Marcoule Adrien 
  
Birsen 
  
Aline Georges 
  
Nicolas 
  
Jihane Pauline Kahina 
  
Loan, Laure, Hicham, Richard, Théo, Sophie, Steph, Benoit Rachel Gabriel 
  
Oriane, François, Pia Nicolas Thomas 
  
Charles Reeb 
  
Christel Pierlot 
  
Catherine A Davy 
  
Matthieu Bertin 
  
Vincent Cantarel 
  
David Lambertin 
  
Matthieu De Campos 
  
Jérôme Hosdez 
  
Cyrille Albert-Mercier 
  
  
  
Chapter III: How are alkali-activated materials impacted by incorporating low viscosity organic liquids? (Published in Materials and Structures)

Keywords: Alkali-activated cement (D), BFS, Composite (E), Geopolymer, Surfactant, Emulsion Alkali-activated materials (AAM), geopolymer (GEO), blast furnace slag (BFS), surfactants, low viscosity oil

Je tiens tout d'abord à remercier sincèrement mon encadrement de thèse. Chacun à votre manière, vous avez contribué à faire de ce travail une belle réussite. Christel, je te remercie pour ta bonne humeur et ta positivité à chaque instant. J'ai adoré cette première année à Lille mêlant discussions de laboratoire, matchs de tennis et repas du midi aux petites côtes. Merci Catherine pour m'avoir toujours plus challengé, j'avoue en avoir même eu un peu marre quelque fois, mais je sais que c'était dans le but d'améliorer la qualité de notre travail.

Tu es une pile, parfois difficile à suivre, mais tu as surtout été une maman et une locomotive. Et enfin, merci à toi David pour tes conseils, ton écoute et ton soutien dans les moments difficiles. J'ai commencé avec un encadrant de thèse et je peux dire que je termine aujourd'hui avec un ami. Je tiens ensuite à remercier les membres du jury d'avoir accepté de juger ce travail de thèse et plus particulièrement mes deux rapporteurs, John PROVIS et Pierre BAUDUIN, pour le temps consacré à l'évaluation de ce mémoire de thèse. Je remercie les membres de l'équipe de recherche CISCO basée à Lille, où tout a commencé, pour m'avoir chaleureusement accueilli. Malgré la difficile période de COVID, nous aurons beaucoup rigolé et vous quitter aura été dur. Plus particulièrement, Agathe, merci de m'avoir intégré et te redécouvrir aura été un plaisir. Tristan et Greg, vous êtes incroyables et je vous remercie pour tous ces bons moments passés ensemble. Je remercie également l'ensemble des membres du LCBC. Un grand merci Matthieu B. pour ton aide lors de mes débuts à

1.1.

INDUSTRIAL AND SCIENTIFIC CONTEXT . 

AIMS AND

SURFACE WETTING

Determination of the SFE of

Determination of wetting

MATERIALS AND

Preparation of the GP

CONTACT ANGLE

CHARACTERIZATION OF ΓSD, ΓSPAND

DETERMINATION OF THE GP WETTING

EXPERIMENTAL VALIDATION OF THE OWENS-WENDT

CONCLUSIONS AND FURTHER

FRESH STATE OIL

OIL IMMOBILIZATION IN THE HARDENED

GETTER EFFICIENCY

OIL CONFINEMENT ON THE LONG-

ENSURING OIL CONFINEMENT OVER

ENSURING TRITIUM

Introduction and context

INTRODUCTION AND CONTEXT . 

TREATMENT OF RADIOACTIVE ORGANIC LIQUID WASTES (RLOW

TYPOLOGY AND ORIGIN OF

TRITIUM AND ITS NUCLEAR

PHYSICOCHEMICAL PROPERTIES OF

ORIGINS OF

STRATEGY FOR THE TREATMENT OF TRITIATED

2. 4. 4. Tritium scavengers within tritiated waste packages .

. 16 Introduction and context

Introduction and context

The use of radiological matter since the beginning of the 19 th century has led and still leads to the production of radioactive wastes. Most of these wastes are generated in nuclear power plants, spent nuclear fuel reprocessing plants and other civilian and military nuclear facilities. To a lesser extent, research centers along with nuclear medicine also contribute to the production of nuclear wastes. These different applications lead to the formation of various types of radioactive wastes in terms of radiological activity, radionuclides lifetime, physical state, chemical composition, etc.

Nowadays, most of these wastes have an appropriate treatment method available for their safe disposal. This guaranties the durable protection of human health and the environment. However, some are still deprived of an appropriate treatment solution due to technical challenges and are temporarily stored in the vicinity of production sites. Among others, this is the case of metallic wastes producing high amounts of gaseous dihydrogen by corrosion, mixed tritiated wastes combining chemical toxicity and radiological issues, various organic liquid wastes, etc. [1] In France and in many other industrialized countries, liquids are strictly forbidden in all final disposal sites, whatever their chemical nature and their radiological activity [2]. They first need to be transformed in a solid state. This is generally done by incineration, which results in ashes that can be further conditioned. However, the radiological or physicochemical properties of some radioactive liquid wastes do not allow their incineration (e.g. high concentration of 14 C or 3 H, or the presence of halogen species leading to the formation of corrosive gas during incineration). In particular, tritiated organic liquid wastes are non-standard waste streams that have proven difficult to manage due to the high mobility of tritium; incineration is not adapted while avoiding outflows. There is a significant volume of existing tritiated organic liquid wastes, which have accumulated on production sites in the absence of a regulated management route. In addition, a much larger quantity will be produced in the coming years with the operation (and dismantling) of the ITER nuclear fusion reactor, which is under construction in the south of France. Therefore, an alternative process must be found for these tritiated liquid wastes that is reliable, robust and economically viable.

Treatment of radioactive liquid organic wastes (RLOW)

The challenge of RLOW disposal in a number of industrialized countries is exacerbated by a number of factors. The historical absence of a treatment and disposal route (with the exception of very limited scale incineration) have contributed to the development of a stockpile of legacy wastes which are aged, in some cases degraded, and both radiologically and chemically contaminated. These legacy RLOW pose a significant risk to both people and the environment,

given their chemo-and eco-toxicity. As such, the concerned countries have been seeking

alternative technologies for the treatment and disposal of RLOW.

Typology and origin of RLOW

The range of RLOW shows a great variability, with typical examples such as the following [3]:

 Scintillation liquids resulting from radiochemical analysis and consisting of at least one organic solvent (e.g. toluene, xylene, pseudocumene, diisopropylnaphthalenes, etc.) and one or more scintillators (e.g. PPO: 2,5-diphenyloxazole, butyl-PBD: [2(4-Biphenyl)-5-(4tert-butylphenyl)-1,3,4-oxadiazole], p-terphenyl, etc.) [4]. In addition, emulsifiers are often present in large quantities in order to solubilize the radioactive species into aromatic solvents.

 Extraction solvents with the most commonly used one being tri-butyl phosphate (TBP), often diluted with light saturated hydrocarbons such as dodecane [5]. The industrial emergence of these wastes is due to nuclear fuel reprocessing, aiming at recovering uranium and plutonium. In some cases, other organic compounds are used for the extraction of heavy metals, including tri-and tertiary amino-compounds.

 Miscellaneous liquids arising from a variety of decontamination operations. Among others, these include toluene, carbon tetrachloride, acetone, alcohols, trichloroethane, etc. Aqueous solutions of organic acids, such as citric acid, picolinic acid, ethylene-diamine tetra-acetic acid (EDTA) are also commonly used in the decontamination of industrial equipments [6].

 Industrial oils (lubricating oils, hydraulic fluids, vacuum pump oils, cutting oils, greases, etc.) used for many purposes such as for reducing the friction between two surfaces in contact, protecting surfaces against the environment (e.g. corrosion, oxidation), dissipating heat, etc. In general, all these liquids are mainly composed of mineral oils and contain several hydrocarbon species (alkanes, naphthenic, aromatics) [7]. In addition, many additives are present (e.g. viscosity modifiers, anti-wear additives, friction modifiers, dispersants, detergents, corrosion inhibitors, etc.).

This highlights that RLOW require management steps that do not only take into account their radioactivity but also their varied chemical composition. It would be useful to have a single process for the wide variety they represent.

Reference process for the treatment of RLOW: Incineration

At a worldwide scale, the reference process for the treatment of RLOW consists in the mineralization of the wastes by incineration. Several industrial treatment units (incineration plants) are operated in various European countries and can process a part of RLOW. In France, at the CENTRACO facility managed by Cyclife, ashes and clinkers from the incineration of RLOW are further immobilized in an appropriate cement formulation and finally conditioned in shielded metallic drums of 400 L, which are exported as final wastes to industrial disposal sites held by ANDRA (the French National Radioactive Waste Management Agency). However, it has been identified that some RLOW still fall outside the waste acceptance criteria for incineration [8].

For instance, radiological and physicochemical specifications for the CENTRACO incineration unit in France are given in Tables 1 and2 respectively. Radiological limitations defined for the CENTRACO waste streams are given in mass activity per package with the value calculated with respect to the total net mass of the waste (Table 1). It is observed that the wastes accepted for incineration are of low radioactive activity. Phosphates (PO4 3-) < 6.7 g.kg -1 6.7 to 10 g.kg -1 Nitrates (NO3 -) < 11 g.kg -1 11 to 16 g.kg -1 Br < 0.50 g.kg -1 0.50 to 1.0 g.kg -1 F < 0.05 g.kg -1 0.05 to 1.0 g.kg -1 Heavy metals total < 280 mg.kg -1 (ppm) 280 to 400 mg.kg -1 (ppm)

Ni < 65 mg.kg -1 (ppm) 65 to 100 mg.kg -1 (ppm)

Cd or Se < 3.5 mg.kg -1 (ppm) 3.5 to 5.2 mg.kg -1 (ppm) Hg < 6.5 mg.kg -1 (ppm) 6.5 to 10.0 mg.kg -1 (ppm)

Co, Cr, Cu, Mn, Sb, Pb, Sn, Ti, V < 20 mg.kg -1 (ppm) 20 to 40 mg.kg -1 (ppm)

In addition, the concentrations of the chemical elements present in RLOW need to be determined for Cl, S, phosphates, nitrates, Br, F and thirteen heavy metals which are Ni, Cd, Se, Hg, Co, Cr, Cu, Mn, Sb, Pb, Sn, Ti, and V. Limitations fixed for each chemical expressed in mass are given in Table 2. For some elements, the allowed concentration is limited to few ppm, which is very restrictive.

Finally, RLOW and their composites must have a viscosity allowing their pumping through the incinerator injection unit, which rules out, for instance, high viscosity oils and greases.

As a consequence, many RLOW do not meet the specifications of current industrial incineration units and constitute radioactive wastes that are yet deprived of an appropriate management solution.

Alternative processes

According to the International Atomic Energy Agency (IAEA) report [6], several alternative techniques for treating RLOW have been evaluated, such as wet oxidation, silver electrochemical oxidation, acid digestion, alkaline hydrolysis, phase separation by adduct formation, distillation, etc. Biological processes have also been considered [9]. At this stage, most of these studied technologies have not brought a satisfactory operational solution to the issue of RLOW for different reasons depending on the technologies [3], [6]. These are in particular:

 Insufficient performances (low yields, slow destruction kinetics).

 Lack of robustness regarding wastes variability and/or volumes.

 Incompatibility with organic components including heteroatoms (corrosion issues).

 Production of secondary wastes in high amounts.

 Difficulty to reach an acceptable economic balance.

It is to be noted that a supercritical water oxidation process (the DELOS facility) has been implemented in France at CEA Marcoule. It is operated to treat RLOW but with a limited processing capacity (200 g.h -1 ) [10]. In 2020, 60 L of high activity RLOW were treated [11]. The successful operation of this pilot scale facility is an incentive for the development of a scaled-up unit (1 kg.h -1 ) in order to reach industrial needs.

Moreover, some innovative mineralization technologies are still studied in on going R&D projects but with limited transfer readiness level (TRL) at this stage. This prevents an adequate assessment of their potential. In particular, this is the case of the MILOR industrial project in France, supported by the national research program "Investment for the Future" (PIA in French for Plan d'Investissement d'Avenir). It is conducted by CEA Marcoule in collaboration with the company A3I. This project aims at providing a versatile process for the treatment of RLOW accounting for their diversity. Two complementary processes are developed, allowing the mineralization of RLOW by applying plasma treatments [12]. The first process (IDOHL) uses an inductive plasma of low power (5 kW) and is adapted for the treatment of halogenated liquids (with up to 70% of Cl content) free of mineral charges, such as scintillating liquids containing 14 C or 3 H. It is currently in the route towards industrialization but the treatment flow rate is limited (100-150 mL.h -1 ) due the low plasma power [13]. The second process (ELIPSE) uses a plasma immersed in an aqueous solution, which directly absorbs the gases produced by incineration [14]. The flow rate of RLOW that can be treated is much higher (3 L.h -1 ) due to the higher power of the plasma (45 kW). First trials validated the technology with destruction rates close to 100% for varied RLOW such as TBP/dodecane, trichloroethylene and perfluorinated oils. However, this process is not yet ready for an effective industrial scale application.

Direct conditioning

Direct conditioning consists in encapsulating RLOW in a solid matrix in order to obtain composite materials, which can constitute the base of radioactive waste packages and fulfill the requirements of disposal facilities.

NOCHAR® technology (Absorption)

High technology polymers manufactured by NOCHAR® (USA) and used for the treatment of RLOW have demonstrated good results at test sites worldwide [15]. This technology consists of a range of granulated polymers such as acrylamide co-polymers, acrylate co-polymers or styrene block co-polymers. These polymers act by making strong physicochemical interactions with liquid wastes and are frequently blended together to capture and solidify waste streams that vary in chemical composition. The NOCHAR® polymer technology is mature and has been demonstrated

to immobilize a wide range of RLOW such as oily, aqueous, acidic and basic waste streams [16]- [18]. The volumetric increase is generally low, typically of about 5-10% of that of the liquid waste stream. However, in some countries (e.g. France, UK), there are requirements for the acceptance of low-level waste disposal, in addition to radiological criteria, under which a waste form must have a minimum unconfined compressive strength (8 MPa in France). NOCHAR® itself does not meet this criterion and it was therefore suggested that NOCHAR®-solidified RLOW could be combined with cementation (i.e. incorporation into a cement-based matrix) in order to produce a final waste form compliant with the industrial handling, storage, transport and disposal requirements. The long-term stability of NOCHAR® polymers is also a question on hold, which yet freezes the acceptance of "nochardized" wastes for disposal in France [19]. Finally, it is to be noticed that NOCHAR® polymers are commercial products, which raises the question of NOCHAR® as a reliable option in the future (should the NOCHAR® company disappear).

Cementation

Cement-based materials are widely used for the direct conditioning of radioactive wastes due to numerous advantages, such as robustness (with regards to waste variability), low cost and easy manufacturing process, high mechanical strength, excellent resistance to irradiation, possibility of treating large amounts of wastes, etc. [20], [21].

One of the first studies on the direct cementation of RLOW has been carried out in the USA in 1985 [22]. It consisted in the direct immobilization of a pump oil and a TBP/dodecane mixture in Portland cement with the addition of an emulsifier and a setting accelerator. However, ensuing studies have shown that the presence of organics in Portland cement pastes could cause delays in cement hydration and hardening, and structural defects leading to significant leaching of the organic compounds [23]- [25]. In addition, the incorporation of organic liquids in fresh Portland cement grout is generally difficult [26]. To overcome these issues, it has been recommended to implement an absorption step before the immobilization of RLOW in a Portland cement matrix [26]- [28]. However, for some difficult RLOW, the final result remains unsatisfying and the absorption step decreases the amount of RLOW that can be incorporated [26].

More recently, it has been shown that the conditioning of RLOW can be optimized by using geopolymers and related alkali-activated materials [29] as alternative mineral binders. From preliminary studies [30]- [32], the main advantages of directly conditioning RLOW using geopolymers instead of usual Portland cements are the following:

 The absence of RLOW/geopolymer interactions, which avoids delays in setting or negative effects on the final material properties.

 A highly beneficial emulsification of the RLOW in the alkaline activating solution.

 A high incorporation rate can be achieved (up to 60% vol), while maintaining sufficient mechanical properties.

Therefore, geopolymers and related alkali-activated materials (AAM) appear to be promising solutions for the immobilization of RLOW and are becoming the focus of the nuclear community [33]. In particular, some successful studies have managed the direct conditioning of model liquids representing RLOW contaminated with alpha emitters in geopolymer materials [30], [34], [35]. This topic is also part of the on-going European PREDIS project on the predisposal management of radioactive wastes [36]. In PREDIS, an entire work package is dedicated to the direct conditioning of several troublesome RLOW in AAM. However, PREDIS will not deal with tritiated oils, which direct conditioning in AAM is the focus of this work. 

𝑇 → 𝐻𝑒 + 𝛽

The β radiation emitted from the tritium decay is energetically low (5.7 keV). Accordingly, it is only thinly penetrating (its average free pathway in water is lower than 1.0 µm) and does not lead to any external irradiation of living organisms when it is present in the environment.

Therefore, the harmfulness of tritium to living organisms only occurs in case of incorporation (e.g. ingestion).

Physicochemical properties of tritium

The chemical properties of tritium are identical to those of hydrogen of mass 1 ( 1 H) [37]. Whether of natural or anthropogenic origin, tritium is extremely mobile in the environment and in all biological systems. It exists in three different chemical forms [38]:

Tritiated water (HTO): Also known as "super heavy water", this is the most abundant form of tritium in the environment. When tritium is not introduced into the environment in this form, HTO is most usually the result of gaseous tritium (HT) oxidation resulting from light or bacteria action.

Gaseous tritium or « tritiated hydrogen » (HT): This chemical form represents only a small fraction of tritium but it could become more important in the future with the development of nuclear fission reactors. As a result of oxidation processes, HT transforms into HTO and re-enters the water cycle.

Organically bound tritium (OBT): This form, in which tritium is bound to organic matter, results from tritium incorporated in various organic compounds during the synthesis process of living matter (e.g. photosynthesis). How stable tritium is within such compounds depends on the nature of the bond between the tritium and the organic molecule. A distinction is made between:

 Exchangeable tritium: There is an exchangeable fraction when hydrogen atoms bound to oxygen, sulfur or nitrogen are replaced by tritium and are readily accessible for new exchanges. This fraction of tritium bound in a labile form to biomolecules is in equilibrium with the concentration of tritiated water in the intracellular environment.

 Non-exchangeable tritium: In that case, tritium is covalently bound to a carbon. This is a permanent bond as long as the biomolecule itself is not transformed nor destroyed by an enzymatic reaction. Therefore, the amount of time that tritium remains incorporated in that form depends on the biomolecular turnover: fast in the case of molecules involved in the energy cycle, and slower in the case of structuring molecules or macromolecules such as DNA or energy reserve molecules.

In the form of tritiated water (HTO), tritium is extremely mobile in the environment and all biological systems, and thus quickly integrated into numerous cycles of the geo-and bio-sphere.

Figure 1 shows how tritium is transferred in terrestrial environments [37]. It may be found in all hydrogenated molecules and associated both with water in tissue and with the organic material of plants and animals. The environmental toxicity of 3 H is related only to radioactive emissions of the pure, low-energy beta type and hence results mainly from uptake processes. 

Origins of tritium

Tritium is naturally present in the environment. It is mainly produced by the action of neutrons emitted from cosmic radiations on nitrogen and oxygen present in the atmosphere, representing an annual production of about 7.0 x 10 16 Bq (0.20 kg) [38]. Around 99% of the tritium produced in the upper atmosphere is oxidized into tritiated water (HTO) and dispersed into surface water.

Tritium is also artificially present in the environment due to human activities, mainly from the nuclear industry (civilian nuclear reactors, military defense, and fusion). During the atmospheric trials of nuclear weapons, which mainly took place between 1945 and 1963, many radionuclides, including tritium, were released in the environment. These trials released about 650 kg of tritium in the atmosphere (240 x 10 18 Bq) [37]. At present, given the half-life of tritium, about 35 kg of this tritium quantity remains, mainly in surface water [38]. This quantity can be compared against the permanent inventory of natural tritium, which is of about 3.5 kg (1.2 x 10 18 Bq) [39].

Nowadays, most of fission nuclear reactors worldwide are pressurized water reactors. The main source of tritium arising from the operation of this kind of reactor is the neutron activation of bore 10 B and lithium 6 Li present in the primary heat transfer fluid [38]. Tritium is also produced during ternary fission of uranium and plutonium, but it mainly remains confined in the fuel.

However, during the treatment of spent nuclear fuels, tritium is released from the dissolution of the fuel in the form of oxides. Additionally, some fission reactors use heavy water for their operation, in which tritium is produced by the neutron activation of deuterium [38]. This is the case of CANDU reactors (CANadian Deuterium natural Uranium reactors). Currently, most of the tritium released worldwide by fission reactors is due to this type of reactors, while they produce only about 5% of the nuclear electrical supply. Tritium is also an important component of nuclear military arms, used to enhance the yield and efficiency of fission and thermonuclear weapons.

Finally, the future ITER reactor, aiming at demonstrating the control of fusion energy, will make use of a large amount of tritium as a primary constituent of the fusion reaction [40].

All these artificial productions of tritium go alongside with the production of tritiated wastes that need to be taken care of. The majority of tritiated wastes is in a solid state with an estimated inventory of 4500 m 3 in France in 2010. The future operation (and dismantling) of the ITER fusion reactor, using deuterium and tritium as fuel, will strongly contribute to the formation of tritiated wastes, with a solid production estimated at 30 000 m 3 or 34 000 tons in 2060, while the production of liquid wastes is more difficult to anticipate [10], [41], [42].

Strategy for the treatment of tritiated wastes

All tritiated wastes release tritium over time in the form of gaseous tritium (HT or T2) or tritiated water in liquid or vapor form (HTO or T2O). The specific issue related to the treatment of tritiated wastes arises from the high mobility of tritium. The latter is difficult to contain within waste packages. Accordingly, safety authorities responsible for the acceptance of waste packages impose not only a radiological activity specification but also a criterion based on the out-gassing rate of tritium. Therefore, it is necessary to find adapted solutions for the disposal of this kind of radioactive wastes. Several strategies exist and are presented in Figure 2 [43].

Interim storage

The interim and safe storage of tritiated wastes is performed directly at production sites or on dedicated sites. The aim is to wait long enough for the radioactive decay to be sufficient for the wastes to fulfill acceptance criteria for their final disposal. Due to its short lifetime (half-life of 12.32 year), about 5% of the tritium inventory of a given tritiated waste disappears yearly. Hence, for tritiated wastes, in France, a storage period of about 50 years is generally sufficient to meet the acceptance criteria and allow wastes to be placed in disposal sites held by ANDRA [41]. The advantage of this method lies in its easiness and fast implementation but it does not fully avoid tritium release in the environment and should not be considered as the sole option.

Preliminary treatment

The implementation of a preliminary treatment aims at reducing the volumes of tritiated wastes or the tritium content of wastes (detritiation). This has several advantages [42]:

 Downgrade the primary waste classification, and allow the waste to be directly compatible with disposal criteria.

 Decrease the interim storage period and the surface of interim storage sites.

 Reduce radioprotection constraints for working people.

 Deplete atmospheric tritium out-gassing.

 Recycle the extracted tritium [10].

Several detritiation processes have been studied but most of them have been ruled out due to superficial detritiation performances and to the production of large amounts of secondary tritiated water. However, two efficient processes have been successfully executed [43]. One is a thermal treatment applied to metallic parts until their fusion. The other is incineration applied to soft housekeeping wastes.

Although they are interesting, these detritiation techniques still produce secondary tritiated wastes (mostly tritiated water), which also have to be managed [42].

Direct conditioning

The direct conditioning of short-lived wastes is mainly performed in cementitious materials.

However, the high mobility of tritium suggests to design specific waste packages for reducing the rate of tritium release. Several strategies have been considered [44], [45]:

 Surface coatings (paraffin, grease, epoxy resin, wax, bitumen …). Among these coatings, paraffin and bitumen seemed to be the most promising with the decrease of tritium release rate by more than one order of magnitude.

 The impregnation of cementitious materials by polymers such as polystyrene or polyethylene. The objective of the polymer is to fill the porosity of the cement. Monomers are introduced and polymerization is performed directly inside the hardened cementitious material by slightly increasing the temperature. The final composite material displays reinforced mechanical properties but the efficiency for tritium containment is questionable (thermal cracking is possible).

 The application of external liners made up of high-density polyethylene. They tend to act efficiently as physical barriers, but their long-term stability has not been studied.

 A multi-barrier approach combining high-density polyethylene liners with containers made of multi-layer walls and interlayer spacing filled with bitumen or vermiculite. This technique has proven to be very efficient to limit tritium release. 

Tritium scavengers within tritiated waste packages

Another possibility for the conditioning of tritiated wastes is to trap tritium directly within waste packages. This section deals with the issues related to gaseous tritium (HT). Several types of getters (i.e. trapping compounds) exist to limit the tritium outgassing rate by trapping gaseous tritium directly within waste packages. In order to be used as a solution for tritiated waste disposal, getters need to fulfill some specifications [46]:

 The trapping must be irreversible.

 The trapping kinetics must be fast and the trapping capacity must be high.

 The getter should be highly stable for tolerating strong temperature and/or pressure increase, exposure to irradiation, etc.

 The trapping must take place under atmospheric pressure and at room temperature.

Several types of chemical getters, which are based on chemisorption of H2 (or HT) present in the vapor phase, have been studied. They can be divided in three main categories: organics, metal hydrides and metal oxides.

Organic compounds

In the 70s, Sandia National Laboratories developed organic getters based on 1,4-bis (phenylethynyl)benzene (DEB), dimerized-phenyl-propargyl-ether (DPPE) and 1,4diphenylbutadiyne (DPB) with platinum or palladium as catalysts [47]- [50]. These scavengers are made up of alkene or alkyne species and the reaction mechanism is the hydrogenation of the carbon-carbon double or triple bonds. This requires the use of catalysts in order to separate dihydrogen molecules in separate hydrogen atoms. However, this type of getter cannot be considered for the trapping of tritium because their melting point is generally low (80°C for DPPE to 180°C for DBE), which would be an issue in case of fire on the disposal site [46], [51]. Moreover, they are sensitive to gamma radiation exposure, which reduces their trapping capacity [52].

Metal hydrides

Hydride-forming metals or metal alloys can be used as hydrogen scavengers. After adsorption at the surface of the metal, dihydrogen molecules are dissociated in single hydrogen atoms, which can be inserted in the interstitial network of the metal structure. The most frequently used metals are palladium [53], zirconium and titanium [38], [54], [55]. However, the hydride formation generally requires high temperature and is therefore difficult to implement industrially [38]. Despite their efficiency, metal hydrides are also known to be reversible getters of hydrogen, especially in presence of water [38]. They are also sensitive to poisonous gases (O2 and CO [56]), some are pyrophoric [38] and their behavior under irradiation is yet unanswered.

Mineral oxides

In the early 80s, Kozawa studied the trapping of dihydrogen using metal oxides in combination with several catalysts based on palladium, platinum and silver oxide [57]- [59]. Catalysts increase the trapping capacity and kinetics by allowing the fast dissociation of dihydrogen molecules in single hydrogen atoms. These atoms then diffuse inside the structure of the oxides to form metal oxide hydroxides. Among others, getters made of a combination of manganese oxide (MnO2) and silver oxide (Ag2O) seemed to be the most promising.

Several authors showed that MnO2/Ag2O getters allow an efficient trapping of H2 at room temperature and atmospheric pressure [54], [59], [60]. Galliez [61] proposed a reaction mechanism explaining how MnO2 is irreversibly transformed in MnOOH during the trapping of H2. In 2011, a patent was filed dedicated to the trapping of tritium using a combination of manganese oxide, silver oxide and platinum black supported by zeolites [62]. The trapping of gaseous tritium (HT) is performed at the surface of the getter (metal oxide + silver oxide + platinum black), whereas tritiated water (HTO) is adsorbed at the surface of the zeolite. Also, Janberg et al. [63] highlighted the tritium trapping efficiency of MnO2/Ag2O getters during the transport of nuclear waste packages. Finally, mineral oxides, and more specifically MnO2/Ag2O getters, are thermally stable in addition to their resistance against irradiation exposure [64], [65].

Accordingly, the use of metal oxides, and more specifically MnO2/Ag2O blends, seems to be the most promising option for gaseous tritium confinement, as it best fulfills all the specifications for disposal, especially in terms of efficiency, stability and safety [46], [51], [66].

The case of tritiated industrial oils: What strategy?

Origin of tritiated industrial oils

In tritium-related facilities, a large amount of tritiated contaminated oils is produced, mainly through the tritium-hydrogen (H-T) isotope exchange reaction [67]. For instance, tritium reacts with hydrocarbons, which are the major constituents of oily wastes, to form tritiated hydrocarbons [68]. In the presence of oxygen, tritium and hydrocarbons may further undergo radiochemical oxidation to produce stable tritiated oxides, such as alcohols, carbonyl compounds and carboxylic acids [67]- [69]. The resulting wastes are complex and it is essential to develop economic and efficient methods to dispose of these tritium-containing wastes. At present, two main directions for the safe management of tritiated oils are being investigated. A first approach is based on decontamination, which, in its ideal form, should allow for both an easy recovery of tritium and the reduction of tritium content in wastes to a safe level [70]. This is generally performed by isotopic exchange [68], [71].

The second approach is based on the direct immobilization of tritiated oils into cementitious materials. In general, a preliminary step (aiming at solidifying the oil) is performed before incorporation. This can be achieved by absorption on different types of materials such as NOCHAR® polymers [72], zeolites, active alumina or activated ultrafine carbon [73], [74].

According to Sazonov et al. [73], the tritium diffusion coefficient in « oil -carbon -cement » compositions ranges from 10 -15 to 10 -16 m 2 .s -1 , which is lower by 3 -4 orders of magnitude compared to the diffusion coefficient of tritium in cement materials [74]. Preliminary microencapsulation in a phenol -formaldehyde polymer matrix was also considered [75].

Scientific issues and research strategy

In this introductive chapter, the issues of RLOW and tritiated wastes have been raised to understand the context of tritiated oil management. The strategy adopted in this work is the direct conditioning of tritiated industrial oils in cementitious materials, additionally functionalized with a hydrogen/tritium getter.

The first objective is to ensure that the solidification/stabilization (S/S) of industrial oils in cementitious materials is well controlled, with no oil leakage, while maintaining strong mechanical properties. In particular, alkali-activated materials (AAM) seem to be promising Aromatic components are also present but in small proportions.

As a major constituent of industrial oils [7], this work will mainly focus on the direct conditioning of pure paraffin-based mineral oils. The second objective is the limitation of tritium release out of waste packages. Trials performed at CEA Marcoule evidenced that the tritium released from oily wastes is mainly in the form of tritiated water (HTO), but a significant amount of gaseous tritium (HT) is also observed [76]. The HT form of tritium is particularly difficult to confine and will be the focus of the present work.

The strategy adopted to avoid HT release consists in functionalizing cementitious materials with a hydrogen/tritium getter. According to the literature, the preferred getter is made up of a mixture of MnO2/Ag2O proposed initially by [59] and studied more precisely in [61]. The trapping mechanism proposed by Galliez [61] will be discussed later in this work. The release rate of HTO can be further controlled by formulating cementitious materials with low water permeability.

To fulfill both objectives, two types of alkali-activated materials are considered in this work 1 :

 Geopolymers, as they have shown very good effectiveness for RLOW immobilization.

However, the limitation of tritium release might be an issue in this type of materials due the high amount of free water present is their structure.

 Alkali-activated blast furnace slag cements, in which the oil immobilization might be more difficult (due to their solid structure similar to that of Portland cements). However, the amount of free water present in these materials is known to be lower than in geopolymers, which could be an asset to avoid tritium release, in particular the HTO form.

In order to investigate the proposed objectives, this manuscript is divided in five independent chapters. Their aims are illustrated graphically in Figure 4.

Chapter I is a literature review on the incorporation of various organic liquids in alkali-activated materials, and more specifically geopolymer materials. The first part presents the different processing routes for the incorporation of organic liquids into fresh cementitious grouts. After discussing the limitations on the use of ordinary Portland cement for the immobilization of organic liquids, the second part describes the three main potential applications arising from the good compatibility between geopolymer materials and organic liquids.

Chapter II aims at understanding the mechanisms enhancing the fixation of mineral oils in reactive inorganic matrices, by emulsification. This requires using adequate surfactants to succeed in formulating the emulsion. Six common surfactants of different nature (cationic, anionic and non-ionic) are evaluated. All characterizations are performed in the fresh state, i.e.

before hardening of the materials with the aim of formulating the best possible emulsion of mineral oil in fresh alkali-activated materials.

Chapter III aims at assessing the most adequate type of alkali-activated material (AAM) for the immobilization of mineral oil. The originality of this chapter is the direct comparison of two binders based on different raw materials, under the same processing conditions. Also, it aims at assessing how alkali-activated materials are impacted by incorporating mineral oils. In other words, it is a question of whether the impact on mechanical properties is due to physical reasons only (e.g. porosity increase due to oil incorporation) or chemical reasons as well (e.g. change in reaction products).

Chapter IV is dedicated to assessing and understanding the efficiency of the MnO2/Ag2O hydrogen/tritium getter in alkali-activated materials, which has not yet been performed. In particular, the getter efficiency is known to be affected by the properties of its surrounding environment. In the case of cementitious-like materials, these can be the amount of free water, the sorption of ions, redox reactions, etc.

Chapter V aims at determining the long-term confinement of RLOW within geopolymer (GEO) matrices, in order to help allowing their acceptance in industrial disposal sites. In particular, environmental water seepage is usual and may dislodge RLOW from GEO with time. To this purpose, the Surface Free Energy (SFE) of a typical GEO matrix is determined through wetting angles measurements. For instance, the knowledge of the SFE allows: 1) quantifying the affinity of any liquid for GEO materials and 2) drawing wetting envelopes to predict the wetting of any liquid on the GEO surface.

Despite being collectively connected by the issue of tritiated industrial oils conditioning, all chapters are completely independent and can be read separately. To facilitate their reading,

Chapter II, III and IV are preceded by preamble sections aiming at providing basic knowledge. Chapter II

Emulsification of low viscosity oil in AAM materials

Chapter II aims at understanding the mechanisms enhancing the fixation of mineral oils in reactive inorganic matrices, by emulsification. This requires using adequate surfactants to succeed in formulating the emulsion. Six common surfactants of different nature (cationic, anionic and non-ionic) are evaluated. All characterizations are performed in the fresh state, i.e. before hardening of the materials with the aim of formulating the best possible emulsion of mineral oil in fresh alkali-activated materials. 

Preamble chapter II

The main objective of this chapter is to control the incorporation of industrial oils in fresh AAM grouts. In the interest of industrial simplicity, the selected incorporation process is the direct incorporation (Figure 1) of oil in fresh AAM slurries, as described in [1]. First, solid precursor particles (metakaolin or blast furnace slag) are introduced in the alkaline activating solution to prepare fresh AAM grouts. The dissolution of all solid particles is not immediate and AAM grouts can be considered as highly concentrated suspensions of solid particles dispersed in aqueous solutions. It is within this complex environment that the oil is introduced, forming an emulsion due to its lipophilic nature, which contrasts with the hydrophilic nature of the activating solution. In the absence of additives facilitating the emulsion formation and stability (Figure 1, 1), the formed emulsion is of poor quality and might be unstable, resulting in (partial) phase separation. On the contrary, the addition of surfactants (Figure 1, 2) helps promoting the formation of stable emulsions, displaying much smaller and homogenous oil droplets.

Figure 1: Description of the system under investigation.

Emulsions

Emulsions are multiphasic systems composed of at least two non-miscible liquids. One of the liquids is suspended in the other one in the form of spherical droplets of varying sizes ranging from several dozen nanometers to hundreds of microns. The suspended liquid is called the dispersed phase and the dispersing liquid is called the continuous phase. In general, the most hydrophilic liquid is written « W » for water and the most lipophilic liquid is written « O » for oil. Accordingly, direct emulsions in which oil is dispersed in water (O/W) are distinguished from indirect emulsions in which water is dispersed in oil (W/O). The formation of an emulsion is in fact the creation of an interface between two immiscible liquids with the change in free energy written as follows [2]:

∆𝐺 = ∆𝐴 • 𝛾 -𝑇 • ∆𝑆 (1)
With ΔG the free enthalpy difference at constant T, P and n, ΔA the interfacial surface area variation between the two liquids, γ the interfacial tension and ΔS the entropy difference.

During the formation of an emulsion, disorder and entropy increase but the interfacial tension is stronger and counterbalances the entropic factor (ΔG > 0). Emulsions are therefore nonspontaneously created and require an external energy supply. Most of the time, this energy supply is in the form of mechanical shearing provided by several types of agitators. This is also why emulsions are kinetically stable (metastable) but thermodynamically unstable. It can be understood from Eq. 1 that the lower the interfacial tension, the more stable an emulsion and the slower the phase separation. In the absence of any stabilization mechanism, emulsions break down to go back to their thermodynamic stable state. This happens when the interfacial area between the two phases is minimal, i.e. when both phases are macroscopically separated. 

Sedimentation or creaming find their origin in the density difference between the two liquids:

if the dispersed phase is the lightest, creaming will be observed, whereas if the dispersed phase is the heaviest, sedimentation will be observed. The droplets migration, caused by gravity, is described by the Stokes relation [4]:

𝑣 = 2 𝜌 -𝜌 𝑔𝑟 9𝜇 (2) 
With v the speed limit of moving droplets, p the droplets density, f the density of the dispersing phase, g the gravity field, r the radius of spherical droplets and µ the dynamic viscosity of the continuous phase. It is deduced that the kinetics of sedimentation/creaming decrease with increasing viscosity of the continuous phase. Consequently, this decreases the rate of flocculation and coalescence due to the fact that sedimentation/creaming partially contribute to these destabilization mechanisms.

Interestingly, the advantage of oil emulsions in AAM grouts is the intrinsic high viscosity of the dispersing phase, i.e. the AAM grout. Thanks to this high viscosity, most of the destabilization mechanisms are slowed down. However, if the emulsion is concentrated and poorly formulated with the presence of large and heterogeneous oil droplets, it might break down anyway (at least partially). Emulsifiers (surfactants) are generally used to improve emulsions quality and stability.

Surfactants

The primary role of surfactants when formulating emulsions is to reduce the interfacial tension γ between the two liquids, allowing the formation of smaller and more homogeneous droplets. The interfacial tension can be defined considering a container filled with water (Figure 3). Within the liquid, water molecules benefit from homogeneous attractive interactions with all their neighboring water molecules: hydrogen bonding, van der Walls bonding, dipole-dipole interactions. The balance of forces is therefore zero. On the contrary, water molecules present at the surface lose part of their cohesive interactions with neighboring molecules. The balance of forces is therefore non-zero and molecules at the surface are subjected to a pendular force (tension), which attracts them towards the liquid. This is the interfacial tension, which was first defined by Gibbs as follows [5]- [7]:

𝛾 = 𝜕𝐺 𝜕𝐴 , ,
It characterizes the amount of free energy (G) required to form an interface of surface (A) between two distinct phases, at constant T, V and n. The interfacial tension is expressed in N.m -1 and is equivalent to a unit of energy per area in J.m -2 . Surfactants are amphiphilic molecules, composed of a hydrophilic part (polar head) and a hydrophobic part (unpolar tail). This property provides surfactant molecules the ability to adsorb at interfaces between two liquids of distinct polarity, hence reducing the interfacial tension. Thus, they facilitate the possibility of creating smaller droplets when formulating emulsions. Surfactants are generally classified in four distinct categories depending on their polar head nature [9]:

 Anionic: sulfates, sulfonates, organophosphorus, etc.  Cationic: quaternary ammoniums salt, alkylamine salts, amine oxides, etc.  Zwitterionic: alkyl betaines, imidazole and amino acids derivatives, etc.  Non-ionic: with ester, ether or amide bonds, amines, etc.

The selection of the appropriate surfactant in the preparation of emulsions is still often based on the semi-empirical Hydrophilic Lipophilic Balance (HLB) [10]. It was defined by Griffin in 1949 and is a way of ranking surfactants depending on their hydrophilic-lipophilic nature [11].

Each surfactant can be attributed an empirical HLB value, comprised between 0 and 20: It is noted that the above-mentioned considerations are only valid for equilibrated volume fractions of liquids (50/50 v/v). Indeed, the volume ratio has an impact on the type of emulsion that is formed, the major phase having a tendency to be the dispersing phase. Among others, a good way of calculating the HLB value of surfactants is the empirical scale of David [12]. It is based on the surfactant chemical structures, and more specifically on the mass percentage of each hydrophilic/lipophilic groups:

 If HLB < 8,
𝐻𝐿𝐵 = 7 + (𝐻𝐿𝐵 𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑒𝑑 𝑡𝑜 𝑒𝑎𝑐ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 𝑔𝑟𝑜𝑢𝑝𝑠) (3) 
The HLB provides an empirical assessment of the most adapted surfactant for a given application [13] but it should not be used thoughtlessly as it contains numerous limitations.

In addition to improving emulsions quality by decreasing the size of dispersed droplets, surfactants also improve emulsions stability by preventing coalescence from occurring.

When two droplets come into close contact, van der Waals attractive interactions become very strong and tend to bring droplets together until disruption of the liquid film, resulting in coalescence and phase separation. Depending on the chemical nature of the surfactant present at the interface, van der Waal attractions might be overcome by steric repulsion (nonionic) and/or electrostatic repulsion (ionic) [10].

Pickering emulsions

Rather than being stabilized by surfactant molecules, Pickering emulsions characterize mixtures of immiscible liquids stabilized using solid particles [14]. The concept of wetting, describing the ability of a liquid to spread over a solid surface is the base of Pickering emulsions. At equilibrium, a drop of liquid on a solid substrate produces a contact angle θ, which is the angle formed between planes tangent to the surfaces of solid and liquid at the wetting perimeter (Figure 4) [10]. Theoretically, it is possible to predict the wetting from the interfacial tensions respective of the phases in presence (solid, liquid, vapor). It just requires writing the balance of capillary forces presented in Figure 5, by projection on the solid plane, as:

𝛾 • cos 𝜃 = 𝛾 -𝛾 (4) 
The Young-Dupré relation is deduced, allowing to predict the contact angle from interfacial tensions:

cos 𝜃 = 𝛾 -𝛾 𝛾 = 𝛾 -𝛾 𝛾 ( 5 
)
It is noted that the lower the superficial tension of the liquid (γL), the higher its ability to wet a solid surface. By contrast, the higher the surface energy of the solid (γS), the higher its ability θ 𝛾 𝛾 𝛾 to be wet by a liquid. When a drop of liquid is placed onto a solid, the liquid either spreads to form a thin (uniform) film (θ = 0°) or remains as a discrete drop. In practice, good wetting is considered if θ < 90° and poor wetting is considered if θ > 90°.

Considering Pickering emulsions, the attachment energy of a solid particle at the O/W interface depends on the contact angle θ and the interfacial tension γ. Considering a spherical solid particle of radius r with negligible gravity due to its small size, the energy required to remove such a particle from the interface between two liquids is given by [2]:

∆𝐸 = 𝛾𝜋𝑟 (1 ± cos 𝜃) (6) 
The positive sign corresponds to the extraction of particles towards the oil phase and the negative sign corresponds to the extraction of particles towards the water phase. This equation shows that absorption is low for contact angles ranging from 0° to 20° and 160° to 180°. The closer the contact angle to 90°, the higher the attachment energy [15], [16]. The consequence of a high attachment energy is that once attached at the interface, solid particles are very difficult to remove. This is why Pickering emulsions are considered as more stable than classical emulsions stabilized by surfactants. Few additional remarks can be addressed:

 The initial location of particles is important for the stability of Pickering emulsions. Yan et al. [17] demonstrated that particles need to be present in the continuous phase before the introduction of the second liquid to form the emulsion.  The size of particles is a key parameter of Pickering emulsions. It determines their ability to remain in solution or to position themselves at the interface. Accordingly, the lower the particle size, the higher the emulsion stability [18]. To facilitate the understanding of Pickering emulsions, particles are generally considered as spherical. However, their shape and roughness also determine their wettability and play a role in their stabilizing effect.  The size of dispersed droplets decreases when the amount of solid particles increases [18], [19]. In addition, when the amount of particles is high, the formation of tridimensional flocculated particles has been observed, stabilizing even more the emulsion as the contact between two droplets becomes more difficult [20].

As it was illustrated in Figure 1, the objective of this work is to immobilize industrial oils in fresh AAM grouts. It is therefore important to take solid particles (metakaolin and blast furnace slag) into account, especially because they are present in high quantity (> 40 wt. %).

The presence of particles in such a high quantity is expected to impact the emulsion stability as in the case of Pickering emulsions. For instance, Cantarel et al. [21] proposed a stabilization mechanism for hexadecane emulsions in fresh geopolymer grouts, based on hexadecane droplets surrounded by metakaolin particles (Figure 5). 

Surfactants and solid particles

As well as they adsorb at the interface between two liquids in emulsions, surfactants might also adsorb at the surface of suspended solid particles. For instance, superplasticizers (i.e. a particular case of surfactants) are often used to reduce the viscosity of cementitious grouts [22]. As they prevent droplets from coalescence via electrostatic repulsion or steric hindrance, they also prevent solid particles from forming agglomerates, which are responsible for higher viscosities (Figure 6). On the contrary, a number of studies also report the presence of hydrophobic attractive forces after the addition of surfactants, which create agglomerates of particles [23]- [25]. A possible explanation is that polar solvent molecules squeezed between two hydrophobic surfaces have reduced freedom to form structures in certain directions, since contact with the particle surfaces is essentially avoided. Therefore, the hydrophobic surfaces have a preference to associate with each other. In addition, it is found that hydrophobic interactions extend over a much longer range than van der Waals forces [26]. These hydrophobic interactions may exist

naturally or be induced by adsorbed hydrophobic species [27]. Graphite and coal are a few of the solids possessing natural hydrophobicity and their aggregation is observed in polar solvents. However, surface hydrophobicity of solid particles is often induced by the adsorption of surfactants. For instance, Pitois et al. [28] highlighted the effect of surfactants on increasing the yield stress of fresh cement pastes owing to hydrophobic forces.

Conclusion

This preamble section aimed at pointing out that the studied systems are quite complex. Many parameters might impact the mineral oil emulsification in AAM. First, two distinct types of AAM are considered, implying many differences: 1) the type of solid precursor particles (chemical nature, size, shape, roughness), 2) the amount of suspended particles (higher in blast furnace slag system), and 3) the composition of the activating solutions, which impacts the interfacial tension. Also, the positioning of surfactants in these complex quaternary systems n (aqueous activating solution, mineral oil, solid particles, and surfactants) is not straightforward. Surfactants are added to improve the emulsion quality and stability by positioning themselves at the interface between the two liquids. However, they might as well adsorb at the surface of solid precursor particles, hence modifying the rheology of final mixtures. Finally, the affinity of solid precursor particles (present in large quantities) for the mineral oil is a question on hold. Solid particles could interact with the oil and even participate to the emulsion stability as in Pickering emulsions.

All these questions will be the topic of the following chapter with the aim of assessing the best surfactant(s) for the incorporation of mineral oils in AAM, either based on metakaolin or on blast furnace slag. The stability of emulsions is only required until hardening of the AAM but formulating emulsions with oil droplets as small as possible is an objective as they will be more efficiently encapsulated within AAM and also less detrimental to final mechanical properties. To this purpose, several surfactants will be studied in this chapter to improve the emulsion of a mineral oil in fresh AAM slurries. In the case of organic liquids (OL), their incorporation in cement-based materials is also of interest for various applications, e.g. the formation of porous materials (through emulsion templating and removal of the dispersed phase [5], [6], the design of composite materials with improved and/or combined properties [7] or the immobilization of industrial wastes [8], [9].

The process is similar to that of cement paste foaming, although specific phenomena might occur with OL [10], [11], such as saponification of vegetable oils [6].

Several methods to incorporate OL into cement-based materials are distinguished [4]. These are 1) the direct incorporation into a reactive cement slurry, 2) the pre-emulsification prior to the addition of a solid cement precursor or 3) the impregnation into solids prior to the addition into the cement slurry. The micro-encapsulation of organic liquids into polymer shells prior to their incorporation into a cement slurry has also been proposed, but it is expensive and technically challenging [12]. The direct process is particularly interesting because it offers the possibility to incorporate large amounts of OL. However, practical issues remain for the adequate incorporation of low viscosity OL into cement matrices, mainly due to the instability of the mix [4].

Scientific background

Cement matrices for waste immobilization. Portland cements have been widely studied to immobilize organic compounds, but issues exist regarding cement setting and strength development in presence of OL [13]- [15]. Comparatively, alkali-activated materials (AAM) display better performance for OL immobilization [16]- [18]. Nowadays, AAM are also of interest because of their lower environmental impact, their reasonable cost and their use in various applications such as insulation, catalysis or filtration [19]. AAM require a strong alkaline source (e.g. NaOH) to accelerate the dissolution of inorganic solid precursors composed of reactive silicates and aluminates [20].

Depending on the amount of Ca present in the raw materials, two main types of solid phases are obtained [21]- [23]. C-(N)-A-S-H † type gels are formed in Ca-rich systems through hydration mechanisms similar to the formation of C-A-S-H in Portland cements [24]. N-A-S-(H) type solids are formed in Ca-poor systems through polycondensation reactions, also called geopolymerization [25]. The main distinction between these two solid types is that water is part of the C-(N)-A-S-H tobermorite-like structures (through hydration reactions) [26],

whereas water is not part of the N-A-S-(H) tridimensional aluminosilicate networks, being only required as a dissolution medium and being released upon solid formation (through polycondensation reactions) [27]. These fundamental differences in raw materials, reactivity and solid structures explain the distinct behaviors of both systems in presence of OL species. More specifically, while the presence of organic compounds generally disturbs the setting and hardening of C-(N)-A-S-H binders [28]- [30], the mechanism of geopolymer formation is such that liquid/liquid interactions are not damageable for the synthesis of composite organic/inorganic materials [9], [31].

Emulsification processes. The immobilization of an OL in a cement matrix is performed by emulsifying the OL using a mechanical stirring apparatus (rotating blade and container). The external stirring energy brought to the system allows forming smaller droplets by progressive break-up of the OL phase. The formation of a stable emulsion requires to control the droplet size distribution, and ideally to form uniform droplets smaller than 1 µm. The droplet breakup processes are critical in this regard. The main parameters driving these phenomena are presented in Appendix A1. They are the capillary number (under laminar flow or turbulent flow driven by viscous forces, as used in the pioneering works of Grace [32]) and the Weber number (under turbulent flow driven by inertial forces).

Emulsion stability. Emulsions require an energy input because they are thermodynamically unstable. Even after production, they tend to go back to their thermodynamically most favored state, i.e. when the two liquids are separated in distinct phases. One of the most problematic emulsion breakdown process is coalescence (i.e. the fusion of two or more droplets into larger ones). This mechanism is driven by the disjoining pressure. It is described in more details in Appendix A1. †

In cement chemistry, C stands for CaO, N for Na2O, A for Al2O3, S for SiO2 and H for H2O.

Moreover, for a given emulsion, gravitational forces imply that larger droplets move faster than smaller ones to the top of the mixing container (if their density is lower than that of the medium -it is creaming) or to the bottom (if their density is larger than that of the mediumit is sedimentation); this is described by Stokes equation, modified for concentrated emulsions [33]. It is usually considered that stable emulsions, i.e. emulsions with negligible creaming, correspond to droplet velocities below 1 mm/j [31].

Effect of surfactants. In order to allow droplets deformation until break-up, surfactants are used to lower the interfacial tension, by positioning themselves at the interface between the two immiscible liquids [34]. More specifically, they allow the formation of finer and more homogeneous droplet size distributions [11].

Surfactants also play a major role in emulsion stability by limiting coalescence through various mechanisms: 1) smaller droplets, which are formed by adding surfactants, are generally less susceptible to surface fluctuations, 2) surfactants enhance the Gibbs elasticity of the droplets, and this dampens the interface fluctuation due to the Marangoni effect [33], 3) surfactants increase electrostatic and/or steric repulsions, which in turn increases the disjoining pressure.

The purpose of adding surfactant is therefore twofold -decrease the interfacial tension to improve the emulsion quality, and limit the coalescence of droplets.

Effect of the presence of solid particles. AAM matrices are made by stirring an aqueous alkaline solution with solid alumino-silicate particles made of blast furnace slag (BFS), metakaolin (MK) or else, until obtaining a homogeneous slurry (i.e. a fresh paste). Therefore, the addition of OL into AAM slurries leads to the formation of complex ternary systems, being simultaneously emulsions (due to the presence of OL) and suspensions (due to the presence of solid particles).

For instance, Cantarel et al. [9] have proposed that the solid particles could act as oil stabilizers, as observed in Pickering emulsions. In specific conditions, the addition of an immiscible liquid to a suspension of solid particles leads to the formation of so called "capillary systems", characterized by a strong structuration of the medium [35], [36]. In such capillary systems, the oil positions itself in between particles thanks to capillary forces, hence creating agglomerates of particles, which strongly increases the viscosity of the initial suspension.

In these ternary systems, surfactants also interact with solid alumino-silicate particles. For instance, the adsorption of surfactant polar heads at the surface of solid particles could occur either via hydrogen bonding [37] or via electrostatic interactions [38]- [40]. It has been observed that the adsorption of surfactants at the surface of suspended solid particles could lead to the formation of "hydrophobic forces" with strong impact on the rheology of the suspensions [37], [39], [41], [42]. Some authors have highlighted different behaviors for surfactants in cement paste, such as precipitation [43], interaction with cement grains or no interaction with cement grains [44], which lead to contrasting impact on the properties of the fresh mix (rheology, surface tension, stability).

Aims and scopes

The present study aims at understanding the formation and stability mechanisms occurring when emulsifying a mineral oil (an alkane) into two distinct types of fresh AAM pastes. Various surfactants (cationic, anionic, and non-ionic) are added to the fresh AAM paste containing oil, and contribute to the emulsion quality and stability. The AAM are either alkali-activated BFS of a model low viscosity organic liquid, i.e. a non-reactive mineral oil, which cannot be immobilized without surfactant addition.

In the following, the consistency of the fresh slurries is determined by combining visual observations and rheology. These elements are used to determine whether the usual conditions for droplets breakup and small droplets formation are reached, following the work initially proposed by Grace [32]. Two different behaviors (structuring/non-structuring) of the fresh emulsions are also discussed.

Once the conditions for the formation of an emulsion are reached, different mechanisms tend to destabilize it. In order to discuss gravitational effects as destabilizing factors, oil droplet size distributions are quantified, and the average droplets velocity is determined using the modified Stokes law for concentrated suspensions.

The contribution of interfacial forces to the formation and stability of the emulsions is discussed after measuring the interfacial tension between the oil and the activating solution added with different surfactants. Interfacial tension and mean droplet size are correlated, in order to highlight the two different surfactant behaviors.

Finally, the effect of solid MK or BFS particles on the emulsion stability is assessed by determining the behavior of diluted ternary suspensions (solid particles-oil-activating solution). Mechanisms explaining the emulsion formation and stability, depending on the surfactant involved, are discussed.

Experimental

Raw materials

An aqueous sodium silicate solution (Betol 39T) was obtained from Woellner (Germany).

Sodium hydroxide (purity > 99%) was purchased from VWR International (USA). A commercial

Chapter II: Incorporation of low viscosity oil in alkali-activated materials 64 pure mineral oil (Finavestan A360B) was obtained from Total (France); its density is of 0.87 g/cm 3 (+/-0.01). This oil is chosen due to its absence of additives, to its absence of reactivity in alkaline media, and to its low viscosity (of about 0.1 Pa.s at a shear rate of 100 s -1 ).

Metakaolin (MK) powder of M1000 grade was obtained from Imerys (France) and blast furnace slag (BFS) particles were purchased from Ecocem (France). The density, the median diameter (d50) and the Specific Surface Area (given by the provider) for MK and BFS particles are given in Table 1. 

Preparation of composite materials

In order to obtain a MK-based GP paste, the components (sodium silicate, sodium hydroxide, water and MK) are weighed with a molar composition of 3.5 SiO2 : 1.0 Al2O3 : 1.0 Na2O : 14.0 H2O.

For the AABFS paste, the components (sodium silicate, sodium hydroxide, water and BFS) are weighed with a water/BFS mass ratio equal to 0.45 and a mass concentration of sodium hydroxide of 10%. This allows a good workability of the paste and reasonable hardening of the material [45].

In both cases, the molar concentration of surfactant with respect to the volume of activating solution (sodium silicate, sodium hydroxide and water) is 3.10 -3 mol.L -1 , allowing a good incorporation of the oil.

Further details on AAM slurry manufacturing, dyeing and density are given in Appendix A2.

Rheology

The viscosities of fresh materials were measured on an AR1000 rheometer (TA Instruments) at 25°C and using a vane geometry. A gradually increasing shear rate from 10 -2 to 100 s -1 was applied to the fresh mixtures over a period of 3 min, followed by a gradually decreasing shear rate in the same conditions. Flow curves (shear stress 𝜏 as a function of shear rate γ) were plotted, from which viscosity 𝜂 is deduced (𝜂 = 𝜏/γ).

Flow curves were also modeled using the Herschel-Bulkley relationship, which appears as a suitable candidate to describe AAM rheological behavior [46], [47]. This relationship involves three varying parameters, and is applicable to fluids with non-linear evolution as follows [48]:

𝜎 = 𝜎 + 𝐾γ̇ (1)
where σ0 is the yield stress (Pa), K is the consistency index (Pa.s) and n is the flow index.

Comparing K values is possible for fluids with similar n values. Shear thinning is observed when n<1, and shear thickening for n > 1.

Droplet size measurements

The sample preparation consists in carefully diluting a droplet of an alkali-activated paste containing oil with an aqueous gel of xanthan gum at 0.5 wt.% prepared beforehand (Figure 1). The dilution prevents cement hardening and freezes the oil droplets thanks to the high viscosity of the gel. A drop of the dilution is then placed on a glass slide and observed with an optical microscope (Keyence VHX-5000) in reflexing mode. For each sample, diameters of at least 100 droplets were measured manually using the ImageJ software to determine droplet size distributions. The median diameter d50 is the diameter for which the cumulative volume fraction is equal to 50%. In addition, the mean volume diameter (d [4,3]) and the standard deviation, as an indicator for polydispersity (P), were calculated as follows:

 Mean volume diameter from De Brouckere [49]:

𝑑[4,3] = ∑ 𝑑 𝜎 ∑ 𝑑 𝜎 (2) 
 Polydispersity index:

𝑃 = 1 𝑛 -1 × (𝑑 -𝑑 ) ( 3 
)
where σi is the total number of droplets with diameter di (µm) and n the total number of droplets analyzed.

Interfacial tension

For a spherical droplet of radius R, made of fluid 1 and located inside fluid 2, Young Laplace's equation [50] reads:

∆𝑃 = ( 4 
)
Where ∆𝑃 is the pressure difference at the interface and 𝛾 is the interfacial tension between the two immiscible fluids. 𝛾 is interpreted as the force by unit length, which holds the surface between fluid 1 and fluid 2.

𝛾 is measured for an oil droplet placed inside a solution, which is either deionized water or one of the two alkaline activating solutions of the AAM of this research. For each surfactant considered individually, each solution is prepared with a concentration of 3.10 -3 mol.L -1 and let under mechanical stirring for several hours.

The interfacial tension is determined at 25°C using an automatic drop tensiometer TRACKER TM (Teclis scientific) in the rising drop configuration. First, a droplet of oil is produced from a needle in the mix of activating solution and surfactant contained in a tank. Then, a camera follows the drop formation and a photograph is recorded once the drop is stable. Finally, thanks to the TRACKER TM software and by using models based on Young-Laplace's equation, the droplet size and shape are analyzed automatically to determine the interfacial tension 𝛾 .

Diluted ternary suspensions

In order to observe the effect of each surfactant on the interactions between solid particles and both liquid phases (activating solution (AS) and oil), diluted ternary mixtures were formulated with a low amount of solid particles (5%vol.). Except for that strong reduction in particle content, the other formulation parameters have been chosen in order to be as close as possible to actual pastes. In practice, all components were weighted and poured in 20 mL flasks, and mixtures were homogenized for 1 min using an Ultraturrax @ stirrer (10000 rpm).

The oil was colored in blue using a Sudan blue II organic dye in order to be easily traceable. Results and analysis 
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. Macroscopic observations

Without surfactant, in the MK-based GP paste, a small fraction of oil coalesces at the surface and oil droplets are visible to the naked eye (Figure 2, red dots). For the AABFS paste, a significant amount of oil quickly coalesces at the surface (Figure 2, red spots). The incorporation of the oil is slightly more efficient in MK-based GP than in AABFS, but it is not sufficient for oil immobilization; without surfactant, the emulsions are not properly formulated and not stable.

Comparatively, Figure 2 shows that all tested surfactants improve significantly the incorporation of the oil in both AAM, with homogeneous mixtures and no coalescence. Oil droplets are no longer visible to the naked eye; thanks to the use of surfactants, the emulsions are properly formulated and stable.

From these macroscopic observations alone, two distinct effects of surfactants are noted. A number of surfactants lead to flowable mixtures with an aspect similar to the paste without 

Rheology of fresh AAM

Flow curves obtained for AAM slurries with different surfactants are presented in Figure 3 (for MK-based GP) and Figure 4 (for AABFS) respectively. Back and forth evolutions (from 10 -2 to 100 s -1 and from 100 to 10 -2 s -1 ) are nearly stackable for all the samples. Therefore, only back measurements are presented, in order to have a better readability and to avoid the plastic effect observed at low shear rates when moving forth. For MK-based GP pastes added with oil (Figure 3, down), the impact of surfactants, which is observed without oil, is confirmed and strongly amplified. Tween 80, CTAB and Brij O10 all induce a similar and significant structuration of the paste, with a viscosity increase by more than one order of magnitude at low shear rate. The effect of Span 80, leading to a viscosity increase, is more pronounced in presence of oil (with an increase by a factor of 2 at low shear rate). Despite the incorporation of oil, SDS and Glucopon do not have a significant impact on the rheology of the system. Although not shown, it is noted that all pastes have a flow index n smaller than one. As expected from the literature [46], [47], this indicates that AAM have a shear-thinning behavior.

Shear thinning mixtures display high viscosities when they are not subjected to any shearing other than gravitational shearing (i.e. at rest); in such case, oil droplets are stable because no significant droplet movement is expected. This is investigated further in Sub-section 3.2.2.

Moreover, yield stress σ0 is a useful parameter to confirm the structuration, because the higher the structuration, the greater σ0. Yield stress values σ0 are presented in Table 4. The yield stress of MK-based GP pastes is strongly impacted by CTAB, Brij O10 and Tween 80 surfactants, leading to non-flowable slurries, especially in presence of oil (σ0  80 Pa), whereas

Glucopon and SDS provide similar yield stress to that of the reference paste. As for viscosity, Span 80 only increases significantly σ0 in presence of oil, in good correlation with the structuring behavior of the paste (Figure 2). In AABFS pastes, yield stress variations are limited, except with Span 80. Most of the surfactants provide a similar yield stress to the reference paste. Span 80 is the only surfactant significantly affecting the yield stress (and the flowability)

of AABFS pastes; it is also the only surfactant leading to a structuration of AABFS paste. 

Analysis: formation of the emulsion

In order to determine if the viscosity ratio p is in the good range for easy droplet break-up (see Appendix A), the latter was calculated between the AAM slurries (i.e. continuous phase) and the oil (i.e. dispersed phase) for a given shear rate of 100 s -1 (Table 5). Only extreme cases are presented; reference slurries (without surfactant) represent the lowest viscosity of the continuous phase, whereas slurries containing Tween 80 and Span 80 represent the highest viscosity of the continuous phase in MK-based GP and AABFS slurries respectively. According to the correlation between Cac and p proposed by Grace [32], all the formulated slurries display a viscosity ratio p in the adequate range to have a low critical capillary number Cac (i.e.

Cac quite close to 1). This is indicative of an easier break-up of the OL droplets and a good incorporation of the OL. 

Performance of AAM-oil emulsions through droplet size measurements

This part investigates the droplet size distributions of the OL dispersed in the fresh AAM slurries, in order to determine whether creaming and coalescence (i.e. emulsion instability) can occur.

Droplet size measurements

Examples of microscopic observations of fresh materials are given in Figure 5 with their corresponding droplet size distributions. The complete set of microscopic observations and their corresponding droplet size distributions are given in Appendix B1 (MK-based GP samples)

and Appendix B2 (AABFS samples).

It is to be noticed that when using Tween 80 in MK-based GP (Figure 5, b), agglomerates of particles are observed despite the dilution. Moreover, these agglomerates surround very small oil droplets.

Figure 5 also shows that without surfactants, large droplets are present in both types of AAM.

The majority have a diameter lower than 100 µm in MK-based GP, whereas the majority have a diameter higher than 100 µm in AABFS. These droplet sizes are in accordance with macroscopic observations previously discussed (Figure 2). This confirms that without surfactants, the oil droplets are observable to the naked eye in both matrices, the resolution capability of human eye being about 100 µm. The median diameters (d50), the mean volume diameter (d [4,3]) and the standard deviation (P) have also been quantified (Table 6).

Table 6: Influence of surfactants on the statistical parameters determined from the droplets size measurements. Structuring surfactants are highlighted with a grey background; Non-structuring surfactants appear without background.

Without surfactant, the comparison of d50 evidences the better incorporation of oil in MKbased GP paste (d50 = 82 µm) than in AABFS paste (d50 = 136 µm), as observed in Figure 2. A huge impact of surfactants is noted with significantly smaller droplet sizes in both AAM. In MK-based GP slurries, d50 is lower than 5 µm whatever the surfactant used. In AABFS slurries, the impact is smaller, with d50 comprised between 10 and 66 µm. The addition of surfactant does not change the fact that the oil is more efficiently dispersed in MK-based GP slurries than in AABFS slurries. However, d50 does not take proper account of large droplets.

The comparison of surfactant efficiency is more adequate when using the mean volume diameter d [4,3], which is more sensitive to the presence of large droplets. A homogeneous droplet size distribution expresses an effective emulsion formulation. It is for instance an asset to avoid Ostwald ripening ‡ [33]. Homogeneity of the droplet size distribution is assessed through the polydispersity index P (Table 6).

Without surfactant, the polydispersity index P is very high in both matrices (P > 5). With surfactants, for MK-based GP pastes, P is smaller than one, with a value as low as 0.05 (with Tween 80). For AABFS pastes, P ranges from 0.46 (with CTAB) to 2.45 (with SDS). This is consistently smaller than the paste without surfactant (P=5.30). Again, this confirms the better incorporation of oil in MK-based GP than AABFS, here in terms of emulsion homogeneity.

Droplets velocity as an indicator for emulsion stability

After mixing, oil droplets migrate with a certain velocity, which depends on the balance between gravitational forces and hydrodynamic forces. For an emulsion of an organic liquid (OL) into a given continuous phase (here, the GP or AABFS paste), the modified Stokes law for concentrated suspensions reads [53]:

𝑣 = 2∆𝜌 𝑔 𝑟 9 1 + 4.6𝜑 (1 -𝜑) 𝜂 (1 -𝜑) ( 5 
)
Where 𝑣 is the droplet migration velocity (in m.s -1 ), g is gravitational acceleration (in m.s -2 ),

∆𝜌 is the density difference between the continuous phase and the droplet (in g.cm -3 ; it is positive for ascending droplets, and negative for descending ones), r is the droplet radius (in m), 𝜂 is the dynamic viscosity of the continuous phase (in Pa.s), and 𝜑 is the volume fraction of oil (here, 20%).

The density difference ∆𝜌 between the paste and the droplet is 0.88 g.cm -3 for MK-based GP and 1.13 g.cm -3 for AABFS paste, meaning, in both cases, an ascending motion for the oil droplets, i.e. a potential for creaming. The viscosity 𝜂 of the continuous phase is taken at a low shear rate value of 10 From these values, the droplet migration velocity is calculated as 13 nm.j -1 for MK-based GP, and 6.3 nm.j -1 for AABFS paste. With surfactant, the droplet velocity becomes close to zero, with values on the order of 10 -10 -10 -8 mm.j -1 . It is usually considered that stable emulsions, i.e.

emulsions with negligible creaming, correspond to droplet velocities below 1 mm.j -1 [53]. With that criterion, it is clear that all emulsions are stable and hydrodynamic effects may be neglected.

3. 3. Formation and stability of AAM-oil emulsions: effect of the interfacial tension

Direct measurement of the interfacial tension

An important parameter characterizing the influence of surfactants on the formation and stability of emulsions is their capacity to reduce the interfacial tension between two liquids.

The lower the interfacial tension, the smaller the size of the dispersed droplets and the better the formation of the emulsion. Smaller droplets also improve the stability of the emulsion.

The mean interfacial tension between Finavestan oil and deionized water, or each of the two activating solutions (AS), is given in Table 7. In addition to the interfacial tension, the solubility of the surfactants in aqueous solutions was visually assessed; it is also indicated in Table 7.

Surfactants are categorized as soluble if the solution is perfectly clear, and categorized as (partly or fully) insoluble otherwise. Surfactant solubility. Despite being mostly hydrophilic, the majority of the surfactants is only partly soluble in the activating solutions. They are therefore unable to fulfill properly their surface-active function. This is explained by the very high ionic strength of the activating solutions, which drastically lowers the activity of water. Concerning nonionic surfactants, the activity of water is not strong enough to create the hydrogen bonding necessary for their solubility. For ionic surfactants, the low activity of water inhibits the solvation of newly formed ions, and therefore hinders the surfactant dissociation. Moreover, some dissolved polar heads might recombine with ions present in the activating solutions, forming a precipitate like in the case of CTAB [43].

Interfacial tension. Without surfactants, the presence of sodium hydroxide (in both activating solutions) increases the interfacial tension in comparison with deionized water, in accordance with the literature [54], [55].

In deionized water, despite its lipophilic nature, a sufficient amount of Span 80 is solubilized in water, as the decrease in the interfacial tension shows. As expected from their HLB values, CTAB, Brij O10, Tween 80 and Glucopon are soluble and lead to interfacial tensions lower than 10 mM.m -1 . SDS is also soluble but does not decrease the interfacial tension as efficiently as the previously mentioned surfactants.

In the activating solutions, Glucopon is fully soluble in both activating solutions and therefore efficiently reduces the interfacial tension.

SDS reduces the interfacial tension with a nearly equivalent efficiency in water and both activating solutions. This indicates that despite the visual insolubility of SDS in the activating solutions, the solubilized amount is high enough for SDS to exert its surface-active function.

The precipitation of SDS is in agreement with the results reported by Feneuil et al. [44].

CTAB, which is fully soluble in the AABFS activating solution, reduces effectively the interfacial tension in this system. However, CTAB only slightly reduces the interfacial tension in the MKbased GP activating solution. This is probably due to the fact that the quaternary ammonium polar heads of CTAB precipitate with anionic silicate ions present in the activation solution and form a white precipitate [43], [56].

Brij O10 is almost insoluble in the GP activating solution, as confirmed by its limited impact on the interfacial tension. On the opposite, in the AABFS activating solution, Brij O10 decreases the interfacial tension by a factor of about 2 compared to the solution without surfactant.

However, the obtained value (32.20 +/-2.91 mN.m -1 ) is 6 times bigger than in deionized water.

Tween 80 and Span 80 both have the same lipophilic tail but differ by their polar heads. They are mainly insoluble in the activating solutions. Despite this, with water and with the MKbased GP activating solution, they significantly reduce the interfacial tension with a comparable efficiency. They are less efficient to reduce the interfacial tension with the AABFS activating solution, especially Span 80. Indeed, Span 80 is less soluble that Tween 80, as shown by their HLB values.

Relationship between interfacial tension and OL droplet size

In an attempt to relate the structuring or non-structuring behavior of surfactants to the effect of interfacial tension, the mean volume diameter d [4,3] was plotted as a function of interfacial tension (Figure 6).

For non-structuring surfactants, droplet size and interfacial tension follow a linear relationship. In their case, the lower the interfacial tension (allowed by the surfactant), the smaller the droplet size.

For structuring surfactants, however, droplet size and interfacial tension do not follow a particular trend. Moreover, the surfactants with a low impact on interfacial tension (Tween 80 and Brij O10) are the most efficient to decrease the droplet size.

This confirms that the interfacial tension is not the only driving force controlling the oil emulsification. It justifies the following study on diluted ternary suspensions. 

Formation and stability of AAM-oil emulsions: role of solid particles

In this section, diluted ternary systems added with surfactants are investigated in order to better understand the mechanisms of AAM-oil emulsion stability. Fresh AAM containing oil are ternary systems made up of two immiscible liquid phases (aqueous activating solution and oil) and one solid phase (MK or BFS particles), added with surfactant (as a 4 th component).

For MK-based GP or AABFS, Figure 7 shows emulsions of oil in activating solution added with each surfactant (Figures 7a and7c), and the same emulsions added with solid particles (Figures 7b and7d). All these mixtures are presented after thorough mixing and 3 days of stabilization to reach an equilibrium state. This method allows to compare the effect of each surfactant on the emulsification of oil, either without particles (Figures 7a and7c) or in presence of solid particles (Figures 7b and7d).

Influence of surfactants in the absence of particles (G1-G7 & L1-L7)

As expected, samples without surfactants and particles (G1 & L1) undergo oil creaming and coalescence. Whatever the surfactant added, oil creaming persists after decanting (Fig. 7a andc). However, observations of upper phases (i.e. oily phases) using an optical microscope evidence a resistance to coalescence thanks to the use of surfactants, with still visible oil droplets (Supplementary Materials -Appendix B3). Moreover, most of the oily phases in presence of surfactants (Figure 7, G2 to G7 and L2 to L7) are less translucent and display a higher volume than the references (G1 and L1). In particular, Glucopon is the best surfactant to increase the oil volume, i.e. to limit coalescence, in both AAM.

Influence of particles in the absence of surfactants (G8 & L8)

For MK-based GP without surfactant (G8, Figure 7b), a significant amount of MK particles is present in the oil, as shown by the greater volume of the oily phase in comparison with G1.

This means that oil and MK particles interact, i.e. that they have good chemical affinity.

However, a significant amount of MK particles is settling, indicating that the interactions between MK and oil are partial.

For AABFS without surfactant (L8), some BFS particles remain in the oil but the volume of the oily phase is almost identical to reference L1, meaning that the majority of BFS particles has actually settled. Unfortunately, it is impossible to quantify the amount of particles in both phases because the effective volume of particles is much bigger than the initially introduced volume (5%vol). This means that the particles are "swollen" by the activating solutions, which is in accordance with their high water demand. By comparing G8 and L8, it appears that MK particles have more affinity for the oil than BFS particles. The exact origin of this observation is delicate to determine because on the one hand, MK and BFS particles differ e.g. in their chemical nature, size and shape and on the other hand, activating solutions differ e.g. in their density and viscosity. Samples G8 and L8 were formulated by inverting the activating solutions and the same observations were made. This allows ruling out the fact that MK particles settle less than BFS particles due to distinct properties of the activating solutions. In comparison with the low density of the activating solutions, the density difference between solid particles, respectively 2.4 g/cm 3 and 2.9 g/cm 3 for MK and BFS particles, is not high enough to explain the observed variations. Another interpretation is that finer particles remain in the oily phase, whereas larger particles settle due to their weight. However, the median diameters of MK (15 µm) and BFS (11 µm) particles are close, and do not support this hypothesis. The significantly higher specific surface area (see Table 1), and possibly a higher chemical affinity of MK particles for the oil (compared to BFS) are considered adequate explanations for this phenomenon.

Whatever the exact phenomenon involved, a better wetting of the MK particles by the oil is obtained, which explains the higher amount of MK particles in the oil phase.

Influence of surfactants on the interaction between MK particles and both liquid phases (G9-G14)

Two distinct effects of the surfactants are observed. With CTAB, Brij O10, Span 80 and Tween 80, corresponding respectively to samples G9, G10, G13 and G14, a coexistence of the three components occurs in one single phase, with almost no remaining MK particles at the bottom of the flask. These surfactants lead to attractive forces between oil droplets and solid particles, allowing the ternary systems to become almost monophasic, with a major upper phase composed of a tri-phasic network (activating solution-oil-MK particles), while the bottom phase is mainly an excess of the activating solution. These upper phases differ in their structuration, being for example gelled (with CTAB) or rather fluid (with Tween 80). This gelled or fluid consistency indicates that the stabilization of the suspension is not related to the alkaliactivation of MK particles. On the contrary, Glucopon and SDS (samples G11 and G12) do not promote interactions of MK particles with oil. These surfactants induce a settling of MK particles, which is even more important than without surfactant (see reference sample G8).

Being related to the same surfactants, a correlation is done between the strong interactions of MK particles and oil mixed with CTAB, Brij O10, Span 80 or Tween 80 and the structuring behavior observed in Figure 2.

Influence of surfactants on the interaction between BFS particles and both liquid phases (L9-L14)

The influence of surfactants on the interactions between the three components (BFS particlesoil-activating solution) strongly differs in the AABFS system compared to MK-based GP. In presence of CTAB, Brij O10, Glucopon or SDS, respectively samples L9, L10, L11 and L12, the majority of BFS particles have settled and the oily phase is creaming; volume variations are limited from one mixture to another. In other words, the volumes of particles and liquid phases are similar to the sample without surfactant (sample L8). These surfactants do not promote the coexistence of the three components in one single phase. Span 80 is the only surfactant promoting a total interaction between the three components, with almost one single phase remaining and a slight excess of activating solution at the bottom. This behavior is directly correlated to the structuring behavior observed previously on the corresponding paste (Figure 2). Tween 80 has a similar effect to Span 80, but the three components coexist in two distinct phases. The bottom phase contains less oil (i.e. it is less blue) in comparison with the upper phase; the bottom phase corresponds to settled material, while the upper phase floats above the mix, due to density differences. This is not sufficient to promote structuring of the corresponding paste.

Comparison and analysis of the diluted ternary suspensions

In order to quantify the results for the samples with particles (G8-G14 and L8-L14), each mix is considered as the assembly of three distinct phases (Figure 8, top left). The upper phase is called "oil emulsion", because it corresponds to the emulsion of oil in the activating solution, together with a fraction of solid particles (oil emulsion); the middle phase or "aqueous phase" represents the activating solution, and the bottom phase or "solid suspension" represents the settled solid particles.

With this convention, the relative thickness of each phases was measured using the software ImageJ, assuming that the total thickness of the mix is equal to 1. As all the phases have the same horizontal dimensions (i.e. that of the tube inner diameter), the thickness is directly proportional to the phase volume fraction. Results are plotted on a ternary diagram (Figure 8) depending on their phase volume fractions. This diagram shows the presence of two distinct groups of surfactants.

The first group of surfactants (Figure 8, red zone) represents those, which do not promote the coexistence of the three components in one single phase; they also include the samples without surfactants in the diagram. The second group (Figure 8, green zone) represents surfactants promoting the coexistence of the three components in one single phase (oil emulsion). In the MK-based GP system, surfactants mainly belong to the second group,

Chapter II: Incorporation of low viscosity oil in alkali-activated materials whereas in the AABFS system, surfactants mainly belong to the first group. Those two groups, identified from the study on diluted suspensions, match exactly those identified visually in Figure 2. This means that the interactions between solid particles-oil-surfactant directly explain the rheological behavior of AAM paste (i.e. structuring or non-structuring). 

Discussion: two distinct patterns concerning the effect of surfactants describe the emulsion formation and stability

All the results presented in this study evidence that surfactants have different impacts on the properties of fresh AAM throughout the incorporation of mineral oil.

 Rheological measurements (flow curves) along with macroscopic observations highlight the presence of "structuring" and "non-structuring" surfactants.

 Interfacial tension measurements evidence variations in the ability of surfactants to act as surface-active agents due to solubility variations in the activating solutions.

 Droplet size quantification confirms the efficiency of all surfactants to incorporate oil in AAM, meaning that the interfacial tension is not the only driving force improving the quality of emulsions.

 The study of ternary systems (activating solution -oil -solid particles) shows that some surfactants allow the coexistence of the three components in one single phase, while others do not.

These observations lead to the conclusion that surfactants contribute to the incorporation of oil in AAM via two distinct mechanisms. These can occur simultaneously or not. They are summarized in Figure 9.

In the classical mechanism or mechanism of action 1 (Figure 9, left), the surfactant simply reduces the oil droplet size by decreasing the interfacial tension. This is actually the classical way by which emulsions are formulated. In that case, the particles do not have a direct role on the stability of oil droplets. In order to allow Mechanism 1, surfactants need to be sufficiently soluble in the continuous phase to reduce effectively the interfacial tension, by positioning themselves at the interface between both liquid phases.

The singular mechanism or mechanism of action 2 (Figure 9, right) is more complex and involves the solid particles. For instance, is has been shown that clay modified by surfactants are good candidates to form Pickering emulsion [58]. However, the stabilization of the ternary systems in our research cannot be directly considered as a Pickering emulsion [9], because

Pickering systems are characterized by oil droplets at least ten times bigger than stabilizing particles [59]. In our case, the sizes of oil droplets are of the same order of magnitude as BFS and MK particles (i.e. a few microns). For instance, the mean size of oil droplets in MK-based GP pastes containing Brij O10 is below 10 µm, which is smaller than the mean particle size of MK (> 10 µm).

The viscosity increase of fresh AAM in the presence of structuring surfactants and oil also recalls capillary systems studied by Koos [35], [36], [60]. In these ternary systems, oil droplets place themselves between solid particles, hence creating aggregates that are leading to a strong structuration of the mixture. However, in these systems controlled by capillary forces, the addition of surfactants tends to decrease the structuration of the medium, because the amplitude of capillary forces is proportional to the interfacial tension.

In our case, the viscosity increase of AAM pastes due to structuring surfactants, even in the absence of oil, indicates the formation of particle aggregates. They have been observed in this study in Figure 5b. This occurs very probably via the interactions of surfactant polar heads with MK or BFS hydrophilic surfaces. In such instance, the lipophilic chains of the surfactant remain vacant and available to interact with each other, creating aggregates of particles. A wide range of studies evidenced the formation of these "hydrophobic forces" due to the presence of surfactants at the surface of suspended solid particles, with strong impacts on the viscosity of the corresponding suspensions [42], [44], [51].

In particular, the presence of the aggregates induces an important increase in the effective volume fraction of solid particles, when compared to suspensions containing individualized particles [61]. The well-known Krieger and Dougherty equation describes that the apparent viscosity depends on the effective solid volume fraction [62]. According to Sakamoto et al.

[63], these attractive forces might be due to air bridges formed between particles, created by the coalescence of micrometric air bubbles stabilized by surfactants and introduced in the mixture upon mechanical stirring. The parallel between air bubbles and oil droplets, which are incorporated in AAM, could explain the presence of attractive forces and higher viscosities. In Mechanism 2, as the mineral oil (an alkane) is chemically similar to the lipophilic chains of the surfactants, it is thought that the oil positions itself between solid aggregates in the form of droplets. This causes an even greater increase in viscosity. From an energy point of view, it is less costly for the oil to interact with the lipophilic chains of the surfactant than directly with the continuous aqueous phase.

To fulfill Mechanism 2, surfactants need to be insoluble in the continuous phase and able to adsorb at the surface of solid particles via their polar heads. For example, it has been shown that alkyl poly-glucosides are unlikely to adsorb at the surface of kaolinite particles [64]; anionic surfactants are incapable of adsorbing at the surface of smectite particles in alkaline conditions because of electrical repulsion [42]. With this interpretation, it is clear that Glucopon and SDS surfactants cannot act via Mechanism 2 in fresh AAM.

Moreover, the two mechanisms described in Figure 9 With these two mechanisms in mind, a surfactant would be inefficient if it was simultaneously insoluble in the activating solution and incapable of adsorbing at the surface of solid particles.

This could be the case of Brij O10, which is almost insoluble in AABFS pastes, and does not anchor at the surface of BFS particles as shown by interfacial tension and rheological measurements.

Finally, it is easier to promote the agglomeration of particles in MK-based GP mixes than in AABFS mixes (Figure 7). In other words, the classical mechanism seems to be favored in AABFS and the singular mechanism seems to be favored in MK-based GP. This might be due to the higher surface area of MK (17 m 2 .g -1 ) in comparison with BFS particles (0.45 m 2 .g -1 ) [65], which promotes surface interactions significantly higher in MK pastes. According to droplet size measurements, the incorporation of mineral oil exhibits higher performance in MK-based GP than in AABFS.

Finally, from an applicative point of view, M1 should be favored if a good workability of fresh AAM is required, whereas M2 should be targeted if the stability of the hardened composite AAM over time is the most crucial feature, in particular to potentially provide a better resistance to leaching (owing to greater oil-particles interactions).

Only a few surfactants will be considered in chapter III as described below:

AABFS MK-based GEO  Glucopon (M1)  CTAB (M1)  Span 80 (M2)  Glucopon (M1)  CTAB (M2)  Brij O10 (M2)
Tween 80 is not considered as its behavior is similar to Brij O10 and SDS is not considered because of its poor efficiency. Span 80 is considered in AABFS only because it is the sole surfactant acting under M2 in this material. Brij O10 is considered in GEO only because it is less efficient in AABFS.

The coalescence of two neighboring droplets is driven by disjoining pressure π. The latter depends on the distance h between the two droplets; it is described as the sum of an electrostatic repulsion πE (negative value), a steric repulsion πs (negative value), and the Van der Waals attraction πA (positive value) [33]:

𝜋(ℎ) = 𝜋 + 𝜋 + 𝜋 (7)
The interfacial film is stable if |𝜋 + 𝜋 | > 𝜋 .

A2-Preparation of the AAM slurries

For both materials, the first step consists in preparing the alkali-activating solution. Sodium hydroxide pellets are dissolved in water purified by reverse osmosis. In the case of MK-based GP, sodium silicate solution (Betol 39T) is also added. The blend is left to cool down to room temperature for several hours. After cooling, the surfactant is added to the activating solution, and the mix is stirred mechanically at 800 rpm with a helical blade. At this stage, the solid precursor powder (MK or BFS) is quickly added to the activating solution and the mixing is carried out for 5 minutes until stabilization. Finally, the mineral oil is introduced in the cement paste at a constant flow rate of 4 mL.mm -1 in order to obtain a composite material with an oil volume concentration of 20%vol (% of the total cement paste + oil volume).

Visual inspection of all pastes is performed, and photographs are taken (see Results section).

For these observations, the oil was colored in red using an organic dye (Sudan III red) to create a stronger contrast between both liquid phases.

Pastes without coloring dye are used for rheology measurements (see Sub-section 2.3).

After hardening, the densities of pure AAM pastes (i.e. without oil) are 1.75 g.cm -3 (+/-0.02) and 2.00 g.cm -3 (+/-0.02) for MK-based GP and AABFS respectively.

Chapter III

How are alkali-activated materials impacted by incorporating low viscosity organic liquids?

Chapter 

Preamble Chapter III

This chapter compares the two main types of alkali-activated material (AAM) for the immobilization of mineral oil. Despite being part of the same family, they strongly differ in terms of raw materials, reaction products, activating solutions, etc. This preamble section aims at shortly describing these two types of materials.

Classification of alkali-activated materials

The most apparent difference between alkali-activated binders and a traditional Portland In discussing the chemistry of AAM, it is necessary to classify these systems as a function of the gel network that dominates their structure. This distinction is drawn based on the amount of calcium present in raw materials as seen in Figure 1. Ca-rich systems are generally considered when the molar ratio Ca/(Si + Al) is greater than 1. Two main gel types are distinguished:

 In Ca-rich systems, the major phase is a hydrated calcium aluminosilicate gel noted "C-A-S-H" (in the cement industry, C is for CaO, A for Al2O3, S for SiO2 and H for H2O).

Raw materials leading to the formation of C-A-S-H gels are generally blast furnace slags (BFS) or class C fly ashes.

 In Ca-poor systems, the major phase is a sodium (or potassium, lithium or a mix of AAM with low Ca content: geopolymers 2. 1. Structure In the late 70s, J. Davidovits drew the attention to Ca-poor AAM based on metakaolin and named these materials geopolymers by analogy with organic polymers [4].

N-A-S-(H) gels are formed by poly-condensation reactions using water as a solvent, after which water is released. Hence, water is not part of the final N-A-S-(H) framework and is presented into brackets. It is said that water is free and mainly present in pores whose sizes and proportions depend on the formulation conditions. Provis et al. [5] proposed that N-A-S-(H) gels and zeolites structures are locally similar. However, although N-A-S-(H) gels are very similar to zeolite-like crystalline structures, they appear as disordered (amorphous) when the scale of observation is higher than a few Angströms and are therefore difficult to observe using analytical techniques based on diffraction. 

Formulation

The following information are given for Na-based geopolymers, but they are also useful for Kand Li-based geopolymers. Acid-activated geopolymers also exist, but they are not considered in this research due to a very limited knowledge of their durability.

The composition of a sodium-based geopolymer is generally defined by three molar ratios: 1) SiO2/Al2O3; 2) H2O/Na2O; 3) Na2O/Al2O3. These parameters influence the microstructural arrangement of the N-A-S-(H) gel and, as a consequence, the macroscopic properties of the final solid material. In general, the Al content is fixed by the solid aluminosilicate precursor, which is the only source of Al. Other species are adapted in the alkali-activating solution to meet the desired molar ratio. Accordingly, the activating solution is generally a mixture of alkali silicates and alkali hydroxides.

SiO2/Al2SiO3 (Si/Al): The molar ratio Si/Al is the most important parameter in formulating geopolymers. For instance, Duxson et al. [7] have shown that mechanical properties are improved with increasing Si/Al in the range 1.15 to 1.90. This is explained by the Loewenstein principle, which states that Al-O-Al bindings are not favored thermodynamically [8]. Hence, if the amount of Si is not sufficient, aluminosilicate chains will be shorter and not fully interconnected, whereas in Si-rich systems the formation of widely interconnected frameworks is possible. The pore structure is also impacted by the Si/Al ratio. For formulations with Si/Al < 1.4, the microstructure comprises large interconnected pores, while formulations with Si/Al ≥ 1.65 display a fine, homogenous and non-connected pore network [7]. It is noted that high Si contents lead to the presence of Q 3 coordinated Si, which reduces the polymerization degree and the mechanical performances of the final materials [1], [7].

H2O/Na2O: The molar ratio H2O/Na2O is also important. Indeed, on the one hand, the amount of water must be sufficient to allow an effective mixing of the reactants and ensure a good mobility of the ionic species. This is associated with a good workability of the fresh grout. On another hand, the amount of water should not be too high to avoid diluting the reactants, which would lead to increased setting times. As it is not part of the final structure, a high amount of water also drastically decreases mechanical properties by creating more numerous and larger pores. This was for instance shown by Barbosa et al. [6]. AAM with high Ca content: C-A-S-H

Structure

There is a consensus on the main hydrated product formed during the activation of Ca-rich systems. This is a poorly crystalline calcium aluminosilicate gel, noted C-A-S-H and similar to the C-S-H gel formed in Portland cement but with a lower Ca/Si ratio and the incorporation of Al [10]. C-A-S-H gels are made from hydration reactions, meaning that water is part of the final solid framework. A significant part of the water is therefore chemically bound, contrasting with the free water present in the N-A-S-(H) structure. However, free water is also present in C-A-S-H systems, owing to the excess of water required to have workable fresh grouts. In general, it is considered that C-A-S-H gels have a weakly organized structure similar to the tobermorite 14Å arrangement. The tobermorite architecture is composed of silicate chains (Q 2 or Q 3 ) along which repeating units called "dreierketten" follow one another. Some additional rules are acknowledged:

 Aluminum is present only in bridging sites [11].

 According to the Loewenstein principle, Al-O-Al bindings are not favored thermodynamically [12].

 There are no Q 0 or Q 1 (1Al) in the structure of a C-A-S-H.

 C-A-S-H might be written C-(N)-A-S-H due to the fact that Na + could replace Ca 2+ in the gel structure even if it is not favored [13].

A schematic representation of the C-A-S-H structure taking into account the above-mentioned information is given in Figure 4 [1]. 

Formulation

Although numerous generalities are widely accepted about the C-A-S-H structure, several parameters can affect their microstructure and hence modify the macroscopic properties of the final solid materials. The formulation of Ca-rich systems is generally controlled by two parameters: 1) The type of activation; 2) The water to solid precursor mass ratio (W/S). The Ca content is fixed by the solid aluminosilicate precursor, which is the only source of Ca.

Type of activation: Contrarily to Ca-poor systems, Ca-rich precursors can be effectively activated by alkali hydroxides, silicates, carbonates or sulfates [14]. Alkali metal hydroxides and silicates are the most widely used [13]. In general, the hydroxide activation accelerates the reactivity, which leads to an early decrease in the mobility of the ionic species in the system. On the contrary, the activation by silicates leads to a slower reactivity, allowing a uniform precipitation and a higher degree of reaction. This difference results in materials with larger and more numerous pores in hydroxide-activated materials. The type of activation also modifies the Ca/(Si+Al) molar ratio.

Ca/(Si+Al): The Ca/(Si+Al) molar ratio varies depending on the type of activation (i.e. on the Si supply) and the composition of solid precursors (i.e. on the Ca supply). Hydroxide-activation leads to a higher Ca/(Si+Al) than silicate-activation. Consequently, studies conducted by Puertas et al. [10] and Jiménez et al. [15] highlighted that hydroxide activation results in the formation of Q 2 species mainly, while the amount of Q 3 species is low. This indicates that linear aluminosilicate chains are hardly connected, leading to the formation of an open microstructure with a higher porosity and lower mechanical performances. On the contrary, silicate activation generates a high number of Q 3 species, implying a higher connectivity between aluminosilicate chains. The resulting microstructure is denser, more compact with a lower porosity and higher mechanical performances. Other than the type of activation, the amount of Ca present in the solid precursor also affects the Ca/(Si + Al) ratio. It has been observed that the gel connectivity, irrespective of the type of activation, increases with decreasing amount of calcium, which is in accordance with previously discussed observations [16].

Water/Slag (W/S): In terms of reactivity and workability, the importance of water is similar in Ca-rich systems as is Ca-poor systems. It is well known that increasing the amount of water in Ca-rich AAM decreases the mechanical performances of the final solid material [17]. However, Yang et al. [18] also highlighted that if the amount of water is too low, mechanical performances decrease as well. This can be understood by the fact that in Ca-rich AAM, water is part of the formed C-A-S-H framework.

Solid precursor composition: Ca-rich AAM may be obtained from the activation of blast furnace slag (BFS). The composition of BFS varies significantly depending on its origin but it can be simplified in a quaternary system: MgO-CaO-SiO2-Al2O3, with other components considered as negligible [14]. Due to structural restrictions in the tobermorite-like structure, the presence of high amounts of Al and/or Mg lead to the formation of secondary phases, impacting the final properties [14]. For instance, some authors mention hydrotalcite as a second main phase intertwined with the C-A-S-H gel [13] and systems activated with alkali hydroxides generally lead to the formation of AFm secondary phases [19].

Water permeability of AAM

The above-mentioned formulation parameters affect the percolating pore network of AAM binders, which has a direct impact on the ability of AAM to resist fluid mass transport and degradation.

In particular, water permeability of AAM is one of the key transport properties (besides diffusivity) to assess their durability [20] and their ability to confine HTO. Water permeability is driven by the pore volume, size and morphology (succession of small and bigger pores, presence of non-percolating pores, etc.). The type of precursor and the amount of water are the two main factors influencing the gel structure of AAM and thereby their water permeability. This is summarized by Nguyen et al. in Figure 5 [21]. In terms of precursor type, N-A-S-(H) gels result in a much higher water permeability (10 -8 m.s -1 ) compared to C-A-S-H gels (10 -13 m.s -1 ) [21]. This is generally attributed to the intrinsic higher porosity of N-A-S-(H) gels [21], but it is mainly due to the easiness to generate cracks in N-A-S-(H) solids [22], [23], which are significant fluid pathways. For both types of gels, a higher amount of water leads to a greater permeability due to the larger pore volume and pore sizes.

Among the C-A-S-H, the type of activation (hydroxides or silicates) also influences the pore structure. Blyth et al. [21] highlighted that silicate-activated BFS possesses lower permeability than ordinary Portland cement (OPC) paste at similar water content. On the contrary, hydroxide-activated BFS are three orders of magnitude more permeable. This is explained by the smaller pore volume and the finer pore size distribution of silicate-activated BFS in comparison with hydroxide-activated BFS [20], [24]. Although significant research has been conducted on incorporating OL into ordinary Portland cement (OPC), it is not of practical use, due to the difficulty of incorporation and consequent unfavorable characteristics, such as delayed setting time, loss of strength and uncertain longterm stability, all of which are increased with increasing OL content [14]- [18].

The issues of the incorporation of OL can be addressed by using alkali-activated materials (AAM) instead of OPC. AAM do not only provide performances comparable to conventional OPC concretes, but also additional advantages, including high OL incorporation rates (up to 20-60%vol) [19]- [21], rapid development of mechanical strength, small drying shrinkage, high fire resistance and superior acid resistance [22]- [24].

Scientific background

Two main types of AAM are distinguished, depending on the selected raw materials With AAM, several strategies exist for the incorporation of OL [26]. The direct route (where the OL is directly poured into the fresh GP slurry) is easy to implement, and large amounts of OL can be incorporated [21], [27], [28]. After the formation of OL droplets by mechanical stirring, the intrinsic viscosity of AAM-slurries generally helps to prevent OL coalescence until hardening of the paste.

However, at high incorporation rates (more than 10%vol) and for low viscosity OL (below 1 Pa.s, [29]), coalescence of OL droplets becomes more favorable, and this leads to phase separation i.e., to the loss of the OL emulsion. In such cases, the addition of surfactants is compulsory to maintain emulsion stability. Surfactants can reduce the size of dispersed droplets by decreasing the interfacial tension, which stabilizes the emulsion. Several types of surfactants have proven their efficiency for the incorporation of OL in AAM, especially cationic [30] and non-ionic ones [31]. Surfactants are also organic molecules with versatile chemical structures; they can adsorb at the surface of solid precursors. In particular, [2] proposed that complementarily to decreasing the surface tension, the addition of surfactant promotes the agglomeration of solid particles at the surface of the OL droplets, similar to a Pickering-like stabilization mechanism. Surfactants also promote the stabilization of air bubbles introduced during the mixing of the fresh cement slurry. This may enhance the total porosity of the material and reduce its mechanical strength and long-term stability [32]- [34].

Aims and scopes

This research determines the most appropriate AAM for the immobilization of high amounts for MK-based AAM [1], [2], [22], [27], [28] and the other for BFS-based AAM [35]. MK is alkaliactivated with sodium silicates (to get a typical stoichiometry with excellent mechanical strength) and BFS with sodium hydroxide because the LVOL emulsion is easier with this activator. Surfactants are used and compared to assess their effect on the LVOL emulsion, and to choose the most adequate one.

The adequacy of the AAM-surfactant pair for LVOL immobilization is determined mainly in the hardened state, for durations of up to 90 days, firstly from the physical viewpoint, and secondly from the chemical viewpoint.

The physical characterization aims to ensure the absence of LVOL leakage, a minimal compressive strength (fc ≥ 8MPa according to industrial specifications [36]), and to correlate the emulsion morphology to the density, pore structure and mechanical performance of the AAM+surfactant+LVOL composites. Each OL emulsion is characterized in 2D, by Scanning Electron Microscopy (SEM), and in 3D, in a non-destructive manner, by X Ray micro-computed tomography (X Ray micro-CT).

The chemical assessment combines isothermal micro-calorimetry, X Ray Diffraction (XRD) and 29 Si, 27 Al solid state MAS NMR to determine whether the presence of surfactant or LVOL impacts significantly the AAM structure. Moreover, the different chemical nature of the solid precursors and the reactivity differences (hydration for slag vs. condensation with MK) may lead to distinct interferences. In particular, a smaller degree of polymerization, due to OL presence or to surfactant adsorption at the interface of the solid precursors, could be responsible for poorer mechanical properties.

Investigating both physical and chemical aspects is favorable from a durability perspective.

Materials and methods

Raw materials

A pure mineral oil (Finavestan A360B) with a density of 0.864 g.cm -3 is obtained from Total (France). This oil is chosen for its purity (i.e. its absence of additives), for its low viscosity of 0.13 Pa.s at 100 s -1 at 25°C [29], and, as a linear alkane, for its absence of reactivity in alkaline media.

An aqueous sodium silicate solution (Betol 39T) is obtained from Woellner (Germany). Sodium hydroxide (purity > 99%) is purchased from VWR International (USA). A metakaolin (MK) powder of M1000 grade is obtained from Imerys (France) and blast furnace slag (BFS) powder is purchased from Ecocem (France). MK powder is characterized by X Ray fluorescence (XRF) as composed of 54%wt SiO2 (+/-1%), 39.5%wt Al2O3 (+/-1%), 1.7%wt TiO2 (+/-0.1%), 1.4%wt Fe2O3 (+/-0.1%) and other oxides present in less than 1%wt. BFS is characterized by XRF as composed of 34.9%wt SiO2 (+/-1.8%), 10.0%wt Al2O3 (+/-1.3%), 43.2%wt CaO (+/-0.5), 8.8%wt MgO (+/-1.8%), and other oxides present in less than 1%wt. The apparent density is of 2.23 g.cm -3 for MK powder and 2.9 g.cm -3 for BFS.

Following preliminary research (see conclusions chapter II), four different surfactants are compared (Table 1 

Preparation of composite materials

Two typical formulations of AAM cements are selected from the literature for their excellent mechanical performance, one for MK-based AAM [1], [2], [22], [27], [28] and the other for slag-based AAM [35]. The choice is made of an alkali-activation with sodium silicate for MK in order to obtain an adequate stoichiometry for good mechanical performance, and sodium hydroxide for BFS. In the latter case, the activator choice is due to a preliminary study in our lab, showing that the OL emulsification is better (with smaller and more homogeneously distributed droplets) in sodium hydroxide activated BFS than in sodium silicate activated BFS (see Figure S1 in the Appendix).

In practice, the MK-based geopolymer (GEO) fresh paste (or slurry) is obtained as follows. The components (sodium silicate solution, sodium hydroxide, water and MK) are weighed in order to obtain a molar composition of 3.5 SiO2 : 1.0 Al2O3 : 1.0 Na2O : 14.0 H2O. For the alkali activated BFS (AABFS) paste, the components (sodium hydroxide, water and BFS) are weighed with a water/BFS mass ratio equal to 0.45 and a mass concentration of sodium hydroxide of 10%. This allows a good workability of the paste and reasonable hardening of the material [37].

For both materials, the first step consists in preparing the alkali-activating solution. Sodium hydroxide pellets are dissolved in water (purified by reverse osmosis). In the case of MK-based GEO, the sodium silicate solution (Betol 39T) is also added. The blend is left to cool down to room temperature for several hours. After cooling, the surfactant is added to the activating solution, and the mix is stirred mechanically at 800 rpm with a helical blade. The molar concentration of surfactant with respect to the volume of activating solution (sodium silicate, sodium hydroxide and water) is 3.10 -3 mol.L -1 , allowing a good incorporation of the oil. At this stage, the solid precursor powder (MK or BFS) is quickly added to the activating solution and the mixing is carried out for 3 minutes until stabilization. Finally, the Finavestan LVOL is quickly introduced in the cement paste and the mixing is carried for 2 additional minutes to obtain composite materials with a LVOL volume concentration of 0, 20 or 40% (% of the total AAM paste + LVOL volume).

The formulated materials are named as follows: GEO-X-Y or BFS-X-Y, with X = 0, 20 or 40 the %vol of LVOL and Y = 0, C, G or B accounting for, respectively, no surfactant, CTAB, Glucopon 225DK or Brij O10. Table 2 describes all the tested formulations. For micro-calorimetry only, an AABFS sample is formulated using 10 times (i.e. 3.10 -2 mol.L -1 ) the amount of Glucopon required for stabilizing the emulsion; this sample is named BFS-0-G10. Nitrogen sorption-desorption isotherms are performed to quantify the pore structure up to a size of about 200 nm. Experiments are conducted on freeze-dried samples at 77 K on a

Characterization of composite materials

Micromeritics ASAP 2020 device. Classical BET and BJH models are used to derive the material specific surface area [38], [39]. The micropore amount is calculated as the adsorbed quantity of nitrogen for (P/P0) ≤ 0.1 (in cm 3 .g -1 ); it is the amount of pores smaller than 2 nm present per gram of AAM [39]. All bigger pores (mesopores between 2 and 50 nm and macropores bigger than 50 nm) are characterized on the isotherms for (P/P0) ≥ 0.1. AAM pastes are made either without or with LVOL (Table 2). After demolding (at 48h after manufacturing), the samples are kept at (20°C; 100%RH; atmospheric pressure) until testing.

Each parallelepipedal sample is broken into two pieces under three points bending before compressive strength measurement. Compressive strength is measured after 7, 14, 28 and 90 days maturation. After bending test (and before compressive strength measurement), a picture of the fracture area is taken in order to visually assess the influence of the surfactant on the incorporation of the LVOL. Moreover, the fracture area is applied on an absorbent paper to observe any potential LVOL leakage. Secondary Electron Detector (GSED) is used to produce the images.

3D X Ray micro-Computed Tomography (3D X Ray micro-CT)

With this observation method, the samples do not require fracturing, drying or polishing, or even resin impregnation. Their edges are simply carefully cut to a 1 cm 3 size using a diamond saw. Eight image series are acquired in less than 30 minutes each and processed by X ray micro-CT at the ISIS4D platform (Lille, France) [40]- [43]. Each image series corresponds to one different sample of AAM paste (either MK-based GEO or AA-BFS) incorporating 40 %vol LVOL, without or with a given surfactant (Table 3). For all of them, an identical voxel size of 5 microns is used.

The X Ray micro-CT apparatus is equipped with a nano focus tube operated at a 60 kV tension and 35 µA current, with a flat detector panel of 1874x1496 pixels 2 . At each given angular position of the sample, the projection image is the average of four images in order to limit noise. After the reconstruction procedure (along the Z axis, with a filtered retro-projection algorithm [43], [44] and acquisition artifacts removal, an output volume is computed, composed of 1094-1146 images in a (X, Y) plane (at 1.24-2.76 x 10 6 pixels 2 each) regularly spaced from one another by one voxel size (5 microns). Each sample corresponds to huge datasets of 1.42-3.16 x 10 9 voxels 3 , linearly scaled into a 16-bit format.

Before quantitative analysis, all images are cropped in a (X, Y) plane so that sample boundaries and exterior are removed. The remaining image volumes, ranging between 6.10 and 23.0 mm 3 , are given in Table 3. For each given formulation, the biggest possible volumes are selected, to be able to consider them as representative of the emulsion morphology, with a number of segmented droplets of several thousands and more.

The images are filtered and segmented with the ImageJ software [45], in a minimal manner to avoid information loss. To this purpose, the grey level histogram of the whole image stack is spread over the whole 0-255 available range. Contrast is enhanced and a limited Gaussian Blur filter (0.8 pixel radius) is applied. Thresholding is then performed using the image stack histogram, by selecting the local minimum grey level value between darker pores and lighter solids. This provides realistic binary images (with pores in black and the solids in white).

Further, the droplet size distribution is quantified as in [28], with the Beat plugin [46] for 3D Continuous Particle Size Distributions (3D CPSD); this process simulates mercury intrusion and provides a particle size corresponding to the biggest sphere able to intrude a given volume.

Finally, the assessment of the connected (continuous) droplet volume is performed using the 3D dedicated tools of the Avizo Fire software (Thermo Scientific, USA). Although it is continuous, this droplet volume may correspond to partially coalesced droplets, where the connected droplets are still of spherical shape. In such instance, the image analysis is able to provide a 3D CPSD (see above). 

Chemical characterization

Micro-calorimetry

The reactivity of the AAM pastes is followed using a TAM AIR calorimeter (from TA instruments) under isothermal conditions at 25.0 ± 0.001 °C. The preparation of alkaliactivated slurries is performed outside the calorimeter. About 2 g of each fresh mixture is cast in a dedicated glass container and introduced in the calorimeter. The heat flow is recorded versus time at a stable temperature of 25 °C. The first 30 min are omitted for the calculation of the cumulative heat due to extra undesirable heat resulting from the introduction of the container in the calorimetric chamber.

X Ray Diffraction (XRD)

XRD patterns of the AAM are obtained with a Bragg Brentano geometry on a PANalytical X'Pert PRO MPD apparatus (with a copper anode λKα1 = 1.54056 Å generated at 45 mA and 40 kV and an X'celerator detector) on pastes ground by hand to a particle size below 100 μm size.

The XRD patterns are collected in the 2θ range 5-70° with 0.017° steps, corresponding to 0.625 s measurement time per step.

Solid state Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR)

Solid structure characterizations adapted to amorphous solids are performed by 27 Al MAS NMR and by 29 Results and discussion Figure 1 shows a photograph of the fractured areas with the binary image of the adsorbent paper surface, where the oil is in black and the dry paper in white.

The analysis is performed either for the GEO paste (top) § or the BFS paste (bottom). The pastes are without oil (top row), or with 20 or 40vol% oil (second and third row), and without surfactant (left column) or with the most efficient surfactant (right columns).

Without surfactant, whatever the AAM and the oil proportion, a significant amount of LVOL is visibly adsorbed on the paper. Following earlier statements, this proves that the use of surfactant is compulsory for adequate LVOL incorporation in AAM.

For both BFS pastes (20 or 40vol% LVOL) with surfactant, the yellow areas at the rim possibly indicate a carbonated area, or sulfur oxidation in the highly alkaline porewater [48]. This is attributed to the presence of surfactant, which has the ability to stabilize air bubbles inside the cement matrix. The material is therefore more permeable to ambient air and particularly to CO2 [49], [50]. This may promote carbonation and potentially reduce compressive strength and long-term stability [51]. § A macroscopic void is observed in the GEO paste containing 40%vol. of LVOL + surfactant, due to air incorporation during mixing. For this paste, the addition of surfactant leads to a strong increase in viscosity. For further composite manufacturing, this will require vibrating the mold, to remove any such void. In the absence of surfactant, in both GEO and BFS-LVOL composites, the LVOL droplets are visible to the naked eye. This indicates that the droplets are bigger than 100 microns. After surfactant addition, LVOL droplets only remain clearly visible in the BFS paste with 40%vol LVOL. In all other cases, the adsorbent paper shows very limited sign of LVOL leakage. 

Effect of surfactant

Without LVOL, the presence of surfactant affects fc in all GEO pastes (Figure 2 top), but in BFS pastes, fc is only reduced in the paste prepared with Glucopon (Figure 2 bottom). However, the effect of CTAB or Brij O10 is limited for GEO pastes. The greatest decrease in fc is obtained with Glucopon for both AAM matrices, with an average of 35.0 MPa +/-2 for GEO-0-G compared to 48.4 MPa +/-0.3 for GEO-0-0 (i.e. 28% loss), and an average of 25.8 MPa +/-2.8

for BFS-0-G compared to 38.0 MPa +/-0.3 for BFS-0-0 (i.e. 32% loss). This is attributed to the presence of air-entrained bubbles. They are visible in the SEM images of fractured surfaces in Figure 3. Complementary measurements (Fig. 4a and Table 4) also show a significant increase in porosity, and a decrease in apparent density, whatever the AAM and whatever the surfactant.

All surfactants contribute to increase open porosity, i.e., they all add entrained air bubbles into the AAM cement. In good correlation with the decrease in fc, for both AAM, the most airentraining surfactant is Glucopon. This also affects the deviation of apparent density measurements, with values greater than 10% (and of almost 20% in some cases), whatever the LVOL % and whatever the AAM (Table 4). In earlier research [52], Glucopon has been described as an efficient foaming agent in alkaline conditions. Contrarily to Glucopon, the other surfactants al induce a significant increase in viscosity, as observed in [53]. This leads to the stabilization of entrained air bubbles, and these are of smaller sizes than with Glucopon (see X Ray microCT results below).

For GEO pastes however, the nitrogen sorption-desorption isotherms are identical in presence of surfactant or not (see Figure S3 in the Appendix). This means that the pore structure is identical, particularly in terms of specific surface area (Figure 4b) and micropore amount (Figure 4c).

For BFS with CTAB or Span 80 (i.e., BFS-0-C and BFS-0-S), fc is slightly greater than the reference case without surfactant, although BFS-0-C and BFS-0-S have an open porosity twice or four times greater than for BFS-0-0, respectively. This is attributed to denser BFS pastes with surfactants, as shows the smaller specific surface area in Figure 4b and the smaller micropore amount in Figure 4c. In presence of surfactant, the nitrogen sorption-desorption isotherms of BFS pastes are affected, with a generally smaller total adsorbed volume (see Figure S3 in the Appendix). At this stage, it is also possible that surfactant presence may accelerate the BFS setting reactions and strengthen the cement matrix. This is investigated in Sub-Section 3.2.1.

Effect of 20%vol LVOL

With 20%vol LVOL, for GEO pastes, two surfactants (CTAB and Brij O10) improve the compressive strength fc compared to the reference without surfactant, whereas Glucopon reduces fc (Figure 2, top). However, with all surfactants, the apparent density is smaller than if taking into account only the presence of LVOL (Table 4), meaning that air entrained bubbles are present together with the LVOL emulsion. The improvement in fc with CTAB or Brij O10, compared to the case without surfactant, is attributed to smaller LVOL droplet sizes achieved by surfactant action. Small size droplets mean that during loading, the mechanical forces can more easily transfer through the cement matrix, with smaller obstacles and more straightforward routes. Droplet sizes are identified in a qualitative manner by 2D SEM (Figure 5, middle columns). For GEO pastes, the smallest droplet sizes are obtained with Brij O10. They are significantly smaller than 100 microns (which is the image scale), and on the order of a few microns. Comparatively, the GEO paste with 20%vol LVOL and no surfactant (GEO-20-0) presents droplet sizes visible to the naked eye (Figure 1, top) i.e., droplets bigger than 100 microns.

For BFS pastes at 20%vol LVOL, all surfactants reduce fc compared to the BFS-20-0 paste without surfactant (Figure 2, bottom). The smallest decrease is obtained with CTAB (average fc = 18.8 MPa +/-0.7 instead of 20.5 MPa +/-0.8 for BFS-20-0). Apparent density is on the order of the theoretical value (accounting only for LVOL presence) except with Glucopon, due to entrained air bubbles (Table 4). Glucopon has the strongest detrimental effect, with an average fc of 13.5 MPa +/-0.6 compared to the average of 20.5 MPa +/-0.8 without oil (i.e.

48% decrease).

The presence of LVOL is most detrimental with BFS pastes, with an average fc of 13.5-18.8 MPa (i.e., a 46-62% decrease) depending on the surfactant considered. As a matter of comparison, with GEO pastes, average fc is between 18.0 and 28.9 MPa on average (i.e., 37-49% decrease), depending on the surfactant considered.

2D SEM (Figure 5 For the BFS pastes added with 40%vol LVOL, either with or without surfactant, the measured strength is negligible after 90 days curing. According to the literature [54], no compressive strength evolution is expected for alkali activated BFS after 90 days. This means that the AABFS-LVOL composites incorporating 40%vol. LVOL will not have a measurable strength, even after 90 days. With 2D SEM (Figure 5 bottom, right column), it is visible that with CTAB and Span 80, the LVOL forms a highly coalesced, continuous, sub-volume, which is not favorable for mechanical loading. This may however be partly due to the partial ESEM vaccum.

On the opposite, with Glucopon, spherical LVOL droplets are obtained (they are possibly partially coalesced), but it is insufficient for mechanical strength.

The quantification of LVOL droplet sizes is performed by X Ray micro-CT, without requiring any partial pressure as with the ESEM (see Sub-Section 3. 1.3). 

Influence of surfactants on the emulsion in hardened AAM

This part is only performed on cement matrices added with 40%vol LVOL.

Qualitative emulsion droplet analysis

Figure 6 provides examples of raw X Ray micro-CT images of GEO pastes incorporating 40%vol LVOL (Figure 6a), or BFS pastes incorporating 40%vol LVOL (Figure 6b), either without or with each of the three surfactants tested per cement matrix. For comparison purposes, each image is at the same size and scale.

For both cement matrices, it is observed that in the absence of surfactant, the LVOL droplets are significantly bigger than with surfactant.

For GEO pastes, all surfactants decrease the LVOL droplet size. Air voids and LVOL droplets are hardly distinguished from one another (both are the darkest grey shade). The smallest LVOL droplets appear to be obtained with Brij O10.

For BFS pastes, only Glucopon and CTAB provide smaller LVOL droplets. Glucopon displays air entrained voids (they appear as bigger and darker spheres than the LVOL). CTAB provides coalesced droplets, but air and LVOL are not easily distinguished (meaning that air is not present in large proportions). Despite the presence of these two surfactants and of spherical droplets, the compressive strength of the BFS+LVOL composite is not measurable. With Span 80, the LVOL is present as coalesced and irregular, elongated and non-spherical droplets. This is clearly bound to limit the compressive strength of the BFS+LVOL composite, as observed in Figure 2. In all cases, the coalescence of the LVOL droplets appears a key factor to explain the non-measurable mechanical strength, whether it is partial (with spherical droplets still visible) or more complete (as with Span 80).

Finally, Figure 6 shows that the incorporation of LVOL is much better in GEO pastes than in BFS pastes, with much smaller and more homogeneous droplets, well encapsulated in a hard aluminosilicate network. The reasons are multiple: a) sodium hydroxide, more concentrated in BFS paste, increases the interfacial tension between the LVOL and the activating solutions [53]; this results in a higher energy required to produce smaller droplets, b) the viscosity ratio between the main and the dispersed phases plays a role in the formation of an emulsion [54],

and the viscosity of the two AAM slurries are different, c) MK and BFS solid particles have different chemical and physical properties, and their concentration in the AAM is different.

Therefore, the LVOL is initially less well emulsified in fresh BFS paste so that coalescence of oil droplets is favored before hardening. 

3D representation and analysis of emulsion coalescence

After qualitative observations, binary thresholding of the LVOL emulsion is performed. This provides 3D representation of the emulsions and coalescence analysis (Figure 7).

The 3D representations allow to determine the 3D connectivity of LVOL in each cement matrix.

Each 3D connected LVOL volume is represented in a single color. If spherical droplets are present, despite their connectivity, the coalescence is considered partial.

In GEO paste without surfactant (GEO-40-0), the LVOL emulsion is made of relatively In BFS pastes, the LVOL emulsion is partly connected without surfactant, but the droplets are of large size (and the sample itself displays LVOL creaming at its surface, i.e., the LVOL is distributed in a highly heterogeneous manner). With CTAB or Glucopon, the LVOL emulsion is fully connected, but with spherical shaped droplets (partial coalescence). With Span 80, the main part of the LVOL volume is also connected, despite small isolated LVOL zones; the emulsion does not display spherical droplets, i.e., the emulsion is coalesced. In brief, with BFS paste, no surfactant is able to limit LVOL connectivity (Span 80 is not either able to limit coalescence), and hence, to provide minimal compressive strength to the cement matrix. 

Quantitative analysis

Because coalescence is partial in all cases but one, the LVOL droplet size distributions are quantified in Figure 8. The analysis uses a modelling of the LVOL 3D volumes to derive the biggest spheres that can be included in all its different zones [46].

For GEO pastes, the droplet size at half the distribution (i.e., at 50%vol), labelled d50, is of 410 microns without surfactant, but this value decreases below 100 microns with any of the three surfactants. As expected, the smallest droplet size distribution and the minimum d50 are obtained with Brij O10, with d50 = 10 microns. With Glucopon, d50 = 30 microns, and with CTAB, d50 = 54 microns.

For BFS pastes, d50 is of 1 mm +/-0.08 on average without surfactant. This value decreases down to 140 microns with CTAB and 50 microns with Glucopon (an identical value is predicted for Span 80). All surfactants provide significantly smaller droplet sizes, although none matches the efficiency of Brij O10 in GEO paste (d50 = 10 microns). CTAB and Glucopon are not as efficient in BFS as in GEO pastes. For both BFS and GEO, an exothermic peak appears immediately, which is attributed to the wetting and dissolution of solid particles [55]- [58]. As widely accepted, the formation and polymerization of gels are responsible for the noticeable second heat peaks following the initial dissolution period [55], [56].

For GEO slurries, the initial dissolution peak is followed by a short dormant period and another broad exothermic peak. After the initial dissolution process, the concentrations of dissolved ionic species reach a threshold for the outset of the following reactions. The dormant period, which is considered as an induction period for Ordinary Portland Cement (OPC) hydration, is supposed to be the time needed for concentration increase, mainly in silicate and aluminate species [55]. Both polymerization and condensation of N-A-S-(H) gels are exothermic and explain the main contribution to the second peak [58], [59].

A second exothermic peak is also observed in the heat evolution curve of NaOH-activated BFS.

The extensive precipitation of reaction products, such as C-A-S-H, is reported to be responsible for this broad peak [23], [60]. The higher alkaline concentration in NaOH-activated BFS contributes to the early rising of the second narrow peak (1 h) in comparison with the second wide peak of GEO slurries (10 h) [55].

It is observed that the reactivity of both types of materials is not affected by the presence of LVOL. At the chosen concentration (3.10 -3 mol.L -1 ), surfactants do not have an impact on GEO condensation and polymerization. This observation is also true in the case of BFS, except for Glucopon, which delays the start of gel formation. To confirm this statement, a sample containing 10 times (3.10 -2 mol.L -1 ) the amount of Glucopon required for emulsion stabilization was formulated. As expected, the hydration of that sample is strongly delayed and only starts after 40 h, but the cumulative heat then seems to quickly catch up its original value. In fact, Glucopon has a carbohydrate polar head, which is known to delay hardening of OPC cements [61], [62] or of AABFS [63].

Influence of LVOL or surfactants on the crystalline reaction products of AAM

The XRD patterns of the AAM composites are collected and identified in order to characterize the influence of LVOL or surfactant on the reaction products (Figure 10).

The XRD patterns of NaOH-activated BFS samples reveal the presence of three phases: two poorly crystalline tobermorite-like phases, denoted C-S-H gel (2ϑ = 27° and 50°) and C-A-S-H gel (2ϑ = 7°); and also a hydrotalcite-like phase (2ϑ = 10-12°) [37].

Except for the presence of quartz, all XRD patterns of the GEO samples show the typical amorphous structure of MK-based GEO, with a wide diffraction hump in the range 2ϑ = 20° to 35°. This broad hump is attributed to the amorphous N-A-S-(H) aluminosilicate gel, which is the primary binder phase present in GEO materials. Quartz, initially present in MK, holds a crystalline structure that makes its dissolution rate in alkaline media very low. Quartz is therefore non-reactive and remains after geopolymerization [64], [65]. 

The characteristic humps of the poorly crystalline C-A-S-H gel and of the amorphous N-A-S-(H)

gel might shift due to different polymerization degrees. This can be (for example) induced by changing the composition of the raw materials or the alkaline concentration in the activating solution. In this study, the XRD patterns of AAM are neither influenced by the addition of LVOL nor by the presence of surfactants. It is therefore concluded that these additives do not impact the formed reaction products. This is further discussed below, through more adequate NMR analyses for characterizing the C-A-S-H and N-A-S-(H) amorphous gels [66]. 

Influence of LVOL or surfactants on the amorphous reaction products of AAM

The 29 Si and 27 Al MAS NMR spectra of AAM and AAM-LVOL composites are presented in Figure 11. The 29 Si and 27 Al MAS NMR spectra of the MK and BFS solid powders are given in Appendix (Figure S4). The deconvolution of 29 Si and 27 Al MAS NMR spectra are presented in Appendix (Figures S5 andS6). Deconvolution results are given in Table 5 for 29 Si and Table 6 for 27 Al.

The 29 Si MAS NMR spectra of MK-based GEO materials exhibit a typical broad resonance centered at -90 ppm (Figure 11a and Table 5), consistent with previous observations [67]. A low intensity level at -100 ppm suggests that the Q 4 (1Al) component of the spectra present in the specimens is low, implying that the signal resulting from MK has been largely diminished (Figure S4). The low intensity in the region attributed to MK is probably a result of MK being almost completely consumed during synthesis. Moreover, the Si/Al molar ratio of MK-based GEO formulated in this study is 1.75; for such Si/Al, the 29 Si spectra are in accordance with [67], [68], with high amounts of Q 4 (2Al) and Q 4 (3Al) species and lower amounts of Q 4 (1Al), Q 4 (0Al) and Q 4 (4Al).

The 27 Al MAS NMR spectra of MK-based GEO exhibit two resonances, dominated by a peak centered at 60 ppm (Figure 11b and Table 6), indicating tetrahedrally coordinated aluminum [69]. The dominance of Al(IV) has been widely reported and confirms that geopolymerization converts Al(V) and Al(VI) present in MK into Al(IV). Although the 27 Al MAS NMR spectra are dominated by the resonance associated with Al(IV), a small resonance at about 5 ppm (Table 6) indicates the presence of remaining Al(VI). It is well known that Al(VI) is more stable than Al(V) and will be the last geometric form of aluminum to be completely consumed during reaction [70]. It is also in accordance with the suggestion made after observation of 29 Si spectra, that some unreacted MK is still present.

The 29 Si MAS NMR spectra of BFS pastes are dominated by two mains peaks centered at -79 and -81 ppm (Figure 11a and Table 5). These are attributed to silicate groups in the C-A-S-H tobermorite-like structure with different degrees of connectivity, Q 1 and Q 2 (1Al) respectively

[71]- [74]. Q 1 species represent in general the end chain of the tobermorite structure and Q 2 species are chain mid-members. Two other peaks with weaker intensities, centered at -74 and -84 ppm are observed, and attributed to Q 1 silicates in unreacted BFS and Q 2 (0Al) in C-A-S-H, respectively. The weak peak corresponding to silicates in BFS indicates the good hydration progress. It has to be noted that the amount of Q 2 (0Al) is low and no Q 3 are detected, which is due to the sodium hydroxide activation, which does not allow formation of these silicates.

The amount of Q 1 in C-A-S-H is quite high, which is probably due to the high concentration of sodium hydroxide in the activating solution [75].

The 27 Al MAS NMR spectra of BFS pastes are dominated by two main peaks centered at 10 and (tetrahedral) in C-A-S-H gels. The peak at 10 ppm corresponds to 6-coordinated Al atoms (octahedral), most probably located in the hydrotalcite phase observed with XRD (Figure 9) [76]. There is also a shoulder between 50 and 70 ppm, which is attributed to 4-coordinated and 5-coordinated Al atoms initially present in BFS, in accordance with 29 Si spectra.

The key point here lies in the fact that all the 29 Si and 27 Al MAS NMR spectra are almost perfectly stackable. This means than neither the LVOL nor the surfactants have an impact on the reaction products that are formed in the AAM composites. Mechanical properties variations observed in the previous section are therefore only attributed to the increase in porosity (LVOL and air), i.e. exclusively to physical effects. 

Conclusions

In order to determine the optimal conditions for low viscosity organic liquid (LVOL) in alkali activated matrices (AAM), a pure mineral oil was successfully immobilized in MK-based GEO and alkali-activated BFS (AABFS) in a proportion up to 40%vol The main conclusions and guidelines of the study are as follows:

 The preparation of AAM-LVOL composite materials containing up to 40%vol of LVOL is possible with both GEO and AABFS pastes. The advantage of using surfactants allows (1) stabilizing fine and homogenous LVOL droplets, and (2) avoiding LVOL leaking out of the materials.

 The AAM-LVOL composites immobilizing 20%vol LVOL all have a measurable compressive strength, of 25 MPa on average for GEO-LVOL composites and 20 MPa on average for AABFS-LVOL composites. The GEO-LVOL composites containing 40%vol LVOL have an average compressive strength of 15 MPa, while the AABFS-LVOL composites containing 40%vol of LVOL do not have a measurable compressive strength, even those containing surfactants.

 The addition of surfactants, with the aim of improving LVOL incorporation, leads to the side effect of increasing the porosity of AAM. For GEO pastes, this negatively impacts compressive strength fc; for AABFS pastes, fc is only reduced with Glucopon, otherwise the presence of CTAB or Span 80 densifies the reaction products, so that fc is slightly improved. In both types of AAM, Glucopon is the surfactant incorporating and stabilizing the highest amount of air bubbles.

 For GEO pastes at 20%vol LVOL, fc is increased thanks to CTAB or Brij O10 (compared to the paste without surfactant). This is attributed to smaller LVOL droplets. At 40%vol., the connectivity of the LVOL emulsion is detrimental to mechanical strength; this is particularly observed for AABFS pastes.

 There is no influence of the LVOL on the setting time and strength development of AAM materials. Moreover, at the low concentration of that study (3.10 -3 mol.L -1 ), surfactants do not influence the setting time and strength development of AAM materials, except for Glucopon, which slightly retards AABFS hydration, and more so at higher concentrations.

 The main reaction products of AAM (C-A-S-H in AABFS and N-A-S-(H) in GEO) are not

impacted by the addition of LVOL or surfactants. The impact on mechanical properties is therefore only attributed to the increase in porosity (LVOL and air). The GEO-LVOL composites rapidly develop their compressive strength with a nearly constant compressive strength after 7 days (Figure S2, top). This is typical for GEO materials and in accordance with isothermal calorimetry (Figure 9a). The latter shows that after 60 hours, the heat flow is almost zero and the cumulative heat constant [START_REF] Albidah | Characteristics of metakaolinbased geopolymer concrete for different mix design parameters[END_REF], [START_REF] Sun | One year geopolymerisation of sodium silicate activated fly ash and metakaolin geopolymers[END_REF].

In contrast with the GEO pastes, BFS-LVOL composites display a more progressive development of their compressive strength (Figure S2, down). This is also typical for this kind of material and in accordance with isothermal calorimetry (Figure 9b). The latter shows that after 100 hours analysis, the heat flow is still non-zero and the cumulative heat still increases [START_REF] Fernández-Jiménez | Alkali-activated slag mortars Mechanical strength behaviour[END_REF], [START_REF] Bilim | Predicting the compressive strength of ground granulated blast furnace slag concrete using artificial neural network[END_REF]. The results of Galliez [6] highlighted that the dense and compact 3D structure of the λ-MnO2 has a low trapping efficiency due to the difficult access of hydrogen atoms to reactive sites. In the case of birnessite, the lamellar structure has a strong tendency to interact with water, which is interfering with the trapping of H2. Cryptomelane displays good hydrogen trapping efficiency. Overall, the most effective manganese dioxide polymorph is γ-MnO2, i.e. nsutite [6].

The complex γ-MnO 2 structure and its impact on getter efficiency Pyrolusite or β-MnO2 is the most thermodynamically stable manganese dioxide form. It is composed of MnO6 octahedrons linked together by their corners forming 1x1 tunnels (Figure 1). Ramsdelliste or R-MnO2 is composed of MnO6 octahedron linked together by their corners and edges forming 2x1 tunnels (Figure 1). Nsutite or γ-MnO2 is a mixture of pyrolusite and ramsdelliste manganese dioxide species [9]. It is considered as an irregular intergrowth of pyrolusite and ramsdelliste blocks, hence composed of 1x1 and 2x1 tunnels and first identified by De Wolf [10]. This irregular assembly is therefore called the De Wolf defect. Another specificity of the nsutite structure is the presence of microtwinning defects. This occurs when two adjacent MnO6 octahedron are oriented so that they share the same crystal lattice points in a symmetrical manner. The result is an intergrowth of two-separated MnO6 octahedron that are tightly bonded to each other.

Due to these defects, the structure of nsutite is difficult to characterize by XRD. The random sequencing of R-MnO2 and β-MnO2 depends on the nsutite synthesis conditions and the resulting defects actually have a strong impact on the getter efficiency. The amount of 1x1 tunnels in the structure, i.e. the amount of pyrolusite units, is referred to as Pr. The amount of microtwinning defects is referred to as Tw. Both Pr and Tw are expressed in %.

Chabre and Parmentier [5] developed an empirical method allowing the determination of these two parameters based on peaks shifting along diffraction patterns. Accordingly, Figure 2 compares the trapping efficiency of getters made up of nsutites with varying Pr and Tw in their structure. It confirms that pyrolusite and ramsdellite alone display a poor hydrogen trapping efficiency. On the contrary, all nsutites that have been tried are efficiently trapping hydrogen gas. However, Galliez [2] evidenced that the higher the microtwinning rate (high Tw)

and the lower the amount of 1x1 tunnel (low Pr), the higher the hydrogen trapping kinetics.

Indeed, the reactive sites are more easily accessible for hydrogen atoms in a highly disordered structure (high Tw) and in 2x1 tunnels (low Pr). Finally, the specific surface area also plays an important role with higher specific surface area promoting trapping efficiency. 

The getter trapping mechanism

In their reaction with hydrogen atoms, manganese dioxides are reduced and transformed in manganese oxyhydroxides. Several authors tried to understand the mechanisms of H2 trapping by γ-MnO2/Ag2O getters [1], [2], [4], [5]. The one proposed by Galliez is the most recent and complete one [2], [14], [15]. First of all, he demonstrated that Ag2O is transformed in Ag2CO3 by carbonation with ambient CO2 during the getter preparation. However, Farcy [16] demonstrated that Ag2CO3 is transformed back to its original Ag2O form in high pH conditions. In a first step (step 1 in figure 4), Galliez describes that there is a competition between the catalytic effect of Ag2O on the dihydrogen dissociation and its reduction into metal silver by reacting with hydrogen (Ag2O + H2  Ag + H2O). Due to this partial reduction of Ag2O in metal Ag, it is more appropriate to call it a promoter rather than a catalyst. The formed hydrogen atoms can then be inserted in the tunnel structure of nsutite. Initially, they are preferentially inserted in 2x1 tunnels, which are more easily accessible (step 2 in figure 4). Progressively, this leads to Jahn-Teller deformations of adjacent 1x1 tunnels (step 3 in figure 4). Hydrogen atoms are then preferentially inserted in these deformed 1x1 tunnels (step 4 in figure 4). After saturation of 1x1 tunnels, hydrogen can finally fill 2x1 tunnels until saturation. The final product corresponds to the δ-MnOOH form presented above. 

Application in cementitious materials

One of the main objectives of this work is to produce AAM immobilizing tritiated oils, hence containing the γ-MnO2/Ag2O hydrogen/tritium getter to avoid gaseous tritium (HT) release.

A pioneer patent describes cementitious materials containing this type of getter [17]. It deals with several types of cementitious materials: 1) Portland cement, 2) geopolymer and 3) calcium sulfoaluminate cement. In the patent, the authors describe that a drying step at 60°C is required to remove the water present in the pores of the cementitious materials. This allows the transport of hydrogen gas, initially present in the environment, in the materials structures, in order to be trapped. After drying, the trapping was efficient in all three materials but it is not feasible at an industrial scale to dry cementitious waste packages before their disposal due to processing and safety issues.

Since that patent, two main studies have been conducted on the γ-MnO2/Ag2O getter efficiency in cementitious materials without drying, for the purpose of gaseous tritium confinement [18].

On the one hand, Lanier [19] studied the getter efficiency in Portland cements (of CEMI and CEMV types) and designed low permeability mortars for tritiated waste confinement. On another hand, Farcy [16] studied the getter efficiency in magnesium potassium phosphate (MKP) and calcium sulfoaluminate (CSA) cements in order to limit the presence of water in the cement system. These studies demonstrated an excellent hydrogen trapping efficiency of the getter in Portland, MKP and CSA cements, without the need of a preliminary thermal treatment step. However, interactions between the getter and the cementitious porewaters were brought to light and this might affect the getter efficiency.

Several parameters might have an impact on the getter efficiency in cementitious environments:

 Despite its efficiency in wet conditions [1], [4], several authors agree that the getter efficiency is higher in dry conditions [1], [2], [16]. Figure 5 exemplifies the strong impact of humid conditions on the getter efficiency [16]. Hence, the amount of free water, present in the porous network of cementitious materials, might have an impact on the getter efficiency.  The packing of MnO6 octahedrons creates a variety of voids that form sublattices of structurally equivalent interstitial sites, and allow the intercalation of cations and water into the MnO2 frameworks. For instance, manganese dioxides are widely used to remove metal ions from wastewater by adsorption [20], [21] and Figure 6 illustrates the predicted sites for alkali intercalation [22]. Farcy [16] demonstrated that the nsutite structure has a strong tendency to adsorb various ions present in cementitious porewaters (Ca 2+ , Mg 2+ , Na + …). This might have an impact on the accessibility of reactive sites for hydrogen.  The literature reports that sulfide species reduce MnO2 and MnOOH via a two-electron inner-sphere transfer process, because these solids have an empty and partially filled conduction band of orbitals, respectively, that can accept two electrons. In the case of MnO2, this results in the reduction of Mn (+IV) to Mn (+III) [23]. In addition, a recent patent describes that manganese dioxide reacts with sulfide species present in BFS mortars through the following reaction [24]:

2𝑅 𝑆 + 8𝑀𝑛𝑂 + 𝐻 𝑂 → 𝑅 𝑆 𝑂 + 𝑅𝑂𝐻 + 4𝑀𝑛 𝑂
If happening, this reaction would reduce the trapping capacity of the getter.

In conclusion, AAM are considered in this work for their ability to efficiently immobilize industrial oils. In the case of tritiated oils, the functionalization with a γ-MnO2/Ag2O hydrogen/tritium getter is considered to limit HT/T2 outgassing. This chapter aims at studying the hydrogen trapping performance of the γ-MnO2/Ag2O getter in AAM. In particular, potential detrimental interactions between AAM porous environments and the getter will be examined. In addition, this chapter also aims at ascertaining that the presence of oil does not interfere with the trapping performances.

Chapter IV: Trapping performance of alkali-activated materials incorporating a hydrogen/tritium getter for the conditioning of tritiated organic liquids (Published in Journal of Nuclear Materials)

Charles Reeb 1,2 , Catherine Davy However, alternative materials are required for specific applications, where OPC are inadequate, e.g., for immobilizing aluminum [5], [6], or organic liquids (OL) [7], [8]. In the latter case, with OPC, the incorporation of OL may prove difficult, the setting and strength development are significantly hindered [9]- [12], and durability is uncertain [13]- [16]. Instead, alkali-activated materials (AAM) have proven their excellent behavior for OL conditioning [8],

[16]- [23]. They are currently investigated in the framework of the European H2020 PREDIS project [24].

An alternative to OL treatment is to resort to incineration, but this method presents strong restrictions, with significant limitations on radiologic activity or prohibiting the presence of specific chemical compounds in the wastes. In particular, tritium gas, an isotope of hydrogen, is released by waste from current fission nuclear reactors, and significantly more will be produced in the near future by the nuclear fusion reactor ITER [1], [25]. Although tritium is a short-lived radionuclide, it is very difficult to confine and can easily migrate in the environment. Numerous tritiated waste exceed the allowed annual limits for tritium emission in gaseous and liquid effluents from incineration units [1], [26]. In practice, tritiated OL are currently not allowed in incineration units. Rather, immobilization into cement-based materials has been considered [27], [28], but until now this has been done without any means to limit tritium gas release and hence, to provide sufficient resistance against internal cracking (due to gas pressure build-up) and sufficient durability.

Scientific background

Although they are based on OPC, the developed matrices in [27], [28] also have a very limited compressive strength (below 100 kPa after 28 days curing, at an OL incorporation rate of 15-20%wt cement). This is too low for current international regulations, which impose a minimal compressive strength of 8 MPa. As developed above, to achieve such minimal strength for cement matrices encapsulating OL, alkali-activated materials (AAM) are more adequate than OPC [8], [16]- [23]. In practice, two types of AAM exist depending on their Ca content [30].

Both are investigated here. Low Ca content AAM is based on alkali-activated metakaolin (MK); this provides a geopolymer matrix, made of an amorphous 3D alumino-silicate solid framework. High content Ca AAM is based on alkali-activated blast furnace slag (BFS); setting leads to amorphous calcium aluminate and silicate hydrates.

Aims and scopes

Complementarily to using an AAM matrix for the immobilization of radioactive OL wastes, tritiated OL also require the confinement of tritium gas.

An international patent [31] shows that significant trapping of H2 is possible in different conditioning matrices, including AAM, provided that they include a dedicated hydrogentritium getter, and that a preliminary drying of the cement matrix is performed (at 32°C for 14 days followed by 2 days at 60°C). The getter is a mix of γ-MnO2 and Ag2O, aiming at irreversibly trapping gaseous hydrogen [32]- [34] and its isotopes (deuterium and tritium forms) [35]. It has been successfully used in the development of Portland cement-based mortars [36] or calcium sulfoaluminate cements [37] for the conditioning of tritiated waste, without requiring any heat treatment, although the latter was suggested in [31]. These cement matrices incorporate a fixed amount of 10% γ-MnO2/Ag2O getter in a powdered form (expressed in% of the total mortar mass) with a 1 H2 trapping efficiency of over 90% after exposure to gamma irradiations.

However, the getter efficiency after incorporation in an AAM without heat treatment is not known. Potential detrimental interactions may occur between the γ-MnO2/Ag2O getter and the AAM pore-waters such as 1) significant cations and/or anions sorption on the γ-MnO2 surface [37], 2) a high amount of free water present in the pore structure of MK-based AAM (i.e., geopolymers) and 3) the presence of reductive species in BFS-based AAM [38], which might react with the oxidative components of the γ-MnO2/Ag2O getter. The influence of the immobilized OL on the hydrogen trapping efficiency is also a question on hold.

The purpose of this research is precisely to determine the hydrogen/tritium trapping efficiency of AAM added with getter for OL immobilization. Hydrogen gas is used, and results are assumed extendable to tritium. Following the promising materials developed in [36], [37], [39], the AAM developed in this research contain 10 wt.% of γ-MnO2/Ag2O getter, or a nontrapping γ-MnO2 powder used for comparison purposes. The AAM are either based on blast furnace slag (BFS) or on metakaolin (MK). They are neither dried nor heat treated. Following industrial requirements, a fixed OL incorporation rate of 20% by volume is used. The OL is a pure non-reactive mineral oil.

The efficiency of H2 trapping in the two AAM is assessed via in situ hydrogen production, using shown that the OL emulsification is better (with smaller and more homogeneously distributed droplets) in sodium hydroxide activated BFS than in sodium silicate activated BFS.  For the alkali-activated blast furnace slag (BFS), the components (sodium hydroxide, water and BFS) are weighed with a water/BFS mass ratio equal to 0.45 and a mass concentration of sodium hydroxide representing 10% by mass of the mass of BFS, following [47].

For both AAM, the alkali-activating solutions are prepared first. Sodium hydroxide pellets are dissolved in distillated water. In the GEO case, the sodium silicate solution (Betol 39T) is also added to the mix. The solutions are left to cool down to room temperature for several hours. 2. The second step (Figure 1 given in Table 3. The third step (Figure 1, Step 3) is divided into two distinct paths:

 Step 3a (Figure 1) consists in adding the OL in proportions representing 20% volume of the total volume of the material. The OL is quickly introduced in each fresh paste and the mixing is carried out for 5 minutes at 2000 rpm until homogenization. Fresh mixtures are then cured under endogenous conditions at 25°C for 90 days to provide material C. A detailed composition is given in Table 4. Due to the easy incorporation of the OL, no phase separation is observed until hardening of the AAM. 


Step 3b (Figure 1) consists in adding Mg powder in proportions representing 2% by mass of the total mass of the material. It is quickly introduced in the fresh grout and the mixing is carried out for 3 min at 2000 rpm until homogenization. Each fresh mixture is then directly placed in a sealed stainless-steel container and cured under endogenous conditions at 25°C to provide material D. A detailed composition is given in Table 5. With this strategy, the effect of the OL on the trapping performance of the AAM added with getter is characterized independently of the trapping performance of the AAM added with getter alone. Gamma irradiation tests are used for the former (Step 3a), and magnesium corrosion is used for the latter (Step 3b). 

Hydrogen trapping performance

Two complementary methods are used to produce dihydrogen in-situ:

 Gamma irradiation exposure allows producing H2 in-situ by radiolysis of water and OL present in the materials. This method best represents real-life storage conditions. However, it is performed on cured materials (i.e., not from early age) and the amount of H2 is measured at a specific cumulative dose (i.e., for a specific amount of H2 produced).

 The presence of magnesium in alkaline conditions produces H2 in-situ by magnesium corrosion. This is not representing real-life storage conditions, because in practice, no Mg powder will be dispersed into AAM for storage purposes. However, this method allows measuring the amount of H2 produced over time directly from fresh materials (i.e. from an early age) and this can be continuously, over long periods of time. In this research, measurements are performed for 460 days (16 months).

Moreover, all AAM (materials B, C and D) are made either with the γ-MnO2/Ag2O getter, or with a γ-MnO2 powder. The latter is used as a non-trapping reference powder, in order to quantify (by comparison) the H2 trapping performance of the AAM incorporating the γ-MnO2/Ag2O getter, without changing the material microstructure. Each sample is subjected to external gamma irradiations ( 60 Co) in the experimental Gammatec irradiator in Marcoule (France). A dose rate of 1000 Gy.h -1 is applied to achieve total doses of 250 kGy and 500 kGy respectively, on distinct samples (made at the same time). A Perspex dosimeter provided by Harwell [48] is used according to the ISO-ASTM 51261 procedure [49].

Gamma irradiation experiments

The temperature is regulated between 20 and 25 °C during irradiation.

After irradiation, the amount of H2 present in the gas volume of each sealed glass vial is directly analyzed using a micro-gas chromatography (GC) analyzer Fusion from INFICON. The device is equipped with a capillary column (Restek Rt-Msieve 5A) and a thermal conductivity detector with a detection limit of 0.0001% H2. In this experiment, pure argon is used as the carrier gas.

The H2 molar amount 𝑛(𝐻 ) (in mol) is determined from the percentage of H2 present in the vial gas volume (directly given by micro-GC), from the gas pressure P in the vial after irradiation (Pa) and from the free volume V in the glass vials (m 3 ) as:

Interactions between the AAM porewaters and the getter

This part aims to determine the influence of the AAM porewater chemistry on the γ-MnO2/Ag2O getter, and, hence, to explain its relative efficiency in each AAM. The AAM porewater solutions are directly extracted from the solid AAM, to represent the composition of the actual porewater solutions as closely as possible.

Complementarily, the sulfides species present in the BFS-based AAM porewater are assumed to affect the getter efficiency. To prove this, a simplified interacting solution, containing sulfite species and mimicking reductive conditions present in BFS-based materials [51], is used.

The getter is put in contact with both solution types, and several analysis methods are used to characterize the changes in its structure.

Details of the solutions, experimental protocol and analysis methods are given in Appendix.

Results and analysis With the γ-MnO2/Ag2O getter, all materials B have a significantly lower hydrogen production, with values ranging from 0.07.10 -10 mol/J (GEO at 500 kGy) to 4.45.10 -9 mol/J (BFS at 500 kGy), again depending on the material and on the cumulative dose considered. This means that in presence of getter, for GEO, the H2 production is lower by more than two orders of magnitude when compared with γ-MnO2-based materials. For BFS-based AAM, however, the H2 production only decreases by 52-65%, depending on the cumulative dose.

With γ-MnO2, materials C (i.e. with oil) have a significant H2 radiolytic yield ranging from 1.15.10 -8 mol/J (BFS at 250 kGy) to 3.41.10 -8 mol/J (GEO at 250 kGy) depending on the material and on the cumulative dose considered. GEO displays experimental radiolytic yields close to the theoretical value, meaning that the OL produces H2 as expected. On the contrary, BFS displays a radiolytic yield significantly lower than (i.e., about half lower than) the theoretical one; in both cases, 𝐺(𝐻 ) is of the same order of magnitude. This could be attributed to the fine pore structure of BFS-based AAM, which slows down the release of H2 produced from the samples.

With the γ-MnO2/Ag2O getter, the radiolytic yield 𝐺(𝐻 ) of GEO materials with OL (materials C) is on average of 2.71.10 -9 mol/J (at 250 kGy) and 4.23.10 -9 mol/J (at 500 kGy).

This is one order of magnitude lower than γ-MnO2-based materials. In BFS, the H2 production is slightly lower than that of the samples containing γ-MnO2. For instance, at 250kGy cumulative dose, 𝐺(𝐻 ) is on average of 1.15.10 -8 +/-0.22 mol/J with γ-MnO2 and 0.86.10 -8 +/-0.12 mol/J with the γ-MnO2/Ag2O getter. This means that the getter does not have an actual efficiency towards H2 trapping. In GEO, in the absence of OL (i.e. in materials B), the trapping efficiency reaches almost 100%

(with average values of 98.1-98.7% depending on the cumulative dose), whereas in BFS, the trapping efficiency is between 52 and 65% (depending on the cumulative dose).

In presence of OL (i.e. in materials C), again in GEO, the trapping efficiency remains high, with a value of 87-92% (depending on the cumulative dose). In BFS+OL, the trapping efficiency is very low, with values between 16 and 25%.

It is concluded that the trapping efficiency of the γ-MnO2/Ag2O getter efficiency is poor in BFSbased AAM. 

Continuous H 2 trapping performance of AAM in presence of getter (materials D)

The corrosion of Mg powder introduced in material D (Figure 1) provides continuous in situ H2 release for long periods of time (for over a year, see [52]). These are recorded and analyzed in the following, in presence of non-trapping γ-MnO2 or of getter inside the AAM (and no OL). Given the amount of H2 released from non-trapping γ-MnO2-based materials, Mg corrosion is very fast at an early age in both AAM materials (for the first 28 days), and then it progressively decelerates, without reaching an asymptote after 443 to 464 days (depending on the sample considered). This deceleration is attributed to (1) the hardening of the AAM, which pore structure decreases the mobility of the reactive species and (2) mainly to the formation of a brucite (i.e. Mg(OH)2) protective layer at high pH (i.e. for a pH > 11.5), as observed in [53].

Trapping kinetics

Moreover, for all samples, Mg corrosion continues even after the end of the recordings because Mg corrosion continues [51].

In the absence of getter, the lowest cumulative amount of released H2 is in GEO-based AAM.

On average, the cumulative amount of released H2 in GEO is of 4.84 As a matter of comparison, the cumulative amount of trapped H2 is significantly greater with the corrosion method than after exposure to gamma radiations. For instance, for BFS, the cumulative amount of trapped H2 is of 0.02 mmol/g of getter after gamma irradiation (Figure 3), whereas it is of 0.67 mmol/g of getter +/-0.07 after 443-464 days Mg corrosion (Figure 5).

Trapping efficiency

For up to about 200 days, the amount of trapped H2 is significant in both AAM. No statistically significant difference is observed between them. After that, the amount of trapped H2 stabilizes in BFS materials, while it keeps increasing in GEO materials, without reaching an asymptote at the end of the tests (after 443 to 464 days). After 443-464 days, the cumulative amount of trapped H2 in BFS materials is limited to 0.67 mmol/g of getter +/-0.07. During the continuous corrosion process, the cumulative trapped H2 percentage (with respect to the same material made with γ-MnO2) decreases in BFS materials, down to 59% +/-3 after 443-464 days.

Comparatively, in GEO materials, the cumulative amount of trapped H2 is greater (0.91 mmol/g of getter +/-0.01) after 443-464 days. Simultaneously, the cumulative trapped H2 percentage remains stable, with an average value of 93.5% +/-2.5 after 443-464 days. Finally, the instantaneous trapped H2 percentage is calculated for both AAM (Figure 6). In BFS materials, this parameter remains greater than 75% during the first 100 days. After that period of time, the instantaneous trapped H2 percentage decreases significantly, down to 0% reached at about 215 days (7 months and a half). After that duration, the trapped H2 percentage oscillates around zero, meaning that the getter-added BFS material no longer provides H2 trapping. The instantaneous trapped H2 percentage remains significant in GEO AAM, with values ranging between 63 and 88% after 443-464 days.

Chapter IV: Trapping performance of alkali-activated materials incorporating a hydrogen/tritium getter for the conditioning of tritiated organic liquids 187 Comparatively, after the gamma irradiation test of BFS materials, the amount of trapped H2 is very limited. In such instance, the production of H2 starts only after 3 months curing. This means that the γ-MnO2/Ag2O getter has probably lost a significant part of its efficiency after such duration. In the Mg corrosion test, H2 is produced at an early age, as it will be in the industrial case. In such instance, from an early age, H2 can be trapped by the γ-MnO2/Ag2O getter before it loses efficiency. In this section, the γ-MnO2/Ag2O getter powder is placed in contact with two types of aqueous solutions. The first ones are directly extracted from materials A (Figure 1) to represent the actual AAM porewaters, and the second one is a sodium sulfide solution, used to mimic the reductive species present in the BFS-based material at an early age.

Interactions between porewaters and γ-MnO2/Ag2O getter

This experiment aims, in a qualitative way, to highlight the strong tendency of the γ-MnO2/Ag2O getter to adsorb ions present in the AAM porewaters on its surface.

The γ-MnO2/Ag2O getter is placed in contact with the AAM porewaters directly extracted from The composition of the extracted porewaters is analyzed by ICP-AES before and after contact with the γ-MnO2/Ag2O getter. Results are given in Figure 7 (black columns are before contact with getter and striped columns are after contact with getter).

In both AAM (i.e. GEO and BFS), the alkaline activating solutions contain high amounts of sodium ions, which significantly adsorb at the surface of the getter (Figure 7, bottom). In GEO material, small amounts of potassium and phosphorus-based ions (cations and anions) are released by the getter, whereas sulfur and silicon-based ions (mainly anions) are trapped. In BFS, aluminum-based ions are slightly adsorbed, whereas calcium cations, potassium cations and sulfur anions are all adsorbed on the getter surface; silicon and phosphorus-based ions are not present.

According to [37], the getter surface is negatively charged in alkaline conditions (≡Mn-O -) and therefore has a strong tendency to adsorb cations by electrostatic interactions. For instance, a strong sorption of calcium cations is observed in Portland cements, as reported earlier [54].

According to these earlier researches, anions were not expected to adsorb on the getter surface. However, the sorption of anions observed in this research is attributed to the preliminary sorption of cations, which changes the surface charge of the getter from negative to positive, allowing the sorption of anions in a double layer.

Overall, this section shows that the γ-MnO2/Ag2O getter has a strong tendency to adsorb ions on its surface, both anions and cations, and this may have an impact on the getter H2 trapping properties.

XRD results

Before and after contact with the different porewater solutions, the crystalline phase blend of the γ-MnO2/Ag2O getter is determined by qualitative XRD (Figure 8). According to the literature [36], the γ-MnO2/Ag2O getter is supposed to have a hardly crystalline structure, so that the phase identification is not straightforward. Some bumps on the XRD patterns actually indicate the presence of non-crystalline matter.

However, the presence of crystallized pyrolusite (PDF 01-071-0071) is observed on the XRD pattern of the getter powder used in this paper. According to [55], the presence of pyrolusite strongly decreases the H2 trapping kinetics of the γ-MnO2/Ag2O getter. There is also a slight presence of metallic silver (PDF 03-065-2871), which has no catalytic effect on H2 dissociation [56], [57]. However, the first part of this paper highlighted the significant efficiency of the γ-MnO2/Ag2O getter, indicating that these two unwanted species are present as impurities.

Their presence may be due to the manufacturing process of the γ-MnO2/Ag2O getter.

The main observation is that porewater solutions extracted from the AAM do not impact the γ-MnO2/Ag2O getter crystalline structure (Figure 8). The trapping capacity of the γ-MnO2/Ag2O getter before and after contact with the alkaline pore-waters is given in Figure 9. First of all, the trapping efficiency of the unaltered getter powder is on the order of 4 mmol/g of getter, which is lower than the experimental trapping capacity of about 5.7 mmol/g of getter determined by Farcy [37]. This difference is attributed to the presence of crystallized pyrolusite and metallic silver observed on the XRD pattern in Figure 8.

After contact with the alkaline porewaters for 116-120 days, the H2 trapping capacity of the getter powder is reduced by about 50%, with only a slight difference between the two distinct porewaters (slightly more H2 is trapped in GEO than in BFS). This is attributed to the sorption of ions observed in Figure 7, which decreases the H2 trapping kinetics and/or the trapping efficiency by making the reactive sites of the γ-MnO2 less accessible and/or inaccessible. This is an important result as it highlights that the theoretical trapping efficiency of the γ-MnO2/Ag2O getter powder is no to be considered when incorporated into cementitious materials. However, this test is not discriminatory and does not explain why the γ-MnO2/Ag2O

getter is less efficient in BFS-based AAM. 

XRD results

The crystalline phase blend of the γ-MnO2/Ag2O getter powder after contact with the sodium sulfides solution is determined by qualitative XRD and compared to the XRD pattern of untreated getter powder (Figure 11). After contact with the sulfide species, many peaks appear on the getter XRD pattern. They are attributed to the presence of silver sulfide Ag2S (PDF 01-080-5476). The emergence of low intensity peaks (32°, 37°) corresponding to the powder diffraction profile of Mn3O4 is also observed (PDF 01-075-1560). Finally, a strong peak at 2ϑ = 20° could not be attributed by the computing system to any powder diffraction profile corresponding to the elements in presence. According to [58], this peak could be attributed to MnSO4 salt.

Hydrogen trapping capacity of γ-MnO2/Ag2O getter

The trapping capacity of the γ-MnO2/Ag2O getter before and after contact with the sodium sulfides solution is given in Figure 12. After contact with the sulfides solution, the trapping capacity of the getter is divided by a factor of 11; the trapping capacity is lower than 0.4 mmol/g of getter and remains stable. This is attributed both to the change of amorphous Ag2O into crystalline Ag2S and to the possible reduction of γ-MnO2 in Mn3O4 or other species.

Previous studies highlighted the reduction of MnO2 into Mn2O3 by reacting with sulfides

Chapter IV: Trapping performance of alkali-activated materials incorporating a hydrogen/tritium getter for the conditioning of tritiated organic liquids 192 present in BFS [59]. The γ-MnO2/Ag2O trapping mechanism involves the reduction of MnO2 in MnOOH supported by amorphous Ag2O catalysis [55]. The crystalline Ag2S that is formed might not be as efficient as Ag2O to promote the dissociation of dihydrogen molecules.

Additionally, if γ-MnO2 is already in a reduced state (Mn2O3, Mn3O4, etc.), the trapping capacity will be consequently reduced. Further X-ray photoelectron spectroscopy (XPS) analysis could allow confirming the chemical changes occurring to the getter constituents when placed into contact with sulfide species.  The presence of OL does not reduce the trapping capacity, but it has an impact on the H2 trapping kinetics.

 After 443-464 days Mg corrosion, without OL, the amount of trapped H2 in BFS material is limited to 0.7 mmol/g of getter, while is it higher in GEO material. This means that GEO functionalized with γ-MnO2/Ag2O getter display excellent hydrogen trapping efficiency, but it is not the case of BFS-based materials.

 Complementarily, the contact of the γ-MnO2/Ag2O getter powder with the AAM porewaters highlights the strong tendency of the getter to adsorb ions on its surface, both cations and anions. With both types of alkaline porewaters, this reduces the H2 trapping capacity of the getter by 50%.

 Finally, the γ-MnO2/Ag2O getter is placed into contact with sulfides, which are present in BFS-based materials. X-Ray Diffraction (XRD) and Scanning Electron Microscopy (SEM) evidence that the structure of the getter is modified after contact with sulfide species. The amorphous Ag2O promoter reacts into crystalline Ag2S and the γ-MnO2 is most likely reduced, but the exact reaction product could not be determined. This leads to a surface-modified getter powder and explains its poor efficiency for H2 trapping in alkali-activated BFS materials.

In further research, the efficiency of H2 mitigation should be tested with greater gamma doses (> 1000 kGy), at varying dose rates, to assess the H2 trapping capacity of the getter in GEO materials and also the trapping kinetics. More generally, the influence of the γ-MnO2/Ag2O getter on the reactivity and final properties of GEO materials should be assessed.

Considering the tritium issue, the proposed getter is able to reduce T2 or HT releases but does not prevent tritiated water (HTO) to move out from waste packages. This will also require additional investigations (HTO diffusion experiments). geopolymers (GP), display better performances for OL immobilization [3], [4]. GP can incorporate up to 60 %vol. of OL [5], [6]. The final composite materials, referred to as GEOIL, display high mechanical performance (above 10 MPa in uniaxial compression) [7], [8].

For industrial-scale radioactive waste disposal, the GEOIL solution still needs to comply with usual acceptance criteria. One of the most challenging aspects is its long-term behavior, i.e.

its long-term durability. Under typical radioactive waste disposal conditions, the durability of GEOIL has mainly been investigated on the short term [6]. Over a long period of time (several years and more), ensuring an adequate confinement of OL inside geopolymers still remains an unanswered question.

Aims and scopes

The confinement of an OL into a GP matrix is promoted by strong physico-chemical interactions (wetting and adhesion) between the OL and the GP surface. However, in a typical radioactive wastes disposal site, natural water seepage is usual. On the long term, any greater affinity of the water for the GP surface, compared to the OL, could lead to water replacing the OL, and OL migrating through to the environment.

In this context, for safety assessment, it is useful to determine and compare the wetting properties of OL and of water on a typical GP substrate. The aim here is to determine which liquid (OL or water) has the greatest spreading on the GP surface. To this purpose, the surface free energy (SFE) of a typical GP needs to be identified. SFE is a first order parameter, which allows determining the affinity of liquids (OL or water) for the GP surface.

The characterization of the SFE of a solid is not straightforward, even for an ideal surface.

Several semi-empirical analytical models based on contact angle measurements have been developed [9]. The commonly used method developed by Owens-Wendt is adopted in this work [10], because it has already been used to determine the SFE of ordinary Portland cement and slag-based materials [11]- [13]. In this research, the SFE of GP is determined experimentally by contact angle measurements and from the Owens-Wendt model, using fours selected OL, including water.

Further, by using the identified SFE values and the Owens-Wendt model, the corresponding wetting envelopes are represented [14]. They are theoretical tools predicting the wetting (i.e.

the contact angle) of any liquid on the GP surface. After plotting, they are validated experimentally, by measuring contact angles of liquids different from those used for model identification. In this work, these will be two OL typically used in the nuclear industry.

Finally, the spreading ability of these two OL and water is quantified using the SFE of the GP surface. The preferential wetting of OL or water on the GP surface is discussed.

Theoretical background 2.1. Surface wetting properties

The affinity of a liquid for a solid surface is characterized by wettability. At equilibrium, wettability is captured by the contact angle 𝜃 of a spherical cap-shaped droplet, where the liquid-vapor interface meets the solid-liquid interface (Figure 1). 𝜃 depends on the interfacial free energies of solid-vapor (𝛾 ), solid-liquid (𝛾 ) and liquid-vapor (𝛾 ) interfaces, expressed in N.m -1 or J.m -2 . For small relative vapors, 𝛾 = 𝛾 and 𝛾 = 𝛾 . By convention, 𝛾 refers to the surface free energy (SFE) of the solid and 𝛾 refers to the surface tension of the liquid. At equilibrium, they are all related in the thermodynamics approach of Young [15] by: 𝛾 = 𝛾 + 𝛾 cos θ (1) The wettability of a liquid on a solid surface is determined by (1) the work of adhesion WA between liquid and solid and (2) the work of cohesion WC. WA measures the strength of contact between two distinct phases and corresponds to the work required to disjoin a unit Chapter V: A new approach for evaluating the long-term confinement of radioactive organic liquid 208 area of the solid-liquid interface (𝛾 ) by creating a unit area of liquid-vapor (𝛾 ) and of solidvapor (𝛾 ). WC is the work produced per unit area when dividing a homogeneous liquid. In other words, while WA contributes to the spread of liquid over the solid surface, WC offers resistance to liquid spreading, inducing a liquid contraction. They are related to the interfacial free energies in Eq. 2 and Eq. 3 as [16], [17]:

𝑊 = 𝛾 + 𝛾 -𝛾 (2) 𝑊 = 2. 𝛾 (3) 
According to Eq. 2, a significant WA does not only require significant free energies of both liquid (𝛾 ) and solid (𝛾 ), but also a low interfacial energy (𝛾 𝑆𝐿 ).

Complementarily, the spreading coefficient S measures the tendency of a liquid to spread on a solid surface. It is defined as the difference between the work of adhesion and the work of cohesion. For spontaneous spreading to occur, it is necessary that S is positive, according to Eq. 4 below [18]:

𝑆 = 𝑊 -𝑊 = 𝛾 -𝛾 -𝛾 (4) 
The Dupré equation (Eq. 2) combined with the Young equation (Eq. 1), results in Eq. 5 below:

𝑊 = 𝛾 (1 + cos 𝜃) (5) 
Eq. 5 is often called the Young-Dupré equation and relates the work of adhesion to the equilibrium contact angle 𝜃. It is inherently a mechanical expression which does not take into account chemical aspects of the liquid-solid interac on.

Fundamentally, wetting is also a chemical phenomenon, and models taking into account chemical interactions have greater explanatory power, i.e. they have the potential to be more predictive than purely mechanical theories. Accordingly, several models use Eq. 1 as a starting point, but they also capture the chemical aspects of solid-liquid and liquid-vapor interactions 

𝛾 = 𝛾 + 𝛾 (7) sodium hydroxide, water and MK) are weighed in order to have a reference molar composition of 3.5 SiO2 : 1.0 Al2O3 : 1.0 Na2O : 14.0 H2O. The preparation of the GP is detailed elsewhere [6], [22]. Samples are cured in endogenous conditions at 20°C under atmospheric pressure for at least 14 days to ensure complete geopolymerization.

Organic liquids

Deionized water and ethylene glycol, dimethylformamide (DMF) and dodecane with analytical-reagent quality (purchased from Sigma-Aldrich, USA) are used for determining the SFE of GP.

In order to validate experimentally the wetting envelopes, analytical-reagent quality Tributylphosphate (TBP), from Sigma-Aldrich, USA, and an industrial mineral oil (labelled IO for industrial oil, reference Shell SPIRAX S2 A80W-90, Shell Company, France) are selected.

Contact angle measurements θ

is measured with the sessile drop method using an optical tensiometer (Kruss K100).

Liquid drops are stable over time on PTFE substrates (they are measured without any time constraint). For each sample, θ is the average of three measurements.

The process for θ is slightly different. After demolding, the GP monolithic sample is dried by air exposure for at least 24h. This decreases the liquid penetration rate into the porous solid material when measuring contact angles; in a first approach, it is assumed not to affect the contact angle value. θ is measured with the same method as for θ ,. After the liquid drop is deposited on the GP surface, it fully penetrates into the GP in less than 10 s, because GP are porous materials and liquids may easily penetrate by capillarity. This phenomenon may lead to underestimate contact angle values. Therefore, contact angles on the GP surface are measured 1 s only after the drop deposition. For each sample, θ is the average of three measurements.

Results and discussion for DMF [23], dodecane [24] and water [25], with less than 10% difference for all values except one at 20% (𝛾 for water). For ethylene glycol, the polar contribution is strongly underestimated in comparison with [26], possibly because the authors use a specific method, relying on water-ethylene glycol mixes. 1). This yields two distinct sets of four (X, Y) values for the GP surface (Fig. 2b). These two sets of results for the GP SFE are comparable, with less than 10% difference.

To our knowledge, the literature does not report any SFE for metakaolin-based GP, but the total SFE 𝛾 (54.4-57.6 mN.m -1 ) is of the same order of magnitude as for ordinary Portland cement (47.9-54.4 mN.m -1 ) or slag-based alkali-activated materials (66.3 mN.m -1 ) [13]. 

Determination of the GP wetting envelopes

Using (𝛾 , 𝛾 ) obtained either from contact angle experiments or from the literature, wetting envelopes for the GP surface are plotted in Figure 3, for fixed theoretical contact angles values θ of 0°, 20°, 40° and 60°. For instance, the 20° wetting envelope corresponds to the set of liquids (with variable 𝛾 and 𝛾 ) for which the theoretical contact angle on GP is 20° in Eq. 10. Accordingly, any liquid with 𝛾 and 𝛾 laying within this contour will theoretically wet the GP surface with a contact angle lower than 20°. On the contrary, any liquid with 𝛾 and 𝛾 laying outside this contour will theoretically wet the geopolymer surface with a contact angle greater than 20°. For instance, water is very close to the 40° wetting envelope, in good agreement with its measured contact angle on GP of 38.82° (Table 1 and Figure 2a).

Experimental validation of the Owens-Wendt approach

For water, TBP and an industrial oil (IO), the predicted contact angles θ are given in Table 2. They are based on (𝛾 , 𝛾 ) deduced from the experimental measurement of (𝛾 , 𝛾 )

or from their values from the literature (for water only). For TBP and the IO, their positioning on the wetting envelopes plot (Figure 3) predicts full wetting on the GP surface (i.e. a contact angle of 0°). This means that they have a very high affinity for the GP material. The contact angles of the two liquids are also measured experimentally on the GP surface (right column, Table 2). In the case of TBP, the prediction is perfectly in accordance with the experiment. On the contrary, the experimental contact angle obtained for the IO (24°) is higher than the prediction (0°). This difference is explained by the higher viscosity of the IO, which slows down the spreading on the GP surface. The measurement of the contact angle is taken only 1 s after drop deposition; very possibly, this does not allow enough time for the Chapter V: A new approach for evaluating the long-term confinement of radioactive organic liquid viscous IO to spread. However, the contact angle measured is low, and significantly lower than that of water. 

Discussion on the preferential wetting of OL or water on GP surface

The knowledge of the geopolymer SFE allows calculating the work of cohesion 𝑊 𝐶 , the work of adhesion 𝑊 𝐴 , the spreading coefficient S and the interfacial free energy 𝛾 for any liquid of known surface tension. These are calculated for water, TBP and the IO, using Eq. 9, Eq. 3, Eq. 4 and Eq. 5 respectively (Table 3). The work of adhesion 𝑊 for TBP and the IO is much lower than that of water, due to the low surface tension 𝛾 of these liquids (Table 2). However, due to a significant work of cohesion 𝑊 water displays a negative spreading coefficient S and is unlikely to spread on the GP surface, whereas TBP and the IO spread on the geopolymer surface (positive S). In case of water seepage at disposal sites, water is therefore unlikely to migrate in GP materials and dislodge confined OL. Additionally, the GP formulation could be modified to change the SFE in order to optimize the OL affinity and reduce that of water. 

Conclusions

This paper determines experimentally the surface free energy of a GP using the Owens Wendt The knowledge of the geopolymer SFE allows calculating several interesting parameters (WA, WC, S, etc.). For instance, the spreading coefficient S shows the preferential wetting of GP by typical OL used in nuclear application, rather than by water. This is positive for ensuring the long-term confinement of OL within GP materials: Because OL have an excellent affinity for GP, long-term water seepage is not likely to dislodge OL from GP. The SFE parameter can be further used to optimize the GP formulation in order to optimize the OL affinity. In the context of nuclear wastes management, this appears as a positive contribution for ensuring long-term confinement of OL within GP materials and could be extremely useful for the acceptance of GEOIL at industrial disposal sites.

Table 1: Schematic representation of the two action mechanisms of surfactants for the incorporation of oil in AAM. The light blue background represents the aqueous activating solution, the red circles represent the oil droplets and the brown hexagons correspond to the solid particles (BFS or MK). The green circles and the black lines correspond to the surfactant heads and tails respectively. Surprisingly, even if fresh AAM can be conceptualized as similar (both are aqueous alkaline solutions containing high amounts of particles), the behavior of surfactants can be opposite in the two types of AAM and should be a focus of attention in the future development of AAM for oil immobilization.

Oil immobilization in the hardened state

The advantage of using surfactants for oil immobilization was also highlighted in hardened AAM-oil composites. It was first observed that when the composite materials fracture, the oil remains confined in the presence of surfactants owing to smaller droplets, whereas oil leakage is clearly observed in the absence of surfactants due to larger droplets.

More importantly, we have shown that there is no influence of the oil on the setting time and strength development of AAM materials. At the low concentration of that study (3.10 -3 mol.L - 1 ), surfactants do not influence theses parameters. In addition, the main AAM reaction products (C-A-S-H in AABFS and N-A-S-H in GEO) are not impacted by the addition of oil or surfactants. The impact on mechanical properties is therefore only attributed to a physical reason, i.e. the increase in fluid volume (oil and/or entrained air bubbles).

We have highlighted that the addition of surfactants, with the aim of improving the oil immobilization/emulsion, leads to the side effect of increasing the porosity of AAM by stabilizing air bubbles. In both types of AAM, Glucopon is by far the surfactant stabilizing the highest amount of air bubbles, which is highly detrimental to the short-term mechanical properties and the long-term durability of solid composite materials. However, AAM-OIL composites immobilizing 20%vol. of oil all have significant compressive strengths, of 25 MPa on average for GEO-OIL composites and 20 MPa on average for AABFS-OIL composites. This is significantly higher than the 8 MPa required by ANDRA.

In conclusion, we have demonstrated that both GEO and AA-BFS materials are suitable for immobilizing 20%vol. of oil provided that a surfactant is added, most preferentially CTAB in AABFS or Brij O10 in GEO. According to both fresh and hardened states observations, GEO exhibits higher performances for the immobilization of oil than AA-BFS, mainly based on droplets size characterizations. The type and concentration of surfactant must be carefully chosen, not only for the purpose of stabilizing the oil emulsion but also to avoid side effects, such as an excessive porosity increase that will impact the final properties of composite materials.

Getter efficiency in AAM

The efficiency of the γ-MnO2/Ag2O getter was assessed in AAM by using in-situ dihydrogen production in two distinct ways:

 Gamma irradiations (up to 500 kGy): GEO materials containing the getter demonstrated a H2 trapping efficiency of almost 100% in the absence of oil and about 90% in the presence of oil. On the contrary, BFS-based materials containing the getter exhibited only a H2 trapping efficiency of 50% in the absence of oil and about 20% in the presence of oil.

 Magnesium corrosion: The trapping of H2 in AABFS material is limited to about 0.7 mmol/g of getter; it is greater in GEO and still carries on after 500 days.

Complementarily, the contact of the γ-MnO2/Ag2O getter powder with AAM pore-waters, directly extracted from solid AAM, highlighted the strong tendency of the getter to sorb ions on its surface (Ca 2+ , Mg 2+ , Na + , but also silicates, aluminates, etc.). The sorption of these ions at the surface of the getter hinders the access of hydrogen atoms to their reactive sites, which reduces the H2 trapping capacity by 50%.

Lastly, it was evidenced that the structure of the γ-MnO2/Ag2O getter was modified after contact with sulfide species, which led to an ineffective getter powder. Most probably, sulfide species naturally present in raw BFS reduce the oxidant components of the getter powder.

In conclusion, it was demonstrated that the γ-MnO2/Ag2O getter is significantly more effective in GEO than in AABFS due to its reactivity with reducing sulfur species present in the AABFS systems.

Oil confinement on the long-term

The surface free energy (SFE) of a GEO surface was determined experimentally by contact angle measurements and using the Owens-Wendt approach. The spreading coefficient S, which can be calculated from the SFE, shows the preferential wetting of GEO materials by typical organic liquids used in nuclear applications (such as industrial oils), rather than by water. Because organic liquids have an excellent affinity for GEO materials, long term water seepage is not likely to dislodge them from GEO-OIL composites. In the context of nuclear waste management, this appears as a positive contribution to the long-term durability of geopolymer immobilizing oil (GEOIL) and it is extremely important for their acceptance in industrial disposal sites.

Further research 2.1. Ensuring oil confinement over time

This work has provided adequate formulations of strong AAM-OIL composite materials. Thus far, the remaining questions from waste regulators concern the proof that the oil will remain confined in AAM over long periods of time and under specific conditions arising from the nature of the disposal sites. Hence, the topic initiated in chapter V should be further investigated to prove, in a thermodynamic approach, that the oil strongly interacts with GEO matrices and will remain confined on the long term, even in the case of surrounding water exposure. First, the method used for contact angle measurements may not be the most adapted as the liquid droplets quickly penetrate in AAM by capillarity. The Washburn method may be more adapted for measuring contact angles on cementitious-like materials. In addition, the impact of AAM formulation parameters or ageing (e.g. irradiation exposure) on the surface free energy of AAM should be evaluated to assess if changes in the oil-GEO affinity could occur over time.

Ensuring tritium confinement

To ensure the confinement of gaseous tritium, the γ-MnO2/Ag2O getter is added in significant proportions (10 wt%). It would be interesting to assess its influence on the reactivity and on the final properties of AAM. In particular, the sorption of ions at the surface of the getter could delay the setting time of AAM, while the getter might also act as a nucleation site accelerating the setting of AAM. This work demonstrated that the H2 trapping efficiency is very effective in GEO materials. In further research, the efficiency of H2 mitigation should be studied at higher gamma doses (> 1000 kGy) and at varying dose rates, in order to assess the maximum trapping capacity and kinetics of the γ-MnO2/Ag2O getter in GEO materials.

Although this work focused on gaseous tritium (HT), it is not to be forgotten that tritiated oils also release tritium in the form of tritiated water (HTO). The proposed γ-MnO2/Ag2O getter aims at ensuring gaseous tritium (HT) confinement but does not prevent tritiated water (HTO) to be released from AAM. Hence, this will require additional investigations, in particular the development of AAM with water transport properties as low as possible. not yet available but the current trend is that the HTO diffusion is much lower in AABFS than in GEO, which confirms the relevance of studying AABFS materials for the immobilization of tritiated oils. In particular, it could be interesting to improve the γ-MnO2/Ag2O getter efficiency in AABFS, by preventing its reactivity with sulfur species. This could be achieved by adding a strong oxidant (e.g. KMnO4), which will preferentially react with the sulfurreducing species present is AABFS materials, hence protecting the oxidative constituents of the γ-MnO2/Ag2O getter. 

Etude des matériaux composites

Une huile minérale pure (ci-après huile) a été immobilisée avec succès dans des matrices géopolymère (GEO) et laitier activé (LA) jusqu'à un taux d'incorporation de 40%vol. Les principales conclusions et orientations de l'étude sont les suivantes :

• En plus d'être observé à l'état frais avec l'amélioration de l'émulsion d'huile, l'avantage d'utiliser des tensioactifs pour l'immobilisation d'huile dans des MAA peut également être observé dans les composites durcis. Dans le cas de la fracturation des matériaux composites, l'huile reste confinée en présence de tensioactifs du fait de la petite taille des gouttelettes, alors qu'un écoulement important d'huile est observé en l'absence de tensioactifs du fait de la présence de grosses gouttelettes.

• L'ajout de tensioactifs, dans le but d'améliorer l'incorporation de l'huile, a pour effet secondaire d'augmenter la porosité des MAA. Dans les deux types de MAA, le Glucopon 225DK est le tensioactif incorporant et stabilisant la plus grande quantité de bulles d'air, ce qui est préjudiciable aux propriétés mécaniques à court-terme et à la durabilité à long-terme des matériaux obtenus. 

Conclusions et perspectives

Que ce soit concernant l'incorporation de l'huile minérale, ou bien l'efficacité du piégeur à hydrogène, ce travail de thèse a mis en évidence que la matrice géopolymère est plus adaptée que la matrice laitier activé vis-à-vis de l'immobilisation d'huile tritiées. Les principales questions restantes concernent le comportement à long terme de ces matériaux composites, avec notamment la question du relargage d'huile. A cet effet, la thématique initiée dans le dernier chapitre devra être approfondie.

S y n t h e s i s a n d c h a r a c t e r i z a t i o n o f c o m p o s i t e s b a s e d o n a l k a l i -a c t i v a t e d m a t e r i a l s i n c o r p o r a t i n g m i n e r a l o i l s f o r t h e m a n a g e m e n t o f t r i t i a t e d o i l s

This work deals with the conditioning of tritiated industrial oils in the context of nuclear wastes that are still deprived of an appropriate treatment solution. The strategy consists in directly conditioning model mineral oils in alkaliactivated materials (AAM), additionally functionalized with a γ-MnO2/Ag2O hydrogen/tritium getter. Geopolymer (GEO) and alkali-activated blast furnace slag (AABFS) are considered as AAM. In the presence of surfactants, the oil was successfully emulsified (small and homogeneous droplets) in both types of AAM. Two surfactant mechanisms are distinguished acting by: 1) decreasing the interfacial tension or 2) promoting oil-particles interactions. Mechanism 1 should be favored if workability of fresh mixtures is required, while mechanism 2 should be targeted to provide a better confinement of oil owing to strong oil-particles interactions. After curing, AAM-OIL composites are obtained. There is no influence of the oil and surfactants on the setting time and strength development of AAM.

The main reaction products (C-A-S-H in AABFS and N-A-S-H in GEO) are not impacted. However, the addition of surfactants leads to increased porosity of AAM due to air bubbles stabilization. AAM-OIL composites immobilizing 20%vol. of oil all have compressive strengths higher than 20 MPa, which is a more than the 8 MPa required from ANDRA. Overall, according to both fresh and hardened states observations, GEO exhibit higher performances for the immobilization of oil than AABFS. The efficiency of the γ-MnO2/Ag2O getter was assessed in AAM via in-situ hydrogen production by gamma irradiations or magnesium corrosion. Both types of experiments agree to the higher performances of the getter in GEO than in AABFS. This is explained by reducing sulfur species present in AABFS, which react with the oxidizing getter components. Finally, wetting measurements demonstrated that industrial oils have an excellent affinity for GEO, testifying that long-term water seepage is not likely to dislodge them from GEO-OIL composites. In the context of nuclear waste management, GEO functionalized with γ-MnO2/Ag2O getter appears as a promising option for disposal of tritiated oils. However, additional investigations of HTO confinement need to be performed that could renew the interest of using AABFS.

Keywords: Alkali-activated materials (AAM), blast furnace slag (BFS), geopolymer (GEO), nuclear waste, oil, emulsion, surfactant, composite, tritium/hydrogen, γ-MnO2/Ag2O getter. Mots-clés: Matériaux alkali-activés (MAA), laitier de hauts fourneaux (LHF), géopolymère (GEO), déchet nucléaire, émulsion, tensioactif, composite, piégeur à hydrogène/tritium γ-MnO2/Ag2O.
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 23 Prediction of wetting on a GP surface and experimental validation of the O-W approach ........
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 4 DISCUSSION ON THE PREFERENTIAL WETTING OF OL OR WATER ON GP SURFACE

2. 1 .

 1 Tritium and its nuclear characteristics Tritium was discovered in 1934 by Rutherford and identified by Alvaroz in 1937. It is a radioactive isotope of hydrogen written as 3 H or T. Its nucleus is made of one proton and two neutrons. It possesses an atomic mass of 3.0 g.mol -1 . The half-life of tritium is 12.32 years. It is therefore a short life radionuclide. During its radioactive decay into a stable isotope of helium ( 3 He), it emits a β -particle (i.e. an electron) through the following reaction:

Figure 1 :

 1 Figure 1: Tritium transfer in terrestrial environments at the air-soil-plant interfaces and in animals, including to foodstuffs [37].

Figure 2 :

 2 Figure 2: Strategy for the disposal of tritiated wastes adapted from [43].

candidates .

 . As mentioned earlier, industrial oils display varied compositions but most of them are of mineral origin, indicating the presence of several types of hydrocarbon species as shown in Figure 3 [7]. Predominant molecules are saturated long-chain hydrocarbons (paraffins) with straight or branched chains containing 15-30 carbon atoms, and saturated 5-or 6-membered hydrocarbon rings (naphthenic) with attached sidechains of up to 20 carbon atoms long.

Figure 3 :

 3 Figure 3: Examples of hydrocarbon molecules structures present in mineral oils: (a) paraffin (alkane); (b) branched paraffin (alkane); (c) naphthenic; (d) aromatic [7].

Figure 4 :

 4 Figure 4: Schematic description of the main objectives of the present thesis manuscript.

Figure 2 Figure 2 :

 22 Figure 2: Schematic representation of emulsions destabilization mechanisms [3].

Figure 3 :

 3 Figure 3: The physical origin of the interfacial tension: water molecules present at the surface are missing attractive interactions and are seeking to move back within the liquid [8].

Figure 4 :

 4 Figure 4: Graphical representation of the Young-Dupré relation, relating the wetting angle (θ) to the interfacial tensions (γLV , γSL , γSV).

Figure 5 :

 5 Figure 5: Model of emulsion stability for hexadecane/geopolymer composite [21].

Figure 6 :

 6 Figure 6: Schematic representation of (left) electrostatic repulsion and (right) steric hindrance, which are generated from adsorbed superplasticizers (surfactants) on cement particle surface [22].

(

  AABFS), leading to a C-(N)-A-S-H gel, with a high Ca content, or MK-based geopolymer (GP), leading to N-A-S-(H) solids, with a low Ca content. The incorporation consists in adding 20%vol.

Figure 1 :

 1 Figure 1: Schematic representation of the dilution of fresh alkali-activated slurries containing oil (1) in a xanthan gum gel (2) followed by microscopic observations (3).

3. 1 .

 1 Formation of the AAM-oil emulsions 3.1.1

  surfactant. These are called "non-structuring" surfactants. They are SDS and Glucopon for MKbased GP, or CTAB, SDS, Glucopon, Brij O10 and Tween 80 for AABFS. In contrast, the other surfactants lead to thick pastes, which are viscous and non-flowable mixtures. They are described as "structuring" surfactants. These are CTAB, Brij O10, Span 80 and Tween 80 for MK-based GP, or Span 80 for AABFS. It is to be noticed that the surfactants corresponding to each type differ, depending on the AAM considered. The structuration of the paste is attributed to an agglomeration of solid particles in presence of certain surfactants[51]; it is investigated further in this research.First, the mechanisms of structuration or non-structuration of the pastes are investigated below, by quantifying the macroscopic observations through rheology measurements.

Figure 2 :

 2 Figure 2: Macroscopic observations highlighting the influence of surfactants on the incorporation of oil (colored with organic red dye) in fresh AAM.

Figure 3 :

 3 Figure 3: Influence of surfactants on the evolution of flow curves in MK-based GP paste: without oil (top), with 20%vol. of oil (down).

Chapter II:

  Incorporation of low viscosity oil in alkali-activated materials71 For the AABFS pastes without oil (Figure4, top), except for Span 80, all flow curves are superposed, with no significant influence of the surfactants on the viscosity of the fresh materials. Span 80 is the only surfactant leading to a significant increase in viscosity (by 50% at low shear rate). For AABFS pastes containing oil (Figure4, down), flow curves are not exactly superposed anymore, but the influence of surfactants is limited in comparison with the observations made on MK-based GP pastes. Except for Span 80, which causes a significant increase in viscosity by a factor of 2, none of the tested surfactants significantly affects the rheology of AABFS pastes containing oil, especially at high shear rates.

Figure 4 :

 4 Figure 4: Influence of surfactants on the evolution of flow curves in AABFS pastes without oil (top), or with 20%vol. oil (down)

Figure 5 :

 5 Figure 5: Microscopic observations of fresh AAM containing 20%vol. of oil after dilution in a xanthan gum gel: MK-based GP without surfactant (a), AABFS without surfactant (c), MKbased GP + Tween 80 (b) and AABFS + CTAB (d).

Figure 6 :

 6 Figure 6: Influence of the surfactants on the evolution of mean volume diameter in function of interfacial tension.

Figure 7 :

 7 Figure 7: Pictures of diluted ternary mixtures taken after thorough mixing and 3 days stabilization. The oil is dyed in blue. Each system (GP or AABFS) uses a different composition of AS. Top pictures (a and c) are without solid particles, while bottom pictures (b and d) are with solid particles. The tubes framed in red correspond to the surfactants promoting attractive forces between the oil and the solid particles.

Figure 8 :

 8 Figure 8: Ternary diagram representing the volume fractions of the three phases in tube G8 to G14 and L8 to L14. The black star corresponds to the volume fractions initially added (75%vol. activating solution, 20%vol. oil, 5%vol. solid particles).

  are extreme cases, in which surfactants are whether perfectly soluble or completely insoluble. In such case, they are purely acting via only one of the two mechanisms. In practice, most surfactants are at least partially soluble in the activating solutions and probably act via a combination of both mechanisms, as it was inferred when measuring the interfacial tension. For instance, Tween 80 is soluble enough in MK-based GP pastes to effectively reduce the interfacial tension (Mechanism 1) and it also adsorbs at the surface of MK particles, causing a strong increase in viscosity (Mechanism 2).

Figure 9 :

 9 Figure 9: Schematic representation of the two action mechanisms of surfactants for the incorporation of mineral oil in AAM. Classical mechanism 1 (left) and singular mechanism 2 (right). The light blue background represents the AS, the red circles represent the oil droplets and the brown hexagons correspond to the particles (BFS or MK). The green circles and the black lines correspond to the surfactant heads and tails respectively.

ConclusionsA

  low viscosity and non-reactive mineral oil was successfully incorporated in a proportion of 20%vol. in alkali-activated pastes made of MK or BFS particles, in order to form stable composite materials (oil immobilization). In both types of AAM, the oil incorporation is insufficient without surfactant, because heterogeneous and large visible droplets are observed. The use of cationic (CTAB), anionic (SDS) or non-ionic (Brij O10, Tween 80, Span 80 or Glucopon) surfactants successfully improves the incorporation of the oil in fresh AAM.Rheological investigations, interfacial tension measurements and the analysis of diluted ternary suspensions show that surfactants proceed in two distinct behavior patterns to improve the incorporation of oil in AAM. The classical mechanism (Mechanism 1 or M1) reduces the interfacial tension to stabilize the emulsion of oil; it is the main surfactant mechanism in AABFS slurries. The singular mechanism (Mechanism 2 or M2) promotes the interaction of solid particles with the oil to stabilize the emulsion of oil; it is the main mechanism of action in MK-based GP slurries. These behavior patterns depend on the solubility of surfactants in the activating solutions and are valid for any alkane-type oil incorporated in AAM.

  III aims at assessing the most adequate type of alkali-activated material (AAM) for the immobilization of mineral oil. The originality of this chapter is the direct comparison of two binders based on different raw materials, under the same processing conditions. Also, it aims at assessing how alkali-activated materials are impacted by incorporating mineral oils. In other words, it is a question of whether the impact on mechanical properties is due to physical reasons only (e.g. porosity increase due to oil incorporation) or chemical reasons as well (e.g. change in reaction products).

  cement is that the hardening of Portland cement is induced simply by mixing dry cement powder with water, whereas alkali-activated materials (AAM) are generally obtained by the activation of solid powdered precursors by an alkaline source [1]. AAM are obtained through the chemical reactions between two components, the alkaline activator (generally an aqueous liquid), and an aluminosilicate reactive solid precursor (generally a fine powder). Alkali activators are composed of alkali metals, in the form of hydroxides and/or silicates, dissolved in an aqueous solution. Materials used as solid precursors, mainly composed of aluminosilicates, are usually in a powdered and amorphous (reactive) mineralogical state.Figure 1 (left) presents the main raw materials used to prepare AAM in a ternary diagram CaO-SiO2-Al2O3, into perspective with conventional Portland cement.

Figure 1 :

 1 Figure 1: Ternary diagram CaO-Al2O3-SiO2 of (left) raw materials used to prepare AAM [2] and (right) reaction products formed after alkali activation [1].

  these) aluminosilicate gel noted "N-A-S-(H)" (or M-A-S-(H) with M=Na2O, K2O or Li2O or a mix of these, and N=Na2O). Raw materials leading to the formation of N-A-S-(H) gels are generally metakaolin or class F fly ashes. The N-A-S-(H) gel is an amorphous reticulated 3D aluminosilicate framework. The Q n (mAl) notation is often used to describe the local environment of silica atoms in the C-A-S-H and N-A-S-(H) aluminosilicate networks. Q represents a Si atom, n its degree of connectivity with neighboring oxygen atoms and m the number of second neighboring aluminum atoms [3]. This notation is illustrated in Figure 2 for n = 4 and 0 ≤ m ≤ 4.

Figure 2 :

 2 Figure 2: Coordination of Si atoms described in the Q n (mAl) notation, for n = 4 and 0 ≤ m ≤ 4 [3].

Figure 3

 3 represents the N-A-S-(H) structure as proposed by Barbosa et al.[6]. It is comprised of Si 4+ and Al 3+ cations in tetrahedral coordination (Q 4 ), which are linked together by oxygen bridges. This provides a tridimensional solid framework in which the negative charges from each tetrahedral Al (AlO4 -) are counterbalanced by alkali cations (e.g. Na + ).

Figure 3 :

 3 Figure 3: Schematic representation of the three-dimensional N-A-S-(H) structure as proposed by Barbosa et al. [6].

  Na2O/Al2O3 (Na/Al): A molar ratio Na/Al close to 1 seems to be the optimum concerning mechanical performances of geopolymer materials[9]. Hydroxide (HO -) ions contribute to dissolving Al 3+ and Si 4+ cations from the solid precursor, whereas Na + ions contribute to forming the N-A-S-(H) network by counterbalancing negatives charges arising from the [AlO4 -] species.

Figure 4 :

 4 Figure 4: Tobermorite-like C-A-S-H structure. Blue triangles represent tetrahedral silicates, red triangles represent Al substitution at bridging sites, green bands represent CaO layers and circles represent various ionic species present in the aqueous intermediate layer (Ca 2+ , Na + , HO -, …) [1].

Figure 5 :

 5 Figure 5: Water permeability of AAM depending on the type of solid precursors and the amount of water [21].

Introduction 1 . 1 .

 11 Industrial contextThe incorporation of organic liquids (OL) into cementing materials has several significant benefits. These include the immobilization of radioactive waste from the nuclear industry or from medical uses[1]-[3], the design of composite materials with increased thermal inertia by incorporating phase changing materials (PCM)[4]-[7], the formulation of ultra-porous materials (i.e. foams) by OL extraction[8]-[10], or the development of materials with reinforced and/or emerging properties[11]-[13].

  [25]. The alkali-activation of solid precursors with low calcium contents (e.g. class F fly ash or metakaolin MK) results in N-A-S-(H) gels through poly-condensation. N-A-S-(H) possess a threedimensional imperfect (amorphous) aluminosilicate structure with predominant Q 4 silica structural units. On the other hand, alkali-activated solid precursors with high calcium contents (more than 10% Ca, e. g. blast furnace slag BFS or class C fly ash) result in C-(N)-A-S-H gels through hydration reactions. C-(N)-A-S-H consist of a partially polymerized chain-like silica structure with mainly Q 1 and Q 2 silica structural units, and minor proportions of Q 3 and Q 4 units. They are of very similar structure to the main solids present in Portland cements. Since these two families of AAM (based on N-A-S-H or C-A-S-H) have such different solid structures, it is useful to check their adequacy for encapsulating low viscosity organic liquids (LVOL).

(up to 20

 20 or 40%vol) of low viscosity OL (LVOL). The two main types of AAM are tested. They are either made of N-A-S-(H) solids (i.e. of geopolymer GP, based on a MK solid precursor) or made of C-(N)-A-S-H solids (based on BFS, and similar to Portland cements). Two typical formulations are selected from the literature for their excellent mechanical performance, one

2. 3 . 1 .

 31 Physical characterization2.3.1.1 Density and porosity measurement These measurements are only feasible for AAM pastes, with or without surfactant, but free of LVOL. All samples are matured in endogenous conditions at 25°C for 90 days. The bulk density ρ is assessed as the ratio of the weight to the geometrical volume. The true (absolute) density ρ0 of the "pore-free" solid material is measured with a helium pycnometer (all pores are considered open). The "pore-free" materials are obtained through freeze-drying; to this purpose, centimetric hardened paste samples are poured into liquid nitrogen and dehydrated in vacuum during at least 48h. The open porosity (OP) of each sample is measured based on the following relationship: OP (%) = 100 x (1 -ρ/ρ0).

2

 2 Compressive strength measurementsThe compressive strength of the AAM pastes is measured using a hydraulic press (3R RP 40/400 N) according to the method recommended in the European EN 196-1 standard. This uses 40 x 40 x 160 mm 3 parallelepipedal samples, obtained by pouring fresh AAM pastes into PTFE molds, and cured at 20°C under 100% relative humidity (RH) and atmospheric pressure.

2. 3 . 1 . 3

 313 2D SEM Microscopic observations of samples free of LVOL are performed by Scanning Electron Microscopy (SEM) (FEI Inspect S50, high vacuum mode, acceleration voltage of 15 kV, current intensity of 50 nA, and working distance of 10 mm) on fractured samples dried by lyophilization. Microscopic observations of samples containing LVOL, without drying, are performed by Environmental Scanning Electron Microscopy (ESEM) with an FEI Quanta 200 ESEM equipped with a Field Emission Gun. Sample observations are performed at 23°C with 300 Pa water vapor in the ESEM chamber at a high electron beam voltage of 8 kV. A dedicated Gaseous

  Si MAS NMR. The tilt angles are π/6 and π/2 respectively. The 27 Al MAS spectra are recorded at a Larmor frequency of 208.5 MHz using a Bruker Avance II 800 MHz (18.8 T) spectrometer. The spectra are made up of 2048 free induction decays with a pulse length of Chapter III: How are alkali-activated materials impacted by incorporating low viscosity organic liquids 123 1 μs and a relaxation delay of 1 s to ensure quantitative reliability of the intensities observed for the 27 Al central transition for sites experiencing different quadrupole couplings. The samples are spun at 22 kHz in a 3.2 mm probe, and the chemical shifts are referred to Al(H2O)6 3+ . The 29 Si MAS spectra are recorded at a Larmor frequency of 79.5 MHz using a Bruker Avance 400 MHz (9.4T) spectrometer. The spectra are obtained with 256 scans (pulse length of 5 μs and optimized relaxation delay from 1 to 120 s according to the sample). The samples are spun at 5 kHz in a 7 mm probe, and the chemical shifts are referred to trimethysilylsilane (TMS). Spectral decomposition is performed with the DMFit software [47].

3. 1 .

 1 Physical characterization3.1.1. Visual assessment of the incorporation of LVOL in hardened AAM All the formulated samples harden in reasonable time (i.e., less than 48h), yielding solid AAM+LVOL composites. At 28 days, fractured areas of prismatic samples (broken by three points bending) are placed on an adsorbent paper to assess visually the incorporation of LVOL into the AAM matrices.

Figure 1 :

 1 Figure 1: Photographs of fractured areas and impregnation patterns on absorbent paper for (top) MK-based GEO at 0, 20 or 40%vol LVOL, without and with surfactant, and (bottom) AABFS at 0, 20 or 40%vol LVOL, with or without surfactant, all at 28 days. On the adsorbent paper surface, the oil is in black and the dry paper in white.

3. 1 . 2 .

 12 Influence of LVOL and surfactants on the mechanical strength and pore structure of AAM The compressive strength fc of all the AAM-LVOL composites is measured at 7, 14, 28 and 90 days after curing under 100% RH at 20°C (see Figure S2 in Appendix). It is also plotted at 90 days as a function of oil proportion for GEO pastes (Figure 2 top) and BFS pastes (Figure 2 bottom), without or with surfactant.

Figure 2 :

 2 Figure 2: Average compressive strength fc (in MPa) of AAM and AAM-LVOL mortar composites after 90 days curing under 100% relative humidity at 20°C, as a function of LVOL proportion: (top) for MK-based GEO pastes and (bottom) for AABFS pastes.

Figure 3 :

 3 Figure 3: SEM micrographs of fracture surfaces of GEO-0-0, GEO-0-G, BFS-0-0 and BFS-0-G at x200 magnification, highlighting the presence of a significant number of entrained air bubbles (dark circles) when Glucopon (G) is added to each paste.

Figure 4 :

 4 Figure 4: (a): Open porosity, (b): Specific surface and (c): micropore amounts of AAM pastes, without or with each individual surfactant, and without oil.

  ) with ρAAM the density measured for pure alkali-activated materials (i.e. GEO-0-0 and BFS-0-0).b The density deviation is calculated based on the following relation:

Figure 5 :

 5 Figure 5: 2D Scanning Electron Microscopy (SEM) images of GEO (top) and BFS (bottom) pastes without oil or surfactant (left) or with 20%vol LVOL and surfactant (middle column), or with 40%vol LVOL and surfactant (right column). Surfactants are Glucopon, Brij O10 and CTAB for GEO pastes, CTAB, Glucopon and Span 80 for BFS pastes. All images are at the same magnification (x500) and scale.

Figure 6 :

 6 Figure 6: Examples of raw 2D images of X Ray micro-tomography for (a) GEO pastes and (b) AABFS pastes, all at 40%vol oil, without surfactant, or with Glucopon, or CTAB or BrijO10 (GEO only) or Span 80 (AABFS only). For comparison purposes, each image has an identical size of 1.37 mm x 1.37 mm.

Figure 7 :

 7 Figure 7: 3D X Ray micro-tomography image analysis -3D representation of the emulsions after image thresholding: GEO-40-0, GEO-40-B, GEO-40-C, GEO-40-G and BFS-40-0, BFS-40-C, BFS-40-G, BFS-40-S. Each different color corresponds to a different connected object between at least two adjacent faces of the sample volume.

Figure 8 :

 8 Figure 8: 3D X Ray micro-tomography image analysis -3D Continuous droplet size distribution of (a) GEO pastes and (b) AABFS pastes, all at 40%vol oil, without surfactant, or with Glucopon (G), or CTAB (C) or BrijO10 (B, GEO only) or Span 80 (S, AABFS only).

3. 1 . 4 . Chemical characterization 3 . 1 . 4 . 1

 143141 Influence of LVOL or surfactants on the heat evolution of fresh AAMThe early-stage heat evolution results of AAM are shown in Figure9. Time zero on the plots represents the time at which each freshly mixed paste sample is placed in the instrument, i.e. approximately 5 min after the start of mixing.

Figure 9 :

 9 Figure 9: Influence of mineral oil and surfactants on the heat evolution of (a): MK-based GEO slurries; (b): AABFS slurries, with with 0, 20 or 40vol% LVOL and no surfactant, or no oil and each individual surfactant. BFS-0-G10 is for Glucopon used at 10 times the concentration of all other mixes, to confirm the effect of Glucopon on AABFS setting.

Figure 10 :

 10 Figure 10: XRD patterns at 28 days of MK-based GEO (top) and AABFS (bottom), with no LVOL and each individual surfactant, or with 0, 20 or 40%vol LVOL and no surfactant.

Figure 11 :

 11 Figure 11: Influence of LVOL and surfactants on (a): 29 Si MAS NMR spectra and (b): 27 Al MAS NMR spectra, for MK-based GEO (left) and AABFS (right), with 0, 20 or 40%vol LVOL or no LVOL and each individual surfactant, at 28 days.

Figure S2 :

 S2 Figure S2: Compressive strength fc (MPa) of AAM and AAM-LVOL composites at 7, 14, 28 and 90 days under 100% relative humidity at 20°C: (top) is for GEO pastes and (bottom) is for AABFS pastes.

Figure S3 :

 S3 Figure S3: Nitrogen sorption-desorption isotherms of the AAM pastes, either MK-based ones (top) or BFS-based ones (bottom).

Figure S4: 29

 29 Figure S4: 29 Si (left) and 27 Al (right) MAS NMR spectra of (top): metakaolin powder and (bottom): BFS powder.

Figure S5 :

 S5 Figure S5: Deconvolution results for 29 Si MAS NMR spectra of (top) GEO samples and (bottom) AABFS samples.

Figure S6 :

 S6 Figure S6: Deconvolution results for 27 Al MAS NMR spectra of (top) GEO samples and (bottom) AABFS samples.

Figure 1 :

 1 Figure 1: Structures of MnO2 polymorphs (Mn: magenta and O: red). The structure of γ-MnO2 consists of an intergrowth between 1×1 and 2×1 tunnels. The ratio of 1×1 tunnel over 1×1 and 2×1 tunnels is called Pr (0% < Pr < 100%). The shown γ-MnO2 structure displays a Pr = 50%. Water molecules and guest cations are omitted for clarity [8].

Figure 2 :

 2 Figure 2: Influence of the γ-MnO2 form used in the preparation of MnO2/Ag2O hydrogen getters on the hydrogen trapping efficiency with the progress = n(H2)trapped/n(H2)initial [2].

Figure 3

 3 Figure 3 presents the structures of groutite (α-MnOOH) and manganite (γ-MnOOH)oxyhydroxides in order to visualize the hydrogen insertion sites[2]. Groutite is formed by the reduction of ramsdellite and has the same 2x1 tunnel structure. Manganite is formed by the reduction of pyrolusite and has the same 1x1 tunnel structure. In both groutite and manganite, hydrogens are linked to pyramidal oxygen atoms and manganese is in oxidation state +III. The presence of manganese atoms in oxidation state +III leads to the presence of Jahn-Teller effect, which is a deformation of MnO6 octahedrons[11]. Finally, δ-MnOOH is considered as the oxyhydroxide form of nsutite[12]. As well as γ-MnO2 is an intergrowth of ramsdellite and pyrolusite, δ-MnOOH is an intergrowth of groutite and manganite. However, the microtwinning defects present in the nsutite form are no longer present in the δ-MnOOH form[13].

Figure 3 :

 3 Figure 3: Structure of (left) Groutite and (right) Manganite [2].

Figure 4 :

 4 Figure 4: Trapping mechanism proposed by Galliez [2]. The first stage is adapted to high pH conditions according to Farcy [16].

Figure 5 :

 5 Figure 5: Trapping kinetic of γ-MnO2/Ag2O at different rates of humidity [16].

Figure 6 :

 6 Figure 6: Nsutite polymorph of MnO2 and predicted sites for alkali intercalation. The purple and yellow spheres and surrounding octahedrons denote spin-up and spin-down Mn atoms and MnO6 octahedrons. The black spheres and surrounding gray polyhedrons denote potential intercalation sites for alkali and ions in the structure. Each presented site defines a distinct sublattice, while a single site of each type is shown [22].

Introduction 1 . 1 .

 11 Industrial contextIndustrial countries are responsible for the management of their hazardous radioactive waste, generated mainly by the nuclear industry, but also from medical or military applications[1],[2]. The stabilization/solidification (S/S) of tFhese waste is a safe conditioning method, e.g. by vitrification for long lived and high activity waste, or by immobilization into cement-based materials. Ordinary Portland cement (OPC) materials are widely used for radioactive waste immobilization because their long-term durability is well documented[3], and they are a robust and economically viable solution[4].

Figure 1 

 1 Figure 1 summarizes the different materials prepared with their processing steps and the associated experimental measurements. The first step (Figure 1, Step 1) consists in preparing the fresh material grouts:  For the MK-based geopolymer (GEO), the components are Betol 39T, sodium hydroxide, water and MK. They are weighed in order to obtain a molar composition of 3.5 SiO2 : 1.0 Al2O3 : 1.0 Na2O : 13.0 H2O, following (Cantarel 2015, Cantarel 2018).

  At this stage, activating solutions are stirred mechanically at 2000 rpm with a helical blade and the solid precursor powders (MK or BFS) are quickly added. The mixing is carried out for 3 minutes until homogenization. Fresh grouts are either used in the second step (Figure 1, Step 2) or cured under endogenous conditions at 25°C for 28 days to provide material A. A detailed composition is given in Table

  , Step 2) consists in adding 10%mass γ-MnO2 or the γ-MnO2/Ag2O getter powders to the fresh grouts. These powders are quickly introduced in the fresh pastes and the mixing is carried out for 5 minutes at 2000 rpm until homogenization. At this stage, the fresh mixtures are either used in the third step (Figure 1, Step 3) or cured under endogenous conditions at 25°C for 90 days to provide material B. A detailed composition is

Figure 1 :

 1 Figure 1: Graphical representation of the experimental strategy developed in this four-step research (1 to 3b), for four different material types (A to D).

  After 90 days curing (3 months), materials B and C, with a cylindrical shaped volume of 10 mL are demolded, weighed and placed in glass vials of 105 mL. The glass vials are flame sealed under 900 mbar of pure argon (after 3 cycles of depressurization at 30 mbar and pressurization with argon to ensure air removal). The sealing ensures the confinement of any gas emitted during irradiation and radiolysis.

3. 1 .Figure 2

 12 Figure 2 displays the experimental radiolytic yields 𝐺(𝐻 ) for all samples made with γ-MnO2 or γ-MnO2/Ag2O getter, compared to the theoretical radiolytic yield of hydrogen. With γ-MnO2, materials B (i.e. without oil) have a significant H2 production rate with 𝐺(𝐻 ) ranging from 9.3.10 -9 mol/J (BFS at 500 kGy) to 1.33.10 -8 mol/J (GEO at 250 kGy) depending on the material and on the cumulative dose considered. The experimental radiolytic yields are close to the theoretical values for the two AAM.

Figure 2 :

 2 Figure 2: Experimental hydrogen radiolytic yields in (mol/J) for materials B and C made with γ-MnO2 (blue columns) or γ-MnO2/Ag2O getter (red columns), depending on the cumulative dose (striped pattern at 250 kGy and checkered pattern at 500 kGy), compared to theoretical radiolytic yields (black columns on the left).

Figure 3

 3 Figure3summarizes the H2 trapping efficiency of both AAM after 250 or 500 kGy gamma irradiation. The trapping efficiency is either expressed in mmol/g of getter (left) or normalized relatively to the same material made with γ-MnO2 in % (right).

Figure 3 :

 3 Figure 3: Trapped H2 expressed in (mmol/g of getter) or relatively to the same material made with γ-MnO2 in (%) for the three materials (GEO and BFS) after gamma irradiation (in kGy).

Figure 4

 4 Figure 4 displays the amount of hydrogen released by γ-MnO2-based materials and γ-MnO2/Ag2O getter-based materials as a function of time. Each experiment is duplicated. The amount of Mg is slightly different in each material (from 3.085 to 3.55g Mg for samples of 154.25 to 177.5g). Therefore, results are normalized with respect to the mass of Mg initially introduced in each sample.

Figure 5

 5 Figure 5 summarizes the cumulative trapped H2 of both AAM materials. It is either expressed in mmol/g of getter (top graph) or in % (with respect to the same material made with γ-MnO2, bottom graph).

Figure 4 :

 4 Figure 4: H2 released over time in materials D made with γ-MnO2 or γ-MnO2/Ag2O getter for the three materials (GEO and BFS) expressed in (mmol/g of Mg). Each experiment is duplicated (GEO or GEO-2 and BFS or BFS-2).

Figure 5 :

 5 Figure 5: Evolution of trapped H2 over time in materials D for both AAM (GEO and BFS) expressed (top) in (mmol/g of getter) or (bottom) in % (with respect to the same material made with γ-MnO2). Each experiment is duplicated (GEO or GEO-2 and BFS or BFS-2).

Figure 6 :

 6 Figure 6: Trapping efficiency -evolution of instantaneous trapped H2 fraction in materials D made with γ-MnO2 or γ-MnO2/Ag2O getter for both materials (GEO and BFS), calculated at a given time and expressed relatively to the same material made with γ-MnO2 in %. Each experiment is duplicated (GEO or GEO-2 and BFS or BFS-2).

3. 3 .

 3 Influence of the porewater chemistry on the γ-MnO 2 /Ag 2 O getter

3. 3 . 1 . 1

 311 Ion sorption at the surface of the γ-MnO2/Ag2O getter

Figure 7 :

 7 Figure 7: Sorption of Al, Ca, K, P, S, Si and Na elements present in pore-water. Solid columns represent the concentration of elements before contact with the getter and striped column represent the concentration after contact with the getter. The sorption of Na is on a separate graph due to an important concentration requiring a dedicated scale.

Figure 8 :

 8 Figure 8: Comparison of XRD patterns for γ-MnO2/Ag2O getter powder before contact with pore-water solutions (black) and after contact with pore-waters extracted from BFS (orange) and GEO (blue) materials.
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 3313 Trapping performance of alkali-activated materials incorporating a hydrogen/tritium getter for the conditioning of tritiated organic liquids190 Hydrogen trapping capacity of γ-MnO2/Ag2O getter powder

Figure 9 :

 9 Figure 9: Comparison of the γ-MnO2/Ag2O getter powder H2 trapping capacity before contact with alkaline pore-waters (black) and after contact with pore-waters extracted from BFS (orange) and GEO (blue) materials.

3. 3 . 2 .

 32 Interaction between sulfides and γ-MnO2/Ag2O hydrogen getter3.3.2.1 SEM observations of the γ-MnO2/Ag2O getter powderMacro-photographs and SEM micrographs of the γ-MnO2/Ag2O getter are given before and after contact with the sodium sulfide solution (Figure10).

First, after contact

  with sulfides, visual observations highlight that the getter powder has undergone a color change from black (Figure 10 top left) to brown (Figure 10 top right). As γ-MnO2 is the major constituent of the getter, this color change is attributed to a possible change in the oxidation state of γ-MnO2. A structural change of Ag2O is also possible. With SEM observations (Figure 10 second and third lines, left), the γ-MnO2/Ag2O getter powder, before contact with the sulfides solution, displays a typical ovoid form of γ-MnO2 particles, with varied size ranging from a few microns to 40 µm. The surface roughness is attributed to the presence of Ag2O at the surface of γ-MnO2 [39]. After contact with the sulfides solution (Figure 10 second and third lines, right), γ-MnO2/Ag2O getter particles have a different surface state, marked by the presence of small crystallites at the surface of γ-MnO2 grains. Due to surface roughness and small crystal size, the EDX analysis is not conclusive to determine what crystals have formed. Let now use XRD to observe possible crystalline structure changes.

Figure 10 :

 10 Figure 10: Photographs and SEM observations in backscattered electron mode of γ-MnO2/Ag2O getter powder before contact with sulfides (left) and after contact with sulfides (right).

Figure 11 :

 11 Figure 11: Comparison of XRD patterns for γ-MnO2/Ag2O getter powder before contact with sulfides (black) and after contact with sulfides (red).

Figure 12 :

 12 Figure 12: Comparison of the γ-MnO2/Ag2O getter powder H2 trapping capacity before contact with the sodium sulfides solution (solid circle) and after contact with the sodium sulfides solution (empty circles).

Introduction 1 . 1 .

 11 Industrial and scientific contextCurrently, non-negligible amounts of radioactive organic liquids (OL) are stored temporarily in nuclear facilities, without an industrially validated treatment route. However, from a research and development viewpoint, their incorporation in a cement matrix is generally a favorite procedure, because it ensures an easy and direct chemical solidification/stabilization (S/S) of many compounds, and produces a mechanically stable waste form[1],[2]. Contrarily to most cements (including Portland-based ones), alkali-activated materials (AAM), and particularly

Figure 1 :

 1 Figure 1: Schematic representation of the Young equation relating the contact angle 𝜽 to the interfacial free energies 𝜸 𝑺 (i.e. the SFE) and 𝜸 𝑳 (i.e. the surface tension).

[ 9 ]

 9 . One of the most common chemical models is the Owens-Wendt approach [10]. This approach assumes that the interfacial free energy has two contributions, namely the polar (p) and the dispersive (d) ones, due to intermolecular interactions. Polar interactions (p) comprise Coulomb interactions between permanent dipoles and between permanent and induced dipoles, such as hydrogen bonds. Dispersive interactions (d) are caused by random fluctuations of the charge distribution in atoms and molecules; these are the Van der Waals London forces between induced dipoles. The polar and dispersive contributions to the interfacial free energy are expressed in Eqs. 6 and 7 for liquids and solids, respectively, as: 𝛾 = 𝛾 + 𝛾

  With the experimental 𝛾 and 𝛾 𝐿 𝑝 values, the linear fitting parameters (slope a and intercept b) are a = 5.824 and b = 4.871. This provides 𝛾 = 23.7 mN.m -1 , 𝛾 = 33.9 mN.m -1 and 𝛾 = 57.6 mN.m -1 . With the 𝛾 and 𝛾 values from the literature, the linear fitting parameters are a = 5.908 and b = 4.417, yielding 𝛾 = 19.5 mN.m -1 , 𝛾 = 34.9 mN.m -1 and 𝛾 = 54.4 mN.m -1 .

Figure 2 :

 2 Figure 2: (a) Photographs of the drop of each liquid on the GP surface with the corresponding 𝛉 𝐆𝐏 value. (b): Variation of Y with X for the solid GP surface using experimental 𝛄 𝐋 𝐝 and 𝛄 𝐋 𝐩 values (continuous line and black marks), or using 𝛄 𝐋 𝐝 and 𝛄 𝐋 𝐩 from the literature (dashed lines and hollow marks). Each line represents the data best linear fit in the least squares sense (with a Pearson's coefficient R2 > 0.97).

Figure 3 :

 3 Figure 3: Geopolymer wetting envelopes for contact angles of 0°, 20°, 40° and 60° using the (𝜸 𝑺 𝒅 , 𝜸 𝑺 𝒑 ) values obtained either experimentally (solid lines) or from the literature (dashed lines). Water, tributylphosphate (TBP) and an industrial oil (IO) are plotted for validation purposes.

  approach. By solely measuring liquid/solid contact angles (on PTFE or on GP paste), four different liquids (water and 3 OL) are used for model identification. Further, the Owens-Wendt model is validated experimentally using two other OL. The corresponding wetting envelopes are used to predict the contact angle of any liquid on the GP surface.

  simply by reducing the interfacial tension, while maintaining the workability of the fresh mixtures. Mechanism 2 acts by promoting interactions between solid precursor particles and oil droplets, leading to thick and non-flowing fresh mixtures.

  First trials have been initiated to determine the HTO diffusion coefficient of the composite materials studied in this work. Four formulations (GEO and AABFS samples, with or without oil immobilization), with optimized water contents, are currently under investigation at CEA Cadarache. All samples contain 10 wt% of MnO2, in order to be representative of the γ-MnO2/Ag2O getter. The test consists in subjecting fully saturated slices of composite materials to a continuous HTO flow in order to determine their HTO diffusion coefficient. More information about the experimental design and subsequent data exploitation can be found in[1]. Final results are

•

  Les composites « MAA-Huile » immobilisant 20%vol. d'huile possèdent tous une résistance à la compression importante, de 25 MPa en moyenne pour les composites à base de GEO et de 20 MPa en moyenne pour les composites à base de laitier, soit bien plus que les 8 MPa exigés par l'ANDRA. Les composites GEO-huile incorporant 40%vol. d'huile ont une résistance à la compression moyenne de 15 MPa, tandis que les composites LA-Huile incorporant 40%vol. d'Huile n'ont pas de résistances à la compression mesurables, même ceux contenant des tensioactifs. • Cette étude montre qu'il n'y a pas d'influence de l'huile minérale ou des tensioactifs sur le temps de prise et le développement des propriétés mécaniques des MAA. Les principaux produits réactionnels des MAA (C-A-S-H dans les laitiers et N-A-S-H dans les géopolymères) ne sont pas non plus impactés par l'ajout d'huile minérale ou de tensioactifs. L'impact sur les propriétés mécaniques peut donc être essentiellement attribué à des raisons physiques, à savoir l'augmentation de la porosité (incorporation d'huile et/ou d'air). Ce chapitre a permis de démontrer que les matrices géopolymère et laitier activé conviennent à l'immobilisation de 20%vol. d'huile minérale à condition d'ajouter un tensioactif, préférentiellement le CTAB dans le laitier activé ou le BrijO10 dans le géopolymère. Le choix et la concentration des tensioactifs doivent être déterminés avec soin, non seulement dans le typiquement utilisés dans l'industrie du nucléaire, plutôt que par l'eau. Cela est un résultat positif pour assurer le confinement à long-terme des LOs dans des matrices GEO. Puisque les LOs ont une excellente affinité pour le GEO, une infiltration d'eau à long-terme n'est pas susceptible de les déloger des GEO. Dans le cadre de la gestion des déchets nucléaires, ces premiers résultats apparaissent comme une contribution positive à l'acceptation des GEO immobilisant des huiles dans les sites de stockages industriels.

  s e e t c a r a c t é r i s a t i o n d e c o m p o s i t e s à b a s e d e m a t é r i a u x a l c a l i -a c t i v é s i n c o r p o r a n t d e s h u i l e s m i n é r a l e s p o u r l a g e s t i o n d e s h u i l e s t r i t i é e s Ce travail a pour but le conditionnement des huiles tritiées et s'inscrit dans la problématique des déchets nucléaires sans filière de gestion. La stratégie consiste à directement conditionner des huiles minérales modèles dans des matrices alcali-activés (MAA), également fonctionnalisées avec un piégeur à hydrogène/tritium γ-MnO2/Ag2O. Géopolymères (GEO) et laitiers de hauts fourneaux (LHF) sont considérés comme MAA. En présence de tensioactifs, l'huile est émulsionnée avec succès (gouttelettes fines et homogènes) dans les deux types de MAA. Deux modes d'actions des tensioactifs sont observés agissant par: 1) réduction de la tension interfaciale ou 2) promotion d'interactions huile-particules. Le mécanisme 1 doit être favorisé si l'ouvrabilité des coulis est requise alors que le mécanisme 2 doit être ciblé afin de permettre un meilleur confinement de l'huile grâce aux interactions huileparticules. Après durcissement, des composites MAA-Huile sont obtenus. Il n'y a pas d'influence de l'huile et des tensioactifs sur la prise et le développement des propriétés mécaniques des MAA. Les principaux produits de réaction (C-A-S-H pour LHF et N-A-S-H pour GEO) ne sont pas impactés. Néanmoins, l'addition de tensioactifs entraîne une porosité plus importante à cause de la stabilisation de bulles d'air. Les composites MAA-Huile contenant 20%vol. d'huile ont tous des résistances en compression supérieures à 20 MPa, ce qui est plus que les 8 MPa requis par l'ANDRA. Globalement, en accord avec les observations aux états frais et durci, les GEO possèdent de meilleures performances pour l'immobilisation d'huile que les LHF. L'efficacité du piégeur γ-MnO2/Ag2O a été caractérisée dans les MAA par production d'hydrogène in-situ par irradiations gamma et corrosion du magnésium. Les deux types d'expérience s'accordent sur la meilleure performance de piégeage dans le GEO que dans le LHF. Cela s'explique par la présence d'espèces soufrés réductrices dans le LHF qui réagissent avec les oxydants constituant le piégeur. Finalement, des mesures de mouillabilité ont démontré que les huiles industrielles ont une excellente affinité pour le GEO, démontrant qu'une exposition longue durée à de l'infiltration d'eau ne délogera pas l'huile des composites MAA-Huile. Dans le contexte du traitement des déchets nucléaires, les GEO fonctionnalisés avec un piégeur γ-MnO2/Ag2O semblent être une option intéressante pour le stockage des huiles tritiées. Néanmoins, des études complémentaires doivent être menées au sujet du confinement de l'HTO, ce qui pourrait faire renaitre l'intérêt d'utiliser le LHF.

  

  

  

  

  

  

  

  

Table 1 :

 1 CENTRACO radiological acceptance specifications for RLOW.

	Acceptation (Bq/g)	Direct	After particular agreement	Prohibited
	α emitters	< 50	50 to 370	≥ 370
	αβ emitters with 3 H	< 20 000	20 000 to 40 000	≥ 40 000
	αβ emitters without 3 H	/	< 20 000	≥ 20 000
	3 H	/	< 20 000	≥ 20 000
	129 I	< 10	10 to 20000	≥ 20 000

Table 2 :

 2 CENTRACO physicochemical acceptance specifications for RLOW.

		Limit of mass concentration
	Elements		
		Direct	After particular agreement
	Cl	< 5.0 %	5.0 to 8.0 %
	S	< 1.8 %	1.8 to 3.0 %

Table 1 :

 1 Properties of MK and BFS particles.

		Density (g/cm 3 )	d50 (µm)	Specific Surface Area (m 2 /g)
	MK	2.40	15.0	17.00
	BFS	2.90	11.0	0.45

Two dyes adapted to staining organic liquids, namely Sudan blue II and Sudan red III, were obtained from Sigma Aldrich (USA). The surfactants used in this work are listed in Table

2

. SDS, Brij O10, Tween 80 and Span 80 were purchased from Acros Organics (USA). CTAB and Glucopon 225DK (hereafter referred to as Glucopon) were obtained from Sigma Aldrich and BASF (Germany), respectively. Owing to their HLB, all surfactants (except Span 80) are predominantly hydrophilic, so that they are added to the aqueous activating solution of MK or BFS. Preliminary investigations show that all surfactants (including Span 80) are partly to fully soluble in these solutions. Xanthan gum (Sigma Aldrich, USA) was obtained from Sigma Aldrich (USA).

Table 2 :

 2 Denomination and chemical description of surfactants tested in this study.

	Chemical description	Commercial name	Category	HLB a
	Cetyl Trimethyl Ammonium Bromide	CTAB	Cationic (+)	10
	Sodium Dodecyl Sulfate	SDS	Anionic (-)	40
	Polyoxyethylene (10) oleyl ether	Brij O10	Non-ionic (ø)	12.4
	C8-C10-alkyl polyglucoside	Glucopon 225DK	Non-ionic (ø)	13.5
	Polyoxyethylene (20) sorbitan monooleate	Tween 80	Non-ionic (ø)	15
	Sorbitan monooleate	Span 80	Non-ionic (ø)	4.3

a HLB = Hydrophilic Lipophilic Balance. Surfactant are hydrophilic if HLB > 10; Surfactants are lipophilic if HLB < 10; Surfactants are equilibrated if HLB = 10.

Table 3

 3 

below summarizes the formulated compositions. After mixing, samples were left to Chapter II: Incorporation of low viscosity oil in alkali-activated materials 68 rest during 3 days until stabilization to an equilibrium state, after which pictures of each sample were taken (see Results section).

Table 3 :

 3 Summary of formulated ternary mixtures. The volume of oil is 20%vol. The volume of particles (MK and BFS) is 5%vol. The concentration of surfactants is 3.10 -3 mol.L -1 . The mixtures G1 to G14 were formulated with the AS of a MK-based GP as aqueous phase. The mixtures L1 to L14 were formulated with the AS of an AABFS as aqueous phase.

	MK-based GP activating solution	AABFS activating solution
				Surfactants
	Sample N°	MK amount	Sample N°	BFS amount

Table 4 :

 4 Yield stress values σ0 obtained with the Herschel-Bulkley model of the experimental flow curves

Table 5 :

 5 Viscosity ratios p (= ηd/ηc) calculated based on viscosity measurements at a given shear rate of 100 s -1 and a temperature of 25°C for MK-based GP or AABFS pastes with 20%vol oil (reference: without surfactant, or with most influential surfactants)

	Yield stress σ0 (Pa)	MK-based GP	AABFS	
	Oil content	0%vol.	20%vol.	0%vol.	20%vol.
	Reference	2.2	4.1	24.9	20.1
	Glucopon	2.4	4.2	13.9	28.9
	CTAB	30.8	103.5	16.7	23.9
	Brij O10	20.6	119.4	18.1	17.1
	Tween 80	42.0	79.8	19.6	16.0
	Span 80	3.5	13.3	35.1	63.0
	SDS	2.6	6.0	18.7	22.2

  More importantly, in presence of surfactants, fewer large droplets are present in MK-based GP than in AABFS matrices.

	to reduce oil droplet sizes.					
			MK-based GP			AABFS	
	Surfactants d50 (µm) d[4,3] (µm)	P	d50 (µm) d[4,3] (µm)	P
	Reference	82.18	169.03	6.15	135.66	165.42	5.30
	SDS	4.60	32.11	0.81	66.38	85.67	2.45
	Glucopon	4.83	17.77	0.32	22.83	43.78	1.28
	CTAB	3.40	11.81	0.23	10.99	25.82	0.46
	Brij O10	2.64	4.41	0.07	32.16	72.04	1.71
	Tween 80	3.16	4.30	0.05	35.28	52.41	1.43
	Span 80	3.62	10.67	0.16	21.51	42.34	0.83
						The latter is indeed
	an important parameter, because even if large droplets are present in a limited number, they
	represent an important volume proportion of oil. Mean volume diameter d[4,3] values show
	that without surfactant, significant amounts of large oil droplets are present in both MK-based
	GP slurries (d[4,3] = 169 µm) and AABFS slurries (d[4,3] = 165 µm).		
	In MK-based GP pastes, structuring surfactants (CTAB, Brij O10, Span 80 and Tween 80) are
	consistently more efficient to reduce droplet size than non-structuring surfactants (SDS and

Glucopon). Tween 80 and Brij O10 are the most effective ones (d[4,3] < 5µm). In AABFS pastes, no trend for droplet sizes, related to structuring or non-structuring surfactants, is observed.

CTAB is the most efficient, while SDS, Tween 80 and Brij O10 are the least effective surfactants

Table 7 :

 7 Influence of surfactants on the interfacial tension (γ) between Finavestan A360B and the aqueous solutions of GP and AABFS pastes.

	Aqueous solutions	Surfactant	Ø	CTAB	SDS	Brij O10 Glucopon Span 80	Tween 80
	Deionized	γ (mN.m -1 )	48.81 ± 0.58	7.72 ± 0.14	19.32 ± 1.67	5.22 ± 0.08	8.18 ± 0.49	21.05 ± 0.49	10.17 ± 0.53
	water	Solubility a	-	S	S	S	S	PS	S
	AS of MK-	γ (mN.m -1 )	54.61 ± 2.16	26.57 ± 1.39	15.51 ± 0.61	52.73 ± 1.05	6.40 ± 1.04	24.64 ± 1.30	10.37 ± 2.11
	based GP	Solubility	-	PS	PS	PS	S	PS	PS
	AS of	γ (mN.m -1 )	61.50 ± 0.38	4.83 ± 0.12	20.93 ± 0.91	32.20 ± 2.91	6.87 ± 0.09	43.17 ± 2.31	17.53 ± 0.66
	AABFS	Solubility	-	S	PS	PS	S	PS	PS

a S = soluble ; PS = partially soluble or insoluble.

Table 1 :

 1 Denomination and chemical description of surfactants tested in this study.

	). Brij O10 and Span 80 are purchased from Acros Organics (USA); Brij O10
	is more suited to MK-based AAM, while Span 80 is more adequate for alkali-activated BFS
	paste. CTAB and Glucopon 225DK (hereafter referred to as Glucopon) are obtained from Sigma
	Aldrich and BASF (Germany), respectively.

Table 2 :

 2 Description of the different formulations investigated in this research

	Formulation	Cement type	Surfactant type	Oil (%vol)
	GEO-0-0			
		Na-metasilicate		
		activated MK		
		geopolymer		

Table 3 :

 3 Main characteristics of the samples investigated by 3D X Ray micro-CT (voxel size = 5 microns)

	Material type	BFS-40-0	BFS-40-G	BFS-40-C	BFS-40-S
	Size of the raw image stack (pixels 3 )	1201x1310 x1146	1662x1662 x1146	1296x1326 x1146	1144x1315 x1094
	Size of the cropped				
	image stack	316x372x1146	516x759x342	422x348x940	418x392x344
	(pixels 3 )				
	Size of the cropped image stack (mm 3 )	16.8	16.7	17.2	7.04
	Manual threshold (grey level)	83	95	82	76
	Observed relative				
	volume of the OL	28.1	39.8	32.7	20.3
	emulsion (%) in a	(10-520	(10-570	(10-580	(10-570
	given object size	microns)	microns)	microns)	microns)
	range (microns)				
	Connected part of the OL emulsion (%)	15.9	39.8	32.7	19.8

  bottom, middle column) of BFS pastes with 20%vol LVOL show that the droplet sizes with CTAB or Glucopon are bigger than for GEO pastes at 20%vol LVOL. With Span 80, no clear spherical droplets are visible, meaning that the LVOL is not forming a typical and adequate emulsion, but rather elongated, sheared, LVOL droplets (more likely to induce stress concentrations and reduce mechanical strength).

3.1.2.3 Effect of 40%vol LVOL

At 40%vol LVOL, the GEO pastes display sufficient strength, with average values of

16.6 

MPa +/-0.11 with CTAB or Brij O10, which is slightly above the average of 14.2 MPa +/-0.6 obtained without surfactant. Glucopon only provides an average strength of 9.0 MPa +/-0.4. The industrial storage specifications for a minimal compressive strength of 8 MPa are respected

[36]

. 2D SEM (Figure

5

top, right column) shows that all surfactants in GEO pastes provide spherical droplets, the smallest being obtained with Brij O10, at sizes significantly below 100 microns.

Table 4 :

 4 Apparent density and open porosity characterizations at 90 days under endogenous conditions at 20°C.

	Samples	Apparent density (g.cm -3 )	Density theoretical (g.cm -3 ) a	Density deviation (%) b	Open porosity (%)
	GEO-0-0	1.79	-		-	7.05
	GEO-20-0	1.64	1.60		2.14	-
	GEO-40-0	1.45	1.42		2.22	-
	GEO-0-G	1.56	1.79		14.66	22.59
	GEO-20-G	1.35	1.60		18.50	-
	GEO-40-G	1.25	1.42		13.31	-
	GEO-0-C	1.74	1.79		2.85	22.22
	GEO-20-C	1.57	1.60		1.77	-
	GEO-40-C	1.42	1.42		0.11	-
	GEO-0-B	1.71	1.79		4.21	16.40
	GEO-20-B	1.55	1.60		3.05	-
	GEO-40-B	1.40	1.42		1.17	-
	BFS-0-0	2.01	-		-	4.80
	BFS-20-0	1.79	1.78		0.81	-
	BFS-40-0	1.72	1.55		9.93	-
	BFS-0-G	1.70	2.01		18.38	30.15
	BFS-20-G	1.51	1.78		18.09	-
	BFS-40-G	1.30	1.55		19.32	-
	BFS-0-C	1.92	2.01		4.50	11.70
	BFS-20-C	1.75	1.78		1.65	-
	BFS-40-C	1.53	1.55		1.69	-
	BFS-0-S	1.95	2.01		2.88	21.76
	BFS-20-S	1.74	1.78		2.07	-
	BFS-40-S	1.54	1.55		0.57	-
	a The theoretical density ρtheo is calculated based on the relation 𝜌	= 𝜌 • %𝑣𝑜𝑙. + 𝜌	•
	(1 -%𝑣𝑜𝑙.				

  unconnected (non-coalesced) spherical droplets, although their size is the biggest of the four cases. With Brij O10, distinct LVOL droplets are obtained, of a rather elongated shape, i.e., coalescence is partial and limited; the droplets are remarkably smaller than without surfactant. With CTAB, two main connected LVOL zones are observed; the spherical shape of the droplets is clearly visible, meaning that coalescence is only partial. With Glucopon, all the

LVOL is connected, but again, distinct spherical droplets are present, meaning that coalescence is partial. For limiting connectivity and droplet size, and hence, best contributing to mechanical loading and strength, the best surfactant is therefore Brij O10; CTAB also provides interesting properties regarding the limitation of coalescence.

Table 5 :

 5 Deconvolution results for29 Si MAS NMR spectra of MK-based GEO and AABFS.

		MK-based GEO			AABFS	
	δ (ppm)	Connectivity	%	δ (ppm)	Connectivity	%
	-101.7	Q 4 (0Al)	5.7	-73.9	Q 1 BFS	23
	-96.9	Q 4 (1Al)	13.2	-78.3	Q 1	46.7
	-91.8	Q 4 (2Al)	37.6	-81.1	Q 2 (1Al)	23.3
	-86.6	Q 4 (3Al)	28.8	-83.9	Q 2	7
	-81.5	Q 4 (4Al)	13			
	-75	MK	1.6			

Table 6 :

 6 Deconvolution results for27 Al MAS NMR spectra of MK-based GEO and AABFS.

		MK-based GEO			AABFS	
	δ (ppm)	Connectivity	%	δ (ppm)	Connectivity	%
	68.1	Al IV	8.8	75.3	Al IV	35.1
	60.1	Al IV	83.0	70.2	Al IV BFS	8.0
	50.2	Al IV	1.6	63.1	Al IV BFS	17.7
	4.7	Al VI	6.6	49.3	A V BFS	2.8
				12.5	Al VI	6.9
				10.6	Al VI	22.6
				7.9	Al VI	6.9

  1,3 , Christel Pierlot 1 , David Lambertin2 

Table 2 :

 2 Formulation details of materials A presented for a total mass of 100 g.

	A	Material (g) H2O	GEO 2.95	BFS 28.82
		NaOH	6.87	7.12
		Betol 39T	47.85	-
		MK	42.33	-
		BFS	-	64.06

Table 3 :

 3 Formulation details of materials B presented for a total mass of 100 g.

	B	Material (g) H2O	GEO 4.95	BFS 25.94
		NaOH	6.02	6.40
		Betol 39T	41.94	-
		MK	37.10	-
		BFS	-	57.65
		γ-MnO2 or getter	10.00	10.00

Table 4 :

 4 Formulation details of materials C presented for a total mass of 100 g.

	C	Material (g) H2O	GEO 4.40	BFS 23.42
		NaOH	5.34	5.78
		Betol 39T	37.23	-
		MK	32.93	-
		BFS	-	52.05
		γ-MnO2 or getter	10.00	10.00
		Nevastane EP100	10.10	8.74

Table 5 :

 5 Formulation details of materials D presented for a total mass of 100 g.

	D	Material (g) H2O	GEO 4.84	BFS 25.37
		NaOH	5.88	6.26
		Betol 39T	41.00	-
		MK	36.27	-
		BFS	-	56.37
		γ-MnO2 or getter	10.00	10.00
		Magnesium	2.00	2.00

  mmol/g Mg +/-0.04 and it is of 5.69 mmol/g Mg +/-0.3 in BFS-based AAM.

	In contrast, in getter-based materials, the amount of released H2 is significantly lower, with
	cumulative amounts of 0.19-0.44 mmol/g Mg for GEO and of 2.29-2.38 mmol/g Mg for BFS-
	based AAM. At an early age, and until 28-91 days for BFS and 190-308 days for GEO, the
	amount of released H2 is below 0.1 mmol/g Mg.

Table 1 provides

 1 

, first, θ values as measured on the GP surface (Figure 2a), followed by θ values, measured on PTFE. From experimental θ values and reference values for 𝛾 , the components 𝛾 and 𝛾 are deduced using Eq. 11. The literature also provides reference values for 𝛾 and 𝛾 , used for comparison purposes. Good agreement is obtained

Table 1 :

 1 Measured contact angles θGP on GP surface, and θPTFE on PTFE followed by total surface tension γL taken from the literature, and corresponding dispersive and polar components (𝜸 𝑳 𝒅 , 𝜸 𝑳 𝒑 ), either deduced from experimental θPTFE or from the literature (same references as for γL)

		Experimental		Literature	Experimental	Literature (same ref. as for γL)
	Liquids	θ (°)	θ	(°)	𝛾 (with reference)	𝛾	𝛾	𝛾	𝛾
	Water	38.82 (± 0.71)	111.80 (± 1.50)	72.80 (Janiszewska 2020)	26.18 (± 2.02)	46.62 (± 2.02)	21.80	51.00
	DMF	21.34 (± 0.65)	65.34 (± 1.65)	37.30 (Tang 2018)	34.93 (± 1.29)	2.37 (± 1.29)	32.42	4.88
	Dodecane	11.79 (± 0.91)	36.57 (± 0.98)	25.90 (Pan 2018)	25.90 (± 0.31)	0 (± 0.31)	25.90	0
	Ethylene glycol	21.68 (± 1.54)	77.43 (± 1.00)	48.00 (Zhang 2019)	42.70 (± 1.19)	5.30 (± 1.19)	29.00	19.00
	Eq. 10 is then applied to the measured values θ in combination with experimental or	
	literature 𝛾 and 𝛾 𝐿							

𝑝 values (Table

Table 2 :

 2 Comparison of predicted contact angle values with experimental contact angle values: case of TBP and an IO. Surface tension is expressed in mN.m -1 . The total surface tension of the OL was measured using a Wilhelmy plate (not from the literature) 2: Experimental values are 𝛾 = 23.7 mN.m -1 , 𝛾 = 33.9 mN.m -1 and 𝛾 = 57.6 mN.m -1 3: Values deduced from the literature are 𝛾 = 19.5 mN.m -1 , 𝛾 = 34.9 mN.m -1 and 𝛾 = 54.4 mN.m -1

	θGP (°)

Table 3 :

 3 Work of cohesion WC, work of adhesion WA, spreading coefficient S and interfacial tension γSL between liquids and GP surface. All are expressed in mN.m -1 .

			Calculated using		Calculated using (𝜸 𝑺	𝒅 , 𝜸 𝑺	𝒑 )
			experimental (𝜸 𝑺	𝒅 , 𝜸 𝑺	𝒑 )	from literature data
	Liquids	WC	WA	S	γSL	WA	S	γSL
	IO	64.18	74.45	10.27 15.28	69.94	5.76	16.57
	TBP	54.84	61.77	6.93	23.29	57.27	2.43	24.57
	Water	145.60 129.38 -16.22	1.06	125.64 -19.96	1.58

  Tableau 1: Représentation schématique des deux mécanismes d'actions des tensioactifs proposés. Le fond bleu clair représente la solution d'activation alcaline, les cercles rouges représentent les gouttelettes d'huiles et les hexagones bruns représentent les particules solides (MK ou laitier). Les cercles verts et les lignes noires correspondent respectivement aux « têtes » hydrophiles et aux « queues » lipophiles des tensioactifs. Le mécanisme classique (Mécanisme 1 ou M1) réduit la tension interfaciale pour stabiliser l'émulsion d'huile ; c'est le principal mécanisme observé dans la matrice laitier activé. Le mécanisme singulier (Mécanisme 2 ou M2) favorise l'interaction des particules solides avec l'huile pour stabiliser l'émulsion d'huile ; c'est le principal mécanisme observé dans la matrice géopolymère. Il semblerait que le mécanisme dépende de la solubilité des tensioactifs dans les solutions d'activations. Étonnamment, même si les MAA à l'état frais peuvent être conceptualisés comme étant similaires (suspensions alcalines concentrées de particules solides), le comportement des tensioactifs peut être opposé dans les deux types de MAA et devra être au centre de l'attention lors du développement futur de MAA immobilisant des huiles. D'un point de vue applicatif, M1 est à privilégier si l'ouvrabilité des MAA frais est recherchée, tandis que M2 est à viser afin d'avoir une meilleure stabilisation de l'huile dans les composites durcis. Enfin, en accord avec les mesures de tailles de gouttelettes, l'incorporation d'huile minérale présente des performances plus élevées dans la matrice géopolymère que dans la matrice laitier activé.

		Mécanisme 1	Mécanisme 2
	Viscosité	Constante	Augmente
	Tension interfaciale	Décroit significativement	Décroit peu
	Interactions huile-particules	Faible	Forte
	Représentation		
	schématique		
			Span 80
	Géopolymère	Glucopon SDS	CTAB Tween 80
			Brij O10
		Glucopon	
		SDS	
	Laitier activé	CTAB	Span 80
		Tween 80	
		Brij O10	

Chapter I: Incorporation of organic liquids into geopolymer materials -A review of processing, properties and applications

Chapter II: Incorporation of low viscosity oil in alkali-activated materials

Chapter III: How are alkali-activated materials impacted by incorporating low viscosity organic liquids

With the chosen AAM formulations, it is concluded that the use of MK-based GEO is more favorable for the immobilization of high amounts (40%vol) LVOL than AABFS. However, for 20%vol incorporation, both MK-based GEO and AABFS pastes are suitable with a surfactant (CTAB for both, or Brij O10 for GEO). The type and concentration of surfactant must be carefully chosen, not only for the purpose of stabilizing the LVOL emulsion but also to avoid side effects, such as an excessive increase in porosity, influencing mechanical and long-term properties of the AAM-LVOL composites.
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Appendix A A1-State-of-the-art on emulsions Emulsification processes. In order to create an emulsion, e.g. of an OL into a cement slurry, stirring occurs first under a laminar fluid flow (at low blade speed), and then under turbulent flow at greater blade velocity. The main driving parameters of the process are the capillary number Ca (in laminar regime) and the Weber number We (in turbulent regime).

The capillary number is defined as the ratio between the shear stress and the capillary pressure, and it is written as [66]:

where 𝜂 is the dynamic viscosity of the continuous phase (in Pa.s), γ̇ is the applied shear rate (in s -1 ), γ is the interfacial tension (in N.m -1 ) and R is the droplet radius (in m). The critical capillary number Cac is the value above which a droplet of radius R breaks (due to viscous forces overcoming surface tensions), creating smaller droplets.

The pioneering works of Grace [32] have shown experimentally that the Cac depends on the viscosity ratio p, defined as: p = ηd/ηc, where ηd is the dynamic viscosity of the dispersed phase and ηC is the dynamic viscosity of the continuous phase. In the viscosity ratio p range between 0.01 -1.0, Cac is minimal and on the order of 1, meaning that droplet break-up is easy, whereas at lower or higher viscosity ratios, the value of Cac increases very quickly.

In a turbulent flow regime, the break-up of an OL droplet is due to both viscous forces and inertial forces within the scales of macro-turbulence and Kolmogorov micro-turbulence (i.e.

for a droplet Reynolds number 𝑅 = 𝜌 γ̇𝑅 4𝜂 greater than 5, where 𝜌 is the density of the continuous phase), the inertial forces are predominant [67]. In such case, a Weber number We is defined as the ratio between the kinetic energy of a droplet due to turbulent fluctuations (𝜀 ) and the energy related to the interfacial tension (𝜀 ). The break-up of a droplet occurs for a critical Weber number on the order of 1.

In the vicinity of the mixing blade, the turbulent flow regime corresponds to droplet sizes on the order or below the scale of Kolmogorov micro-turbulence. In such case, the droplet breakup is mainly due to viscous forces (and not to inertial forces), and the capillary number Ca is considered again.

Stability of the emulsion.

A major destabilizing process for emulsions is coalescence, i.e. the fusion of two or more droplets into larger ones.

Appendix B

Appendix B1: Influence of surfactants on the size of oil droplets in MK-based GP: microscopic observations and corresponding droplet size distributions. Chapter II: Incorporation of low viscosity oil in alkali-activated materials 

Chapter IV

Chapter IV is dedicated to assessing and understanding the efficiency of the MnO2/Ag2O hydrogen/tritium getter in alkali-activated materials, which has not yet been performed. In particular, the getter efficiency is known to be affected by the properties of its surrounding environment. In the case of cementitious-like materials, these can be the amount of free water, the sorption of ions, redox reactions, etc.

Summary Chapter IV

PREAMBLE CHAPTER IV . 

Preamble Chapter IV

Due to its widely accepted effectiveness [1]- [5], the hydrogen/tritium getter studied in this work is a blend of γ-manganese dioxide (γ-MnO2) and silver oxide (Ag2O) written γ-MnO2/Ag2O. According to Galliez [6], the greatest trapping efficiency is reached when manganese oxide and silver oxide powders are weighed in proportions such that the mass ratio γ-MnO2/Ag2O = 87/13. The getter preparation process described by [2] involves a grinding step, which promotes the granulation of Ag2O particles at the surface of γ-MnO2. In the following, the structure of γ-MnO2 and the trapping mechanisms will be described. A brief state of the art on the use of this getter in cementitious materials will also be discussed.

Manganese oxides

The interesting chemistry of manganese is due to its various oxidation states. Among the possible oxidation states of manganese (in the range of -III to +VII), the +II, +III, and +IV oxidation states are the most prevalent [7]. Manganese possesses the ability to form multiple bonds with oxygen through spontaneous oxidation to a variety of stoichiometric oxides/hydroxides/oxyhydroxides. Galliez [2] focused his work on the efficiency of hydrogen getters made up of manganese dioxides (MnO2) of mixed oxidation states +III-IV or oxidation state +IV. Figure 1 summarizes the structures of MnO2 polymorphs [8]. Two types of structures are distinguished:

 Lamellar structures: They consist of MnO6 octahedrons connected together by their edges. An example of this type of structure is birnessite δ-MnO2 (Figure 1).

 Tunnel structures: They consist of MnO6 octahedrons linked together by their corners.

An example of this type of structure is cryptomelane α-MnO2 (Figure 1).

Abstract

In this research, novel alkali-activated materials (AAM) are developed for the conditioning of tritiated organic liquids OL. Their originality is to ensure both radioactive OL waste conditioning and hydrogen or tritium ( 1 H2 or 3 H2) trapping. Two types of AAM are compared, either based on metakaolin MK (i.e., on geopolymer GEO solid structure) or on blast furnace slag BFS (i.e., Portland cement solid structure). For 1 H2 or 3 H2 trapping, both AAM incorporate a γ-MnO2/Ag2O getter powder at 10 wt.%, as in former research.

The efficiency of 1 H2 trapping in the two AAM is assessed via in situ 1 H2 production, using two distinct methods: (1) gamma irradiation (short term 1 H2 production) and (2) magnesium metal Mg corrosion (longer term 1 H2 production). Complementarily, the 1 H2 trapping efficiency of the getter is analyzed in both AAM porewaters.

Gamma irradiation with a cumulative dose up to 500 kGy shows that GEO-based AAM added with getter have a H2 trapping efficiency of almost 100% without OL, and 87-92% with OL, when compared to identical materials made with non-trapping γ-MnO2. BFS-based AAM made with getter have a trapping efficiency of 52-65% without OL and 16-25% with OL.

After 443-464 days Mg corrosion, the cumulative amount of 1 H2 trapped in BFS AAM reaches an asymptote of 0.7 mmol/g of getter, while is it keeps increasing in GEO AAM. This proves the excellent 1 H2 trapping efficiency of getter-functionalized GEO compared to BFS AAM.

The contact of the getter with the extracted porewaters of the two AAM shows a strong ion adsorption on its surface. This reduces the 1 H2 trapping capacity by 50% (in both cases). When the getter is placed in contact with sulfides, which are present in BFS AAM only, X-Ray Diffraction (XRD) and Scanning Electron Microscopy (SEM) evidence that the structure of the getter is modified. This explains the limited 1 H2 trapping efficiency of the getter in BFS AAM, whereas the getter-functionalized GEO AAM remains efficient.

Keywords: Alkali-activated materials, blast furnace slag, geopolymer, tritium, getter, radioactive waste, organic liquids, organics, tritium trapping two distinct methods: (1) gamma irradiation (short term hydrogen production) on threemonth old AAM, and (2) magnesium metal Mg corrosion (longer term hydrogen production).

The first method generates in situ H2 gas by water and OL radiolysis [40]- [42]. The second method produces H2 gas in-situ through the corrosion of Mg powder added in the AAM [42].

Complementarily, the hydrogen trapping efficiency of the getter is analyzed in both AAM Materials and methods

Raw materials

All raw materials used in this study are listed in Table 1.

The γ-MnO2/Ag2O getter is produced by A3I (France) using manganese oxide (γ-MnO2) and silver oxide (Ag2O).

A pure mineral oil (Nevastane EP100) is chosen as the OL to incorporate into the AAM. The reasons are its purity (i.e., its absence of additives) and its easy incorporation in cementitious materials, related to its viscosity comparable to that of the fresh AAM [22], [44]. 

Materials preparation

Two formulations of AAM cements are selected from the literature, one for MK-based AAM [7], [18], [19], [45], [46], the other for slag-based AAM [47]. An alkali-activation with sodium silicate is chosen for MK to obtain a stoichiometry providing good mechanical performance.

Sodium hydroxide is preferred for BFS. Indeed, a preliminary study in our laboratory has
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where R is the gas constant (8.314 J.mol -1 .K -1 ) and T is temperature (298.15 K).

The amount of trapped H2 per mass unit of getter (mmol/g of getter) is expressed as:

where n(H2)MnO2 (in mol) is the amount of H2 measured in the sample containing γ-MnO2 and n(H2)getter (in mol) is the amount of H2 measured in the sample of the same material type, but containing the γ-MnO2/Ag2O getter.

The trapped H2 fraction, expressed in %, is calculated as follows:

Radiolysis results are usually expressed by the radiolysis gas yield G (in mol.J -1 ):

where n(H2) is the measured amount of H2 gas (in mol), D the cumulative dose of gamma radiation (in Gray) and m the mass of the irradiated sample (in kg).

For comparison purposes with the experimental 𝐺(𝐻 ) given by Eq. ( 4), the theoretical hydrogen radiolytic yields are also calculated for materials B and C. The radiolytic yield of pure water 𝐺(𝐻 ) is taken from the literature (at a reference value of 4. 46.10 -8 mol/J) [50], whereas the radiolytic yield of the OL 𝐺(𝐻 ) has been determined experimentally (1.65.10 -7 mol/J).

In material B (Figure 1), because water radiolysis is the main significant source of H2, the theoretical radiolytic yield G is expressed as:

where wwater is the total mass water fraction present in the sample (i.e., both free and bound water) and G(H2)water is the radiolytic yield of pure water.

In material C (Figure 1), OL radiolysis is also a significant source of H2 and the theoretical radiolytic yield G is then expressed as:

where wOL is the mass fraction of OL in the sample, and G(H2)OL the radiolytic yield of the OL.
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Magnesium corrosion

The Pourbaix diagram of magnesium describes that in the presence of sufficiently alkaline solutions (i.e., pH > 11.5), metallic magnesium reacts with water, leading to the formation of a solid Mg(OH)2 (brucite) layer and H2 [43] as:

The Mg(OH)2 layer protects the Mg metal and slows down corrosion reactions. Therefore, Mg is chosen in this study because it provides a controlled corrosion rate, and hence, a controlled H2 production rate.

A volume of 100 mL of material D is prepared and placed in a plastic container following the procedure presented in (Figure 1), and it is directly introduced in a 1 L stainless steel reactors.

The latter is tightly closed to avoid air pollution under 900 mbar of pure nitrogen (after 3 cycles of depressurization at 30 mbar and pressurization with nitrogen to ensure air removal). For each material D sample, the reactor is kept at 25°C and the evolution of the H2 present in the vapor volume of the reactor is followed over time using micro-GC. The same device as in II. 3.

is used but with nitrogen as the carrier gas.

At given time t (expressed in days), the H2 molar content is determined using Eq. ( 1) and normalized with respect to the Mg mass present in the material, as:

At given time t also, the amount of trapped H2 per unit mass of getter (mmol/g of getter) is calculated using Eq. ( 2). The cumulative fraction (CF) of trapped H2 from time t=0 to time t is deduced as:

The instantaneous fraction of trapped H2, expressed in %, is calculated from time t=1 day, as follows: 

A.2-Experimental approach

The γ-MnO2/Ag2O getter powder is placed in contact with one of the two solutions S1 or S2, with the following protocol:

 Protocol for S1: 5 g of getter powder are suspended in 100 mL of S1 and left under stirring for a week. This period allows the getter to interact with the ionic species present in S1 and to reach equilibrium. The getter is then filtered using a Buchner funnel and 0.20 µm filters. The S1 solutions are kept, and the getter powder is dried at 80°C for 24 hours.

 Protocol for S2: 2 g of getter powder are suspended in 100 mL of S2 during 24h. The getter powder is then filtered using a Buchner funnel and 0.20 µm filters. The getter powder is dried at 80°C for 24 hours.

A.3-Analysis

The γ-MnO2/Ag2O getter powder is characterized before and after contact with the two solution types. ICP-AES analysis. The composition of S1 is evaluated before and after contact with the γ-MnO2/Ag2O getter by inductively coupled plasma atomic emission spectroscopy (ICP-AES, using a Thermo Scientific iCAP 6000 Series device). According to the literature, the focus is
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given on the main elements present in OPC and AAM pore-waters, i.e. Na, Al, Ca, K, P, S, Si [60].

Trapping efficiency. This test aims at assessing the trapping efficiency of the γ-MnO2/Ag2O getter powder. 1 g of getter powder is introduced in a 1L stainless steel reactor. This reactor is then tightly closed in order to avoid air pollution. As in [30], a gas mixture of H2/N2 in molar proportions 4/96 is introduced in the reactor at a pressure of 1.3 bar. The evolution of the H2 present in the vapor phase of the reactor is then followed over time using GC (the same device as in 3.1 is used but with nitrogen as carrier gas). The H2 molar quantification is made using Eq. ( 1).

The molar amount of H2 trapped as a function of time, per unit of mass of getter, is determined as follows:

where n(H2)0 is the amount of H2 initially present in the reactor (in mol), n(H2)t is the amount of H2 present in the reactor at time t (in mol), and mgetter the mass of getter initially introduced inside the reactor (in g). If necessary, i.e. when the molar proportion of H2 in the gas mixture of H2/N2 is lower than 1/99, the vapor phase in the reactor is renewed with the same H2/N2 (4/96) gas mixture until saturation of the getter powder is achieved.

Chapter V

A new approach for evaluating the long-term confinement of radioactive organic liquids

Chapter V aims at determining the long-term confinement of RLOW within geopolymer (GEO) matrices, in order to help allowing their acceptance in industrial disposal sites. In particular, environmental water seepage is usual and may dislodge RLOW from GEO with time. To this purpose, the Surface Free Energy (SFE) of a typical GEO matrix is determined through wetting angles measurements. For instance, the knowledge of the SFE allows: 1) quantifying the affinity of any liquid for GEO materials and 2) drawing wetting envelopes to predict the wetting of any liquid on the GEO surface.

Owens and Wendt expressed the interfacial free energy of the liquid-solid interface as the geometric mean between these contributions, as [10]:

From Eqs. 2 and 6, the work of adhesion is evaluated as follows:

From Eqs. 1 and 8, the Owens-Wendt model is deduced as: Substituting these values into Eq. 10 yields:

Where θ

is the contact angle measured between PTFE and the probed liquid. Therefore, with Eq. 11, by simply measuring θ , and by knowing 𝛾 , the dispersive component 𝛾 is determined for the selected liquid. The value of 𝛾 is deduced as 𝛾 = 𝛾 -𝛾 (Eq. 6).

(

Chapter V: A new approach for evaluating the long-term confinement of radioactive organic liquid Secondly, the contact angle θ is measured for the liquids of known 𝛾 𝐿 , 𝛾 and 𝛾 𝐿 𝑝 , but on the GP solid surface instead of PTFE.

Determination of wetting envelopes

When both (𝛾 and 𝛾 ) are known, the so-called "wetting envelopes" are determined. For a given set (𝛾 , 𝛾 , θ 𝐺𝑃 ), each value of 𝛾 corresponds to a single value of 𝛾 𝐿 𝑝 , obtained by the numerical resolution of Eq. 10. Wetting envelopes are then deduced by plotting the dispersive component 𝛾 of a liquid against the polar component 𝛾 . For a given solid SFE, wetting envelopes are bow-shaped curves at constant equilibrium contact angles θ .

Prediction of wetting on a GP surface and experimental validation of the Owens-Wendt approach

In practice, wetting envelopes are used to predict the wetting of the GP surface (i.e. the contact angle θ ) for any liquid, provided that the polar and dispersive components of its surface tension 𝛾 and 𝛾 𝐿 𝑑 are known [21]. In the following, they are used to predict the θ of two OL widely used in the nuclear industry.

For these OL, using 𝛾 and 𝛾 𝑆 𝑑 identified for the GP, together with 𝛾 and θ values from the literature (or from experimental measurements), 𝛾 and 𝛾 are derived and plotted in the wetting envelope diagram, and the corresponding contact angle θ is deduced from Eq. 10.

Further, the predicted θ values for the two OL are compared to experimental measurements of θ for the same liquids. This aims to validate experimentally the Owens- Wendt approach for GP, and to enable a wide use of the wetting envelopes for any other liquid in contact with GP.

Finally, the work of adhesion WA, the work of cohesion WC and the spreading coefficient S are deduced and compared for the two OL and water.

Materials and methods 

Fresh state oil emulsion

The emulsification of oil in a proportion of 20%vol. was successfully performed in both types of fresh AAM grouts. However, this requires the addition of surfactants as the oil incorporation would be insufficient due to the presence of heterogeneous and large visible droplets otherwise. Several surfactants (CTAB, SDS, Glucopon 225DK, Span