe2(OH)3Cl structure accounting for about 20 %. 

In the MgCl2 rich solution 1 at 90 °C, the same phase is forming at pHM of 6.7±0.3 and 𝐸ℎ of -81±50 

mV, but additionally particles of green rust chloride were found, hinting at a slow anaerobic oxidation 
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of iron(II) hydroxychloride into green rust chloride under these pHM / 𝐸ℎ conditions. The corrosion 

rate for this system was obtained as 26.3±1.5 µm/a considering an exposure time of 26 weeks, a similar 

rate as found in the pure MgCl2 solution considering the same exposure.   

At room temperature in solution 1, the corrosion rate was measured as 3.65±0.05 µm/a after 26 weeks, 

3 times higher than the corrosion rate of the room temperature 3.4 M MgCl2 system with sulfate after 

49 weeks. As the corrosion rate decreases with time, this is likely the reason for the difference, as the 

pHM values for both systems are similar. Lack of corrosion products was observed in this case. The 

MgCl2 brines proved to represent a significantly more corrosive environment at elevated temperature, 

impact of the extremely high chloride concentration. For the MgCl2 based brines, the long-term stable 

phase under conditions in this work, was identified as iron(II) hydroxychloride.   

The corrosion of Cr-Ni steel was investigated in the same systems, but the available analytical 

techniques could not confirm with certainty the nature of the formed phases due to the thin precipitated 

films. In dilute to concentrated NaCl brine at 90 °C and in the 5 M NaCl system with presence of 

sulfate (solution 3) at 90 °C, the results hint at the presence of a very thin layer of trevorite (NiFe2O4) 

and/or chromite (FeCr2O4) along chromium oxide and hydroxide. In the concentrated (3.4 M) MgCl2 

brine at 90 °C, the analysis of samples for increased contact time up to 42 weeks showed the presence 

of a chromium oxide film only. In the concentrated MgCl2 brine with sulfate (solution 1) run at 90 °C 

a pit initiation was observed, with Cr and Ni doped green rust chloride forming in the vicinity of the 

pit. This is in agreement with the findings reported in the literature, where for this steel type, 30 µm 

deep pit is reported in the laboratory studies after 2 years at 150 °C in brine identical to solution 1 

[Kienzler, 2017b]. 

 

All systems run at room temperature showed a lack of significant corrosion damage and only the 

presence of a chromium oxide film, present already prior to the experiments. A small pHM increase is 

associated with dissolved nickel and iron from the steel in all systems. All final pHM values were in 

the neutral region (5.6-7.7), while 𝐸ℎ values were in the range of -80±50 mV to +210±50 mV, which 

cannot be anymore considered as reducing conditions. The corrosion rates are below 0.1 µm/a for all 

but two systems: in solution 3 at 90 °C the corrosion rate was at 0.49±0.05 µm/a and in solution 1 at 

90 °C, where the pit initiation was observed, the corrosion rate was at 0.44±0.05 µm/a, given the 

exposure time of 26 weeks. The thermodynamic model showed stability of chromite and trevorite 

along with Cr2O3 as the long-term stable phases for all NaCl systems, considering the experimental 

conditions in this work. The thermodynamic model was not obtained for MgCl2 brine systems, where 

only Cr2O3 was experimentally confirmed. Upon pHM increase in MgCl2 systems, the conditions will 
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likely favour the same phases, trevorite and chromite. Overall, a combination of Cr2O3 and Cr(OH)3 

was confirmed as part of the passive film by µ-XAS at the synchrotron. At elevated temperature, 

trevorite and chromite were found contributing to the passive film, with trevorite, likely part of the 

external passive film, confirmed experimentally in this work. Upon this passive film penetration, the 

local Cl- accumulation at the metal/oxide interface favours the formation of green rust chloride. The 

long-term stable phases of interest for this steel type were identified as trevorite, chromite and 

chromium oxide.  

 

The experiments in this work were performed using defined conditions in the laboratory, thus these 

systems are simplified as compared to those expected in the repository. The few aspects, which could 

influence the corrosion behaviour in the repository, are: gamma rays, roughness of the steel, presence 

of welding seams, different surface area to brine volume ratios, temperature treatment for Cr-Ni steel 

to simulate molten glass pouring and different contact brine composition such as e.g. carbonate 

presence in the solution. In addition, the waste components such as spent nuclear fuel or high-level 

waste glass in contact with container materials could have an impact. Further corrosion experiments 

involving these settings are required to verify or reject formation of identical compounds as found in 

this work. Furthermore, in-situ measurements of pHM and 𝐸ℎ evolution in the autoclaves during the 

experiments, dedicated hydrogen production follow up and longer contact times could help provide 

more complete picture of the corrosion processes under saline conditions.  

 

The uptake of europium by the relevant phases identified in the corrosion part was investigated 

in dilute to concentrated NaCl and MgCl2 brines at room temperature under anoxic conditions 

considering different Eu concentrations (5.1×10-10 M, 1×10-7 M, 1×10-5 M). The titration of solids 

was preformed for magnetite, trevorite and chromium oxide to obtain information about the behaviour 

of the solid phase in contact with the solution/brine. This information was further used in the modelling 

of the radionuclide uptake data.  

 

The uptake data and the spectroscopic characterization of the sorbed species show a strong europium 

retention by magnetite with the formation of a tridentate surface complexes at pHM of 8.0, with no 

significant ionic strength effect in dilute to concentrated NaCl brines independent of the Eu 

concentration (5.1×10-10 M and 1×10-5 M) considering a solid to liquid ratio of 0.5 g/L. Sorption data 

in dilute to concentrated MgCl2 showed a small reduction in uptake due to Mg and Eu competition for 

the surface sites compared to NaCl brine with identical ionic strength. Strong reduction of europium 

uptake by iron(II) hydroxychloride is observed in MgCl2 brines, notably at increased pHM. Uptake 
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above 90 % was observed for pHM ≥ of 8.0 in dilute to concentrated NaCl brines, with Eu concentration 

of 1×10-7 M and at a solid to liquid ratio of 1 g/L. For the identical Eu concentration and solid to liquid 

ratio, the uptake in dilute MgCl2 brine was also above 90 % for pHM ≥ of 8.0, but in concentrated (3.26 

M) MgCl2 brine, the uptake was only at 30 % for pHM = 8.0. The reason for this sorption reduction is 

not clear. A possible conversion of the iron(II) hydroxychloride solid to mixed phases in MgCl2 brines 

with different sorption properties along with Mg competition for surface sites can be speculated. 

 

For trevorite and chromium oxide in dilute to concentrated NaCl brines, data showed comparable 

retention capability to magnetite when identical surface area were exposed, with a pHM dependent 

uptake behaviour at Eu concentration of 1×10-5 M and a lack of significant ionic strength effect 

independent of Eu concentration. Finally, the Eu sorption by green rust chloride at a solid to liquid 

ratio of 1 g/L is quantitative in the investigated pHM range (7.0-9.0) in dilute to concentrated NaCl 

brine with no ionic strength effect independent of the Eu concentration.  

 

The magnetite sorption data were modelled using a charge distribution multi-site complexation model 

incorporating the tridentate binding mode and detailed structural information obtained from the 

literature coupled with parameters obtained from the titration of the solid. The complexation constants 

were obtained for three surface complexes.  No chloride containing surface complexes could be found. 

In a similar manner, preliminary complexation constants were obtained for trevorite and chromium 

oxide using a simplified generic site model and information obtained from the solid titrations. Despite 

similar sorption behaviour for the three solid phases and presence of identical surface complexes, the 

obtained complexations constants (log KD values) varied probably due to incomplete information on 

solid surface structures.  

 

Further uptake experiments with chromite and potentially minnesotaite and chromium hydroxide are 

needed, as these phases have been confirmed as relevant corrosion layer/passive film constituents and 

the effect of ionic strength on the sorption needs to be evaluated. Additionally, more adequate model 

with in depth solid crystallographic information alongside spectroscopic information on the 

radionuclide interaction with the solid would allow obtaining more accurate complexation constants 

for trevorite and chromium oxide. At last, the investigation of the complex composition of the 

repository near-field environment including the presence of e.g. spent nuclear fuel and high-level waste 

glass being in contact with the container material could provide more accurate insight into the 

radionuclide behaviour within given repository scenarios.  
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Annex 
 

Table A1: Aqueous species of elements of interest in each used database. 

TC TPA PI 

 Am(OH)+2  Cr(OH)4- Fe(HS)2 FeCl3-  Am+3 Fe+2 

Am(OH)2+ Cr(OH)Cl2 Fe(HSO4)+ FeCl4-  Am(OH)2+ Fe+3 

Am(OH)3 Cr2(OH)2+4 Fe+2 FeCrO4+  Am(OH)3 FeCl+2 

Am(OH)4- Cr2O7-2 Fe+3 FeHSO4+2  Am(OH)4- FeCl+ 

AmCl+2 Cr3(OH)4+5 Fe(OH)+ FeS2O3+  Am(OH)+2 FeCl2 

AmCl2+ CrCl+ Fe(OH)+2 Ni+2   AmCl2+ FeCl2+ 

AmO2(OH)2- CrCl+2 Fe(OH)2 Ni(HS)2  AmCl+2 FeCl3 

AmO2OH CrCl2+ Fe(OH)3 Ni(OH)+    FeCl4- 

Am+2 CrO3Cl- Fe(OH)3- Ni(OH)2    Fe(OH)+ 

Am+3 CrSO4+ Fe(OH)4- Ni(OH)3-    Fe(OH)2 

Am+4 H2CrO4 Fe(OH)4-2 Ni(S2O3)    Fe(OH)+2 

AmO2+ HCrO4- Fe(SO4) Ni(SO4)    Fe(OH)2+ 

AmO2+2 Eu+3 Fe(SO4)+ Ni(SO4)2-2    Fe(OH)3 

Cr+2 Eu(OH)+2 Fe(SO4)2- Ni2(OH)+3    Fe(OH)3- 

Cr+3 Eu(OH)2+ Fe2(OH)2+4 Ni4(OH)4+4    Fe(OH)4- 

CaCrO4 Eu(OH)3 Fe3(OH)4+5 NiCl+    Fe3(OH)4(5+)  

ClO4- Eu(OH)4- FeCl+ NiHS+    Fe2(OH)2+4 

Cr(OH)+ EuCl+2 FeCl+2    Fe(SO4)2- 

Cr(OH)+2 EuCl2+ FeCl2    FeSO4 

Cr(OH)2+ Fe(H3SiO4)+2 FeCl2+    FeSO4+ 

Cr(OH)3 Fe(HS)+ FeCl3    FeHSO4+2 
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Table A2: Overview of chemicals used in this work. 

Name Chemical 

Formula 

Molar mass 

(g/mol) 

Producer/ Supplier 

2-(N-morpholino)ethanesulfonic 

acid (MES) 

C6H13NO4S 195.24 Sigma-Alrdich, ≥99.5 % 

2-Amino-2-(hydroxymethyl)-1,3-

propanediol (TRIS) 

C4H11NO3 121.14 Sigma-Alrdich, ≥99.8 % 

2-Propanol C3H8O 60.1 Carl Roth, ≥99.5 % 

3-(N-Morpholino)propanesulfonic 

acid (MOPS) 

C7H15NO4S 209.26 Sigma-Alrdich, ≥99.5 % 

Calcium Chloride dihydrate CaCl2·2H2O 147.02 Merck (p.a.) 

Chromium Chloride  CrCl3 158.35 Merck, ≥98 % 

Chromium Hydroxide Cr(OH)3 103 Combi-Blocks, 95 % 

Chromium Oxide Cr2O3 151.99 Alfa Aesar, 99.6 % 

Epoxy Resin/ Hardener - - Buehler 

Ethanol C2H5OH 46.07 Merck (p.a.) 

Hexamethylenetetramine C6H12N4 140.19 Sigma-Aldrich, ≥99 % 

Hydrochloric acid 37 % HCl 36.4 Merck (p.a.) 

Iron (II) Chloride tetrahydrate FeCl2·4H2O 198.81 Acros, ≥99 % 

Iron (III) Chloride FeCl3 162.2 Merck, >98 % 

Iron (III) Oxide-Hematite Fe2O3 159.69 Alfa Aesar, 99.99 % 

Iron Granules Fe 55.85 Alfa Aesar, 99.98 % 

Iron Nickel Oxide-Trevorite NiFe2O4 234.39 Alfa Aesar, ≥99 % 

Magnesium Chloride hexahydrate MgCl2·6H2O 203.3 Merck (p.a.) 

Magnesium Sulfate heptahydrate MgSO4·7H2O 246.48 Merck (p.a.) 

Nickel (II) Chloride hexahydrate NiCl2·6H2O 237.69 Sigma-Aldrich, 99.9 % 

Nickel Chromium Oxide NiCr2O4 226.7 Alfa Aesar, ≥99 % 

Nickel Oxide NiO 74.71 Alfa Aesar, 99.99 % 

Potassium Chloride KCl 74.55 Merck (p.a.) 

Sodium Chloride NaCl 58.44 Merck (p.a.) 

Sodium Hydroxide NaOH 40 Merck (p.a.) 

Sodium Sulfate Na2SO4 142.04 Merck (p.a.) 
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Iron granules corrosion in concentrated NaCl and MgCl2 solutions 

 

In a first series of experiments, zero valent iron (granules) was corroded in concentrated NaCl or MgCl2 

brines at elevated temperature of 60 °C for periods ranging from 2 to 18 weeks. Those experiments 

were considered as pretests for the following studies on materials foreseen as container wall materials 

in Germany. It turned out that the setup could not be operated under complete exclusion of air (and 

oxygen). Note that the outcome of the studies described in this section is, therefore, not entirely 

applicable to the anaerobic and strongly reducing conditions expected in deep geological repository. 

Results are nevertheless reported here.  

The pH and 𝐸ℎ values were measured, then the liquid was analysed for dissolved iron concentration 

and the iron granules were examined for formed secondary phases.  

Dissolved metals evolution 

 

Table A3: The dissolved amounts of iron in mg/L.  

The numbers in parentheses correspond to the relative standard deviation in %. 

Exposure/ weeks  I = 1 M NaCl I = 1 M MgCl2 I = 3 M NaCl I = 9 M MgCl2 

0 0 0 0 0 

2 - - <0.09 8.76 (0.73) 

6 0.137 (5.88) 28.33 (2.03) 0.169 (3.52) 33.6 (0.72) 

12 <0.09 60.64 (0.56) 1.017 (11.55) 67.88 (3.31) 

18 <0.09 82.47 (1.30) - - 

 

From Table A3 it is clear that the MgCl2 brine represents an aggressive medium resulting in 

significantly higher and steadily rising dissolution of iron as compared to NaCl brine. The dissolved 

amounts of iron in NaCl brines were below or close to the detection limit of 0.09 mg/L all cases. At 

lower pHM, the dissolution is higher considering the general iron Pourbaix diagram (Figure 6), where 

in the acidic range the oxidation of Fe and the presence of Fe2+ dominate in the system, while at higher 

pH values (neutral and alkaline), iron phases start to precipitate suppressing the dissolution due to 

passivation of the surface. Overall, the absolute values (max. 82.47 mg/L) are very low considering 

the initial amount of iron in the system.  
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pH/ 𝑬𝒉 evolution with time 

 

The pHM values shown in the Figure A1 A are the recalculated in-situ pHM values of the systems at 

60 °C using the PhreeqC software, [PI] database with Pitzer approach and the dissolved iron 

concentrations shown in Table A3. There is a clear trend considering the pHM evolution of the two 

brines. In case of MgCl2 brine, the pHM decreases from initial values of 6.5±0.1 and plateaus after 

about 12 weeks at pHM ~ 5.4. An additional increase is observed for I = 1 MgCl2 after 18 weeks to 

pHM 5.9±0.1. The pHM for NaCl increases slightly for I = 1 M NaCl from pHM 6.0±0.1 to 6.3±0.1, 

while the value decreases for I = 3 M NaCl from 6.6±0.1 to 6.0±0.1 after 6 weeks and further increases 

to 6.2±0.1 after 12 weeks. The final pHM values in NaCl brine are all higher than in MgCl2. All the 

observed variations are within ~ 1 pHM unit. The use of SIT approach and [TC] database resulted in 

similar recalculated pHM values, except for I = 9 MgCl2, thus this system has larger uncertainty.  

Figure A1: The pHM (A) and 𝐸ℎ  (B) evolution of the zero valent iron experiments. The pHM is 

recalculated for 60 °C using the PhreeqC software, [PI] database with Pitzer approach. 

The 𝐸ℎ evolution shown in Figure A1 B has an initial decreasing trend for all salt levels, and further 

increase for I = 1 M NaCl, I = 3 M NaCl  and I = 1 M MgCl2, confirming the tightness of the setup in 

the beginning but eventual oxygen intrusion in some cases perhaps due to repeated heating and cooling. 

The biggest decrease was observed for the I = 3 M NaCl, where the value dropped from 260±50 mV 

to -120±50 mV after which it increased to 155±50 mV after 12 weeks. The decrease in 𝐸ℎ was steady 

for I = 9 M MgCl2, from 48±50 mV to -43±50 mV, where it remained. 
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Secondary phase characterization and evolution 

 

SEM analyses for solid phase in I = 1 M MgCl2 brine showed presence of small octahedral crystals 

typical for magnetite and occasionally platy crystallites of morphology typical to either green rust 

chloride or Fe(OH)2 [Ruby et al., 2009] after 6 and 12 weeks (Figure A2 A). However EDX analyses 

exclude the presence of chloride in the platy structures and the ratio of O/Fe of 2 hints at the presence 

of Fe(OH)2, while the composition of the octahedral structures matches magnetite. Interestingly, a 

small amount of Mg is present in the platy structure, likely replacing part of Fe(II) after 6 and 12 weeks. 

The magnetite formation seems to be proceeding via the Schikorr reaction where Fe(OH)2 is 

transforming into magnetite. The formed presumably magnetite is free of magnesium indicating that 

it is released upon magnetite formation. The XPS Fe 2p analyses (Figure A3 A) show presence mainly 

of Fe(0) (706.5 eV) with small contributions of Fe(II) (709.7 eV) and Fe(III) (710.3 eV) after 6 and 12 

weeks. The Fe(II) shoulder is very close to Fe(III) peak in the narrow Fe 2p spectrum, hence its 

intensity is difficult to distinguish. XRD analysis of the precipitate after 6 weeks is too noisy and 

inconclusive. The XRD pattern of the precipitate after 12 weeks (Figure A4) shows peaks matching 

with magnetite in the database (PDF card 88-0315). This is in agreement with the colour of the 

precipitate, which was black. Although the pHM and 𝐸ℎ should not favour the stability of magnetite, it 

appears that transformation is kinetically slow.  

After 18 weeks, the morphology of the secondary phases changed from octahedral to mainly platy 

crystals, however, not anymore clearly of hexagonal shape (Figure A2 A). It could be considered as 

green rust chloride due to its stability in the pHM and 𝐸ℎ region [Refait et al., 1998], but the chloride 

presence was not detected by EDX. Furthermore, magnetite dissolution into Fe(OH)2 could also be a 

possibility, however, the XPS Fe 2p spectrum showed presence of Fe(III) as dominant species thus 

likely oxidation occurred on the surface (Figure A3 A). Fe/O ratio deducted from EDX is a match with 

hematite (α-Fe2O3) or maghemite (γ-Fe2O3). Both are pure Fe(III) phases. Hematite is known to 

crystalize in the hexagonal crystallographic system and can be of platy morphology having a sheet like 

structure, while maghemite crystalizes in the cubic system, being isostructural with magnetite. 

Hematite is thermodynamically more stable compared to maghemite, although a route of oxidation of 

magnetite to maghemite and further to hematite is also possible and is a kinetically controlled process 

[Li et al., 2019].  
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Figure A2: SEM images of the evolution of the solid phase morphology in the I = 1 M MgCl2 brine 

(A) and I = 1 M NaCl brine (B) from 6 weeks (top) to 18 weeks (bottom), T = 60 °C.  
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Figure A3: XPS Fe 2p spectra of the solid phase in the I = 1 M MgCl2 brine (A) and I = 1 M NaCl 

brine (B) after 6 weeks (bottom), 12 weeks and 18 weeks (top), T = 60 °C.  

Figure A4: The X-ray diffractogram of the precipitate in I = 1 M MgCl2 brine after 12 and 18 weeks 

exposure. PDF card 88-0315 refers to magnetite in the database, while the PDF card 39-1346 refers to 

maghemite. 

XRD pattern of the precipitate after 18 weeks (Figure A4) shows a match with maghemite (PDF card 

39-1346). However, magnetite and maghemite are both cubic and have very similar unit cell parameter. 

Given the noise level, it cannot be discriminated with certainty, based on XRD only. The colour of the 

precipitate at this point turned dark red/brown. Hematite is known for its red colour while maghemite 

has brown colour. It can be concluded that in the MgCl2 brine with I = 1 M, the magnetite was formed 

via Schikorr reaction from Fe(OH)2 and (partly) oxidized to hematite. The increase in 𝐸ℎ  is a 

consequence of oxidation, and oxidation may very likely be due to oxygen intrusion through leakages. 
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In summary, experimental data indicate initial formation of Fe(II) phase, which transforms to 

magnetite and finally oxidizes to maghemite and/or hematite.   

Already in the 1960s, the studies reported various routes of magnetite oxidation. At higher 

temperatures, greater than 600 °C, the oxidation proceeds directly to hematite, while at lower 

temperature, the oxidation steps depend on the origin and nature of the starting magnetite [Colombo 

et al., 1965; Swaddle & Oltmann, 1980]. The final formation of Fe(III) solid phases is in agreement 

with the outcome of geochemical calculations for the measured pHM/ 𝐸ℎ conditions as shown in the 

Pourbaix diagram (Figure A5 A).  

Figure A5: Pourbaix diagram for 0.33 M MgCl2 (I = 1 M) (A) and 3 M MgCl2 (I = 9 M) systems at 60 

°C using the dissolved metals amounts after 18 and 12 weeks, respectively, Pitzer approach and [PI] 

database.  

The sample in the NaCl brine with the identical ionic strength of 1 M followed very similar evolution.  

After 6 weeks, the morphology resembled small octahedral crystals, with occasional large crystals in 

diameter of 10-20 µm (Figure A2 B). No platy morphology was observed. The EDX analyses of the 

small and big crystals showed the absence of chloride and a Fe/O ratio matching that of magnetite. 

Likewise, the XPS Fe 2p spectra show the presence of Fe(II) and Fe(III) after 6 and 12 weeks (Figure 

A3 B). After 12 weeks, once the 𝐸ℎ has increased, the SEM shows small crystallites, but the large ones 

disappeared.   

After 18 weeks, the SEM shows the same platy morphology of the solids (Figure A2 B) as in the case 

of MgCl2 brine with the identical ionic strength. XPS and EDX analyses follow the same pattern, 

showing only presence of Fe(III) (Figure A3 B) and Fe/O ratio of 2/3 indicating presence of an 

A B 
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oxidized phase like hematite or maghemite. XRD showed a low amount of crystalline precipitates and 

the presence of salt. The colour of the precipitate was black after 6 weeks and turned red/brown after 

18 weeks. 

Although the corrosion evolution is similar for the two brines, the concentration of dissolved iron show 

higher corrosion and dissolution rates for MgCl2 brine. The presence of the large crystals in NaCl 

solution may be due to lack of Mg interfering with the Fe(OH)2 transformation into magnetite and as 

well due to the higher pHM, which is favouring the formation of magnetite. 

Increasing the ionic strength to I = 9 M in MgCl2 brine, the SEM analyses revealed the absence of 

corrosion phases after 2 weeks and formation of very few platy crystals after 6 and 12 weeks with no 

sign of octahedral structure resembling magnetite (Figure A6 A). The Fe 2p XPS spectra show only 

presence of Fe(0) after 2 weeks and an additional peak of Fe(III) after 6 and 12 weeks (Figure A7 A). 

The predominant Fe(0) peak and the otherwise noisy spectrum highlight the lack of a corrosion phase.  

The EDX could not provide information about the platy morphology of the crystals as they were too 

thin and too few. The XRD analyses showed only presence of precipitated MgCl2 after 2, 6 and 12 

weeks. This is not surprising as 3 M is a high concentration close to precipitation limit for MgCl2. In 

the presence of such high chloride concentration, it was expected that chloride bearing phases would 

occur. Dissolved Fe concentration of ~ 1 mM can be explained by the solubility of a Fe(III) solid phase 

with the dissolved iron being Fe(II). The saturation indices calculations for this system using [PI] 

database showed lack of precipitation of any solid phases, in agreement with the Pourbaix diagram 

generated for this system in Figure A5 B, which shows only presence of aqueous FeCl2 under 

corresponding experimental conditions. 

Similarly, increasing the ionic strength in the NaCl brine to 3 M, the SEM analyses show lack of 

secondary phases after 2 weeks, presence of octahedral structures of 20-30 µm in diameter and platy 

structures after 6 weeks, and presence of platy morphology only after 12 weeks (Figure A6 B). This 

behaviour is very similar to the one in NaCl brine with relatively low ionic strength of 1 M. Fe 2p XPS 

spectra show an increase in Fe(III) with time (Figure A7 B), as in the previous cases suggesting 

oxidation of formed magnetite into pure Fe(III) phase. The EDX analyses of the octahedral and platy 

structures confirm a Fe/O ratio comparable to that of magnetite and hematite (maghemite) respectively. 

The X-ray difftactogram of the precipitate shows only salt (halite) after 2 and 6 weeks and presence of 

maghemite alongside halite after 12 weeks. The colour of the precipitate was brown indicative for the 

presence of maghemite after 12 weeks. It seems that the precipitated magnetite from the early stages 

oxidized to maghemite and partially further to hematite. The pHM and 𝐸ℎ conditions like in the case 
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of NaCl brine with lower ionic strengh favour the initial formation of magnetite transforming with 

time to the thermodynamically stable Fe(III) phases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A6: SEM images of the solid phase morphology in the I = 9 M MgCl2 brine (A) and I = 3 M 

NaCl brine (B) after 6 weeks (top) and after 12 weeks (bottom), T = 60 °C. 
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Figure A7: XPS Fe 2p spectra of the solid phase in the I = 9 M MgCl2 brine (A) and I = 3 M NaCl 

brine (B) after 2 weeks (bottom) and after 12 weeks (top), T = 60 °C. 

Corrosion mechanism 

 

Corrosion rate and type of corrosion cannot be concluded from these experiments due to the nature of 

the specimen. Under the experimental conditions which are: pure iron specimen corroded in brines 

with ionic strength up to 9 M under initial anoxic conditions at 60 °C, the corrosion mechanism appears 

to be the proceeding as follows: The zero valent iron oxidizes to aqueous divalent iron which forms 

the Fe(OH)2. In case of MgCl2 brine with I = 1 M, a mixed (Mg,Fe)(OH)2 phase forms (Eq. 1) with 

Mg fraction of up to 10 at. %. Fe(OH)2 transforms into magnetite, as long as the pHM is above 5.2 and 

𝐸ℎ below 30 mV. Upon transformation, the Mg is released back into solution and no Mg appears to 

substitute for iron in magnetite (Eq. A2). Upon the oxidation to maghemite and to hematite (Eq. A3), 

the 𝐸ℎ proceeds to increase. These mechanisms are well known [Gallagher et al., 1968; Li et al., 2019]. 

The initial iron oxidation and concomitant water reduction are responsible for the initial 𝐸ℎ decrease 

in all samples. The formation of Fe(OH)2 and magnetite (Eq. 3 and 5) should not cause any pHM 

variation, which corresponds to the experimental observation of only negligible pHM variation in NaCl 

brines. However in MgCl2, HCl is produced by hydrolysis (Eq. A4), which could explain the observed 

initial decrease in pHM in MgCl2 brines. Upon further oxidation into maghemite/hematite, minimal 

pHM variation is observed.    

𝐹𝑒𝑎𝑞
2+ + 𝑀𝑔𝑎𝑞

2+ + 2(𝑂𝐻)𝑎𝑞
− ↔ (𝐹𝑒, 𝑀𝑔)(𝑂𝐻)2(𝑠)  (𝐸𝑞. 𝐴1) 

3(𝐹𝑒, 𝑀𝑔)(𝑂𝐻)2(𝑠)   ↔ 𝐹𝑒3𝑂4 + 𝐻2 + 3𝑀𝑔𝑎𝑞
2+ + 2𝐻2𝑂  (𝐸𝑞. 𝐴2)    
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2𝐹𝑒3𝑂4  +
1

2
𝑂2  ↔  3𝛾𝐹𝑒2𝑂3 ↔   3𝛼𝐹𝑒2𝑂3  (𝐸𝑞. 𝐴3)        

𝑀𝑔𝐶𝑙2 + 2𝐻2𝑂 ↔  𝑀𝑔(𝑂𝐻)2(𝑠) + 2𝐻𝐶𝑙  (𝐸𝑞. 𝐴4)  

At I = 1 M, both, Mg- and Na- rich brines have shown similar behaviour regarding the development 

of secondary phases at elevated temperature. This shows that the nature of the cation does not play a 

role as long as identical ionic strength is achieved. It appears that under the ionic strength in these 

systems (up to 3 M), the favoured corrosion phase in case of pure iron corrosion is magnetite under 

reducing conditions and not Cl- bearing phases. Furthermore, under the given experimental conditions, 

which include presence of oxygen, the final solid phases are Fe(III) phases. These results cannot be 

transferred to “real” conditions because the setup was clearly not tight and reducing conditions were 

not maintained.  
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Table A4: Various configurations of the batch corrosion experiments. 

Steel type Brine type- 

concentration 

T/°C Exposure Environment Fittings for 

gas sampling 

Note 

Cr-Ni 

steel 

5 M NaCl 90 13 weeks heating plate - 

no box 

Yes O2 intrusion 

Cr-Ni 

steel 

5 M NaCl 90 13 weeks heating plate - 

no box -batch 

2 

Yes Crosscut 

Cr-Ni 

steel 

5 M NaCl 90 26 weeks heating plate - 

nitrogen box 

Yes 
 

Cr-Ni 

steel 

5 M NaCl 90 31 weeks oven No Synchrotron 

Cr-Ni 

steel 

5 M NaCl 90 42 weeks heating plate - 

nitrogen box 

Yes 
 

Cr-Ni 

steel 

5 M NaCl 25 26 weeks argon box Yes 
 

Cr-Ni 

steel 

5 M NaCl 25 49 weeks nitrogen box Yes 
 

Cr-Ni 

steel 

Brine 3 25 20 weeks nitrogen box Yes 
 

Cr-Ni 

steel 

Brine 3 90 26 weeks heating plate - 

no box 

Yes 
 

Cr-Ni 

steel 

0.1 M NaCl 90 28 weeks oven No 
 

Cr-Ni 

steel 

3.4 M MgCl2 90 13 weeks heating plate - 

no box 

Yes 
 

Cr-Ni 

steel 

3.4 M MgCl2 90 13 weeks heating plate - 

no box -batch 

2 

Yes 
 

Cr-Ni 

steel 

3.4 M MgCl2 90 26 weeks heating plate - 

nitrogen box 

Yes 
 

Cr-Ni 

steel 

3.4 M MgCl2 90 31 weeks oven No Synchrotron 

Cr Ni 

steel 

3.4 M MgCl2 90 42 weeks heating plate - 

nitrogen box 

Yes 
 

Cr-Ni 

steel 

3.4 M MgCl2 25 26 weeks argon box Yes 
 

Cr-Ni 

steel 

3.4 M MgCl2 25 49 weeks nitrogen box Yes 
 

Cr-Ni 

steel 

Brine 1 25 20 weeks nitrogen box Yes 
 

Cr-Ni 

steel 

Brine 1 90 26 weeks heating plate - 

no box 

Yes Crosscut 

Cr-Ni 

steel 

0.033 M MgCl2 90 28 weeks oven No 
 

SGI 5 M NaCl 90 13 weeks heating plate - 

no box 

Yes 
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SGI 5 M NaCl 90 13 weeks heating plate - 

no box -batch 

2 

Yes 
 

SGI 5 M NaCl 90 26 weeks heating plate - 

nitrogen box 

Yes 
 

SGI 5 M NaCl 90 31 weeks oven No Synchrotron 

SGI 5 M NaCl 90 42 weeks heating plate - 

nitrogen box 

Yes 
 

SGI 5 M NaCl 25 26 weeks argon box Yes 
 

SGI 5 M NaCl 25 49 weeks nitrogen box Yes 
 

SGI Brine 3 25 20 weeks nitrogen box Yes 
 

SGI Brine 3 90 26 weeks heating plate - 

no box 

Yes Crosscut 

SGI 0.1 M NaCl 90 28 weeks oven No 
 

SGI 3.4 M MgCl2 90 13 weeks heating plate - 

no box 

Yes 
 

SGI 3.4 M MgCl2 90 13 weeks heating plate - 

no box -batch 

2 

Yes Crosscut 

SGI 3.4 M MgCl2 90 26 weeks heating plate - 

nitrogen box 

Yes 
 

SGI 3.4 M MgCl2 90 31 weeks oven No Synchrotron 

SGI 3.4 M MgCl2 90 42 weeks heating plate - 

nitrogen box 

Yes 
 

SGI 3.4 M MgCl2 25 26 weeks argon box Yes 
 

SGI 3.4 M MgCl2 25 49 weeks nitrogen box Yes 
 

SGI Brine 1 25 20 weeks nitrogen box Yes 
 

SGI Brine 1 90 26 weeks heating plate - 

no box 

Yes Crosscut 

SGI 0.033 M MgCl2 90 28 weeks oven No 
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Table A5: Experimental conditions for the europium sorption. 

Solid phase Background 

electrolyte (I) 

Solid to liquid ratio 

(g/L) 

Investigated 

pHM range 

Eu concentration 

Magnetite 0.1 M NaCl 0.5 5.7-7.6 5.1×10-10 M 

Magnetite 0.96 M NaCl 0.5 5.5-8.0 5.1×10-10 M 

Magnetite 2.9 M NaCl 0.5 6.0-8.1 5.1×10-10 M 

Magnetite 4.8 M NaCl 0.5 6.2-8.1 5.1×10-10 M 

Magnetite 0.1 M NaCl 0.5 6.0-8.0 1×10-5 M 

Magnetite 0.96 M NaCl 0.5 5.5-8.1 1×10-5 M 

Magnetite 2.9 M NaCl 0.5 5.5-8.0 1×10-5 M 

Magnetite 4.8 M NaCl 0.5 5.5-8.0 1×10-5 M 

Magnetite 0.95 M MgCl2 0.5 5.5-7.9 5.1×10-10 M 

Magnetite 0.95 M MgCl2 0.5 5.5-8.0 1×10-5 M 

Magnetite 2.85 M MgCl2 0.5 5.5-8.0 1×10-5 M 

Magnetite 9.77 M MgCl2 0.5 6.5-8.0 1×10-5 M 

Magnetite 0.96 M NaCl 0.5 ~ 6 5.1×10-10 M−1×10-4 M 

Magnetite 2.9 M NaCl 0.5 ~ 6 5.1×10-10 M−1×10-4 M 

Magnetite 4.8 M NaCl 0.5 ~ 6 5.1×10-10 M−1×10-4 M 

Magnetite 0.96 M NaCl 0.5 ~ 7 5.1×10-10 M−1×10-4 M 

Magnetite 2.9 M NaCl 0.5 ~ 7 5.1×10-10 M−1×10-4 M 

Magnetite 4.8 M NaCl 0.5 ~ 7 5.1×10-10 M−1×10-4 M 

Trevorite 0.1 M NaCl 0.08 5.5-8.0 5.1×10-10 M 

Trevorite 0.96 M NaCl 0.08 5.5-8.1 5.1×10-10 M 

Trevorite 2.9 M NaCl 0.08 5.8-8.0 5.1×10-10 M 

Trevorite 4.8 M NaCl 0.08 5.5-8.1 5.1×10-10 M 

Trevorite 0.1 M NaCl 0.08 5.4-8.0 1×10-5 M 

Trevorite 0.96 M NaCl 0.08 5.5-8.0 1×10-5 M 

Trevorite 2.9 M NaCl 0.08 5.6-8.0 1×10-5 M 

Trevorite 4.8 M NaCl 0.08 5.8-8.5 1×10-5 M 

Chromium oxide 0.1 M NaCl 1 4.0-8.7 5.1×10-10 M 

Chromium oxide 0.94 M NaCl 1 3.7-8.8 5.1×10-10 M 

Chromium oxide 2.8 M NaCl 1 3.5-9.0 5.1×10-10 M 

Chromium oxide 4.7 M NaCl 1 3.5-9.0 5.1×10-10 M 

Chromium oxide 0.1 M NaCl 1 3.0-8.0 1×10-5 M 

Chromium oxide 0.94 M NaCl 1 2.7-8.1 1×10-5 M 

Chromium oxide 2.8 M NaCl 1 2.7-8.0 1×10-5 M 

Chromium oxide 4.7 M NaCl 1 2.7-8.4 1×10-5 M 

Chromium oxide 0.1 M NaCl 5.7 4.7-7.9 5.1×10-10 M 

Chromium oxide 4.7 M NaCl 5.7 5.8-7.9 5.1×10-10 M 

Chromium oxide 0.1 M NaCl 5.7 4.3-7.8 1×10-5 M 

Chromium oxide 4.7 M NaCl 5.7 5.2-7.8 1×10-5 M 

Green rust chloride 0.1 M NaCl 1 7.2-8.3 5.1×10-10 M 

Green rust chloride 0.96 M NaCl 1 7.2-8.9 5.1×10-10 M 

Green rust chloride 4.8 M NaCl 1 7.4-8.9 5.1×10-10 M 

Green rust chloride 0.1 M NaCl 1 7.2-8.4 1×10-7 M 
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Green rust chloride 0.96 M NaCl 1 7.2-8.9 1×10-7 M 

Green rust chloride 4.8 M NaCl 1 7.4-8.9 1×10-7 M 

Iron hydroxychloride 0.1 M NaCl 1 6.8-8.6 5.1×10-10 M 

Iron hydroxychloride 0.94 M NaCl 1 6.7-8.9 5.1×10-10 M 

Iron hydroxychloride 2.8 M NaCl 1 6.7-9.2 5.1×10-10 M 

Iron hydroxychloride 4.7 M NaCl 1 7.6-9.0 5.1×10-10 M 

Iron hydroxychloride 0.1 M NaCl 1 7.0-8.2 1×10-7 M 

Iron hydroxychloride 0.94 M NaCl 1 6.9-8.2 1×10-7 M 

Iron hydroxychloride 2.8 M NaCl 1 7.3-8.2 1×10-7 M 

Iron hydroxychloride 4.7 M NaCl 1 7.3-8.9 1×10-7 M 

Iron hydroxychloride 0.1 M MgCl2 1 7.6-7.8 5.1×10-10 M 

Iron hydroxychloride 0.95 M MgCl2 1 7.1-8.4 5.1×10-10 M 

Iron hydroxychloride 2.85 M MgCl2 1 8.0-8.3 5.1×10-10 M 

Iron hydroxychloride 9.77 M MgCl2 1 7.8-8.7 5.1×10-10 M 

Iron hydroxychloride 0.1 M MgCl2 1 7.4-8.2 1×10-7 M 

Iron hydroxychloride 0.95 M MgCl2 1 6.9-8.3 1×10-7 M 

Iron hydroxychloride 2.85 M MgCl2 1 7.4-8.2 1×10-7 M 

Iron hydroxychloride 9.77 M MgCl2 1 7.9-8.7 1×10-7 M 

 

 

Table A6: Reference samples used for XANES fingerprinting. 

Maghemite (γ-Fe2O3 ) Iron hydroxychloride (Fe2(OH)3Cl) 

Akaganeite (β-FeOOH) Magnetite  (Fe3O4) 

Iron II chloride (FeCl2·4H2O) Green rust chloride pure (Fe4(OH)8Cl·nH2O) 

Hematite (α-Fe2O3) GR chloride doped  ((Ni,Cr,Fe)4(OH)8Cl·nH2O) 

Iron III chloride (FeCl3) Chromium oxide (Cr2O3) 

Trevorite  (NiFe2O4) Chromium hydroxide (Cr(OH)3) 

Iron oxide (FeO) Nickel hydroxide (Ni(OH)2) 

Chromite  (FeCr2O4) Greenalite (Fe2-3Si2O5(OH)4) 

Cronstedtite (Fe3(Si,Fe)O5(OH)4)  
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Spheroidal graphite iron corrosion in dilute to concentrated NaCl and 

MgCl2 solutions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A8: X-ray diffractograms of the spheroidal graphite iron corroded in 5 M NaCl for 13 (top), 26 

and 42 weeks (bottom). PDF card 88-0315 refers to magnetite and PDF card 87-0721 refers to initial 

non-corroded surface - cubic iron. 

 

 

 

 

 

 

 

 



210 
 

 

 

 

 

 

 

 

 

 

 

Figure A9: Pourbaix diagrams for experiments with SGI in 5 M NaCl system at 90 °C calculated with 

[PI] database and Pitzer approach. SiO2,aq activity obtained from weight loss, log a =-2.9 (A) and 

reduced SiO2,aq activity log a = -3.5 (B). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A10: The µXANES spectra of the reference compounds used for linear combination fitting of 

the spectra collected for the SGI crosscut samples corroded in 5 M NaCl (Cronstedtite, Iron 

hydroxychloride I.H.C.) and 3.4 M MgCl2 (Iron hydroxychloride, Wüstite), examined at the 

synchrotron. 
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Figure A11: XPS Fe 2p narrow spectra showing evolution as a function of temperature for systems in 

5 M NaCl for 42 and 49 weeks at 90 °C and 25 °C, respectively. 

 

 

 

 

 

 

 

 

 

 

Figure A12: Pourbaix diagram showing the stability window of green rust chloride by Refait et al. 

[1998]. 
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Figure A13: SEM image of the solid phase morphology for I = 5.2 M Solution 3, T = 90 °C with 

exposure time of 26 weeks. 

 

 

 

 

 

 

 

 

Figure A14: XPS Fe 2p spectra of the NaCl based systems with respect to ionic strength and sulfate 

presence. T = 90 °C with exposure time of 26-28 weeks.   

XPS analysis of the sample corroded in solution with I = 0.1 M NaCl shows similar narrow Fe 2p 

spectra with the presence of Fe(II) and Fe(III) as in solution 3 and in 5 M NaCl, with higher iron (II) 

content in I = 0.1 M NaCl due to slight shift to lower energies. 
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Figure A15: X-ray diffractograms of the spheroidal graphite iron corroded in various brines, I = 0.1 M 

NaCl (top), I = 5 M NaCl and I = 5.2 M Solution 3 (bottom). PDF card 87-0721 to initial SGI, 88-0315 

to magnetite and 82-2238 to silicate phase cronstedtite. 

 

Table A7: The chemical composition of the observed corrosion products according to the 

morphology in solution 3 at 90 °C. 

Element / Atomic % Si Fe O Mg 

Solution 3 - Hexagonal structure, Spot 1 7.54±0.12 25.74±0.36 61.6±0.65 5.12±0.14 

Solution 3 - Hexagonal structure, Spot 2 7.67±0.18 22.77±0.5 64.21±0.84 5.36±0.2 
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Figure A16: SEM image of the crosscut SGI corroded in solution 3 for 26 weeks at 90 °C. 

 

 

 

 

 

 

 

 

Figure A17: SEM images of the evolution of the solid phase/surface morphology in the solution 3, I = 

5.2 M, T = 25 °C (A - close to graphite inclusion; B - inside the hole). 

 

Table A8: The chemical composition of the observed corrosion products according to the 

morphology in solution 3 at 25 °C. 

Element / Atomic % Na Fe O S 

26 weeks - Hexagonal structure, Spot 1 13.33±0.77 19.62±0.80 60.2±1.27 6.85±0.31 

26 weeks - Hexagonal structure, Spot 2 14.88±0.47 20.76±0.47 57.51±0.82 6.86±0.18 

26 weeks - Hexagonal structure, Spot 3 11.66±0.74 26.81±0.79 55.97±1.12 5.56±0.26 
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Figure A18: X-ray diffractograms of the spheroidal graphite iron corroded in solution 3 (I = 5.2 M) 

for 20 and 26 at 25 °C. PDF card 87-0721 refers non-corroded steel surface, cubic iron. 

 

 

 

 

 

 

 

 

 

 

 

Figure A19: Pourbaix diagram for the solution 3 system at 90 °C after 26 weeks calculated using Pitzer 

approach for activity coefficients calculations and [PI] database.  

 

The mineral ferroceladonite (K2Fe2(Si8O20)(OH)4) is another silicate mineral, including potassium, 

which is part of the solution 3. 
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Figure A20: SEM images of the solid phase morphology for I = 0.1 M NaCl, T = 90 °C with exposure 

time of 28 weeks applying two microscope magnifications. 

The EDX analyses of the samples in the dilute systems (Table A9) showed similar composition for the 

bright small crystallites, similar to the composition of the octahedral structure, matching the Fe/O ratio 

of magnetite. The small crystallites are likely small magnetite structures, which grow into the large 

ones, similarly as in the process observed in 5 M NaCl brine after 23 and 42 weeks. 

 

Table A9: The chemical composition of the observed corrosion products according to the 

morphology in I = 0.1 M NaCl. 

Element / Atomic % Si Fe O 

I = 0.1 M NaCl - Octahedral structure 2.00±0.26 39.47±1.30 58.53±1.45 

I = 0.1 M NaCl - Small bright crystallites, Spot 1 2.95±0.38 40.25±1.84 56.81±1.87 

I = 0.1 M NaCl - Small bright crystallites, Spot 2 3.17±0.26 41.17±1.23 55.66±1.34 

I = 0.1 M NaCl - Small bright crystallites, Spot 3 3.38±0.34 37.46±1.58 59.16±1.77 

I = 0.1 M NaCl - Small bright crystallites, Spot 4 2.81±0.30 39.08±1.48 58.11±1.61 

I = 0.1 M NaCl - Hexagonal structure, Spot 1 9.14±0.32 27.40±1.04 63.22±1.42 

I = 0.1 M NaCl - Hexagonal structure, Spot 2 8.00±0.39 30.12±1.36 61.08±1.60 

I = 0.1 M NaCl - Hexagonal structure, Spot 3 8.26±0.31 30.08±1.12 61.65±1.40 
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Figure A21: Pourbaix diagram for the 0.1 M NaCl system at 90 °C after 28 weeks calculated using 

SIT approach and [TC] database.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A22: X-ray diffractograms of the spheroidal graphite iron corroded in 3.4 M MgCl2 (I = 10.2 

M) for 13 (top), 26 and 42 weeks (bottom). PDF card 34-0199 refers to iron hydroxychloride. The 

dotted green lines match the amakinite, (Mg,Fe)(OH)2 phase (PDF card 15-0125). 
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Figure A23: Elemental distribution obtained by EDX analysis of SGI crosscut corroded in 3.4 M 

MgCl2 for 13 weeks at 90 °C.  
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Figure A24: µXRD line scan through the interface steel-corrosion layer-resin of the 3.4 M MgCl2 SGI 

crosscut sample.   

 

 

 

 

 

 

 

 

Figure A25: XPS Fe 2p narrow spectra for SGI in 3.4 M MgCl2 corroded for 42 and 49 weeks at 90 °C 

and 25 °C respectively. 
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Figure A26: SEM image of the solid phase morphology for I = 11.9 M Solution 1, T = 90 °C with 

exposure time of 26 weeks. 

 

 

 

 

 

 

 

 

 

Figure A27: XPS Fe 2p spectra of the MgCl2 based systems with respect to different brines. T = 90 °C 

with exposure time of 26-28 weeks.   

 

Table A10: The chemical composition of the observed corrosion products according to 

morphology in solution 1. 

Element / Atomic % Fe O Mg Cl 

Solution 1- Pyramid structure 23.20±0.68 54.07±1.14 8.23±0.29 14.5±0.32 

Solution 1 - Additional phase 19.24 ±0.63 57.44±1.06 13.8±0.33 9.51±0.28 
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Figure A28: X-ray diffractogram of the spheroidal graphite iron corroded in various brines, I = 0.1 M 

MgCl2 (top), I = 3.4 M MgCl2 and I = 11.9 M Solution 1 (bottom). PDF 34-0199 refers to iron 

hydroxychloride, 88-0315 to magnetite and 82-2238 to silicate phase cronstedtite.  

X-ray diffractogram for 0.033 M MgCl2 (I = 0.1 M) shows similar pattern as in the case of I = 0.1 M 

NaCl with peaks matching magnetite and cronstedtite. The peak corresponding to the initial steel is in 

this case very small. 
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Figure A29: SEM image of the SGI crosscut corroded in solution 1 for 26 weeks at 90 °C. 

 

 

Figure A30: SEM images of the evolution of the solid phase/surface morphology in the solution 1, I = 

11.9 M after 20 weeks in the proximity of graphite inclusion (A) and after 26 weeks at the edge of the 

sample (B), T = 25 °C. 
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Figure A31: X-ray diffractograms of the spheroidal graphite iron corroded in solution 1 (I = 11.9 M) 

for 20 and 26 weeks at 25 °C. PDF card 87-0721 refers non-corroded steel surface, cubic iron.  

 

Figure A32: SEM image of the solid phase morphology for I = 0.1 M MgCl2, T = 90 °C with exposure 

time of 28 weeks applying two microscope magnifications. 

 

Table A11: The chemical composition of the observed corrosion products according to morphology in 

I = 0.1 M MgCl2. 

Element / Atomic % Si Fe O Mg 

I = 0.1 M MgCl2 - Octahedral structure, Spot 1 2.57±0.29 37.42±1.45 60.01±1.64 - 

I = 0.1 M MgCl2- Octahedral structure, Spot 2 2.25±0.19 39.02±0.72 58.74±1.05 - 

I = 0.1 M MgCl2 - Small bright crystallites 3.11±0.24 41.66±1.00 55.23±1.16 - 

I = 0.1 M MgCl2 - Hexagonal structure, Spot 1 9.22±0.82 23.11±2.65 64.8±3.22 2.87±0.55 

I = 0.1 M MgCl2 - Hexagonal structure, Spot 2 9.68±0.31 21.39±0.92 65.7±1.46 3.23±0.30 

I = 0.1 M MgCl2 - Hexagonal structure, Spot 3 9.22±0.23 21.36±0.66 66.39±1.32 3.02±0.21 
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Cr-Ni steel corrosion in dilute to concentrated NaCl and MgCl2 solutions  

 

 

 

 

 

 

 

 

Figure A33: The XPS Cr 2p spectra with respect to time evolution of the corrosion products/ surface 

in 5 M NaCl sample. 

 

 

 

 

 

 

 

 

 

 

 

Figure A34: X-ray diffractograms of the Cr-Ni steel corroded in 5 M NaCl for 13 (top), 26 and 42 

weeks (bottom). PDF card 33-0397 refers initial non-corroded Cr-Ni steel.  
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Figure A35: SEM images of the embedded and crosscut Cr-Ni steel corroded in 5 M NaCl for 13 weeks 

at 90 °C.  

The Figure A35 shows the steel coupon (light) and surrounding resin (black). No corrosion layer and 

no corrosion damage except of a single shallow hole of about 5 µm, likely detached during cutting, 

can be observed. This hole was not detected during the surface analysis.    
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Figure A36: SEM image of the crosscut of the Cr-Ni steel sample corroded in 5 M NaCl for 31 weeks 

at 90 °C. The detached corrosion layer/passive film can be seen close to resin. The spots shown in the 

figure correspond to the spots in the Table A12.  

 

Table A12: The chemical composition of the phases in the corrosion layer/passive film 

observed for Cr-Ni steel crosscut corroded in 5 M NaCl. 

Element / Atomic % O Cr Fe Ni 

Spot 1 58.10±3.21 28.64±2.44 10.66±1.48 2.58±0.82 

 Spot 2 3.16±0.88 69.83±3.75 25.53±2.51 1.46±0.80 

Spot 3 3.59±0.88 63.51±3.52 28.22±2.44 4.68±0.96 

Spot 4 61.22±3.44 22.43±2.12 11.13±1.50 5.19±0.98 

Spot 5 3.86±0.91 22.66±2.12 61.18±3.45 12.28±1.80 
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Figure A37: The µXANES spectra of iron (A) and nickel (B) of the reference compounds used for 

linear combination fitting of the spectra collected for the Cr-Ni steel crosscut sample corroded in 5 M 

NaCl brine, examined at the synchrotron. 

 

 

 

 

 

 

 

 

 

 

Figure A38: The µXANES spectra of chromium of the reference compounds used for linear 

combination fitting of the spectra collected for the Cr-Ni steel crosscut sample corroded in 5 M NaCl 

brine, examined at the synchrotron. 
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Figure A39: The µXRF maps of the three elements with the corresponding locations of the µXRD line 

scan through the interface steel-corrosion layer-resin of the Cr-Ni steel crosscut sample corroded in 5 

M NaCl at 90 °C. 
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Figure A40: Diffractograms (µXRD) of the line scan through the interface at different locations shown 

in Figure A39. Step size = 20 µm.  

 

 

 

 

 

 

 

 

Figure A41: SEM image of the solid phase morphology for solution 3. T = 90 °C with exposure of 26 

weeks.  
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Figure A42: SEM image of the solid phase morphology for I = 0.1 M NaCl. T = 90 °C with exposure 

of 28 weeks.  

 

Figure A43: Pourbaix diagram for the solution 3 system at 90 °C drawn with respect to Fe (A) and 

with respect to Ni (B) using dissolved amounts after 26 weeks, SIT approach and [TC] database.  
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Figure A44: SEM images of the evolution of the solid phase/surface morphology in the solution 3, I = 

5.2 M from 20 weeks to 26 weeks, T = 25 °C. 

 

 

 

 

 

 

 

 

Figure A45: SEM image of the solid phase/surface morphology for 5 M NaCl brine. T = 25 °C with 

exposure of 49 weeks.  

 

 The scratches in the images in Figures A44 and A45 originate from the polishing of the steel.  

 

 

 

 



232 
 

Table A13: The chemical composition of the observed phases in solution 3 at 25 °C. 

Element / Atomic % Si Cr Mn Fe Ni 

20 weeks - Overall surface 1.01±0.69 24.27±1.45 1.47±0.8 60.48±2.74 12.77±1.35 

26 weeks - Overall surface 0.86±0.18 25.25±0.74 1.16±0.43 61.1±1.46 11.63±1.3 

Exposure / Atomic % S Na O 

26 weeks – Snowflake particle 14.88±0.22 33.83±0.53 51.29±0.79 

 

 

Figure A46: X-ray diffractograms of the Cr-Ni steel corroded in solution 3 (I = 5.2 M) for 20 and 26 

weeks at 25 °C. PDF card 33-0397 refers non-corroded steel surface. 
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Figure A47: SEM images of the evolution of the solid phase/surface morphology in the 3.4 M (I = 10.2 

M) MgCl2 brine from 13 weeks (top) to 42 weeks (bottom), T = 90 °C, applying two microscope 

magnifications.  

After 26 weeks, a hole damage of about 2 µm x 4 µm is visible on the surface, which may rather 

originate from the steel production.  
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Figure A48: The XPS Cr 2p spectra with respect to time evolution of the corrosion products/surface 

in 3.4 M MgCl2 sample. 

 

Table A14: The chemical composition of the surface in the 3.4 M MgCl2 brine. 

Element / Atomic % Si Cr Mn Fe Ni 

Overall surface - 13 weeks 0.84±0.16 24.63±0.65 1.21±0.37 61.57±1.3 11.75±1.14 

Overall surface - 26 weeks 1.02±0.1 25.18±0.23 1.16±0.19 60.93±0.45 11.72±0.28 

Overall surface - 42 weeks 0.84±0.18 24.51±0.56 1.23±0.48 61.04±1.62 12.38±1.45 
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Figure A49: X-ray diffractograms of the Cr-Ni steel corroded in 3.4 M MgCl2 for 13 (top), 26 and 42 

weeks (bottom). PDF card 33-0397 refers initial non-corroded Cr-Ni steel.  

 

 

 

 

 

 

 

 

Figure A50: SEM image of the solid phase/surface morphology for I = 0.1 M MgCl2 system, T = 90 

°C with exposure time of 28 weeks.  
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The XPS analysis of the dilute solution, 0.033 M MgCl2 (I = 0.1 M MgCl2) showed the presence of 

Cr(III) but no narrow Ni and Fe spectra were measured, thus it was not possible to identify the 

precipitate. 

 

 

 

 

 

 

 

Figure A51: SEM image of the solid phase morphology for I = 3.4 M MgCl2 system, T = 25 °C with 

exposure time of 49 weeks.  

 

 Figure A52: SEM images of the evolution of the solid phase/surface morphology in the solution 1, I 

= 11.9 M system from 20 weeks to 26 weeks, T = 25 °C. 
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Figure A53: The XPS Fe 2p narrow spectra of the surface/corrosion phase in the solution 1, I = 11.9 

M system after 20 weeks and 26 weeks, T = 25 °C. 

 

Table A15: The chemical composition of the observed phases in solution 1 at 25 °C. 

Element / 

Atomic % 

Si Cr Mn Fe Ni 

20 weeks – 

Overall surface 

0.87±0.68 24.71±1.43 1.32±0.80 61.17±2.75 11.93±2.10 

26 weeks – 

Overall surface 

0.9±0.18 25.62±0.74 1.45±0.43 60.4±1.46 11.62±1.28 

Element / 

Atomic % 

Mg Cr Mn Fe O Cl Ni 

20 weeks  - 

Layer 

7.64±1.19 18.5±10 0.93±0.54 43.31±1.84 20.53±4.39 1.07±0.53 8.02±1.38 

 

 

Figure A54: X-ray diffractograms of the Cr-Ni steel corroded in solution 1 (I = 11.9 M) for 20 and 26 

weeks at 25 °C. PDF card 33-0397 refers to non-corroded steel surface. 
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The XPS analyses of the overall surface for sample in solution 1 at 25 °C showed the presence of Ni(0) 

and Cr(III), while the narrow Fe 2p spectra (Figure A53) showed the presence of Fe(III) in the crust 

after 20 weeks and a very weak Fe(III) peak along an Fe(0) peak after 26 weeks. The EDX analyses 

of the surface (Table A15) matches the initial steel composition after 20 and 26 weeks while the 

analysis of the layer shows the presence of Mg, O and Cl. Fe, Ni and Cr contributions are also found 

but it is likely from probing the surface below, so the exact composition of this layer cannot be 

determined. It may be a MgFe2O4 compound as Fe(III) is present but not Ni(II).   

 

 

 

 

 

 

 

 

Figure A55: SEM image of the solid phase morphology in the solution 1, I = 11.9 M system after 26 

weeks, T = 90 °C. 
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Corrosion under flowing conditions (in collaboration with SNL) 

 

The Cr-Ni steel and SGI coupons have been prepared at INE following the same procedure as in our 

corrosion experiments. The dimensions were different, 5 cm x 5 cm, as requested by SNL to match 

their setup. The coupons were sent to SNL, USA and briefly repolished upon arrival to remove possible 

formed corrosion layers. The experiments were configured as a Single-Pass-Flow-Though setup. Three 

brine compositions were used in the experiments, 5 M NaCl, 3.4 M MgCl2 and solution 3. The coupons 

were housed in a 120 mL Savillex Teflon vessel into which corresponding brines were continuously 

injected at a rate of 60 mL/day. The coupons were set in the holder assembly having contact with brine, 

which percolated over the sample and was collected at the bottom of the sample tube. The assemblies 

were contained in a specially designed aluminium casing and heated by a heater to achieve 90±2 °C. 

The experiments were carried out inside an inert atmosphere (nitrogen) glovebox.  

Three different methods were applied on the system to obtain the corrosion rate: ICP-MS on the liquid 

phase, mass loss and 3-D interferometry on the coupon. Raman spectroscopy was applied to identify 

the formed corrosion products. The coupons were extracted upon termination of the experiments after 

23 weeks of exposure. The leachate was collected, acidified and analysed by ICP-MS. The dissolution 

rate was then calculated from these results. As some of the dissolved iron is retained on the surface as 

a corrosion product, the calculated dissolution rate underestimates the true corrosion rate. The coupons 

were examined for weight loss using the same procedure as in case of our stagnant experiments 

following the ASTM G1-03 standards [2003]. The corrosion rates for each brine obtained by using the 

dissolved iron amounts measurements and weight loss technique are summarized in Table A16.  

As weight loss is not indicative of dissolution in case of pitting corrosion, which may be the case 

particularly for Cr-Ni steels, a white light interferometry technique was applied on coupons, which can 

measure minute vertical distances. The strategy of this technique consists of application of silicone 

sealant to certain parts of the surface, which preserves the reference (initial) surface. After removal of 

the corrosion products from the coupon, the height difference between the reference and the reacted 

surface is proportional to the dissolution rate. The detection limit for the height difference is 20 nm. 

This is directly comparable to the corrosion rate obtained by weight loss or by dissolved iron 

measurements.  

The interferometric measurement on the non-corroded surface revealed small height differences of 34 

nm maximum. The Figure A56 shows the 3-D interferometric images of the SGI corroded in 5 M 
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NaCl (A) and in solution 3 (B), while Figure A57 shows the image of SGI corroded in 3.4 M MgCl2. 

The interferometric images of the Cr-Ni steel showed little evidence of surface roughening and an 

absence of pitting. The corrosion products were scraped of the SGI coupon and placed in an anoxic 

sample holder for Raman spectroscopy measurements. The Cr-Ni steel had no corrosion products thus 

Raman analysis could not be performed on these samples.  

 

Figure A56: The 3-D interferometric image of SGI coupon after exposure to 5 M NaCl (A) and solution 

3 (B) for 23 weeks. 

 

 

 

 

 

 

 

Figure A57: The 3-D interferometric image of SGI coupon after exposure to 3.4 M MgCl2 for 23 weeks. 

The Raman spectra showed the presence of magnetite for SGI in 5 M NaCl, matching outcomes to our 

stagnant condition experiments. Interestingly, the Raman spectra of the SGI in solution 3 showed the 

presence of iron hydroxychloride, while SGI corroded in 3.4 M MgCl2 showed the presence of green 

rust chloride. We have observed the formation of iron hydroxychloride in MgCl2 brine, but under 

flowing conditions (or upon increase in redox potential), it seems to oxidize to green rust chloride. No 
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presence of iron silicate compounds was observed. This is likely due to a lack of saturation in the 

solution under flowing conditions. This may also explain the presence of iron hydroxychloride in 

solution 3, where we have identified cronstedtite.  

The obtained corrosion rates for all techniques and the average corrosion rates are shown in Table A16. 

Table A16: Corrosion rates (CR) obtained using various methods for both steels. 

Method / CR in µm/a Dissolved iron Weight loss 3-D interferometry Average CR 

SGI - 5 M NaCl 0.10±0.14 2.00±0.26 5.42±1.22 2.51±0.54 

SGI - 3.4 M MgCl2 14.98±6.69 7.90±0.62 10.13±2.29 11.0±3.2 

SGI - Sol. 3 0.43±0.64 3.51±0.29 5.00±0.85 2.98±0.59 

Cr-Ni steel - 5 M NaCl 0.05±0.04 0.2±0.1 0.17±0.16 0.14±0.10 

Cr-Ni steel - 3.4 M MgCl2 0.09±0.07 0.51±0.11 0.31±0.48 0.3±0.22 

Cr-Ni steel - Sol. 3 0.11±0.23 0.82±0.12 0.08±0.04 0.34±0.13 

 

Overall, this study has found that MgCl2 is more corrosive medium for SGI, with corrosion rates 4 

times higher than in NaCl medium. A similar corrosion rate was found for SGI in NaCl medium in the 

presence and in the absence of sulfate. For the Cr-Ni steel, the corrosion rates are very low, independent 

of the brine composition.   

Considering our stagnant condition experiments, we have observed a lower corrosion rate for SGI in 

5 M NaCl (1.01±0.05 µm/a), but 2 times higher corrosion rate for SGI corroded in 3.4 M MgCl2 

(23.13±1.5 µm/a) and 3 times higher corrosion rate for SGI in solution 3 (9.61±1.0 µm/a) compared 

to flowing conditions. 
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Sorption studies 

Solubility and speciation of europium and americium in dilute to concentrated 

NaCl and MgCl2 solutions 

 

Figure A58: Saturation indices of europium solid phases vs. pHM calculated using the SIT approach 

and [TC] database. I = 0.1 M NaCl (A) and I = 4.8 M NaCl (B), [Eu] = 1×10-5 M. 

Figure A59: Saturation indices of americium solid phases vs. pHM calculated using SIT approach and 

[TC] database. I = 0.95 M NaCl (A) and I = 4.7 M NaCl (B), [Am] = 8.2×10-6 M.  
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Figure A60: Saturation indices of europium solid phases vs. pHM at I = 0.1 M MgCl2 for [Eu] = 5.1×10-

10 M (A) and [Eu] = 1×10-5 M (B) calculated with SIT approach and [TC] database.     

 

 

Uptake of europium/americium by magnetite 

 

 

 

 

 

 

 

 

 

 

Figure A61: Sorption of europium [Eu] = 5.1×10-10 M as percentage uptake on magnetite (0.5 g/L) as 

a function of pHM and at ionic strengths of 0.96 M NaCl and 0.95 M MgCl2. 
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