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General Introduction

Since radium was discovered and isolated from pitchblende by Professor Marie Curie and Professor Pierre Curie in 1898, it has drawn great interest of scientist and entrepreneurs as a "miracle" element of pioneering nuclear industry. At first radium, which was claimed to be a "panacea" of every decease, was added into a variety of products including food, beverage, toothpaste, clothing, toys and medicines without considering its potential hazards. Since 1915, increasing reports indicated the possible toxicity of radium to human body, and researchers gradually revealed the fatal danger of radium in 1930s. Then the commodity industry involving Radium quickly went to decline.

Naturally occurred radium isotopes 226 Ra, 228 Ra and 224 Ra found on Earth come from primordial uranium and thorium decay chains, and widely are present in the environment even though present at ultra-trace concentrations in most cases. The average radium concentration in the crust is 32 Bq•kg -1 (8.6×10 -10 g•kg -1 ), while the distribution of radium is heterogeneous depending on the geological environment and existence of U and Th ores; the Ra level in rocks could thus ranges from 0.037 Bq•kg - 1 (1×10 -12 g•kg -1 ) to 2220 Bq•kg -1 (6×10 -8 g•kg -1 ). Furthermore, radium has a high mobility in soils and/or sediments through the aqueous phase due to its high solubility and its poor reactivity similar to other alkaline earth elements. On the other hand, being in the alkaline earth family, it follows the behavior of Ca after ingestion in human body, which might lead to an important internal radiation dose.

For all these reasons, the need to understand the behavior of Ra in the environment is of particular interest, and notably in relation to the management of TENORM (technologically enhanced natural occurring radioactive material) products, which mainly originate from uranium mining/milling and other industrial exploitation of phosphate, fossil fuels, etc. One of the challenges is to set up methods for rapid and sensitive analysis of Ra. Several analytical techniques such as alpha spectrometry, gamma spectrometry, liquid scintillation spectrometry and mass spectrometry are appropriate for radium quantification. Before analysis, tedious separation/preconcentration protocols are usually applied. By now, MnO2-type supports are the most common materials used to extract Ra from environmental water with low Raactivities. Nevertheless, these systems show some limitation of selectivity, and are not stable in reducing conditions. Therefore, there is a need for the development of alternative efficient and selective supports. This question was at the center of a project started in 2015 in collaboration with TrisKem International, which aims at developing a specific Ra resin for environmental applications based on Molecular Recognition Technology (MRT). A promising efficient and selective resin has thus been developed; it consists of a metal-selective ligand, either chemically bonded to a silica support or physically impregnated onto an organic polymer support. The purpose of this thesis is to continue this work with the objective of testing the potential interest of this new resin for establishing a rapid and efficient method to evaluate the radium level in environmental aqueous phases. Its performance is in particular compared with the only Ra-specific resin on the market, AnaLig® Ra-01 (IBC Advanced Technologies, Inc.), and the non-specific Chelex®-100 resin (Bio-Rad Laboratories, Inc.). As far as the approach is concerned, the ambition is to perform in-situ analyses with Diffusive Gradients in Thin films (DGT) sensors following a step-by-step method, from laboratory experiments on synthesized/natural samples to the field in radioactive mineral springs. A DGT passive sampler is composed of a binding layer which traps target materials, a diffusive gel which allows free or restricted diffusion of nanoparticles or ions, a membrane filter and a plastic housing. Analysis of the binding layer after sampler deployment can give the time-weighted-average aquatic elemental concentration by applying the Fick's Law depending on the speciation of the metal. This technique can be used to trace the labile fraction of the targets.

The thesis work is organized in four chapters.

Chapter 1 gives a bibliographic synthesis related to the context of the research project. This chapter describes the chemical and radioactive properties of radium, and presents the geological distribution of radium with corresponding concentration ranges in different environmental matrixes. Then the notion of TENORM is introduced along with the industrial activities that can lead to the liberation, redistribution and concentration of substances containing radium, e.g., uranium mining and milling, oil/gas/coal exploitation and phosphate industry. With the need for environmental monitoring, the analytical techniques adapted for the determination of radium are presented, including the corresponding separation and pre-concentration methods. It is on the basis of this state of the art that the subject of this work will be argued. This chapter presents a bibliographic work on radium. First of all the general "profile" of radium is described including its discovery, its radioactive and chemical properties. Then the distribution of radium in nature is illustrated, including its characteristic contents and probable transport pathways in different environmental matrices such as rocks, soil, water and organisms. The impact of human activities on the generation of Ra-contaminated materials that can lead to potential radiation hazard is documented in a second step. Afterwards, we list several frequently used radium determination techniques, before which, separation and preconcentration of radium in samples are usually necessary aiming at depriving analytical interferences and/or lowering limit of detection. The selection of tools for pre-concentration and analysis of radium in the environment are the focus of this study. In December 1898, with tireless hard work of Professor Marie Curie and Professor Pierre Curie, a "new" element, entitled radium, was successfully isolated from pitchblende (IAEA, 2014). As a "miracle" substance of pioneering nuclear industry, radium, the luminous element, has drawn great interest of scientists, entrepreneurs as well as charlatants without considering its potential hazard for human. It had been added in varies of products, for instance, food, beverage, toothpaste, clothing, toys and some medicines which were claimed to be panacea of every disease (Harvie, 1999). Since 1915, increasing reports indicated that radium could be poisonous to human body. Then the research of Dr. Martland revealed the fatal danger of radium [START_REF] Rundo | History of the determination of radium in man since 1915[END_REF], since which, the commodity industry involving Radium quickly went to decline, meanwhile series of researches on radium, including its toxicity on human body, potential pollution to environment have been gradually developed.

Contents of

Properties of radium 1.2.1 Radioactivity of radium

Radium is an alkaline earth metal. Unlike other sister elements in the Group IIA, Ra has no known stable isotopes, whose mass numbers vary from 206 to 230, and their half-lives (T1/2) range from 182 ns ( 216 Ra) to 1600 years ( 226 Ra) [START_REF] Ahmad | Determination of nuclear spins and moments in a series of radium isotopes[END_REF]. Four Radium isotopes 223 Ra, 224 Ra, 226 Ra and 228 Ra are in the decay chains of primordial radioelements, as it is depicted in Figure 1 

Chemistry of radium

Radium is the heaviest element of the IIA Group, with atomic weight of 226.05 and relative density (20 ℃) of 6. Its atomic number is 88, its electronic configuration is 7s 2 , its melting point is 700 ℃ and its boiling point is 1150 ℃. The pure metal of radium, prepared by fused salt electrolysis, is brilliantly white. The metal Ra and radium salts exhibit a strong luminescence. (Evans, 1933) (Pusey, 1911) (Martland, 1925) In general, the chemical properties of radium have not been taken much attention probably because radium was believed to display the same type of chemistry as barium (Curie, 1898).

One key to understand the radium chemistry, geochemistry and mechanisms of solid-solution interactions is its environmental content in different matrix. In natural water, 226 Ra concentration ranges from 4×10 -18 M to 4×10 -13 M; in geological materials, its concentration varies from 2.2×10 -12 mol•kg -1 to 1.8×10 -13 mol•kg -1 ; in laboratory experiments, the often used 226 Ra level is from 4×10 -12 M to 4×10 -9 M. [START_REF] Tsivoglou | Effects of uranium ore refinery wastes on receiving waters[END_REF] At such levels, 226 Ra could behave as a trace substance whose actual chemistry is controlled by co-precipitation or other similar processes with other elements. Table 1-1 gives the main parameters controlling chemical and geochemical distribution for alkaline earth metals. [START_REF] Rutherford | Radiations from Radioactive Substances[END_REF]) (International Commission on Radiological Protection, 1977), where the similarity of ionic radius, ionization potential as well as electro-negativity between barium and radium is presented. (IAEA, 1990) The radium salts of HNO3, HCl and HBr are quite soluble [START_REF] Kirchmann | Etude du cycle biologique parcouru par la radioactivité[END_REF], however, its carbonate, sulphate and phosphate salts are poorly soluble (see Table 1-2 andTable 1-3). Radium shows no tendency to form complexes with inorganic anions due to its large cation size (IAEA, 1990). Radium complexes with some organic ligands is more stable although radium usually shows the least stability compared to other alkaline earth cations.

(See Table 1-4) [START_REF] Havlik | Radioactive pollution of rivers in Czechoslovakia[END_REF][START_REF] Matyskin | On the solubility of radium sulfate and carbonate[END_REF][START_REF] Jeffree | Comparative accumulation of alkaline-earth metals by two freshwater mussel species from the Nepean River, Australia: consistences and a resolved paradox[END_REF] More thermochemical and electrochemical data for radium and radium salts have been reported in early studies. [START_REF] Weigel | Radium, Erganzungsband 2 -Element, Verbindungen Gmelin Hand-buch der Anorganischen Chemie[END_REF][START_REF] Langmuir | The thermodynamic properties of radium[END_REF][START_REF] Molinari | The chemistry and radiochemistry of radium and the other elements of the uranium and thorium natural decay series[END_REF][START_REF] Havlik | Radioactive pollution of rivers in Czechoslovakia[END_REF]) whose half-lives are so long, considering their poor abundance on earth, they bring little significant concentration and dose in the environment [START_REF] Ronald | NORM sources and their origins[END_REF]. However, the progenies of some primordial radionuclides could be responsible for an important portion of natural radiation dose received by human due to their shorter half-lives compared to their parent nuclides, as it is the case for or instance for 226 Ra, a radiogenic daughter of 238 

Radium in rocks and soils

Radium is ubiquitous through the earth's crust, which consists of different kinds of rocks belonging to igneous, sedimentary and metamorphic groups [START_REF] Rösler | Geowissenschaften und Geochemie[END_REF]. Previous research shows an estimated average concentration of 238 U of 32.9 Bq•kg -1 (2.7×10 -3 g•kg -1 ) in the continental crust [START_REF] Taylor | Trace element abundances and the chondritic Earth model[END_REF], therefore, the crustal 226 Ra activity is expected to be at the equivalent level since 226 Ra is a daughter radionuclide in 238 U decay chain attaining radioactive equilibrium. The Radium content varies with rock types and other environmental factors. A summary of 226 Ra contents in different rocks is given in Table 1-5 (Curie, 1964) [START_REF] Evans | Radium in man[END_REF]. Human activities such as mining and rock exploitation could accelerate the rocky erosion by various weather processes, which enhance the mobility of originally fixed 

Radium in waters

Water, as one of the most common materials covering 71% surface of the earth, is necessary for biological metabolism and anthropogenic activities. Therefore, the concentration of radium in aqueous matrix should be monitored and evaluated in order not to bring radioactive hazard to public. In different types of water, Radium level can largely vary.

In groundwater, radium comes mainly from NORM bearing matrix such as rocks, ores or other source materials. (IAEA, 2014) The concentrations of radium and its parent nuclides are dependent on the solubility off these materials. Industrial exploitations are also sources of groundwater radium, which will be described later in this chapter. Moreover, drinking water and sewage water treatment could produce residues containing NORM in form of sludge. The disposal of this residue in landfills, ponds or lagoon might result in contamination of underground water. Here we present the results of elaborated studies in several regions of the USA for quantifying 226 Ra activities in different groundwater (see Table 1234567), where we could see that in water supply system or artificial wells the radium content is usually not high.

However, in the waters affected by uranium industry, phosphate industry or geothermal exploitation, Radium concentration could be exceptionally high. In freshwater, Radium normally arises from natural sources, e.g., inflow of groundwater, resuspension and solubilization of sediments bound radionuclides and particle deposition from air. Activities of 226 Ra in river water range generally from 0.5-20 mBq•L -1 [START_REF] Atwood | Radionuclides in the Environment[END_REF], while high concentration up to 292 mBq•L -1 has been reported in Former

Czechoslovakia (Halvik, 1970). In other freshwater like lakes, a narrow range between 0.5 to famous rivers or lakes worldwide. [START_REF] Iyengar | Uptake of radium by marine animals[END_REF]) [START_REF] Hursh | The Radium Content of Public Water Supplies[END_REF], (Moore, 1967) France Vidourle River 1.5-4.9 (Molina-Porras, 2020) USA Ontario Lake 1.48-62.9 [START_REF] Lynch | Soil and Water,Uranium and Radium Survey[END_REF]) Scotland (UK) Loch Lomond 0.37-4.44 [START_REF] Conlan | A simplified procedure for the assay of picocurie concentrations of radium-226 and its application to a study of the natural radioactivity in surface waters in Scotland[END_REF] The dispersal of radium into surface water can be enhanced by human activities, among which uranium mining and milling have profound environmental effects. In the vicinity of a Brazilian uranium mining site at Pocos de Caldas, the 226 Ra concentration attain 222 mBq•L -1 in river water, while in most river water samples, the 226 Ra level is under 37 mBq•L -1 [START_REF] Paschoa | 296947)[END_REF]. Near a uranium mining/milling site at north Saskatchwan, Canada, the mean 226 Ra concentration is up to 0.152 Bq•L -1 in lake water and 2.53 Bq•L -1 in stream water at the exposed sites, whereas the referential 226 Ra concentrations in this region are 6.58×10 -3 Bq•L -1 in lake water and 2.00×10 -2 Bq•L -1 in stream water (IAEA, 2014).

In seawater, radium level is generally low thanks to its powerful dilution capacity, despite of continuous inflow from river, continental sediments and parent rocks. Table 1-9 shows the average 226 Ra concentrations in surface water of the oceans [START_REF] Ostlund | GEOSECS Atlantic, Pacific, and Indian Ocean Expeditions[END_REF]. [START_REF] Tsivoglou | Effects of uranium ore refinery wastes on receiving waters[END_REF]. Since then, Radium has been monitored and its potential hazard has been evaluated in uranium mining sites over the countries. A Radium level of 30 pCi•g -1 (1.11 Bq•g -1 ) is regulated to be environmentally safe for surface disposal of uranium milling tailings [START_REF] Nirdosh | Radium in uranium mill tailings-some observations on retention and removal[END_REF]. The management of Radium in Uranium mining and milling residues is well described in technical documents by the IAEA (IAEA, 2002(1)(2)(3)) (IAEA, 2004).

b) Oil and gas industry Oil and gas are the blood of modern industry, supplying energies for almost all industrial activities, whose exploitation and processing are crucial to human. Unfortunately, NORM could be mobilized and exposed to surface along with oil and gas production. The first research focused on NORM associated with oil and gas was in 1904 [START_REF] Mclennan | On the radioactivity of mineral oils and natural gases[END_REF], and later reports described the occurrence of radium in reservoir water from oil and gas fields [START_REF] Kolb | Enhanced radioactivity due to natural oil and gas production[END_REF]) By now, the results of Radium monitoring and analyses have been massively

reported and the guidelines for radiation safety has been extensively renewed (IAEA, 2003).

In the review of IAEA in 2003, existence of natural radium isotopes has been reported in oil, gas and other by-products (see Table 1 -11). In particular, significant concentrations of Ra are found in the water generated by extraction processes, in sludge and in hard scale. [START_REF] Kirchmann | Etude du cycle biologique parcouru par la radioactivité[END_REF], then gradually become a concerned issue due to the massive 226 Ra flow (4×10 10 Bq per year) to surface cultivated soil via phosphate fertilizer. (UN, 1985) From the presentation above, it is shown that radium widely distributes in various environmental matrix like rocks, soils, waters and organisms. Even though radium is an ultratrace element (<1ppb) under most circumstance, it can be enriched along with human activities.

In conclusion, human activities, especially some industrial activities such as U mining/milling dramatically cause the redistribution and exposure of NORM to surface water and earth, bringing potential radiation hazard to public. Therefore, environmental monitoring of NORM (and more particularly Ra), is of great necessity. For the sake of precisely and efficiently evaluating environmental radium, proper analytical technique should be chosen as well as the corresponding radium separation/pre-concentration methods allowing to assure the analysis quality. The next sections of this chapter will focus on this subject.

Analytical methods for the determination of radium

Along with the production and accumulation of technically enhanced radium which could be exposed to surface environment, the determination of radium isotopes has become an important subject. The high toxicity and wild environmental distribution of radium has stimulated the interest of continuous development of Radium isotope determination methodologies in various media like water, soils and sediments. Several analytical techniques has been reported, including 222 Rn emanation, α spectrometry, γ spectrometry, liquid scintillation counting, and mass spectrometry. Since Radium concentration is normally very low in most environmental samples, the corresponding Radium separation and preconcentration technique is ought to be well adapted before analysis. The following parameters should be taken into account when we choose an appropriate analytical method: 1) the type of analyzed sample, including its matrix, 2) the nature of radium isotope(s) to be determined, 3) the cost of analysis, and 4) the aim of analysis and research. Also the simplicity and feasibility of a method is important for laboratory researchers. Most analytical methods presented in this chapter are available for Radium determination in liquid phases. It is however possible to adapt these methods to solid matrixes like soils or sediments.

The most traditional indirect Radium determination method is 222 Rn emanation, which is described by Marie Curie in 1910s. (IAEA, 1990, Chapter 3-2) This method is specifically for 226 Ra as 222 Rn (half-life 3.84 days) is one of its daughter nuclide. The acidified water sample should be concentrated until the 226 Ra content is higher than 0.1 Bq, then the sample is put into an emanation flask. Nitrogen is applied to flush the 222 Rn into an ionization counter [START_REF] Curie | [END_REF] [START_REF] Curtiss | Counting method for the determination of small amounts of radium and radon[END_REF] [START_REF] Kuroda | On the Equilibrium of the Radioactive Elements in the Hydrosphere. I[END_REF]) [START_REF] Walton | The concentration and distribution of radium in the normal human skeleton[END_REF] or an alpha scintillation counter [START_REF] Lucas | Alpha scintillation radon counting[END_REF]) (Key, 1983) for determination of 222 Rn. Although this method is still available, there are disadvantages: 1) for samples with low Radium content, a large volume is required to reach the detection limit, 2) a waiting period of about 20 days (5 times of the halflife of 222 Rn) is necessary for the radioactivity equilibrium between 226 Ra and 222 Rn, 3) the accuracy and precision of a single analysis is impossible to assess due to the absence of internal control, 4) this method is limited to 226 Ra but is not suitable for other radium isotopes.

Therefore, this method is no more considered during our research.

Alpha spectrometry

The basic principle of alpha spectrometry is recording the energy intensity of emitted alpha particles in form of a pulse height distribution. A modern alpha spectrometer system usually consists of a vacuum chamber, an alpha particle detector, an electronic amplifier and a computer with data analysis software. Frequently used detectors include liquid scintillator, solid scintillator and semi-conductor detectors. The quality of detection can be influenced by several parameters, e.g., the type and performance of the detector, the quality of sample and the background.

Several materials can be chosen for the deposit of Ra, such as stainless steel, silver, nickel, tantalum, platinum, glass, ceramics or polymers. These materials should be polished and clipped to proper size. [START_REF] Lally | Source preparation in alpha spectrometry[END_REF] Before analysis, the sample layer on the substrate must be extremely thin, perfectly uniform, firm and weightless in order to avoid self-absorption, backscattering, spectral interferences and contamination of detector.

Therefore, a series of techniques are developed for source preparation, among which coprecipitation and electro-deposition are the most common. Table 1-13 [START_REF] Jia | Determination of radium isotopes in environmental samples by gamma spectrometry, liquid scintillation counting and alpha spectrometry: a review of analytical methodology[END_REF] shows some details of several studies on radium determination by alpha spectrometry. C in aqueous phases in 1950s [START_REF] Hayes | Liquid scintillation counting of tritium-labeled water and organic compounds[END_REF], then for alpha emitters like 226 Ra in 1960s [START_REF] Prochazka | The role of boron and carbon in the sintering of silicon carbide Chapter 16[END_REF]. For liquid samples with high activity, LSC is an efficient and accurate measurement method with a simple procedure of sample preparation. However, its poor energy resolution make chemical separation necessary for samples containing various radionuclides. Another disadvantage is the relatively high background, so that a shielding system of LSC system is an important factor to meet relatively low detection limits. 

Mass spectrometry

Mass spectrometry is extensively applied for the determination of element concentrations at the trace and ultra-trace level and is suitable for radionuclides with half-life longer than a couple of years [START_REF] Becker | Determination of longlived radionuclides by inductively coupled plasma quadrupole mass spectrometry using different nebulizers[END_REF]. A mass spectrometry system usually consists of a sample inlet system, ion source, mass analyzer and data dealing system. In mass spectrometry, species in sample are decomposed and ionized by ion source then dispensed by electric/magnetic fields according to their specific ion masses, then mass spectrum is acquired by these ion beams at different positions in magnetic fields. Inductively coupled plasma mass spectrometry (ICP-MS), accelerator mass spectrometry (AMS) and thermal ionization mass spectrometry (TIMS)

have been reported for determination of 226 Ra and 228 Ra (see Table 12345678910111213141516). 1.5 Radium pre-concentration and separation in the laboratory

The development of Radium separation technique dates back to radium production since the discovery of Radium by Marie Curie, who created the first isolation method based on fractional precipitation of RaCl2 salt from pitchblende. At that moment, no further purification method was available, so the extracted radium salts contained impurities of barium. As the exposure of radium to surface environment gradually became a problematic issue along with the blooming of modern industry, the development of radium separation and preconcentration techniques has attracted great interest in the field of environmental monitoring and decontamination. For the purpose of nuclide analysis, radium pre-concentration and separation from a bulk of samples with impurities are inevitable in order to get rid of possible analytical interferences as well as to meet the instrumental detection limits.

For solid samples such as soil or sediment, a digestion procedure is usually conducted to solubilize the elements to be analyzed. Strong oxidizing acids such as concentrated/fuming nitric acid, sulphuric acid or Aqua Regia are used to realize the complete (or nearly complete) sample dissolution (IAEA, 2010). Other auxiliary methods such as high pressure in an autoclave system, high temperature or microwave system are also useful for accelerating the digestion. [START_REF] Koide | The electrodeposition and determination of radium by isotopic dilution in sea water and in sediments simultaneously with other natural radionuclides[END_REF] [START_REF] Lawrie | Determination of radium-226 in environmental and personal monitoring samples[END_REF] For the destruction of refractory materials, the fusion techniques with suitable melting salts or bases are available. Peroxides [START_REF] Jia | Determination of radium isotopes in soil samples by alphaspectrometry[END_REF], hydroxides [START_REF] Godinez | Determination of radium-226 in phosphate fertilisers and gypsum by gamma-ray spectrometry[END_REF], pyrosulphates, fluorides [START_REF] Sill | Simultaneous determination of alpha-emitting nuclides of radium through californium in soil[END_REF] [START_REF] Sill | Determination of radium-226 by high-resolution alpha spectrometry[END_REF], borates [START_REF] Croudace | Rapid procedure for plutonium and uranium determination in soils using a borate fusion followed by ion-exchange and extraction chromatography[END_REF] and carbonates [START_REF] Goldin | Determination of dissolved radium[END_REF] [START_REF] Godinez | Determination of radium-226 in phosphate fertilisers and gypsum by gamma-ray spectrometry[END_REF] [START_REF] Jia | Determination of radium isotopes in soil samples by alphaspectrometry[END_REF] can be used as salts to meet the demand of radiochemical analysis. A rapid protocol for determination of 226 Ra in soil and sediment with fusion technique has been developed by Bojanowski in 2002. This protocol consists of three steps: 1) sample fusion with lithium metaborate and sodium iodide or sodium Bromide, 2) transfer of the melt into an acidic sulphate solution for Ba(Ra)SO4 coprecipitation, 3) analysis with alpha spectrometry [START_REF] Bojanowski | Rapid determination of 226Ra and uranium isotopes in solid samples by fusion with lithium metaborate and alpha spectrometry[END_REF].

The following paragraphs of this section describe the pre-concentration and separation methods for Radium in liquid samples. In practice, the difference between pre-concentration and separation/purification is usually indistinguishable. Moreover, a sample ready for radiometric analysis or mass spectrometry analysis could be treated in advance by multiple pre-concentration/separation procedures. Typical pre-concentration methods include evaporation, co-precipitation, adsorption, ion exchange chromatography and solid phase extraction.

Evaporation

Evaporation is a simple pre-concentration method suitable for liquid samples with low charge of dissolved contents, e.g., rain water, potable water, mineral water. Reported samples ranging from 0.1 L up to 20 L are processed at 70-100℃ under atmospheric pressure or at lower temperatures in vacuum. Despite its simplicity, this method has severe disadvantages: 1)

it is time consuming with large volume, 2) air pollution could arise from volatile radionuclide like radon, 3) it may not separate the analyte from (interfering) impurities. Therefore, evaporation is usually a "pioneer" pre-concentration followed by other steps. [START_REF] Salonen | Advantages of low-background liquid scintillation alphaspectrometry and pulse shape analysis in measuring 222 Rn, uranium and 226 Ra in groundwater samples[END_REF][START_REF] Zikovsky | Determination of alpha-radioactivity in ground water by precipitation of alphaemitters with sulphates and hydroxides[END_REF][START_REF] Cazala | Improvement in the determination of 238U, 228-234Th, 226-228Ra, 210Pb, and 7Be by γ spectrometry on evaporated fresh water samples[END_REF][START_REF] Parekh | Non-destructive determination of 224Ra, 226Ra and 228Ra concentrations in drinking water by gamma spectroscopy[END_REF] 1.

Co-precipitation

Co-precipitation is a practical method for pre-concentration of the analyte from liquid phase as well as for separation of the analyte from matrix with interfering elements. As there is no stable isotope of radium, barium or lead are often chosen as the carrier. Co-precipitating Radium as Ba(Ra)SO4 and/or Pb(Ra)SO4 is most popular even though Radium is also coprecipitable with aqueous manganese dioxide, strontium sulphate, barium chromate, barium oxalate, calcium phosphate and aluminum phosphate [START_REF] Burns | Determination of radium and uranium isotopes in natural waters by sorption on hydrous manganese dioxide followed by alpha-spectrometry[END_REF]. From section 1.4, several studies has been cited for presenting the combination of co-precipitation and other separation methods with alpha spectrometry, gamma spectrometry or LSC spectrometry.

Here we introduce several co-precipitation protocols. In the research of Jiang and Holtzman, 400 mg barium and 450 mg lead were added to 20 L of well water. Then the solution was stirred and heated to 70 ℃, and 5 g of potassium persulphate was added, which can gently release SO4 2-to produce Ba(Ra)SO4 and Pb(Ra)SO4 crystals. These precipitates were filtered by 0.45 µm membrane for gamma spectrometry measurement [START_REF] Jiang | Simultaneous determination of 224Ra, 226Ra and 228Ra in large volumes of well waters[END_REF]. Moreno developed two procedures of Radium co-precipitation from leaching of a phosphogypsum sample. At first 40 mL of 1M H2SO4 was added to 1 L leaching containing 10 mg barium to form Ba(Ra)SO4 precipitation. A high level of beta interference was observed in the alpha spectra performed by LSC. In the upgraded procedure, 1.1 mL of H2SO4 and 9 mL of ammonia acetate were added, which makes possible to retain 210 Pb and other beta emitting interferences in the solution, while radium was recovered by filtration under the form of Ba(Ra)SO4 precipitate. [START_REF] Moreno | Application of a liquid scintillation technique to the measurement of 226Ra and 224Ra in samples affected by non-nuclear industry wastes[END_REF] In the studies of Jia, radium was coprecipitated together with iron (III) hydroxide at pH 8 to 9 to ensure a high recovery of Ba(Ra)SO4. [START_REF] Jia | Determination of radium isotopes in mineral and environmental water samples by alpha-spectrometry[END_REF] In General, co-precipitation is still extensively applied to Ra-contaminated industrial and natural waters for both environmental monitoring and water treatment. developed a method for the preparation of MnO2 thin layer by chemical bath deposition from the reduction of permanganate to MnO2. This layer was supported by a 6,6-polyamide fiber disc with thickness of 1 mm, which was appropriate for alpha spectrometry detector.

Recovery yield could attain 100% with 133 Ba as the surrogate of radium, even though it was found that calcium content in water samples influenced the performance. [START_REF] Morvan | Determination of radium-226 in aqueous solutions by α-spectrometry[END_REF] In 2003, Moon et al. separated Ra from water samples in a pH range from 4 and 8 by using a patented MnO2 resin, which was developed by PG Research Foundation. Radium recovery rate of >90% was achieved for de-ionized and low-salinity water. Even in salty water, sorption of radium was still favorable with a slow kinetics up to 90 minutes. [START_REF] Moon | Preconcentration of radium isotopes from natural waters using MnO2 resin[END_REF] A decrease of the performance of radium sorption occurs at low pH environment, where the surface charge of MnO2 is positive. On the other hand, when the pH is higher than 10, the precipitation of hydroxides and carbonates is probably responsible for the decrease of radium recovery. [START_REF] Koulouris | Dynamic studies on sorption characteristics of226Ra on manganese dioxide[END_REF][START_REF] Eikenberg | Determination of 228Ra, 226Ra and 224Ra in natural water via adsorption on MnO2-coated discs[END_REF] TrisKem International provides a MnO2-PAN resin with a high reactive surface area (TrisKem, 2015). This resin is constitutive of fine MnO2 particles and a modified polyacrylonitrile (PAN) polymer as binding substrate.

Ion exchange chromatography

An ion exchange resin is an insoluble substrate in form of small microbeads made from an organic polymer. These microbeads are normally porous and provide sites for trapping ions accompanying with releasing of other ions. Ion exchange resins have been widely applied in the field of decontamination and environmental monitoring [START_REF] Bruzzoniti | Preconcentration of contaminants in water analysis[END_REF][START_REF] Skogley | Synthetic ion-exchange resins: Soil and environmental studies[END_REF]. As for the pre-concentration and separation of radium, cation ion exchange resins are commonly used.

Ion exchange method was first mentioned in 1948 with Dowex 50 resin. [START_REF] Tompkins | Separation of Radium from Barium by the Use of an Ion-exchange Column Procedure1[END_REF] This resin is prepared from sulfonated styrene-divinylbenzene co-polymers (PS-DVB), in which strongly acid bearing -SO3H groups act as ion exchangers. Ammonium citrate was used as the eluent for radium. Early commercial barium reagents always contained a trace amount of radium impurities, therefore, plenty of attempts have been done aiming at Ra/Ba separation, (Thakur, 2021). In 1979, cyclohexane-diamine-tetraacetic acid (CyDTA) was proved to be an excellent selective radium eluent from sulfonate cation exchange resins [START_REF] Lyon | Radioelement analysis: progress and problems[END_REF] and this reagent was widely used by many researchers with some modifications. For example, Yamamoto et al. used Dowex 50W X8 as cation exchanger and 0.05 M CyDTA solutions buffered pH from 5 to 8.5 as eluents. Radium could be successfully separated from barium with mean chemical yield of 85%. [START_REF] Yamamoto | Determination of low-level 226Ra in environmental water samples by alpha-ray spectrometry[END_REF] Similar procedure were verified by Rodriguez-Alvarez and Sanchez (Rodriguez-Alvarez and Sanchez, 1995). Dowex 50W X8 could also be used in batch-type experiments in order to concentrate radium from large volumes of aqueous samples; which was verified in the study of Saito by the attempts in 10 L of water sample with >10 mBq•L -1 226 Ra and in 50 L of water sample with <1 mBq•L -1 226 Ra [START_REF] Saito | A new analytical approach for 226 Ra and 228 Ra in environmental waters[END_REF].

Besides Dowex 50W X8, some other cation exchange resins are also available for radium separation. Zeo-Karb 225, a cross-linked sulfonated polystyrene cation exchange resin, was used to separate radium from calcium enriched environmental water sample (Joshiand Padmanabhan, 1983). In this method, EDTA was at first added in the sample for complexing alkaline earth metals. Then the solution passed through the Zeo-Karb 225 column, where radium and trace of uncomplexed calcium were retained on the resins. Finally, radium was eluted by 2 M HNO3 and co-precipitated with barium. Diphonix® resin, a PS-DVB based cation exchanger with 2 functional groups (sulfonate acid and diphosphonic acid), is reported to separate radium for analysis in natural water. It is mainly applied for removing lanthanide and actinide interferences, especially 228 Ac, from samples containing 228 Ra. [START_REF] Nour | Radium-228 determination of natural waters via concentration on manganese dioxide and separation using Diphonix ion exchange resin[END_REF][START_REF] Aleissa | Radium-228 analysis of natural waters by Cherenkov counting of Actinium-228[END_REF] Ion exchange chromatography is a low-cost and pervasive method for radium separation and pre-concentration. On the other hand, several column separation steps with different sorbents and multiple eluents are required, which makes this work tedious. Some radium specific sorbent could simplify this procedure, which will be introduced in the part c).

Molecular recognition technology (MRT)

The MRT is a selective extraction method for a specific metal ion (considered as the "guest") by a specially designed chelator (considered as the "host"). This conception originated from the Nobel Laureate in physics, Richard P. Feynman, who conducted the research based on atom rearrangement to build the edifices permitting a molecular organization [START_REF] Feynman | the annual meeting of the APSociety at the California Institute of Technology[END_REF] and pioneering work on the design of specific extractors with high selectivity of metal ions has been conducted by Pedersen [START_REF] Pedersen | Cyclic polyethers and their complexes with metal salts[END_REF]. He synthesized some cyclic poly-ethers, which are named crown ethers, and found their ability of forming stable complexes with some or all the cations of alkali metals, alkaline earth metals, NH4, RNH3, Ag(I), Au(I), Cd, Hg(I), Hg(II), La(III), Tl(I), Ce(III), and Pb(I1). The selectivity of metals was improved by applying synthesized bicyclic chelators which are called cryptands. [START_REF] Lehn | Supramolecular chemistry[END_REF] Several MRT chelating agents have been developed and tested for radium selective liquidliquid extraction. The main types of chelators include podand crown ether derivatives [START_REF] Mcdowell | Crown ethers as solvent extraction reagents: where do we stand?[END_REF][START_REF] Benzi | Radium removal from aqueous solutions by variously supported ligands[END_REF][START_REF] Izatt | Contributions of Professor Reed M. Izatt to molecular recognition technology: from laboratory to commercial application[END_REF], cryptands [START_REF] Mcdowell | Crown ethers as solvent extraction reagents: where do we stand?[END_REF], calix [START_REF] Van Leeuwen | Thiacalix [arene derivatives as radium ionophores: a study on the requirements for Ra 2+ extraction[END_REF]crowns derivatives [START_REF] Chen | Ionizable calixarene-crown ethers with high selectivity for radium over light alkaline earth metal ions[END_REF][START_REF] Henriksen | Evaluation of potential chelating agents for radium[END_REF], (Thia)calix [START_REF] Van Leeuwen | Thiacalix [arene derivatives as radium ionophores: a study on the requirements for Ra 2+ extraction[END_REF]crowns derivatives [START_REF] Van Leeuwen | Thiacalix [arene derivatives as radium ionophores: a study on the requirements for Ra 2+ extraction[END_REF] and anionic polydentates [START_REF] Henriksen | Evaluation of potential chelating agents for radium[END_REF]Matyskin 2017;[START_REF] Van Leeuwen | Thiacalix [arene derivatives as radium ionophores: a study on the requirements for Ra 2+ extraction[END_REF].

There are also solid phase extraction products for radium based on MRT. One of the most famous one is the EMPORE™ radium RAD disk, which consists of a fibril membrane made of polytetrafluoroethylene (PTFE) impregnated with a crown ether that has high selectivity for radium. The samples loaded onto this disc is typically acidified with HNO3, and the eluent is usually an EDTA solution (Thakur, 2021). Chemical recovery from 92% to 99% has been reported in different studies [START_REF] Purkl | A rapid method for α-spectrometric analysis of radium isotopes in natural waters using ion-selective membrane technology[END_REF][START_REF] Scarpitta | Evaluation of 3M Empore™ RAD disks for radium determination in water[END_REF][START_REF] Ďurecová | Contribution to the simultaneous determination of 228 Ra and 226 Ra by using 3M's EMPORE TM radium rad disks[END_REF]. Common interferences of EMPORE™ radium RAD disk are ammonium, potassium and barium with high concentration. Furthermore, in samples with large amount of dissolved solids, this disc is no more a good extractor for radium [START_REF] Nelson | Matrix complications in the determination of radium levels in hydraulic fracturing flowback water from Marcellus Shale[END_REF].

A selective ligand for Ra has been developed to make the only commercialized Raspecific resin, AnaLig ® Ra-01. Surprisingly, this resin has been little studied in the literature for problems of pre-concentration/separation of Ra isotopes. We can cite the work of Verlinde which indicates that this resin is very promising (Verlinde, 2019). We will come back to this resin in more detail in the next chapter.

1.6 An in-situ Ra pre-concentration and separation method: DGT

The Diffusive gradients in thin-films (DGT) technique is an in-situ technique of the application of sorbing phases for pre-concentration. This technique was invented by William

Davison and Hao Zhang of Lancaster University, UK in 1994, and was at first deployed in seawater for detection of trace metals (Davison and Zhang, 1994). Then DGT technique bloomed and expanded for the analyses of different elements or compounds in environmental matrices like water, soil and sediments (Davison, 2016). Part of studies are listed in Table 1-17. For a typical DGT sampler, a hydrogel layer containing binding agents like metal sorption resins is placed at the bottom to trap/concentrate the target analyte. The binding layer is overlain by a diffusive layer made of hydrogel which allows free or restricted diffusion of nano-particles or ions. A membrane filter covers the diffusive layer. All the three layers are held by a plastic housing with an exposed window at the side of membrane filter. The deployment time of DGT sampler varies from hours to months depending on expected accumulating quantity of analyte [START_REF] Zhang | Performance characteristics of diffusion gradients in thin films for the in situ measurement of trace metals in aqueous solution[END_REF]. Analysis of the binding layer after sampler deployment can give the time-weighted-average aquatic elemental concentration by applying the Fick's Law, which is established based on a constant concentration gradient in the diffusive layer. Some basic principles is illustrated in this section.

Basic principles

The idea of the technique of DGT (diffusive gradients in thin-films) originated from the requirement of improving the sensitivity of DET (diffusive equilibration in thin-films)

technique, in which target solutes are equilibrated with the non-bound water in the hydrogels [START_REF] Davison | In situ diffusional techniques for studying water, sediments and soils[END_REF]. DGT was first applied for measuring trace metals in seawater (Davison and Zhang, 1994), then its application has been expanded to evaluate different solutes in various matrices (Davison, 2016, Chapter 1). A standard DGT sampler (piston type) , which is always used in this study, consists of 4 main parts: a binding layer containing functional resin which selectively binds the analyte(s) of interest; a diffusive layer which allows the diffusion of the analyte(s) prior to binding; a filter membrane which protects the back gels; and a plastic housing. Polyacrylamide gel were the main body of the binding layer and the diffusion layer, allowing virtually unimpeded diffusion of ions since they are composed of at least 95% water.

As shown in Figure, which presents the schematic diagram of a DGT sampler, the binding layer, the diffusion layer and the filter membrane are successively stacked on the pedestal of the plastic housing, and the top cap with the exposure window fits tightly over the base.

The accumulated mass of a target analyte is defined as followed. After deployment of the DGT sampler in laboratory solutions or natural waters, the DGT housing is dismantled and the binding layer is eluted with a fixed volume of eluent for retrieving and analyzing the where Dmdl (m 2 •s -1 ) is the diffusion coefficient of the analyte in the diffusion layer, dc/dx (kg•m -4) the concentration gradient. Material diffusion layer (MDL) represents the area in the DGT sampler for analyte diffusion, more precisely, MDL consists of the filter membrane plus the diffusive layer.

J can also be defined as the mass passing through the 3 layers in DGT device per unit area per time, which is calculated as Equation 1-3:

J = M A×t Equation 1-3
where M (kg) is the accumulated mass of the analyte, A (m 2 ) is the surface of the exposure window, and t (s) is the deployment time.

There are several basic approximations for the application of the Fick's first law: the concentration at the interface between the binding layer and the diffusive layer should be negligibly small, and the concentration of the analyte in environment solution, c0 (kg•m -3 ) should be maintained constant during the deployment time. Therefore, the concentration gradient can be simplified to c0/Δg (kg•cm -4 ), where Δg (m) represents the thickness of the MDL, and Equation 1-4 can be expressed as:

J = D mdl × c 0 ∆g Equation 1-4
Combining Equation 1-3 and Equation 1-4, we get Equation 1-5. The term cDGT (kg•m -3 ), representing the time-averaged analyte concentration measured by DGT method, is used in this equation instead of c0 because they are not always equal. In complex matrices, not all species of an analyte can diffuse through the MDL and instantly captured by the binding layer, for instance, big particles containing the target analyte could not trespass the filter membrane; some colloidal particles can reach the interface between the MDL and the binding layer but the target element(s) could not immediately detach from the particle. Therefore, DGT samplers usually probe only a fraction of the real concentration of the analyte, and this fraction is called "DGT labile". The "DGT-lability"is not only particle size-dependent but it is a driscrimination of complex stability/kinetics. From Equation 1-5, it is revealed that the accumulated mass increases linearly with time. [START_REF] Davison | In situ diffusional techniques for studying water, sediments and soils[END_REF])

c DGT = M×∆g D mdl ×A×t Equation 1-5
Warnken has proved the applicability of Equation 1-5 for deployments in well-stirred solutions when using standard DGT samplers in our study. [START_REF] Warnken | Accuracy of the diffusive gradients in thin-films technique: diffusive boundary layer and effective sampling area considerations[END_REF] Therefore, D mdl of Ra 2+ can be estimated by deploying a series of DGT samplers with different retrieval time, then the data can be used for measuring cDGT when deploying the DGT samplers in solutions with unknown concentration of analyte (i.e., in situ measurement), which is one research purpose of this work.

Establishing of steady state

The linear concentration gradient in MDL is not established at the moment of deployment.

Before immersing into the solution, the DGT sampler should not meet the target analyte (Ra 2+ in our study), so none of the filter membrane, the diffusive layer or the binding layer contain the analyte. Immediately on immersion, the analyte diffuse between the solution and the diffusive layer, but the equilibrium of concentration will never be realized as the binding layer continuously removes the analyte, maintaining a negligibly small concentration at the interface of the binding layer and the MDL. The analyte progressively enters the MDL until a steady state is achieved, where the flux of analyte entry is equal to the flux of solute removal, hence the Fick's first law is applicable for this system. The concentration profile at steady state is linear, with a constant gradient throughout the MDL. For the DGT samplers used in our study (MDL=0.92 mm), the steady state is effectively established within 11 minutes (Davison, 2016, Chapter 2), indicating that our deployment time should be longer than that. In practice, our minimal deployment time is 4 hours. At any interface between a solid surface and a flowing solution, there is a solution layer with no flow [START_REF] Gundersen | Microstructure of diffusive boundary layers and the oxygen uptake of the sea floor[END_REF]. In this layer the transport of all solutes is restricted to diffusion, so this layer is called diffusive boundary layer (DBL). Considering the DBL, Equation 4.5, the simplified version, can be reformulated and expressed as Equation 1-6:

c DGT = M A×t × ( ∆g D mdl + g dbl D w ) Equation 1-6
where gdbl (m) is the thickness of the DBL, and Dw (m 2 •s -1 ) is the diffusion coefficient of the analyte in water.

Here we do some simplification. The filter membrane possesses a porosity of 0.45 µm, and the hydrogel playing the role of diffusion layer consists of ~95% water. The diffusion of the DGT labile analyte takes place in these porous media of the MDL. We suppose that other effects on the analyte diffusion through the MDL are negligible, so the Dmdl is close to Dw and could be regarded as the same, which is hence noted as De, the "effective" diffusion coefficient of analyte through the DBL as well as MDL. Equation 1-6 could be simplified as Equation 1-7. Davison has summarized amounts of gdbl in different works, from which he deduced that gdbl is 0.2 mm-0.4 mm in a vigorously stirred solution (commonly at 50-400 rpm) (Davison, 2016, Chapter 2). In our calculation we usually take 0.23 mm as the thickness of DBL. (Davison. 2012)

c DGT = M A×t × ∆g+g dbl D e Equation 1-7 1.6.3.

Effective area

For the standard DGT sampler (supplied by DGT Research Ltd.), the area of exposure window (3.14 cm 2 ) is effectively smaller than that of the MDL and the binding layer (4.91 cm 2 ). so the lateral diffusion of analyte should be take into consideration, what is more, the DBL extends to all surfaces of the DGT device but is not restricted to the exposure window.

As a consequence, the transport of the analyte is no more an uniformly perpendicular path (See Figure 1234). The curvilinear diffusion path influences mass transfer in comparison to the planar flux to the same exposure area (Davison, 2016, Chapter 2), and the spreading of the diffusion pathway at the rim of the window also allows analyte to accumulate over an area of binding gel greater than the geometric area of the exposure window. The resulting enhanced flux is accommodated in Equation 1-2, Equation 1-5, Equation 1-6 and Equation 1-7 by assuming the existence of an effective area, AE, which is larger than the physical area of the exposure window, A. Equation 1-7 therefore turns to Equation 1-8.

c DGT = M A E ×t × ∆g+g dbl D e Equation 1-8
The studies of Warnken [START_REF] Warnken | Accuracy of the diffusive gradients in thin-films technique: diffusive boundary layer and effective sampling area considerations[END_REF] and Garmo [START_REF] Garmo | Simulating the effects of lateral diffusion and diffusive boundary layer on uptake in solution and soil type DGTs[END_REF] have respectively obtained the value of AE for a classic DGT Research DGT sampler, which is 3.8 cm 2 . In the following sections of DGT calculation, Equation 1-8 and the simplified Equation 1-5 will be both applied for evaluating the influence of the DBL and the effective area. In fact, it is reported that these two effects balance one another at our experimental conditions [START_REF] Warnken | Accuracy of the diffusive gradients in thin-films technique: diffusive boundary layer and effective sampling area considerations[END_REF]. According to the Stokes-Einstein Equation [START_REF] Simpson | Diffusion and nuclear spin relaxation in water[END_REF], the temperature dependence of diffusion coefficients is related to the viscosity of water η (m 2 •kg -1 ), and the absolute temperature, TKelvin (K).

D 1 ×η 1 T Kelvin,1 = D 2 ×η 2 T Kelvin,2
Equation 1-9

The viscosity of water at any temperature T (℃) can be calculated by Equation 1-10 [START_REF] Atkins | Atkins' physical chemistry[END_REF], where η25 is the viscosity of water at 25℃. Former studies has proved that the Equation 4-11 is appropriate to predict the temperature dependence from 4℃ to 60℃, (Davison, 2016, Chapter 2) which is in our work temperature range (~20℃). In our calculation, diffusion coefficients measured at different temperatures will be normalized at 25℃ for comparison.

1.6.5 Ionic strength

The ionic strength of a solution is a measure of the ion concentration in that solution. It is a function of the concentration of all ions presented in that solution, and can be calculated by Equation 1-12:

I = i=1 n c i z i 2 Equation 1-12
where ci is the concentration of the ion I (mol•L -1 ), zi is the charge number of the ion i, and the symbol of sum refers to considering all ions in the solution.

In our experiments, sodium nitrate solutions with different concentrations was considered as the electrolyte. As each ion is singly-charged, the ionic strength equals to the concentration.

As for mineral water Evian, the major ions were quantified by IC and ICP-MS techniques and the ionic strength was calculated at 0.008 mol•L -1 .

In summary, in addition to the physical filtration performed by the filter, a chemical preconcentration is performed in-natura with obvious advantages. This approach has been little explored for Ra. In 2009, the research group of M.

Leermakers in Vrije Universiteit Brussel, Belgium tested the applicability of two resins (MnO2 resin and Chelex®-100) as DGT binding gels to concentrate Ra from synthetic waters;

sector field ICP-MS was used for Ra analysis. (Leermakers, 2009) In 2010, they investigated the radium concentration and mobility using MnO2-DGT technique in water and sediments of a region affected by phosphate ore industry in Belgium. Other pollutant elements like Cd, Co, Ni, As and Mn were also measured. [START_REF] Gao | Mobility of radium and trace metals in sediments of the Winterbeek: application of sequential extraction and DGT techniques[END_REF] In 2016, the DGT labile species of radium, uranium and other major or trace metals were detected in the soil and stream water of an ancient uranium mining site in France, and MnO2 resin was used for radium accumulation. (Leermakers, 2016) MnO2 is efficient for Ra accumulation, but it also has drawbacks. First, its Ra uptake kinetics is strongly affected by salinity in the solution, which could influence the performance of DGT in waters charged with salts. (TrisKem, 2015) Second, when MnO2 is deployed in soils/sediments, it will be used as oxidant by anoxic microorganisms and will be reduced to Mn 2+ . [START_REF] Tessier | Diagnostic de la contamination sédimentaire par les métaux/métalloïdes dans la rade de Toulon et mécanismes contrôlant leur mobilité[END_REF] This biochemical reaction not only consumes the quantity of available MnO2 on the resin support, but also change the redox environment and chemical speciation in the vicinity of the DGT sampler, possibly causing the deviation of metal uptake performance.

Conclusions and context of the work

This chapter gives a state of the arts about the knowledge on radium analysis in the environment. As an alkaline earth metal, its chemical behavior is relatively simple and is similar to other elements in Group IIA like barium or strontium. As the daughter nuclides of primordial radioelements decay chains, ubiquitous radium isotopes are present in environmental compartment usually at ultra-trace level like their parent nuclides. However, the geological distribution of radium is not homogenous, indicating the existence of radium enriched districts where the radioactivity level could attain a relative high level that may bring potential hazard to public (NORM). Furthermore, human activities, especially industrial exploitations such as uranium, fossil fuels and phosphate ores accentuate the redistribution and exposure of radium to surface biosphere, which makes environmental radium monitoring crucial (TENORM). The radium determination techniques have developed over half a century since its discovery, of which two largest branches are radiometric measurements and mass spectrometry. The analytical protocols have been well established for radiometric methods such as alpha spectrometry, gamma spectrometry and liquid scintillation spectrometry, while some disadvantages of those techniques like tedious sample preparations, difficulties of spectrum deconvolution or relatively high limit detection are inevitable. In recent years, with the technological advances made, mass spectrometry becomes an efficient, highly sensitive and time-saving Ra analysis technique.

But whatever the method used, the radium pre-concentration and separation from environmental matrixes remains a key issue with the necessity of developing/using Raspecific and efficient sorbing phases.

In this molecule through selective supports for a DGT application. This approach will be further described in Chapter 4, but briefly consists in an in-situ pre-concentration approach. These supports will also be compared to commercial resins, in particular with AnaLig® Ra-01, which is the only commercialized Ra specific resin. Before testing the DGT samplers, the performance of these supports was firstly tested in the laboratory according to parameters relevant to the environment (pH, salinity, ionic type, etc.) and the results will be presented in Chapter 3.

Chapter 2 Materials and methods 

Experimental strategy

The objective is to develop efficient and rapid methods for measuring radium, especially in natural aqueous phases. In this perspective, four main steps were followed. First, several

sorbing supports, which have potential Ra binding capacity, were tested in different solutions, aiming at comparing their Ra-adsorption performances as a function of pH, ionic concentration, competitive species, etc. Based on these results, the selected resins were then introduced into the DGT samplers by fixing them in the polymerized acrylamide gel, playing the role of the Ra binding layer. Afterwards, the DGT samplers with different binding layers were tested in the laboratory in order to verify the functioning of DGT samplers for Ra capture in relatively simple matrices. The final step was the in-situ experiment of DGT in natural water, aiming at proving the applicability of the approach in realistic conditions. In parallel with the experimental procedures, the analytical methods of gamma-ray spectrometry and inductively coupled plasma mass spectrometry (ICP-MS) were used/adapted. Chelex®-100 (Bio-Rad Laboratories Inc.) is an ion exchange resin formed by styrene divinylbenzene co-polymers containing paired iminodiacetate ions which act as chelating groups in binding metal ions. It works as a cation exchanger when pH >4 along with the deprotonation of iminodiacetate groups (See Figure 2-1 and Figure 2-2) and it also can be an anion exchanger at very low pH. In general, it has a strong preference for Fe, Cu and other polyvalent heavy metal ions over monovalent ions such as Na and K. Therefore, it is known as a "generic" resin that can be used for heavy metal extraction and decontamination over decades [START_REF] Heitner-Wirguin | Kinetics of ion exchange in the chelating resin Bio-Chelex 100. I. The exchange of the alkaline earth ions[END_REF]) [START_REF] Davey | Removal of trace metals from marine culture media[END_REF] [START_REF] Wiley | Decontamination of alkaline radioactive waste by ion exchange[END_REF]. For different metal ions, the selectivity of this resin depend on that of iminodiacetic acid, which could change along with the variations of pH, ion strength and existence of other complexing species in the environment. The selectivity factors for different ions are listed in Table 2-2 by quantitative measure on the affinity for a particular cation normalized relative to the reference cation Zn 2+ . Higher Kd and easy elution method indicates a promising utilization of this resin. (van Es,

2019)

As these two resins present a satisfactory affinity for Ra in acid medium and no data of retention at the pH values met in the environment have been published, the performance of TK100/TK101 at environmental pH will thus be one of the objects of this work. During the synthesis processes of resins, some contaminations could arise. For example, the reagents for resin preparation stored in open containers or occasionally exposed to air are likely to be covered of dust particles from the laboratory, and some air-borne elements (e.g., Al, Mg, Ca, Fe, Cu, Zn) could be incorporated onto silica surface during drying, packaging and transport processes [START_REF] Glick | Methods of biochemical analysis[END_REF]. In order to avoid the influence of the contaminating cations (especially alkaline earth cations) during the performance test of the resins, the washing process is necessary for all resins before the following experiments. 

Carrier: 10 -2 g•L -1 Barium
The advised working life of this source is 5 years. If we make a calculation using the radioactive decay law (Equation 2-1), the radioactivity of the source decreases to 99.78% of the original activity.

A=A0×e -λt Equation 2-1

where A0 corresponding to the initial radioactivity of the source, λ stands for the decay constant of 226 Ra, which equals to ln2/T1/2 (T1/2 =1600 years).

Barium, as an inevitable element during Ra source industrial fabrication, always exist in this source with a 5-time concentration of Ra, therefore it will be present in all the solutions spiked with this source in this thesis. In the latter tests of resins and DGT samplers, it may lead to an underestimation of the resin/DGT performance as Ba could be a competitor of Ra due to their chemical similarity. In this thesis, the Ba carrier is regarded as the background interferent and is ignored in all the calculations on Ra adsorption capacities of different resins because: 1) the Ra source in this thesis is unique. 2) the concentration of Ba is 5 times of that of Ra (10 -2 g•L -1 ) in the mother source, which is usually neglectable after high dilution (> 50 times). From the latter section (Section 2.4.4) we will know that when the Ba concentration is under 10 -3 g•L -1 , it can be regarded to be no more interferent to Ra analysis.

For our experiments, sub-solutions were prepared by dilution with Milli-Q water to obtain the desired activities. pH neutralization of the source (with 1 M NaOH) was necessary in order not to change the experimental pH with Ra spike.

Buffer solutions

In order to adjust the pH solution at a given value, different buffer solutions were prepared.

pH buffers are analytical grade, purchased from Sigma Aldrich and their concentrations are usually fixed at 10 -3 M or 10 -4 M. Analytical grade HNO3 and NaOH were used for pH adjustment of these buffer reagents. All the pH were measured using a Mettler Toledo

SevenEasy pH meter at room temperature (20 ℃). (See Table 23456). For the solutions at pH 2 and pH 3, buffer reagents were not used, instead their pH values were adjusted using 10 -2 M HNO3 and 10 -3 M HNO3 solutions. In the first test for investigating the retention capacity of GR and IR, we used barium as the surrogate of radium not only due to their similar chemical properties, but we could limit the experimental radiation level when using radium at high concentration as well. 10 -2 M NaCl solution buffered by 10 -3 M MOPS at pH 7 was used for this experiment. The diluted barium spikes and the experimental solutions spiked with Ba were prepared as it is shown in NaNO3 0; 5×10 -3 ;1×10 -2 ; 3×10 -2 ; 0.1; 0.2 NaClO4 0; 5×10 -3 ;1×10 -2 ; 3×10 -2 ; 0.1; 0.2 KCl 0; 5×10 -3 ;1×10 -2 ; 3×10 -2 ; 0. ). The tubes were then placed onto the platform shaker at 150 rpm for 24 hours. Afterwards, the depleted solutions were extracted and measured by gamma spectrometry for radium determination.

Reversibility tests of the resins

The previously used GR and IR, which had retained radium in the Ra adsorption experiment in solution with low ionic strength, were re-used to investigate the reversibility of Ra 2+ adsorption. The same PPCO tube of the mixture of spiked solution and resin was centrifuged at 20,000 rpm (47850 g, 1 g= 9.81 m•s -2 ) in Thermo Scientific SORVALL® RC6

PLUS with SS-34 fixed angle rotator for 30 min, then the aqueous phase was removed. In each tube, 10 mL of 1M HNO3 was added, stirring on the horizontal rotary shaker at 150 rpm was conducted for 24 hours. Afterwards the leachate was measured by gamma spectrometer.

Radium performance tests in mineral water

The efficient extraction of radium from complicated matrices requires its high chemical isolation ability from all interferences, especially major alkaline and alkaline earth cations. By these tests, we studied the matrix effects by using several commercial mineral waters with different ionic contents. First, samples of Cristaline, Evian, Hépar, Rozana and Volvic were characterized by ion chromatography and TOC (Total Organic Carbon) meter, then batch experiments were handled as described above. The five water samples were spiked with 226 Ra at a concentration of 2×10 -9 M (16.724 Bq•mL -1 ), and no buffer reagent was added. IR and GR resins were mixed with the spiked mineral waters, attaining resin/solution ratio of 1 g/L.

After the 24-hour shaking at 150 rpm on the platform shaker, the supernatants were extracted and the radium contents left in liquid phase was determined by gamma spectrometer.

AnaLig® Ra-01 has been proved to have high radium retention capacity; Chelex®-100, TK100 and TK101 have also a potential for radium extraction. Therefore, their performance was studied in mineral waters in comparison with our innovative resins. Same batch experiments were conducted as IR and GR for the four resins. Radium determination was also performed by gamma spectrometer. are respectively the thicknesses of the SG 50 and the sealing PE flask. "D1 of Shield 2" is the thickness of the bucket shield between the detector and the sample.

DGT experiments

This section introduces the experimental methods concerning the DGT technique, which starts from the preparation of polyacrylamide binding gels with different resin beads, then illustrates the experimental processes for Ra measurement using DGT devices in the laboratory as well as in field, finally ends with the analytical method of Ra concentration measurements by HR-ICP-MS. Before introducing the resin beads into the binding gel, the washing and drying processes of the AnaLig® Ra-01, TK101 and IR resins are necessary to prevent possible cationic contaminations, and the detailed protocol has been presented in Section 2.2.1.5.

Polymerization of binding gel

The referential protocol of the polymerization work is mainly from the previous studies (Leermakers, 2009;[START_REF] Turner | Evaluation of DGT techniques for measuring inorganic uranium species in natural waters: Interferences, deployment time and speciation[END_REF]Drozdzak, 2016), and those protocols were optimized for the adaptation to our resins. The optimal amount and proportion of reagents for the preparation of one binding gel page with a fixed size (100 mm × 100 mm × 0.4 mm) are presented in Table 2-11. The pre-gel solution, the mixture of the reagents mentioned above, is not only the basis of the diffusive gel, but it serves for the polymerization of binding gel as well. Acrylamide functions as the gel skeleton after polymerization which maintains the water in gel, and water is the main medium for the transport of target particles. The patented agarose derived crosslinker purchased from DGT Research helps constructing the cross-linking web of polymerized acrylamide molecules. The polymerization is initiated by the free radicals •SO4 -, which are formed from persulfate with the catalysis of Tetramethylethylenediamine (TEMED). The 10% ammonium persulfate (APS) solution is prepared by dissolving 0.1 g APS salt in 1 mL MilliQ water.

To test/optimize the preparation of the home-made binging gels, two types of particles were chosen: the Sigma-Aldrich high-purity grade silica gel 60-100 mesh which is the substitute of silica-based grafted resin such as AnaLig® Ra-01, and Amberchrom resin 50-100 mesh which is the substitute of polymer-based impregnated resin.

Before each gel preparation, all the materials in contact with the pre-gel solution and the polymerized gels, including 50 mL centrifugation tubes, glass plates, PMMA (polymethyl methacrylte) plates, PTFE spacers, PVC soft pages and other auxiliary tools like plastic knife and plastic tweezers had been sequentially washed by Milli-Q water, 1 M HCl and ethanol for eliminating possible inorganic/organic contamination. The preparation was done inside a clean fume cupboard.

Here we note all the assays, including those that failed, in order to present all the phenomena during the polymerization process. 

Method B:

The procedure was the same as that described for the Method A, except the heating step at 45℃ was removed and the mould was horizontally maintained at room temperature for 1 hour.

Method C:

The procedure of mixing the reagents and resin beads was the same as the Method A. The difference is that the two glass plates were not previously assembled with the spacer.

The pre-gel solution was poured onto one horizontally placed plate in the rectangle zone enclosed by the spacers. Then another plate was gently covered onto the pre-gel solution. 2 kg weight was put on the assemblage for limiting the vertical swelling of the gel. As the method B, the assemblage was maintained at room temperature for 1 hour then the gel was removed from the mould.

Method D:

The glass plates were replaced by the PMMA plates, and the other procedure is the same as the one for the method C.

Method E:

A hollow square spacer (interior side length 10 cm × 10 cm, exterior side length 14 cm × 14 cm) was carved from a soft PTFE plate (thickness 0.25 mm). This spacer was stuck on one PMMA plate. The pre-gel solution after mixing was poured onto a horizontally placed PMMA plate, in the square enclosed by the spacer. The foams generated from the Vortex was quickly removed by micro-pipette. After the solution evenly spread in the square, a soft PVC plate was gently covered onto the pre-gel solution, then another PMMA plate was put onto the PVC plate. 1 kg weight was put on the assemblage for limiting the vertical swelling of the gel. The assemblage was maintained at room temperature for 1 hour then the gel was removed from the mould. NaNO3 salt (Sigma-Aldrich, analytical grade, purity >99%) was added in the water. With the help of the rotating magnet, the salt rapidly dissolved. Afterwards, an appropriate amount of neutralized 226 Ra source was spiked into the solution, the order of magnitude of 226 Ra concentration maintained at 10 -10 g L -1 (equivalent to 3.7 Bq•L -1 ) close to the value of natural fresh water enriched with radionuclides [START_REF] Havlik | The radioactivity of some Czechoslovak waters[END_REF]IAEA, 2014). A piece of preservative film sealed the beaker in order to prevent polluting particles in the air, leaving a little crack for the atmospheric equilibrium. Before deploying the DGT sampler, the solution was stirred for several days and the solution temperature and pH were continuously monitored until they were stable.

b) Spiked Evian

For simulating natural fresh water with complex components especially the major cations, the French commercial mineral water Evian was used. 6 L of Evian water was poured into the 10 L beaker then the beaker was sealed with the preservative film with a little crack. The solution was stirred for 15 days and the solution temperature and pH were continuously monitored. Several sub-samples of Evian water were extracted from the beaker and analyzed by ion chromatography to monitor the variation of components in the water. After the pH, temperature and the components concentration were stable, the deployment of DGT samplers could start. The detailed information of the spiked Evian water and synthetic water is presented in Table 2-12. The samplers were taken out from the refrigerator, conditioned at room temperature and introduced in the appropriate aqueous medium. The DGT samplers were held in the water with fishing wires. It is necessary to prevent the samplers from being disturbed by the magnet and to ensure the immersion of the samplers. As the establishment of the steady state of ion diffusion requires at least three hours (Davison, 2016, Chapter 2), we chose the six deploying times: 4h, 8h, 16h, 24h, 32h, 48h, and all the samplings were done in triplicate. During the deployment, the temperature and pH of the solution were continuously monitored and several sub-samples of the spiked solution were extracted for verifying the stability of its radium concentration. To liberate the trapped radium on the binding layer for further analyses, the elution of the binding gel was in the wake of the retrieval of DGT samplers.

For the elution, different types of eluents were prepared. For Chelex®-100 resin gel, IR resin gel and IR impregnated disc, 1 M HNO3 was prepared from the commercial HNO3 (Acros Organics, 65% in water, for analysis) distilled by the acid purifier HTDS® DistillAcid BSB-939-IR. For AnaLig® Ra-01 resin gel, TK101 resin gel and TK101 polystyrene disc, the simple change of acidity is not suitable to recover the Ra, and it was necessary to use chelating agents. Two types of eluents have been tested. The first one was 0.1 M ethylenediaminetetraacetic acid (EDTA) sodium salt at pH 9, which was prepared by the dissolution of EDTA powder (Sigma-Aldrich, ACS reagent, purity >99.4%) and the neutralization by 1 M NaOH. The second one was 0.1 M nitrilotriacetic acid (NTA) ammonium salt at pH 10, which was dissolved from NTA powder (Alfa Aesar, purity 99%) and neutralized by NH3•H2O.

All the materials in contact with the binding layer and the eluents were pre-washed with 5% (v/v) distilled HNO3 and deionized water (the tweezer, the vials for elution and the centrifugation tubes).

The DGT sampler was wiped by a Kimtech Science® Kimwipe tissue, then was disassembled. The binding layer was then transferred to a 6 mL capped plastic vial. 1.5 mL of eluent was added into the vial, and then the closed vial was shaken on a horizontal rotary shaker during 24 hours at 200 rpm. Afterwards, for acidic eluents (HNO3), the solution was pipetted from the vial and transferred to a 1.5 mL Eppendorf centrifugation tube. The eluents were stored at 4 ℃ before the analysis. As for the organic eluents, one additional step should be added before transporting them to the centrifugation tubes; this will be explained in the section 2.4.4. "Blank" samplers with same resin gels were prepared and deployed and exposed to the air in parallel to the samplers immersed in the Mariol spring water in order to detect possible trace metals in the air. The day was sunny during the 48-hour deployment. The bulk radium content in the water was also monitored and will be presented in Chapter 4. 

Analysis of radium

For the determination of 226 Ra in the eluents of DGT samplers, radiometric method such as gamma spectrometry was no longer appropriate mainly due to its unsatisfactory detection limits. As a widely used technique for ultra-trace element quantification, inductively coupled plasma mass spectrometry (ICP-MS), which has high elemental discrimination and high sensitivity, could be a promising alternative solution. In this thesis work, the measurements of ultra-trace 226 Ra were carried out using the ThermoScientific Element XR high resolution inductively coupled plasma mass spectrometer (HR-ICP-MS) equipped with an APEX-Q high-sensitivity sample introduction system purchased from Elemental Scientific Inc (ESI).

Instrumental description a) APEX-Q sample introduction system

The APEX-Q (Figure 2-13) is an integrated sample inlet system directly connected to the ICP torch inject dedicated to samples that do not contain hydrofluoric acid which allows an oring-free Quartz flow path, low background, high sensitivity and fast rinse out. The system is equipped with an APEX PFA 100 nebulizer (Element Scientific Inc.) operating in free aspiration mode, a spray chamber heated at 120°C/140°C for solution evaporation and a lowvolume three-stage Peltier cooled desolvation system working at -3°C/2°C for removal of solvent vapor which is then drained away (Epov, 2005). The dry aerosol, which contains over 90% of sample analyte(s) contributes to a 5-fold improvement of sensitivity for better detection limits. In addition, the complete removal of solvent reduces the amount of water vapor in the aerosol, reducing spectral interferences like oxide ( 238 U 16 O + / 238 U=1%), hydride and hydroxide based polyatomic interferences that are common in ICP-MS. The HR-ICP-MS instrument is a reverse Nier Johnson double focusing analyzer with a single ion collector including the following components: sample inlet system, ICP ion source, interface region, transfer optics and extraction lens, magnetic sector field analyzer, electric sector analyzer, detection system and vacuum system (two rotary vane pumps and four turbomolecular pumps). The whole mass analyzer is operated at a high potential of 8kV. [START_REF] Balaram | Strategies to overcome interferences in elemental and isotopic geochemical analysis by quadrupole inductively coupled plasma mass spectrometry: A critical evaluation of the recent developments[END_REF] or the application of off-line chemical separation in order to remove interfering elements.

The high resolution ICP-MS with a mass resolution of 4000 allows to overcome many of polyatomic interferences on 226 Ra as shown in Table II-14 except for mercury, lead and bismuth based interferences. However, a higher resolution means in turn a loss of instrumental sensitivity by a factor of 10 making very difficult the quantification of ultra-trace level of 226 Ra. As a consequence, the high sensitivity of the HR-ICP-MS equipped with an APEX-Q and the use of the low mass resolution mode (R=300) was preferred for ultra-trace 226 Ra analysis. (Verlinde, 2019) Instead the investigation of spectral overlap on 226 Ra was assessed in accordance with the assumption that polyatomic ions are less predictable and depend on the sample composition (analytes and matrix) and the operational parameters of the ICP-MS system. Analysis of 226 Ra in both modes is also performed when the magnitude of signal intensity of 226 Ra is appropriate. well below the level observed in samples. A careful care was taken to monitor the presence or not of polyatomic species by measuring the main interfering isotopes at other masses using the triple mode of the detector before going further with the determination of the production rate of a given polyatomic interference at m/z=226.

c5) Non-spectral interferences

Non-spectral interferences mainly consisting of matrix effects and instrument drift are an important cause of inaccurate element quantification in ICP-MS [START_REF] Joannon | Ultra-trace determination of 226Ra in thermal waters by high sensitivity quadrupole ICP-mass spectrometry following selective extraction and concentration using radium-specific membrane disks[END_REF].

They come from concomitant species in the sample matrix and by ICP-MS instrumentation itself leading to the enhancement/suppression of the analyte signal. In the study of Wang et al., the matrix effects were estimated by measuring 226 Ra in various matrices with TDS (Total Dissolved Solids) up to 12%. [START_REF] Wang | Automated separation and measurement of 226Ra and trace metals in freshwater, seawater and fracking water by online ion exchange chromatography coupled with ICP-MS[END_REF] Habibi recommended a TDS value less than 0.2% for an ICP-MS analysis [START_REF] Habibi | Analyse rapide des actinides par couplage chromatographie liquide/ICP-MS et de 90Sr par compteur proportionnel à gaz, dans les échantillons de l'environnement[END_REF]. Non-spectral interferences cannot be totally eliminated but they can be corrected for by selection of an appropriate internal standard added to all calibration solutions and samples at a known concentration. Analyte signals are corrected on the basis of changes in the internal standard signal. Ideally, the internal standard is not present in the sample, monoisotopic with similar ionization energy and mass as the analyte. Sample dilution to eliminate or at least decrease the matrix effects is also recommended when the matrix removal by chemical purification is not carried out prior to analysis [START_REF] Boudias | 226Ra and 137Cs determination by inductively coupled plasma mass spectrometry: state of the art and perspectives including sample pretreatment and separation steps[END_REF]. The iridium at mass 193 was chosen as internal standard due to its mass vicinity with 226 Ra, and in contrast to potential candidates such as 205 Tl and 209 Bi, iridium is not present in our samples.

2.4.4.2 Ra analysis by HR-ICP-MS with the APEX-Q as sample introduction system

The 226 Ra quantification in samples is performed by external calibration and internal standardization using 193 Ir prepared at a concentration of 50 ng.L -1 in 1% (v/v) HNO3 from a

PlasmaCAL stock solution at 1000 mg.L -1 purchased from SCP Science. A radium standard at 8.4 ng.g -1 (306±46 Bq.g -1 ), was obtained from Eckert & Ziegler. Calibration solutions of radium (0.5-50 pg.L -1 ) were prepared gravimetrically from the stock solution (4.4 pg.g -1 /0.16

Bq. g -1 ) using the internal standard solution 193 Ir at 50ng. L -1 .in 1% (v/v) HNO3. In the analyses of the real samples, the signal deviation of 226 Ra can be corrected by this internal standard by adding it in all samples.

Instrumental operating conditions, data acquisition parameters and performances of the technique for 226 Ra analysis are presented in Table 2-15. Correlation coefficients (R 2 ) range values in low and medium resolutions are 0.9989-1 and 0.9989-0.9999, respectively. Raw data after a two-sigma rejection test of outliers are processed off-line using a series of in-house subroutines written in VBA language for Microsoft Excel 2010™ including correction of instrumental drift, blank and sample dilution factor as well as the uncertainty (coverage factor k=2 for a confidence level of 95%) on the concentration assessed through the error propagation law. The presence of organic matter causes significant matrix effects as well as nebulizer blocking during sample analysis. The elimination of organic matter as far as possible by oxidizing agents can be a useful and necessary step prior to analysis, especially for organic eluents such as EDTA or NTA [START_REF] Boudias | 226Ra and 137Cs determination by inductively coupled plasma mass spectrometry: state of the art and perspectives including sample pretreatment and separation steps[END_REF]. Previous studies used concentrated HNO3 or mixed with a few drops of 30% H2O2 to digest residual organics. For instance, Hodge and

Laing used concentrated HNO3 to treat the residual organics [START_REF] Hodge | An evaluation of the inductively coupled plasma mass spectrometer for the determination of radium-226 in drinking water[END_REF], and

Tsai used several drops of HNO3 and H2O2 for destructing the organic matters in the sample to be analyzed [START_REF] Tsai | Application of ICP-QMS for the determination of ultratrace-levels of 226 Ra in geothermal water and sediment samples[END_REF]. Perchloric acid is another oxidizing agent used for the elimination of NTA (Verlinde, 2019) but the mixture H2O2/HNO3 was preferred for a safe handling. it should be indicated that all the experimental results on resin performance (distribution coefficient, retention rate, etc.) are got in presence of this portion of Ba. In the aspect of analysis, this portion of Ba influences neither the gamma spectrometric measurement as it is not radioactive, nor HR-ICP-MS analysis as its concentration is neglectable to the threshold of interference (see Section 2.4.4).

The results of this comprehensive evaluation of the resins illustrate their radium retention performance and their possible limits during utilization, and offer important basis for the selection of proper DGT binding agents in the next chapter.

Contents of Chapter 3 3.1 Parameters for the evaluation resin performance

Two approaches were followed. The first one consists in the quantification of the fraction of Ra retained by the resin expressed in terms of the distribution coefficient Kd and the uptake rate. The aim of the second one is to describe the results through a mechanistic approach in order to understand and predict the phenomena. This second approach was tested only for innovative resins.

Quantification of the processes

The distribution coefficient (or partition coefficient), Kd, whose unit is usually L•kg -1 , is a useful parameter which presents the affinity for a sorbate in liquid phase to sorb to a particular solid sorbent. Kd should be measured at sorption equilibrium at constant temperature, and it is often determined by batch method in the laboratory.

The Kd is defined as Equation 3-1:

Kd = mass of sorbate on the solid/mass of the solid sorbent mass of sorbate in the liquid/volume of the liquid

Equation 3-1 Kd (L•kg -1
) is a function of the properties of the sorbent, like particle size, density of functional groups for sorption, etc. and of the properties of the solution, such as pH, ionic strength, competitor sorbates, etc. High Kd signifies good performance of the sorbent, relatively thorough sorption and favorable impacts on economics of the process because the quantity of sorbent can be reduced. [START_REF] Qureshi | Integrated processes for product recovery[END_REF] In our research work, Kd is used as a standard parameter for evaluating the radium (or other metals) sorption performance of the studied resins. The Kd and its uncertainty are defined by Equation 3-2 and Equation 3-3.

K d M = m s m l × V m Equation 3-2 σK d M = ( m s m l × V m ) 2 × [( σm s m s ) 2 + ( σm l m l ) 2 + ( σV V ) 2 + ( σm m ) 2 ] Equation 3-3
where ms (kg) is the metal mass adsorbed by the solid, ml (kg) is the metal mass left in solution at equilibrium, V (L) is the volume of the solution, and m (kg) is the mass of the solid sorbent.

For radioactive metals, the determination can be realized by radiometric method like gamma spectrometry. As the specific activity is fixed for a particular radionuclide as 226 Ra, the measured activity can be used for the calculation of the Kd in place of the mass. Thus Equation 3-4 and Equation 3-5 can also be applied.

K d M = A s A l × V m Equation 3-4 σK d M = ( A s A l × V m ) 2 × [( σA s A s ) 2 + ( σA l A l ) 2 + ( σV V ) 2 + ( σm m ) 2 ] Equation 3-5
where As (Bq) is the radium activity adsorbed by the solid, Al (Bq) is the radium activity left in solution at equilibrium, V (L) is the volume of the solution, and m (kg) is the mass of the solid sorbent (dry resin in our study).

Based on Equation 3-2, Kd is independent of the particle concentration Cp, which equals to the mass of solid sorbent divided by the volume of solution. Several studies have however observed that measured Kd declined with increasing Cp [START_REF] O'connor | The effect of concentration of adsorbing solids on the partition coefficient[END_REF][START_REF] Voice | Effect of solids concentration on the sorptive partitioning of hydrophobic pollutants in aquatic systems[END_REF][START_REF] Gschwend | On the constancy of sediment-water partition coefficients of hydrophobic organic pollutants[END_REF][START_REF] Toro | Effects of nonreversibility, particle concentration, and ionic strength on heavy-metal sorption[END_REF][START_REF] Meier | Infuence of liquid/solid ratios in radionuclide migration studies[END_REF][START_REF] Honeyman | Metals in aquatic systems[END_REF]. This effect was discussed by Oscarson and the possible reasons were the following: (1) a part of sorbing solutes in form of colloids were operationally defined as dissolved fractions;

(2) the occurrence of physico-chemical interactions among the sorbent particles which affect the solutes distribution. In our work, it is assumed that the Kd equation is still applicable, because we fixed the resin:solution ratio (particle concentration) at 1 g•L -1 or 10 g•L -1 and we vigorously shook the resin-solution system in order to control the particle concentration effect.

In this circumstance each bead has sufficient space to prevent the formation of colloids or other possible interactions. [START_REF] Oscarson | Effect of the Solid: Liquid Ratio on the Sorption of[END_REF]) 24 hours was chosen as the contact time according to previous study (Khalfallah, 2018).

In addition to the Kd value, the percentage of Ra uptake was used in some cases: it visually reflects the percentage of radium extracted by the resin from solutions, which is also an important criterion of the resin performance. %Ra(uptake) and its uncertainty are defined by Equation 3-6 and Equation 3-7.

%Ra uptake = A s A 0 × 100 Equation 3-6 σ[%Ra uptake ] = 100 × ( A s A 0 ) 2 × [ σA s A s 2 + σA 0 A 0 2 ] Equation 3-7
where As (Bq) is the activity of the extracted radium by resin, and A0 (Bq) is the initial activity of radium in liquid medium before sorption process.

Process of Modelling approach

The model was developed to describe the retention of Ra with the grafted resin (two lots of GR-1 and GR-2) to facilitate the interpretation of the data, which is intended to be operational but realistic. By operational, we mean limiting the number of parameters, i.e. electrostatic effects are not considered, and Ra 2+ is the only reactive species, meanwhile two reactive groups are considered, which are the silanol groups and the ligand. "Realistic" means describing processes at the molecular level, i.e. the formation of surface complexes.

The grafted ligand is characterized by two acid functions characterized by pKa value of 4.2 as determined by potentiometric titration. Data from Nuclear Energy Agency (OECD, 2012) for amorphous silica were considered for describing the acid-base properties of silanol groups. All calculations were carried out with the PhreeqC code (version 3.2.1) [START_REF] Parkhurst | Description of input and examples for PHREEQC version 3-a computer program for speciation, batch-reaction, one-dimensional transport, and inverse geochemical calculations[END_REF] and the Davies equation accounted for the ionic strength correction of solutes [START_REF] Davies | The extent of dissociation of salts in water. Part VIII. An equation for the mean ionic activity coefficient of an electrolyte in water, and a revision of the dissociation constants of some sulphates[END_REF]. Reactions occurring in the aqueous phase were calculated using the thermodynamic database THERMOCHIMIE v9b [START_REF] Grivé | ThermoChimie database Track-changes document From version 9 to version 9[END_REF]. A summary of the parameters used for modelling is given in Table 3-1. 

M 2+ + F -→ ← MF + 0.58 0.4 0.3 / M 2+ + Cl -→ ← MCl + -0.1 / 0.23 / M 2+ + 2Cl -→ ← MCl 2 -0.1 / / /

Reactions at the interface

≡ Si -OH → ← ≡ Si -O -+ H + * -8.1
This work Before starting the performance tests, the resins were washed as described in Chapter 2 (Section 2.2.1.5) in order to eliminate the presence of trace metal ions. The collected leaching fractions of 3 g of GR-2 resin were analyzed using ion chromatography, whose limits of quantification of major cations is shown in Table 3-2. The contents of Ca 2+ , Mg 2+ , Na + and K + leached from the resin grains are presented in Figure 3-1. In the last three fractions, all analyzed cations significantly decrease to undetectable levels. Ca 2+ , which was largely leached with 1 M HNO3, is proved to be the main contamination of this resin during developing stages. Leached Mg 2+ content is much lower comparing to Ca 2+ during the whole washing procedure. Na + was mainly washed out from resin in the first two fractions of Milli-Q water. As for K + , it is always under the quantification limit except in the sixth fraction. The elution of major cations assures the availability of functional sites on resin beads, so it is a necessary step before study. For the impregnated resin (IR), the same washing process was done before utilization. The metal contamination was less important than that for the grafted resin. As the impregnated resin grain is covered by a layer of organic solvent, the loss of organic matter was evidenced.

≡ Si -O -+ M 2+ → ← ≡ Si -OM + * 3 2.1 1.8 / ≡ Si -LH 2 → ← ≡ Si -LH -+ H + -4.2 ≡ Si -LH -→ ← ≡ Si -L 2-+ H + -4.2 ≡ Si -L 2-+ M 2+ → ← ≡ Si -LM 6 
By analyzing the leaching fractions by TOC meter, the loss of organic carbon is 0.14% and 0.19% for IR-1 and IR-2, respectively. The number of wash cycles must therefore be limited to avoid significant loss of ligand.

Retention capacity of the grafted resin

One starts with the grafted resin. The objectives of this part are (i) to describe M 2+ interaction with the grafted ligand, (ii) to quantify the corresponding interaction and (iii) to assess the role of silica on the retention.

Two batches of grafted resin were prepared for the adsorption tests. They were characterized by the Total Adsorption Capacity (TAC) values of 1.2×10 -3 mmol.g -1 (GR-1) and 10 -5 mmol.g - 1 (GR-2) respectively, which represents the maximal Ra retention quantity of the resins. Note that all the retention tests with GR-1 were performed before my thesis by an engineer L.

Deroo.
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The first series of experiments was carried out in the absence of dissolved salts with Milli-Q water. Despite the inevitable contamination at the trace scale, we will consider ideal "infinite dilution" conditions. A kinetic adsorption study was initially carried out with Ra 2+ .

The data are presented in Figure 3-2; from which we could see that after 30 seconds of contact, a steady state is reached. A similar result was obtained with Ba 2+ (data not shown). A contact time of at least 1 hour was therefore selected for the various adsorption tests (usually 24 hours for practical reasons). The sorption data on the grafted resin (GR-1) and the nude silica support obtained as a function of the pH are presented in Figure 3-3 for Ra, Ba and Sr. For both substrates, retention is strongly dependent on pH in relation to the acid-base properties of the functional groups. In the area where the functions are deprotonated, the retention values become less or no sensitive to pH. From a quantitative point of view, the position of the pH edge is directly linked to the acid dissociation constant, whereas the affinity of the deprotonated site for the metal can be characterized in the domain where the Kd is globally constant. Both parameters can therefore be adjusted from the experimental data presented. We first look at the results obtained with the non-grafted silica. For all three elements, retention on silica becomes significant only for pH values above 8. To obtain a good agreement between experiment and calculation, the acid dissociation constant has to be adjusted to 8.1. The value stays within the range of data selected in the NEA database for amorphous silica (7.78±0.35). The affinity of the site towards the metal varies according to the order Ra>Ba>Sr. The parameters obtained to allow a good description of metal adsorption are given in Table 1; they are set for the adjustment of the data measured with the grafted resin.

In the presence of the ligand, the behavior of Sr is not strongly affected. In the area where adsorption becomes significant with silanol sites (pH>8), the retention data are close between grafted and non-grafted silica. This shows that the ligand has a very low affinity for Sr and that the number of Si-OH sites is not affected by grafting, or at least that the part used for grafting can be considered negligible. This is also consistent with the estimated number of silanol sites (~4.5×10 -3 mol•g -1 ) which is much higher than the number of grafted ligands (~1.2×10 -5 mol•g -1 ). A surface complexation constant between Sr 2+ and the grafted ligand can however be estimated, based on the retention data obtained in the pH range between 4 and 8. This is only an estimation, as the errors associated with Kd values are large in this pH range.

For Ba, and even more so for radium, the difference in reactivity between the grafted and non-grafted silica support is distinguished. Between pH 4 and pH 8, the retention is clearly governed by the presence of the chelating agent. Above pH 8, the contribution of the silica sites remains negligible for Ra, but significant for Ba. The model is able to explain the experimental data correctly, and the order of affinity of the grafted ligand for the cations varies in the order Ra 2+ >Ba 2+ >>Sr 2+ . Adsorption studies have also been carried out with Ca and Mg. In both cases, negligible adsorption was observed. The grafted resin therefore appears to be very effective for Ra, and selective towards other alkaline earths.

The ability of the resin to retain Ra was then assessed in the presence of dissolved salts.

The adsorption of Ra was first carried out in the presence of NaCl, as a function of ionic strength (at pH 7) or as a function of pH (in the range where sorption is dominated by the ligand, i.e. pH= 4-8) for a fixed NaCl concentration (i.e. 0.1M). Complementary experiments as a function of ionic strength were carried out at pH 7 by playing on the nature of the cation (K + vs Na + ) or of the anion (ClO4 -vs Cl -). The data are presented in Figure 3-4(A)(B). A very significant effect is observed: sorption decreases sharply as ionic strength increases. Since the experiments were performed in the presence of non-complexing anions, this result can be explained by a competition between cations, as reproduced by the simulation results. Note that the affinity of the ligand for Na + and K + ions is similar, or at least the difference in affinity is not strong enough to be assessed from our experimental data, this fact has also been verified using Grubbs test (95% confidence level).

Regarding the competition equilibria, to allow a good agreement in the explored salt concentration range, two equilibria had to be taken into account; the first equilibrium leads to the formation of the mononuclear complex, while the second equilibrium describes the formation of the complex where the ligand interacts with the two alkaline ions. Taking into account these two equilibria allows as well a good description of the concentration isotherm obtained with Ba with GR-2 in the presence of NaCl (see Figure 3-4(C)). In summary, as desired, the resin has a high affinity for Ra in the pH range of natural waters (~6-8) and the ligand present a strong selectivity for Ra compared to the other alkaline earth cation studied. No measurable affinity for the lightest alkaline earths was observed while a very weak affinity was quantified for Sr. Comparison of the surface complexation constants obtained for Ra and Ba, for both GR-1 and GR-2 resins, shows that the the resins are 6-9 times more selective for Ra and Ba.

Furthermore, the resin being not effective in its "protonated" form, and therefore in an acidic environment, an acidification of the medium would be sufficient for the release of Ra, which was shown experimentally (Figure 3-2); in the experiment, the resin is first loaded with Ra at pH 7 (sorption conditions), then the solution is removed and replaced with an acidic solution (1M HNO3; desorption conditions).The desorption is then studied as a function of the time. After a few minutes, 90±10 % of Ra is found in the solution., which shows that the process is reversible and rapid.

Beside these very interesting properties, a non-specific interaction with the silanol sites of the support occurs for pH values above 8 and the grafted ligand has a non-zero affinity with the alkalis studied (Na + , K + ), which can be found in significant quantities in natural waters.

Retention capacity of the impregnated resin

For the impregnated resin, two batches were also prepared for the adsorption tests. They are characterized by the Total Adsorption Capacity (TAC) values of 4×10 -5 mmol•g -1 (IR-1) and 1.5×10 -4 mmol•g -1 (IR-2) respectively. An adsorption study as a function of the pH was conducted for Ra, Ba and Sr with the impregnated resin (Figure 345). Note that these data with IR-1 were also previously measured by L. Deroo.

If uncertainties are taken into account, the Kd values for Sr are close to 1 and much smaller than those of Ba and Ra in the studied pH range (pH 4-10). The ligand therefore has poor affinity for Sr, as predicted from the results obtained with the grafted resin. Furthermore, this result indicates that the non-specific interaction with the resin support can be neglected for the impregnated resin.

Otherwise, we find similar results for Ra and Ba. The efficiency of the resin starts to be interesting for pH >4. In the pH range where retention is relatively constant (between 6.5 and 10), the impregnated resin shows a better retention with respect to the grafted resin, about a factor of 2-3 for both Ra and Ba. In conclusion, in the optimal pH range of efficiency, the affinity of the ligand for Ra and Ba is not strongly affected by the type of surrounding medium (aqueous or organic), which was not an obvious result at first sight.

However, in the pH range where retention increases (~4 and 6.5), while the effect is not obvious for Ba, there is a clear difference for Ra with the grafted resin; the jump is slightly shifted to higher pH values. This might be explained by the effect of the impregnation solvent on the acid-base properties of the ligand, which requires further verification. in Ra as a function of ionic strength for IR-1. For the impregnated resin, in addition to Na + , a larger monovalent cation, NH4 + , was tested. The results confirms the important effect of ionic strength, which nevertheless seems weaker for NH4 + . The possible reason could be that NH4 + with larger size presents a less strong affinity for the ligand, which leads to a less important competition effect. If the data can be well described by the model, as it is the case for the grafted resin, we can see that the parameters are really different according to the batches of resin for the experiments done with Ba. Indeed, the constants fitted for IR-2 are much higher than those used for IR-1. 3-1 andTable 3-3.

Same acidification test was done for IR resin, and 100±10% of Ra could be recovered.

Simple Ra desorption protocol and reversibility of the retention process indicate promising applicability for radium capturing, concentrating and determination using DGT technique in the latter chapter.

Table 3-3 Parameters used for the modelling of Ra, Ba and Sr adsorption on the IR.

Reaction at the interface LogK

Ra 2+ Ba 2+ Sr 2+ Na + NH4 + ≡ (R)LH 2 → ← ≡ Si -LH -+ H + -5.5 ≡ (R)LH -→ ← ≡ Si -L 2-+ H + -5.5 ≡ (R)L 2-+ M 2+ → ← ≡ Si -LM 6.2-6.3 4.8 (IR-1) 5.8 (IR-2) 3.1 / / ≡ (R)L 2-+ M + → ← ≡ Si -LM - / / / 2.7 2 
≡ (R)LM -+ M + → ← ≡ Si -LM 2 / / / 2.

2

* The symbol R signifies the organic solvent of IR, and the symbol L stands for the ligand impregnated in the organic solvent.

Radium retention in mineral water

One of the final purpose of the development of SK resins is to bind radium in natural water, which contains various ions. Therefore, the applicability of the innovative resins in complex liquid matrixes is interesting to investigate before their in-situ application. In this section, the retention capacity of Ra by the innovative resins is tested in natural waters. The performances are compared to the commercial resins selected for this study, including Chelex®-100, AnaLig® Ra-01, TK100 and TK101.

Characterization of mineral waters

In this study, five French commercial mineral waters with different ion contents were chosen as the liquid phase. As described in Chapter 2, the major anions, major cations and pH were measured by different techniques and the results are listed in Table 3-4. The pH of all the chosen water is higher than 6, which is the range assuring good radium sorption for SK resins. The salt loads, which have been proved to strongly affect the radium retention, are characterized by the content of sodium, potassium and other cations. Considering the salt loads, the waters can be divided into two groups: Cristaline, Evian and Volvic are salt-poor waters, Hépar and Rozana are salt-rich waters. The level of alkaline earth cations in Hépar and Rozana is both high, nevertheless, only Rozana presents a rich content of alkali cations, which is not the case of Hépar. As far as the anions are concerned, it is noticed that Hépar and Rozana have a high sulfate concentration. It is known that SO4 2-has a high reactivity with Ra 2+ , immobilizing the soluble species of radium by precipitation or stabilizing Ra in solution by complexation. In the later case, this would limit the adsorption of Ra by the resin. As for CO3 2-, a high concentration is observed only in Rozana, which is reasonable because it is a naturally sparkling water. correspond to the modelling results made with the parameters given in Table 3-1 andTable 3-3.

+ (a) K + (a) Mg 2+ (a) Ca 2+ (a) Sr 2+ (b) Ba 2+ (b) 10 -3 g•L -1 10 -3 g•L -1 10 -3 g•L -1 10 -3 g•L -1 10 -6 g•L -1 10 -6 g•L -
-(a) Cl -(a) SO4 2-(a) NO3 -(a) HCO3 -(c) pH (d) 10 -3 g•L -1 10 -3 g•L -1 10 -3 g•L -1 10 -3 g•L -1 10 -3 g•L -
The performance of the impregnated resin IR-1 is better than grafted resin GR-2 in all mineral water samples, which is coherent with the results of the former Ra uptake experiment in pure water. The smallest Kd is calculated to be higher than 100 mL•g -1 , indicating that the radium retention of both types of resin is acceptable in all studied waters.

In Volvic water, the retention rate is higher than 90%, and the Kd of radium reaches 10591±645 mL•g -1 (GR-2) and 22933±2470 mL•g -1 (IR-1), indicating few matrix effects.

From Table 3-4, it can be seen that Volvic is composed with the lowest salt content among the five waters, especially with few alkaline earth cations. In Cristaline and Evian, the retention rates remain almost identical as in Volvic for IR, but the performance of GR decreases. For Hépar, a strong decrease of the resin performance has been observed, which may be mainly by the extremely high content of SO4 2-, as Ra-sulfate complexation could be a major competition of ligand chelation. The poorest performance of the two resins is observed in Rozana, which is enriched with carbonates. During the experiment, amount of bubbles were observed in resin-solution mixture during the shaking procedure, which may influence the contact surface between liquid phase and resin beads, thus effecting radium sorption.

A modeling attempt was made with the previously developed model. It can be seen that the trend is reproduced for grafted and impregnated resins. However, the experiment/calculation agreement is not perfect, especially for the grafted resin. The model tends to overestimate the retention. This means that the model used is too simple.

Nevertheless, it should be noted that the decreases in retention are explained by the high sensitivity of the resins to the salt load. The influence of sulfate and/or competition with alkaline earths remains unclear.

According to Table 3-4, a PhreeqC modelling work was done for simulating the main species of Ra in these mineral waters, which is shown in Table 3-5. As shown by the simulation, the carbonate complexes of Ra are not predominant in all the mineral waters, thus cannot interfere severely with the retention capacity of the SK resins.

The sulfate complexes are present in Hépar and Rozana waters and may contribute to the decrease of the retention capacities of the resins. However, this is not the main factor that influence the sorption of Ra. The main factor corresponds to the salinity (TDS or ionic strength): for IR resin, the performance is positively related to the salinity; for GR resin, that is also positively related to the salinity except the Volvic water.

Study on the other resins

AnaLig® Ra-01, Chelex®-100, TK100 and TK101 were tested in this part. They are commercialized resin which have been used for radium pre-concentration in aqueous phases (Leermakers, 2009;Verlinde, 2019) or have potential for radium extraction. At first the four resins had been also washed as the SK resins, and the leaching were analyzed by IC for quantifying the major cationic contamination. The results of AnaLig® Ra-01 and Chelex®-100 are presented in Figure 3-8. For AnaLig® Ra-01, a mass of Na + , Ca 2+ and a certain amount of Mg 2+ were observed in the first several fractions of leaching, and they became below quantification limits by washing process in the 14 th fraction. For Chelex®-100, no Ca 2+ and K + were detected (or always under the quantification limits) in the leaching, however, plenty of Mg 2+ and Na + were detected in the first fraction, and their concentrations quickly decreased along with the washing. For TK100 and TK101, all these major cations were under quantification limits in any leaching fraction, indicating that a purification process had been done during manufacturing, which lightened the preliminary work. where SK resins show their limits of Ra sorption, AnaLig® Ra-01 still holds high affinity.

The results imply that the chosen functional ligand of AnaLig® Ra-01 has better affinity or selectivity to radium and it is less sensitive to the major cations.

As for Chelex®-100, its performance is as good as AnaLig® Ra-01 in Volvic, which is the least salty water. However, its performance significantly decreases in other waters, and the radium retention rate is negatively correlated to the content of the major cations, indicating that the sorption of radium on Chelex®-100 is easy to be interfered by aqueous metal cations, which may influence its applicability for natural water investigation. The Ra sorption on TK100 is not encouraging in Hépar and Rozana, and the performance is poor even in Volvic.

The TK101 performs better than TK100 in general, the Ra retention rate reach 60% in Evian and the corresponding Kd is ~1300 mL•g -1 .

The desorption tests of radium were also deployed for these four resins. The experimental protocol is the same with that of SK resins with contact time of 24 hours and resin/eluent ratio of 2 g resin/L eluent. However, several eluents were used because simple acid solution was not efficient enough for some resins. The recovery rates are shown in Table 3-6. 

Conclusions

In this chapter, two types of SK resins from 4 lots (GR-1, GR-2, IR-1, IR-2) and four commercial resins have been tested mainly aiming at verifying their performance for radium retention.

A washing step for SK resins was done before deploying the performance tests, and the results showed that non-ignorable amount of Na + was found in the first several leaching fractions. Ca 2+ was leached in quantity with 5 M HNO3. Comparing to Ca 2+ , the quantity of leached Mg 2+ is much lower. As for K + , it was merely found in the leaching. This washing procedure is necessary for following research in order to eliminate the potential cationic contamination, especially the alkaline earth cations.

The grafted resin (GR) is very effective for Ra in the field of classical environmental pH (~6-8) with low salt load and very selective with respect to other alkaline earth elements.

Only Ba has a significant affinity besides Ra. Silica, as the support of the functional ligands, is clearly a reactive phase. If the affinity is not important for Ra, it can become potentially problematic for Ra analysis; one thinks of the case of Bi, Pb or rare earths, which present strong affinities for silica [START_REF] Tang | Amine-and thiolbifunctionalized mesoporous silica material for immobilization of Pb and Cd: Characterization, efficiency, and mechanism[END_REF], in the case of an analysis by ICP-MS. The grafted version may have however the advantage of being more robust over time since the link is made through a covalent bond.

As for the impregnated resin (IR), it presents a clear advantage with respect to the grafted version on Ra sorption capacity. In addition to be more efficient, the retention is only governed by the ligands (no silica presents in this version).

The two versions of SK resins are sensitive to salinity (Na + and K + ): a Kd decreased of about two orders of magnitude was observed when the salt concentration increased from 0.005 M to 0.2 M. They are therefore potentially applicable in non-salty water and not applicable in in seawater with the reference salinity of ~35 g•kg -1 [START_REF] Millero | The composition of Standard Seawater and the definition of the Reference-Composition Salinity Scale[END_REF].

The experimental data set can be well described by a surface complexation model with the parameters given in Table 1 andTable 2. Nevertheless, for the impregnated resin, there are quantification concerns when moving from one lot of resin to another. This point needs to be clarified in the future before we can further explore the modeling tool and its predictive nature.

In mineral waters spiked with radium, both versions of the SK resin show excellent performance in salt-poor waters like Cristaline, Evian and Volvic. In salt-rich waters Hépar and Rozana, the Ra retention decreases sharply. Between the two versions, IR takes advantage over GR in all the studied waters. The matrix effects in real aqueous environment is more complicated to quantitatively explain by predictive modelling highlighting other processes to be considered for a possible use in the field.

As for the commercial resins, a pre-washing process is necessary for AnaLig® Ra-01 and Chelex®-100 because they contain some major cationic contaminations which may influence their performances, while TK100 and TK101 are clean in the package. Chelex®-100 performs well in freshwater but it is extremely sensitive to salinity. It is kept for the rest of study as a reference resin because of its wide application with DGT samplers. AnaLig® Ra-01 holds excellent performance in all the mineral waters, therefore it is naturally chosen as a candidate for DGT application. Nevertheless, it presents the disadvantage that EDTA or NTA chelating agents must be used for elution of Ra leading to complication for the latter analytical work, unlike the SK series, from which retained Ra 2+ can be simply recovered using 1 mol•L -1 nitric acid (recovery rate 90-100%). Radium can be well eluted by NTA from TK101, which presents some affinity for radium and will also be considered for the DGT tests. Concerning the last resin, TK100, the retention for Ra appeared weak, even null in the tested mineral waters; it was thus naturally not retained for the continuation of the work.

Preparation of binding gels

In this section, we will present the optimization procedure of the binding gel making, along with several failed essays. The types of applied resins consist of silica-based resin (e.g., AnaLig® Ra-01) and polymer based resin (e.g., IR-1, TK101). The essays first used the substitutes of the real resins, which are the nude silica beads instead of AnaLig® Ra-01 and nude polymer support without functional ligands supplied by TrisKem International, for cost considerations. polyacrylamide gel with homogenous distribution of resin beads was unrealizable. As shown in Figure 4-1, there was an obvious layering within several minutes before the heating procedure: in the upper zone of the polymerized gel, there was few resin beads; in the middle zone, the density of resin beads increased; in the bottom zone a severe sedimentation of resin beads occurred. This phenomenon was due to the strong effect of sedimentation, which had drawn amount of resin beads to the bottom before the polymerization started. Several modifications were done such as injecting the pre-gel solution for several times with smaller aliquots, increasing the quantity of catalyst (TEMED and APS). There was few improvement (shown in Figure 4-2), and the main problem remained the perpendicular inhomogeneity of resin distribution. Therefore, we modified the method: the pre-gel solution was injected into the horizontal mould, and the heating procedure was cancelled (Method B) as the presence of some visible holes on the page might be due to the swelling of small bubbles in the pre-gel solution originated from temperature increase. The Figure 4-3 shows that an improvement has been achieved.

Chapter 4: A study on DGT technique applied for Ra monitoring 128 strong enough to influence the homogenous distribution of polymer grains. So we tried the plates made of other materials like Polycarbonate (PC) and polymethyl methacrylate (PMMA).

We found that with PMMA plates, the polymer grains did not accumulate into clusters.

However, there were still two flaws of this method: the air bubble and the polymerized foams formed from Vortex agitation (See Figure 45). In this case, the Method E presented in method. These discs were also used for DGT experiments. We ignored the agarose gel since its preparation temperature is 80℃, which may inactivate the ligands in the SK resins. (Dočekalová, 2005;Diviš, 2005;Khalfallah, 2018) 4.1.2 Preparation of binding gel with silica based resin beads Unlike the two impregnated resin IR-1 and TK101, AnaLig® Ra-01was successfully introduced into the polyacrylamide gel by Method E. From Figure 4-8 we could see that the pre-gel solution polymerized well and the silica beads of the resin AnaLig® Ra-01 were perfectly distributed over the gel page. The gel page was firm with flexibility and elasticity.

The reproducibility of AnaLig® Ra-01 binding gel was also verified. 4-1. The measurement was during several minutes, during which the gels would not get drying. In fact the gel structure maintains well its humidity during hours in atmosphere.

thickness attains 0.94 mm. At the center of the page, the thickness decreases to 280 mm. At other positions the thickness is around 0.4 mm, which is the optimal thickness for the DGT Research standard DGT sampler. This was therefore the place selected to prepare the binding gel for the DGT samplers; the side and the center zones (Positions A and E) were discarded.

At position B, C and D, the resin beads present at the gel surface instead of being totally immersed in the gel, which is favorable for the metal adsorption at the interface of the binding gel and the diffusive gel in DGT sampler.

Study on the radium behavior in Chelex®-100 DGT sampler

The study of the Chelex®-100 DGT sampler includes three deployments in synthetic aqueous solutions, one deployment in the commercial mineral water Evian, and one in situ deployment at the site of Mariol. These experiments were code-named in Table 4-2. The experiments CH1, CH2 and CH3 aim at testing the applicability of DGT system on evaluating ultra-trace 226 Ra at laboratory conditions, including the linearity of radium collection, the saturation of binding gel within the deployment time, the influence of ionic strength, etc. The experiment CHE used the spiked commercial water Evian as environmental solution, aiming at verifying the applicability of Chelex®-100 DGT system in solutions with possible competitive cations. Finally, a real system was studied for the experiment CHMA with the Chelex®-100 DGT sampler. The pH values of the three solutions were proved to be stable during DGT deployments, and they were in the functional range of the Chelex®-100 resin. The addition of buffer reagents were therefore omitted in order not to complicate the solution matrix, which could lead to other perturbations to DGT functioning. The accumulation of 226 Ra on the binding layer has been proved to be linear as a function of time. The DGT samplers in CH1, CH2 and CH3 are commercial systems with an associated control. Therefore, we can assume that their exposure window diameters, their filter membrane thickness and their diffusive gel thickness are the same, which are 3.14 cm 2 , 0.14 mm and 0.78 mm respectively. Neither complexing anions nor competitive cations exist in the simple solutions. We also supposed that the radium arriving at the interface between the diffusion layer and the binding layer is rapidly and irreversibly adsorbed by the Chelex®-100 resin. By irreversibility, we mean that the Ra is fixed without being put back into solution, the equilibrium being shifted towards the formation of the surface complex due to the occurrence of the Ra diffusion gradient. Thus the assumption of "perfect sink" of Ra is tenable, and the totality of spiked 226 Ra 2+ is regarded as DGT labile. By applying Equation 1-5 and Equation 1- Comparing the De and D'e in each experiment, there is no analytical distinction with the assumption of effective surface at 3.8 cm 2 and of DBL at 0.23 mm (Davison, 2012), indicating that the consideration of an AE and a DBL is not indispensable in our experimental conditions in view of the measurement uncertainty. Among the three experiments, the De (D'e) calculated in CH1 and CH2 experiments are in agreement within the limit of errors. The discrepancy of Ra accumulation rates between CH1 and CH2 originates from different C0. By the Fick's Law, the metal mass accumulation is proportional with the concentration gradient (C0 in our experiments) when the DGT samplers are uniform.

Nevertheless, the De (D'e) increases by a factor of 3 in CH3 experiment. In the calculation of the diffusion coefficients, the uncertainties originated from the triplicate samplings, the discrepancies among all Chelex®-100 resin gels and the fitting procedures were taken into account. Although the repetition of the experiments is favorable (but not done) for the determination of the precise De, it is probably that the "abnormal" value of diffusion coefficient in CH3 could not be explained by the external uncertainty as there would not be a threefold discrepancy of the Ra accumulation on the same type commercial samplers at the same experimental conditions.

No paper on DGT-radium explains this phenomenon so far, but in the study of Altier [START_REF] Altier | Accumulation of Mg to diffusive gradients in thin films (DGT) devices: kinetic and thermodynamic effects of the ionic strength[END_REF], it is reported that the accumulated mass of Mg, which is also an alkaline earth metal, increases with the drop of ionic strength. When the ionic strength increases, there could be a distortion of linearity due to a thermodynamic limit regardless of Mg saturation. More precisely, with the increase of environmental ionic strength, a phenomenon called electrostatic partitioning at the interface of the resin bead and the hydrogel severely influences the kinetic association constants of the metal cations, so that the assumption of the "perfect sink" is no longer appropriate. In contract, in a solution with extremely low ionic strength (≤10 -3 M for instance), the accumulation of cations on the resin gel accelerates with merely thermodynamic limitation, which could be the reason why radium was much more accumulated under 10 -3 M NaNO3 solution. [START_REF] Altier | Accumulation of Mg to diffusive gradients in thin films (DGT) devices: kinetic and thermodynamic effects of the ionic strength[END_REF] This phenomenon will be discussed in the latter Section 4.4.

Comparison with the reference De

Few studies mentions the De of radium in aqueous solution. In the study of Li and Gregory, the diffusion coefficient of Ra 2+ was calculated from the given ion conductivities at infinite dilution (Landolt, 1960). At 25℃, De,ref1 value equals to 8.89×10 -6 cm 2 •s -1 (Li and Gregory, 1974), which is coherent with our values for CH1 and CH2 experiments. Leermakers conducted a series of DGT experiments in 0.01 M NaNO3 solution using different resin gels including Chelex®-100. Her study gives a De,ref2 value of 7.45×10 -6 cm 2 •s -1 at 21℃ (Leermakers, 2009), equivalent to De.ref2=8.32×10 -6 cm 2 •s -1 at 25℃, which is not far from our results. However, from this article, we did not find the calculation process of De. Therefore, where k is the Boltzmann constant (kg ⋅ m 2 ⋅ s -2 •K -1 ), T (K) is the temperature, R (m) is the radius of the particle, and η is the viscosity (m 2 •kg -1 ) of the liquid.

For water at 25℃ (298.15K), the viscosity is 0.8903 mPa•s [START_REF] Korson | Viscosity of water at various temperatures[END_REF]. As for the radium cation, the "effective ionic radius", which is 1.48×10 -10 m in 8-fold coordination, is usually applied for Ra 2+ [START_REF] Shannon | Revised effective ionic radii and systematic studies of interatomic distances in halides and chalcogenides[END_REF]Matyskin, 2017). Therefore the diffusion coefficient can be calculated at D=1.66×10 -5 cm 2 •s -1 at 25℃, which is nearly twice of not only our experimental value but also De.ref2. In different papers the radius of Ra 2+ is not unique. In the report of IAEA in 2014, 3.98×10 -10 m is given as the "hydrated ionic radius" (IAEA, 2014) and the corresponding calculated D= 6.16×10 -6 cm 2 •s -1 ,which is smaller but much closer to our experimental values. As no consensus of Ra 2+ radius is reached in different studies, we could only give a range of D(Ra) in water from 6.16×10 -6 cm 2 •s -1 to 1.66×10 -5 cm 2 •s -1 (25℃)

by Stokes-Einstein equation, which can also be a reference.

In this section, the well-functioning of DGT devices with Chelex®-100 resin gel is verified in simple NaNO3 synthetic solutions. When the NaNO3 concentration ranges from 10 - 2 M to 10 -1 M, considering the state of the art on the subject, we can conclude that our values deduced from the CH1 and CH2 experiments are quite consistent. When the NaNO3 concentration decreases to 10 -3 M, an extremely rapid accumulation of radium was observed. The pH of Evian increased from 7.61 to ~8.5 in 24 hours, then became quite stable. The additional analysis of CO3 2-in Evian by TOC meter showed a decrease of CO3 The analysis of the multiple elements in the binding gel eluents was then conducted for investigating the influence of competitors whose presence could explain a potential saturation of the resin sorption sites. From Figure 4-17, we could clearly see a saturation effect of Sr and Ba starting from 8 hours. Significant increases of Mn, Fe and U concentrations with the time were observed. As presented in Chapter 2, the distribution coefficient of Fe is at least ten times larger than those of the alkaline earth cations, so Fe might exhaust the available pool on binding resin sites and strongly competes with all alkaline earth cations, causing a saturation.

Further analysis on the major cations is ought to be conducted to reveal the species which causes the Ra saturation.

Another assumption is that Fe colloids which are accessible to the diffusive layer (diameters of 0.2-0.45 μm) could inhibit the sorption of Ra onto the binding layer, because a previous study has proved the Ra-chelating ability of some Fe colloids. (Sajih, 2014) In this case these Fe colloids can be competitors of the Ra-sorption resin at the interface of MDL and binding layer, and a fraction of Ra which penetrate the MDL become no more "DGT-labile".

To verify this effect of Fe colloids, same in-situ DGT experiments should be performed in natural water with less Fe, and the kinetics of Ra sorption on Fe colloids is ought to be investigated. This assumption will be re-discussed in Section 4. The De and D'e in each experiment are indistinguishable within the limit of errors.

However, comparing AL1 with AL3 experiment, the diffusion coefficient increases along with the decrease of ionic concentration, which is similar to what was observed for the tests with Chelex®-100 resin gels. Comparing to the reference value De,ref1=8.89×10 -6 cm 2 •s -1 (25℃), the deviation of ~28% was measured in AL1. The possible explanation will be discussed along with that for Chelex®-100 resin gels in the latter section. The experimental conditions of ALMA is totally the same with CHMA (using Chelex®-100 binding gel) because the two types of DGT samplers were simultaneously deployed in the Mariol water. The controlled parameters are reported in Table 4-12. Considering the same condition as CHMA, CDGT in Mariol spring water can be therefore calculated at 11.6±0.9 pg•L -1 . This value is also much smaller than that deduced from direct analysis (81±19 pg•L -1 ). The possible mechanisms which limit the Ra uptake should be discussed. 1 g of AnaLig® Ra-01 resin was used for one resin gel page with a size of 110 mm×110 mm×0.4 mm, and the surface of one binding layer that fits in the standard DGT sampler is 3.14 cm (diameter of 2 cm, thickness of 0.4 mm). Therefore, this binding layer contains 0.026 g resin (supposing that the distribution of the resin beads in the gel is homogenous). It is reported that the Ra binding capacity of AnaLig® Ra-01 is between 1×10 -4 mol•g -1 and 2×10 -4 mol•g -1 (Verlinde, 2019), so 5.2×10 -6 mol is the maximal available metal pool for one binding gel. The mass of the eluted Ra at 48 hours is 3×10 -13 g (1.3×10 -15 mol), which is much lower than the maximal capacity. The accumulated Ba content at 48 hours is ~3×10 -6 g (~2.2×10 -8 mol), which is 7 orders of magnitude higher than the accumulated Ra but still far from the maximal binding capacity. In fact, all the metals analyzed by ICP-MS could not fill the available sites on the page. As the majors have proved to be merely influence the performance of AnaLig® Ra-01, there must be other mechanisms which inhibits the capturing of in-situ Ra.

c) A large amount of ferrous floccules was observed to be in the Mariol spring water (Figure 2-9) as well as on the exposure windows of the DGT samplers. In the dried sediment sample, a high percentage of Fe was revealed by EDX (Energy Dispersive X-ray fluorescence spectrometer) analysis, and the Fe content was 400±20 mg•g -1 quantified by Quadrupole ICP-MS. Radium was also found in the sediment with the activity of 16±2 Bq•L -1 (Data measured in the project TIRAMISU of Subatech laboratory, Nantes, France).

Nirdosh [START_REF] Nirdosh | Adsorption-desorption studies on the 226Rahydrated metal oxide systems[END_REF] found that Ra 2+ could be adsorbed onto the surface of some hydrated metal oxides, and Sajih (Sajih, 2014) studied the Ra adsorption on iron oxyhydroxides (goethite and ferrihydrite). It is concluded that Ra 2+ can be highly adsorbed onto ferrihydrite at pH>7, and this reaction is reversible with a rapid equilibrium. Based on these studies, three hypothetical mechanisms which may limit the Ra uptake should be discussed: 1) Does the ferrous colloids enter the diffusive layer even the binding layer then interfere the Ra adsoption on resin grains? According to , almost all ferrous colloids could be deprived by 0.2 µm filter. The cutoff of the diffusive gel is effectively smaller than 0.2 µm (Van Der Veekenm 2008), so it is possible that the ferrous colloids accumulated at the interface filter-diffusive gel, but they could hardly diffuse along the diffusive gel. 2) Does the ferrous deposits on the exposure windows influence the Ra uptake of the DGT samplers? During the DGT deployment, it was observed that the ferrous precipitations increased with the deployment time. On the samplers of 48 hours, most part of the exposure windows was covered by ferruginous precipitations, thus one possibility of the weakened Ra accumulation could be due to the decrease of exposure surface (Equation 1-5).

d) The reactions between Ra and the organic matters in the Mariol spring water should also be considered. Humic substances could largely presents in natural waters, and they are usually called "aquatic humus". [START_REF] Zepp | Comparison of photochemical behavior of various humic substances in water: III. Spectroscopic properties of humic substances[END_REF]) Among these aquatic humus, humic acids, which are main components in the humus, have been proved to have high radium adsorption ability at neutral and basic pH, which is reversible and controlled by kinetics for a few days.

(Phillip, 2012) [START_REF] Bordelet | Chemical reactivity of natural peat towards U and Ra[END_REF]. In freshwater environments, humic acids could enter the DGT samplers and accumulate in the DGT diffusive gel, and the steady-state regime is usually established within several days. (Van Der Veeken, 2010) All these previous studies implies a non-negligible effects of aquatic humus. With the accumulation of humic acids in the diffusive gel layer, a part of Ra 2+ on the diffusion pathway might be captured by these organic matters prior to reaching the resin layer, so the Ra accumulation rate on resin gel is declined. As the DGT deployment time is only up to 48 hours, the sorption/desorption equilibrium of Ra 2+ on these humic acids is not yet established. This mechanism is hypothetical for now, further studied should be carried out including the characterization of organics in Mariol spring water, determination of humic substance in gel layer, DGT experiments in synthetic solutions spiked with humic substances, etc.

The establishment of mechanistic models to describe the behavior of Ra during the in-situ deployment of DGT is important for profounder comprehension on this technique, considering the environmental ferrous colloids and aquatic humus.

In the study of Leermakers, the Sr and Ba concentrations at ppm (10 

Kinetics and thermodynamic effects of the ionic strength

An important assumption, which is called the "perfect sink" regime for metal, was applied for the calculations in Sections 4.2 and 4.3. The "perfect sink" means the metal (Ra in our study) binds so fast and strongly to the resin beads that the free metal concentration in the resin gel domain is neglected. However, at some conditions this assumption is invalid. From the experiments of Chelex®-100 DGT sampler and AnaLig® Ra-01 DGT sampler, we could see that the ionic strength of the solution severely influences the quantity of the accumulated Ra as well as the speed of accumulation. Altier has established a model to explain this phenomenon, from which we give a qualitative illustration of our results. [START_REF] Altier | Accumulation of Mg to diffusive gradients in thin films (DGT) devices: kinetic and thermodynamic effects of the ionic strength[END_REF] A Donnan potential difference (ΨD) is assumed at the interface of a resin bead and the gel phase within the binding gel domain and expressed by the Equation 4-2 via a model based on the Nernst-Planck Equations:

Ψ D = RT F arcsinh ( - Q 2V R I ) Equation 4-2
where R (kg⋅m 2 ⋅s -2 ⋅K -1 ⋅mol -1 )is the universal gas constant, T (K) stands for the temperature, Πi represents the ratio of the concentration of the ion i at the resin side of the interface (ci r-) and the concentration of the cation i at the gel side of the interface (ci r+ ). zi represents the charge number of the ion i. This parameter was experimentally proven to increase with the decrease of the ionic strength. As the concentration of the analyte (Mg in this work) is negligible comparing to the background ions (Na + and NO3 -), the ΠMg is totally controlled by the ionic strengths of background ions, and the Π for all cations has been experimentally

proven to be close. According to Equations 4-14 and 4-15, ΠMg increases with decreasing I, implying a tendency of the free Mg concentration to build up in the resin domain to achieve electrostatic equilibrium consistent with the potential drop at the resin/gel interface. With the experimental Π, the ionic strength in the resin domain can be computed as:

I R = 1 2 Πc Na + + 1 Π c NO 3 -= 1 2 c Na + Π + 1 Π Equation 4-4
As mentioned above, the analyte does not immediately and irreversibly binds on the resin, in fact the analyte cations (M) diffuse along the resin gel domain and fall into the resin bead where they bind to free resin sites (R) to form occupied sites (MR) as:

M + R ⇌ Equation 4-5
This binding process is controlled by ka,R, the association rate constant, and kd,R, the dissociation rate constant. The stability constant of this reaction is KR= ka,R/kd,R. By applying Bjerrum theory which describes the ionic strength dependence of the rate constants as due to the dependence of the activities of the reactants in the salt medium, the dependence of the association rate constant on the ionic strength can be expressed as the Equation 4-6 assuming that Davis Equation can be used for calculating the activity coefficients.

logk a,R = logk a,R ∞ + 1.02z M z R ( I R 1+ I R -0.3I R ) Equation 4-6
where ka,R ∞ is the limiting association rate constant when ionic strength tends to zero, zM stands for the charge of the cation and zR represents the "effective charge" of the resin beads.

zR is defined as the total electrical reactions between Mg 2+ and all the charges of the resin bead at their respective distances, which is a negative number. Since kd,R remains stable despite of the change of ionic strength, the binding speed as well as the chemical equilibrium are controlled by ka,R, and therefore controlled by IR. In the ionic strength range of 0-1 mol•L -1 , ka,R (kinetic association constant) and KR (stability constant) monotonically increase along with the decrease of IR, which means less thermodynamic limitation for the binding process. 

Characteristics of binding discs

The binding discs are soft and easy to be cut. However, there are two visible flaws. First, the thickness of the discs is measured at 0.7 mm via a vernier caliper, but not 0.4 mm, which causes a slight bulge at the surface of the exposed window of the installed DGT sampler. The change of the geometry of the diffusion zone might lead to deviation of Ra adsorption since the diffusional pathway is no more perpendicular. Second, visible particles were detached from the disks during the sampler installation process as well as during the Ra elution process, indicating that the ligands may not be properly attached to the disk surface. It is then expected that Ra adsorption would be influenced due to these flaws, for instance, a part of Ra could be lost during the DGT disassembly. So the protocol for the disc preparation ought to be clearly improved. Other possible disc preparation paths are underway at TrisKem International.

Nevertheless, some tests were still undergone with these non-ideal discs in order to get preliminary information on their functioning and potentiality as DGT samplers.

Laboratory tests

Two experiments related to TK101 were deployed in a 0. As shown in Figure 4-24, a linear accumulation of 226 Ra was obtained neither on TK101 resin gel nor on TK101 disc. As expected, due to its originally poor affinity for radium reported in the resin performance tests and the defects of both resin gel and disc, it can be concluded that DGT samplers equipped with TK101 binding layer is not appropriate for radium monitoring. 

Conclusions

DGT samplers with four different functional ligands have been tested successively in simple synthetic sodium nitrate solutions, mineral water and natural spring water, in order to evaluate their potential applicability for Ra monitoring.

For Chelex®-100 DGT samplers, the radium accumulation is linear without any saturation in all synthetic solutions: the calculated De(Ra) value is coherent with some reference values in 0.01M -0.1M NaNO3; and the accumulation of Ra is observed to be enhanced in 0.001M

NaNO3, which may be due to the ionic strength effects on Ra adsorption kinetics. Further experiments should be conducted or repeated to justify these results. In Evian water, no linear accumulation was observed, indicating the poor applicability of Chelex®-100 in complex ionic environments even if the ionic strength is quite low. The major divalent cations (i.e., Ca 2+ , Mg 2+ ) present in these environments can be strong competitors of Ra 2+ on Chelex®-100 resin, which requires verification via analysis of the binding gel eluents. In the Mariol spring water, the Ra accumulation was interfered by the other metals such as Mn and Fe, which possess much more affinity to Chelex®-100.

AnaLig® Ra-01 DGT sampler gave more promising results. It adsorbed Ra linearly in both synthetic solutions and Evian water, certifying that major cations merely influence its performance, and that the Ra accumulation rate is negatively correlated with the ionic strength.

In Mariol water, AnaLig® Ra-01 could not collect all fractions of Ra, whose possible reasons could be 1) the blocking of exposure windows by ferrous precipitations; 2) aquatic humus, which have ability of Ra retention, invading the diffusive gel.

Next research will proceed in the following steps: first, the Mariol spring water will be characterized by TOC and CHN analyzer for the determination of the organic matters; second, laboratory tests of DGT samplers will be conducted in the synthetic solutions spiked with humic acids and/or fulvic acids. Then the Ra accumulation performance of the DGT samplers (especially AnaLig® Ra-01) will be evaluated. If the DGT samplers do not perform well with presence of the organic matters, it means that some Ra organic complexes are not collectable on DGT samplers, in other words, they are not DGT-labile. Further in-situ studies should be deployed in various natural sources to check its potential applicability.

The Ra uptake of both AnaLig® Ra-01 and Chelex®-100 DGT samplers were affected by ionic strength. A crucial parameter is the association rate constant which decreases with the increase of the ionic strength. This phenomenon is stemmed from an electrostatic effect between the resin bead and the gel domain called partitioning, which is actually a discontinuous distribution of metal cations at the two sides of the resin-gel interface. The concept of "apparent diffusion coefficient" taking the effects of association rate constant into consideration can be used for experimentally determining the cDGT in unknown solutions, which simplifies the calculations. Different resins have their own Ra adsorption properties, thus their "apparent diffusion coefficients" should be separately calculated according to laboratory tests in well-defined solutions.

SK and TK101 binding layers, with defective preparing processes, are not applicable for Ra monitoring via DGT technique. As for TK101, it can be explained by the poor Ra-affinity that was shown by the performance tests in Chapter 3. This cannot be the reason for SK resin.

The performance of IR resin may be severely affected due to its hydrophobicity and the presence of the impregnated solvent that contain the reactive chelating ligands. During the polymerization, an interaction with the impregnated phase must occur leading to a "reduced reactivity" of the ligand. The use of impregnated PS-DVB discs (to avoid this polymerization phase) does not overcome the problem. The method of preparation of these discs and their characterization must be reviewed.

General conclusion

The radium determination techniques have been developed over decades, and two largest branches are radiometric measurements and mass spectrometry. The analytical protocols have been well established for radiometric methods while some disadvantages like tedious sample preparations, difficulties of spectrum deconvolution or relatively high limit of detection are inevitable. In recent years, mass spectrometry is highlighted as an efficient, highly sensitive The commonly used DGT device is a piston-type plastic sampler, of which a binding layer with sorbants, a diffusive layer and a filter membrane are the main components. These layers are stacked on the piston base and are firmly enclosed by the cap with an opening window.

This sampler can be deployed in waters, soils and sediments. Post-deployment analysis of the binding layer is carried out to determine a time-weight-average element/compound concentration in the studied matrix by applying the Fick's Law. This technique has been used

for a variety of metals, however, the in-situ studies of radium using DGT has not been widely reported yet. Our main objective is to test the SK ligand through selective supports for a DGT application. Other Ra sorbants of great interest, such as AnaLig® Ra-01 resin (IBC Advanced Inc.), Chelex®-100 resin (Bio-Rad Laboratories Inc.), TK100 and TK101 resins (TrisKem International) are also tested for investigating their potential on in-situ radium monitoring via DGT technique.

Two types of resins containing ligands SK have been firstly tested in synthetic solutions for verifying their performance of radium retention. The grafted resin (GR) is very effective in the pH range 6-8 with low salt load and it is very selective with respect to most alkaline earths except Ba. Silica, as the support of the functional ligands, is also a reactive phase, whose potential affinity to other environmental metals could be problematic for Ra analysis, especially for mass spectrometry due to the potential isobaric interferences of 226 Ra (e.g., polyatomic interference 88 Sr 138 Ba). The impregnated resin (IR) shows an obvious advantage on Ra sorption capacity comparing to the grafted version, moreover, the Ra retention is only governed by the ligands for IR (without presence of silica support). Both of the two types are sensitive to ionic strength, so their applicability in salt water is not promising. The experimental behavior of the resin can be well described by a surface complexation model in most cases. Nevertheless, for the impregnated resin, there are quantification concerns when moving from one lot of resin to another, which needs to be clarified in the future before we can further explore the modeling tool and its predictive nature.

Then IR and GR resins were tested in different mineral waters aiming at investigating their capacity in natural aqueous phases. Both versions show excellent performance in waters with low ionic strength, however, their Ra retention capacity decreases sharply in water with high ionic strength, indicating their high sensitivity to ionic strength.

Several commercial resins were tested for the selection of DGT binding matrix. AnaLig® Ra-01, the only commercialized Ra-specific resin, shows the best performance among all.

However, EDTA or NTA chelating agents are indispensable for the elution of Ra, leading to complication for the following analytical work: organic matters should be eliminated by an additional sample digestion process using EvapoClean® system prior to HR-ICP-MS analysis.

(On the contrary, Ra2+ can be simply recovered from SK resins using 1 M HNO3.) Chelex®-100 performs well in freshwater but it is extremely sensitive to environmental cations. It is still kept for the rest of study as a reference resin because of its wide application on DGT.

TK101 resin presents some affinity for radium and will also be considered for the DGT tests.

Concerning TK100 resin, the retention for Ra appeared weak even null in the tested mineral waters, therefore, it was not retained for the continuation of the work.

For the next step, DGT samplers with the four different resins Chelex®-100, AnaLig® Ra-01, TK101 and IR (SK) have been tested in order to evaluate their potential applicability on Ra monitoring. Simple synthetic NaNO3 solutions, mineral water (Evian) and natural spring water were successively used as environmental matrices. The in-situ deployment was carried out in a concrete basin with continuous natural spring flow, located near a town called Mariol near the Auvergne mountain of France. Previous investigation has found a significant radioactivity in this spring, so it can be an ideal spot for in-situ DGT tests.

Chelex®-100 DGT sampler shows satisfactory performance in all synthetic solutions, and the calculated value of Ra diffusion coefficients are coherent with the reference value deduced by Li and Gregory in 1974 in 0.01M-0.1M NaNO3. Nevertheless, the Ra uptake is enhanced to a great extent in 0.001M NaNO3, which cannot be well explained for now. Further experiments should be conducted to justify these results with more gradient concentrations (for instance, synthetic solutions of 0.002 M NaNO3, 0.005 M NaNO3, 0.008 M NaNO3). In Evian water, the Ra uptake is poor, indicating that the Chelex®-100 samplers is not suitable in complex aqueous environments even if the ionic strength is quite low. The major divalent cations (i.e., Ca 2+ , Mg 2+ ) present in these environments could be strong competitors of Ra 2+ on Chelex®-100 resin, which requires verification via analysis of the binding gel eluents. In the Mariol spring water, the Ra accumulation was interfered by the other metals such as Mn and Fe, which hold much more affinity to Chelex®-100. We still get a "DGT-labile" concentration by fitting the first three sampling points which seemed to be linear, and this value is 23% of the bulk Ra concentration measured by direct HR-ICP-MS analysis. (DGT-labile fraction means the portion of target element which can easily enter the DGT sensor and immediately and irreversibly captured by the binding layer the moment it reaches the diffusive gel/binding gel interface.)

AnaLig® Ra-01 DGT sampler captured Ra linearly in both synthetic solutions and Evian water, certifying that major cations does not influence its performance. Its Ra accumulation rate is proved to be negatively correlated with the ionic strength. In Mariol spring water, the Ra uptake rate is significantly restricted. As the Mariol spring water is a freshwater and AnaLig® Ra-01 is merely influenced by ionic strength, the major cations are unlikely to be the inhibitors of Ra uptake. By calculation of the accumulated metal quantity on the binding gel, the available sites is effectively far from filled. Thus two hypothetical reasons are raised:

1) natural ferrous precipitates presenting in the sampling spot might adhere to the filter membrane, decreasing the available exposure surface of the DGT sensor. 2) Some aquatic organic matters (e.g., humic acids, fluvic acids) with small sizes could enter the DGT sensor and migrate in the diffusive layer. The Ra adsorption on the organic matters was proved to be partially reversible or to be controlled by kinetics effects, indicating that the Ra fraction bound to these matters might be non-labile within 48-hour deployment. To verify the first hypothesis, other sampling sites containing fewer ferrous deposits should be chosen, and the AnaLig® Ra-01 samplers will be tested in these sources. As for the second supposition, a series of experiments should be carried out including the characterization of organic matters in Mariol spring water, the DGT experiments in presence of humic substances, the adsorption/desorption experiment of Ra on Mariol precipitations, etc. The incoherence between the bulk Ra concentration and the Ra concentration measured by DGT technique does not means the non-applicability of DGT on environmental Ra monitoring, on the contrary, it provides a pathway to evaluate the DGT-labile fraction of Ra in natural waters if the mechanisms of Ra uptake limitation are well illustrated.

The Ra uptake of both AnaLig® Ra-01 and Chelex®-100 DGT samplers were affected by ionic strength. A key parameter is the association rate constant which describes the rate of resin ligand-metal complex formation. It decreases along with the increase of the ionic strength and this phenomenon may be stemmed from an electrostatic effect called Donnan potential difference between the resin bead and the gel domain, which is actually a discontinuous distribution (partitioning) of metal cations at the two sides of the resin-gel interface. The concept of "apparent diffusion coefficient", taking the effects of association rate constant into account, can be used for experimentally determining the cDGT in unknown solutions. This coefficient is a monotonically increasing function of the association rate constant, so it monotonically decreases with the ionic strength increasing (See Section 4.4).

Different resins have their own Ra adsorption properties (available binding sites, association rate constant), thus their "apparent diffusion coefficients" is ought to be respectively determined via laboratory tests in well-defined solutions.

Defects of IR and TK101 binding gels dated back to the stage of gel preparation due to their hydrophobicity. TK101 is no more considered as an appropriate Ra-binding matrix because of its naturally mediocre Ra affinity and the preparing flaws. As for SK (IR) resin/ligand, satisfactory Ra binding cannot be achieved via polyacrylamide gel or PS-DVB disc. In purpose of giving play to the high performance of IR, the impregnating solvent should be optimized or changed for DGT adaptation. For cost considerations, the development of GR resin is in suspension, which can restart regardless its weaker performance with respect to IR in aqueous phases. were compared with some commercial resins. The AnaLig ® Ra-01 resin shows the best performance while the Chelex ® -100 resin is extremely sensitive to salinity. This is also the case for the new Ra specific resin, although its efficiency and selectivity are very high for lightly salted waters.

The studies then focused on the DGT technique coupled with HR-ICP-MS analyzes. In the case of AnaLig ® Ra-01 and Chelex ® -100, the studies were conducted from the laboratory (with synthetic solutions) to the field (in a natural water spring enriched with Ra). The operation of DGT Chelex ® -100 samplers was strongly disturbed by the presence of competing elements, while that of DGT AnaLig ® Ra-01 samplers appeared to be promising even for in situ deployment. With regard to the new specific resin, considerable work has been done on the preparation of the reactive supports (chelating gels and impregnated discs). In both cases, the results in the laboratory appeared to be poor and more work will have to be done on the preparation phase of these supports before a possible application in the field.
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Chapter 2

 2 corresponds to the "materials and methods" part of this thesis work, which basically consists of the presentation of the radiochemistry experiments performed in this work along with corresponding analytical tools. In particular, the high resolution inductively coupled plasma mass spectrometry (HR-ICP-MS) technique is introduced; it has been widely used in this work and has required special developments. The research site Mariol located near the Allier River in the Auvergne region of France, which is a natural Ra-enriched spring, is presented.Chapter 3 focuses on the performance tests of the different sorption resins with respect to Ra. In addition to the resins mentioned above (Chelex®-100 and AnaLig® Ra-01), TK100 resin and TK101 resin provided by TrisKem International were also tested in addition to the innovative resin; they consist of crown ethers-based impregnated resins specific for Sr and Pb, respectively. Concerning the innovative resin, the grafted and impregnated versions have been tested; they will be referred to GR (functional ligands are grafted on a silica support) and IR (a polymer substrate is impregnated with an organic solvent containing functional ligands) throughout the document, respectively. This work is divided into two parts. In a first part, the performances of the GR and IR resins are studied in details from batch-type experiments with spiked 226 Ra, in function of pH, ionic strength and environmental salt environment. A modeling work accompanies the experimental work. In the second part of the work, the performance capacity of all the resins is tested directly in commercial mineral water samples of different compositions spiked with 226 Ra. Elution tests with different solutions are done in order to clarify the simplicity of radium desorption from the resins. Chapter 4 presents a comprehensive work of radium determination with DGT technique combining sector field ICP-MS analytical method. This work mainly contains three parts. In the first part, we investigate the Chelex®-100 DGT sampler, which has already been reported for radium determination in laboratory synthetic solution. The samplers purchased from DGT Research Company were deployed for kinetic experiments in synthetic water with different ionic strengths before their performance was tested in the laboratory with mineral water (Evian) spiked with 226 Ra and in the field in the Mariol spring water. The second part focuses on the introduction of AnaLig® Ra-01 into DGT technique. The protocol of polyacrylamide based DGT binding gel preparation with AnaLig® Ra-01 has been developed and optimized, then the same DGT experiments as those of Chelex®-100 have been conducted as a function of the ionic strength and the water composition. For the third part, the impregnated TK101 and innovative IR resins have been studied for their application in DGT from laboratory experiments. Besides home-made binding gel with resin beads, polystyrene-divinylbenzene (PS-DVB) discs impregnated with functional ligands of TK101 and IR were also tested as binding layers. Finally, a general conclusion gathers the main results obtained in this work and perspectives are proposed. Chapter 1 The state of the art: Radium pre-concentration and analysis Overview of Chapter 1

  -1 (IAEA, 2014). 223 Ra (α-emitter, T1/2=11.43±3 days) (LNE-LNHB/CEA, 2011, Ra-223) presents in the Actinium series parented by 235 U. 224 Ra (α-emitter, T1/2=3.64±2 days) (LNE-LNHB/CEA, 2011, Ra-224) and 228 Ra (β-emitter, T1/2=5.75±4 years) (LNE-LNHB/CEA, 2012, Ra-228) are both members of Thorium series with 232 Th as parent nuclide. In addition to those three natural isotopes, 226 Ra (α-emitter) is the most abundant Radium isotope with a half-life of 1600±7 years (LNE-LNHB/CEA, 2007, Ra-226), and belongs to 238 U decay chain. As part of the Neptunium series (Martin, 1992), 225 Ra (β-emitter, T1/2=14.82±19 days) could be utilized as a suitable radiotracer for Radium determination. (Figure 1-2) It is regarded as an artificial Radium isotope produced during nuclear reaction despite its trace quantity in nature. The other isotopes with short half-lives are obtained artificially either by Thorium/Uranium bombardment with accelerated charged particles or by 226 Ra/ 228 Ra neutron irradiation.
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 1112 Figure 1-1 Decay chains of naturally occurring Radium isotopes (IAEA, 2014)
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 1 The state of the art 20 NORM in rocks.

  (SPE) is also an extensively applied pre-concentration technique by which the targeted species in a liquid mixture can be separated from other dissolved or suspended components according to their physical and/or chemical properties. For Radium, several procedures has been developed based on different retention mechanisms, including surface adsorption, ion exchange or by complexation with ligands developed based on molecular recognition technology (MRT).1.5.3.1 MnO2 adsorptionMnO2 was at first applied for Radium pre-concentration in 1972 by adsorption[START_REF] Krishnaswami | Silicon, radium, thorium, and lead in seawater: In-situ extraction by synthetic fibre[END_REF]. Inspired from the high affinity of Radium on an Acrilan fiber loaded with ferric hydroxide, Moore et al. invented a MnO2 impregnated acrylic fiber for the preconcentration of Radium in seawater. Through 5 g of this fiber, 95% of Radium was extracted in 20 L of seawater sample with flow rate of 100 mL•min -1 in column.Morvan et al. 

1. 6 . 3

 63 Consideration of diffusive boundary layer (DBL) and effective area 1.6.3.1 Diffusive boundary layer (DBL)

Figure 1 - 4

 14 Figure 1-4 Two-dimensional diffusion pathways into the edge part of a DGT sampler(Davison, 2016) 

  the temperatures in different experiments can be different, the diffusion coefficients measured at any temperature T (DT) can be corrected to 25℃ (D25) using Equation1-11.

  First, as an in situ passive sampling device, DGT causes few perturbations of the environment, and avoids as much as possible artificial influences that might change the chemical forms of our analytes (for instance, sample contaminations during transport and treatment). Second, DGT provides time averaged concentrations which reflect representative measurement over a period of time, and gives high spatial resolution information, showing biogeochemical heterogeneity of interested elements in microenvironments.(Zhang, 2014). Last but not least, DGT is a time-saving technique because complicated sample treatments like sequential extraction or coprecipitation could be replaced by simple gel elution.

Figure 2 - 1

 21 Figure 2-1 Change in structure of the functional group in Chelex-100 with pH
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 2 .1.3 TK100 and TK101 TK100 Sr-specific resin and TK101 Pb-specific resin are crown-ether based extraction chromatographic impregnated resins developed by TrisKem International, which are frequently used in the field of separation chemistry.TK100 contains 4,4'(5')-di-t-butylcyclohexano 18-crown-6 (cage adjusted to the size of Sr 2+ ) in di(2-tethyl-hexyl) phosphoric acid (HDEHP); this organic phase is impregnated onto the Amberchrom CG-71 polymeric support[START_REF] Surman | Development and characterisation of a new Sr selective resin for the rapid determination of 90Sr in environmental water samples[END_REF]. It shows strong affinity for Sr and no affinity for Ca. As for radium, the distribution coefficient (Kd) reaches 770 L•kg -1 and 580 L•kg -1 respectively in 0.01 M HNO3 and 0.01 M HCl, and steeply diminishes with the increase of acid concentration (van Es, 2017).TK101 is an impregnated resin with Amberchrom polymeric support which is designed to specifically adsorb the lead. The precise components including its functional ligands are confidential. Its radium affinity has been characterized byvan Es et al., showing that Kd ~5000 L•kg -1 in 0.01 M HNO3 and Kd ~4500 L•kg -1 in 0.01 M HCl. 40% of sorbed radium can be eluted by 1 M HNO3 and another 59% of sorbed radium can be eluted by 8 M HNO3.

2. 2

 2 .1.4 SK resins SK resins ground on MRT developed by Dr. S. Khalfallah during her thesis in collaboration with TrisKem International company are Ra-specific resins. Both grafted (code-named GR) and impregnated type (code-named IR) resins were available. The GR resin consists of a 60-100 mesh silica gel and a certain amount of radium specific chelating ligand grafted via catalyzed hydrosilylation reactions. For the IR resin, it consists of an acrylic ester polymer bead (with a diameter of 50-100 µm) impregnated with a fluoroalcohol solvent containing the same radium specific chelating ligand as that grafted (GR). For reasons of confidentiality, more information cannot be given in the manuscript.For the IR, in addition to the resin version, an impregnated disc based on soft PS-DVB (polystyrene-divinylbenzene) support was tested. (See Figure2-3) On this disc, the same functional ligands have been physically adsorbed on the surface of the PS-DVB support by recrystallization after drying of the impregnating solvent. In the following paragraphs it is codenamed SKD.
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 2 Figure 2-3 SKD PS-DVB impregnated disc
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 1 of resin was poured into a 15 mL TrisKem polypropylene (PP) column equipped with a polyethylene frit. The procedure of washing was: a) Twice 10 mL MilliQ water; b) Twice 10 mL 1 M HNO3 which was prepared from distilled concentrated HNO3; c) Twice 10 mL MilliQ water; d) Once 10 mL 5 M HNO3; e) Ten times of 10 mL MilliQ water.Between each step, the column was stirred on a Vortex shaker at 1800 rpm for around 30 seconds in order to optimize the contact surface between leaching solution and resin beads.Then the pointed column bottom connected with a glass valve was inserted into the sample position of a TrisKem AC-12-BVF vacuum box. (See Figure2-4)With a vacuum pump the leaching solution percolated through the column and was collected for analysis by ionic chromatography in order to ensure the removal of major cations. The pH was also measured for the last rinsing solution. The resin was then dried in a cleaned oven at 40℃ for at least 72 hours. The clean and dry resins were stored at room temperature in cleaned and sealed vials shielded from sunlight.
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 24 Figure 2-4 Resin washing system: TrisKem AC-12-BVF vacuum box with a vacuum pump and the columns for resin washing
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 312 Resin performance test: effects of pH a) Ra adsorption in solution with low ionic strength: The radium adsorption capacity for GR and IR resins was evaluated over a wide pH range (pH 2-pH 10) from batch-type experiments. All the adsorption tests were in 35 mL Nalgene PPCO tubes (purchased from Thermo Scientific) which had been previously washed by 5% (v/v) distilled HNO3 and dried.The solutions were prepared with Milli-Q water (18.2 MΩ•cm resistivity at 25°C) and 10 -3 M or 10 -4 M buffer reagents. 1 M HNO3 and 1 M NaOH were used for pH adjustment and no other cations or reagents were added. The resin/solution ratio was 1 g/L except the tubes at pH 2-3, which is 10 g/L because of foreseeable decrease of resin performance at low pH. After the mixture of resin and solution, the tubes were put onto a platform shaker at 150 rpm for 24 hours, then the pH of each tube was re-verified. If there was an obvious pH deviation (> 0.2), minute amount of 1 M HNO3 or 1 M NaOH was added in order to maintain the original required pH; if the pH was stable,226 Ra source was added into the tube at a concentration of 2×10 -9 M (16.724 Bq•mL -1 ). For tubes of pH 2-3, the radium concentration increased to 2×10 - 8 M as the performance of the resin could be retained in low pH environments. The tubes were re-positioned onto the horizontal rotary shaker at 150 rpm for another 24 hours. Afterwards, the depleted solutions were extracted and measured by gamma spectrometry for radium determination.(Khalfallah, 2018) b) Ra adsorption in solution with high ionic strength (0.1 M NaCl): The experimental procedure was the same as above at the exception of ionic strength adjusted with NaCl. Only GR resin was tested for this matrix. 2.3.1.3 Resin performance test: effects of ionic environments Different ions might have different impacts on radium retention on the innovative resins because of competition reactions. It is therefore necessary to study the Ra adsorption capacity of the resins in different ionic environments. The main information of this experiment are presented in Table 2-9.
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 316 Characterization of mineral water All the mineral waters were analyzed or used for the batch experiments immediately after opening. Basic parameters of the mineral water samples were measured. a) pH measurement The pH of each mineral water was measured by a Mettler Toledo SevenEasy pH meter with the calibrated electrode at pH 4, 7 and 10. The water was poured into a well-washed PPCO tube and the pH was measured twice in order to justify if there was an important variation of pH value before and after the resin test. The first measurement took place immediately after opening, and the second was done after a 24-hour shaking. b) Determination of major ions The major cations and inorganic anions except CO3 2-were determined by a Metrohm Professional IC 850 ion chromatograph connected to a Metrohm 858 autosampler. Major cations were separated through a Metrohm C6 250 mm × 4 mm column using the eluent HNO3 1 M/2,6-pyridinedicarboxylic acid (PDCA) 20 mM with the flow rate of 0.8 mL•min -1 at room temperature. Anions were separated by a pre-column and a ASUP16 250 mm × 4 mm column installed in a thermostatic compartment at 55 ℃ using the eluent NaOH 0.75 mM/Na2CO3 7.5 mM at the flow rate of 1 mL•min -1 . After separation, the cations and anions were detected by two different conductimetric detectors. The data processing was performed by MagIC NET software. c) Determination of Ba and Sr A Thermo Fisher X Series2 quadrupole ICP-MS instrument was used for the determination of Ba and Sr concentrations in the mineral waters by the method of external calibration and internal standardization. Strontium and barium calibration standard solutions at concentrations of 0.5, 1, 2.5, 5, 7, 10 µg•L -1 in 1M Teflon distilled HNO3 were prepared from PlasmaCAL stock solutions at 1000 µg•ml -1 purchased from SCP Science. Internal standard solution of indium ( 115 In) at 10 µg•L -1 in 1M HNO3 was prepared from a PlasmaCAL stock solution at 1000 µg•mL -1 .d) Determination of carbonatesFor the quantification of inorganic CO3 2-, a Shimadzu TOC-5000A analyzer was used. The water samplers could be measured without dilution because of the wide measuring range between 4 ppb to 5000 ppm.2.3.2 Radium determination by gamma spectrometryAs introduced in Chapter 1, gamma spectroscopy is an appropriate tool for the 226 Ra determination by measuring the gamma ray intensity during its disintegration. Along with the alpha decay from 226 Ra to 222 Rn, gamma ray with the characteristic energy 186.21 KeV emits and can be received by the gamma detector. The activities were introduced taking into account the detection limits of the detector and the Kd values.
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 25 Figure 2-5 Position of a sealed liquid sample in the detection chamber of the gamma spectrometer

Figure 2 -

 2 6,"D1 of sample" and "D4 of SG 50" are the height of the sample in the container and the height of the container SG 50. Here we discard the upper part of the SG 50 in the geometry editor of LabSOCS because it does not participate in the shielding of gamma rays with the detector below the bottle. "D2 of SG 50" is the bottom diameter of this container, and "D3 of SG 50" is the upper diameter of this container. "D1 of SG 50" and "D1 of Shield 1"
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 41 Materials concerning DGT samplers In this study, all the DGT samplers with different types of binding gels were prepared in the laboratory except Chelex-100 DGT samplers, which were purchased from DGT Research Ltd. This standard DGT sampler consists of a plastic housing with a round exposure window of 2 cm diameter, a 0.8 mm APA diffusive gel, a polyethersulphone (PES) filter membrane and a Chelex-100 binding layer. 2.4.1.2 Main components of DGT samplers a) DGT diffusive gel We used the "R-GDD standard DGT diffusive gel" purchased from DGT Research Ltd. It is an APA gel (agarose cross-linked polyacrylamide gel) of 25 mm diameter and 0.78 mm thickness (parameters on the product certificate), which are widely used as the diffusive layer in all kinds of DGT cells. b) Filter membraneThe Supor® 450 hydrophilic polyethersulfone (PES) membrane disc filters were purchased from Pall Corporation. Its pore size is 0.45 µm, its diameter is 25 mm and its thickness is 0.14 mm (parameters on the product manual).c) DGT sampler housingThe plastic DGT housing purchased from DGT Research Ltd has two parts: a pedestal for piling the binding gel, diffusive gel and filter membrane, and a piston with an exposure window, which encloses the gels and membrane into the DGT unit. Before using, the housings were well washed by 1 M HCl and deionized water for several times to avoid possible contaminations.d) DGT binding gelNone of binding gel in our framework was commercially available except Chelex®-100 (DGT Research Ltd.), which makes the preparation and optimization of "lab-made"

Method A: 4 .

 4 75 mL Milli-Q water, 3.75 mL acrylamide and 1.5 mL cross-linker were pipetted into the 50 mL centrifugation tube, and the mixture was shaken on the Vortex shaker at 1800 rpm for 10 seconds. Then 1 g of resin (or substitute) was added into the tube. 70 µL APS solution and 15 µL TEMED solution were pipetted gently along the tube wall. The mixture of reagents and resin beads was shaken on the Vortex shaker at 1800 rpm for another 10 seconds. The pre-gel solution was rapidly cast in the space between 2 glass plates separated by the PFTE spacers, and the assemblage was vertically maintained at 45℃ for 1 hour in the thermostat oven. Afterwards the gel was removed from the mould and was hydrated in MilliQ water for 24 hours. The gel was finally stored in 0.01 M NaNO3 solution before being installed in the DGT sampler.
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 4231 Dimension of binding gelLeica® MZ16 optical microscope was used for measuring the thickness of the resin gel and for observation of the resin grain distribution. Several areas of the binding layer were chosen and cut, placed onto a transparent PVC plate with the section along the thickness exposed to the light source. The magnification factor was adjusted to 256 times.2.4.2.4 Installation of DGT samplerAll the materials serving for the DGT sampler installation, especially the R-SDU plastic housing for DGT deployment (DGT Research Ltd., UK), was well washed by MilliQ water, HCl and ethanol for eliminating possible inorganic/organic contamination.The resin gel disc was cut from the gel page by an annular cutter of 25 mm diameter. The resin gel layer, the diffusive gel layer and the filter membrane were successively stacked on the pedestal of the housing, and the piston of the housing was assembled hard and firmly with the pedestal. (Figure2-6) The samplers were stored in a clean bag with 0.01 M NaNO3 solution at room temperature before deploying.
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 2728 Figure 2-7 Installation of a standard DGT sampler (DGT Research Ltd.)

1

 1 Site of research: MariolOur study site, a mineral spring near the town of Mariol (46°01'15.7"N, 3°30'20.9"E, with altitude of 308.5 m) in the department of Allier, France, was chosen for in situ DGT deployment in order to verify the applicability of DGT in real aqueous environment. The formation of this spring dates back to primitive volcanic activities in the central highland (Massif Central in French), during which, the internal activity associated with groundwater rises to the surface of this region via the faults of rocks. The spring water of Mariol emerges from an artificial concrete basin covered with yellow floccules (Figure2-10) placed 0.5 m above the ground, and flows down into the Darot River, a branch of the Allier River, which is an important tributary of the river La Loire. (See Figure2-9) The water flux is around 5-8 L•min -1 with a continuous overflow. The temperature of water remains at around 16℃ over years, and air bubbles were observed along with the water emission. Previous research has shown a significant radioactivity present in the water sample (Rn ~160 Bq•L -1 ) suggesting the presence of radium.[START_REF] Millan | The effect of natural radioactivity on diatom communities in mineral springs[END_REF] Beyond the expected presence of Ra in significant quantities, this was a proper site for DGT deployment because of its vivid water flow stable temperature and relatively inaccessible location for pedestrians.
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 292 Figure 2-9 Location of the site of Mariol (the map sources from Google Maps)

Figure 2 -

 2 Figure 2-11 Deployment of DGT samplers in the Mariol basin
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 2 Figure 2-12 In-situ DGT samplers covered by iron phases particles from the Mariol basin

Figure 2 -

 2 Figure 2-13 APEX-Q sample introduction system connected to the Element XR instrument

Figure 2 -

 2 Figure 2-14 shows the ion path in Element XR HR-ICP-MS. The sample aerosol from the sample inlet system (A) passes the injector (B) and enters the torch (C) surrounded by a water cooled load coil connected to a RF generator (27.12 MHz), where the elements of the sample are ionized into a radiofrequency (RF)-induced hot argon plasma. The interface (D) is locatedbetween the torch and the mass spectrometer, which consists of two cones (sample and skimmer) made of either nickel, aluminum or platinum. The interface plays the role of transporting the analyte ions from the environment of the ICP at the high temperature of 7500K and at atmospheric pressure into the mass spectrometer at room temperature at high vacuum in a pressure range of ~10 -4 to 10 -7 mbar. Afterwards, the ion transfer optic (E) are used for accelerating and focalizing the ions onto the entrance slit (F) towards the laminated water-cooled magnet (G) for the separation of ions according to different m/z (mass/charge) ratios and the electrostatic analyzer (H) for separation of ions according to their energy.Afterwards, the ions are focused by a series of small quadrupoles towards the exit slit (G) in the direction of the detector operating in triple mode (secondary electron multiplier or SEM (H) for counting and analogue modes) and a faraday cup (I) offering a linear dynamic range
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 2 Figure 2-15 Description of the closed environment evaporation device ANALAB EvapoClean®
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 31 Figure 3-1 Cation concentrations in leaching of resin washing process of GR-2
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 32 Figure 3-2 Kinetics of sorption (in "infinite dilution" conditions) (m/V of 1 g/L, pH=7±0.1) and desorption of Ra (in 1 M HNO3) on the grafted resin (GR-1)
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 33 Figure 3-3 Sorption of Ra, Ba and Sr on GR-1 (red points) and silica support (blue triangles) as a function of the pH in "infinite dilution" conditions. The lines correspond to the simulations made with the adjusted parameters given in Table 3-1. Experiments with Ba (9×10 -7 M) and Sr (1.1×10 -6 M) were done in the same batch-type experiment.
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 34 Figure 3-4 Sorption of Ra and Ba on GR-2 in salty waters (m/V of 1g.L -1 ). (A) Effect of the type of salt and its concentration on Ra adsorption; pH=7.0±0.1; (B) Effect of the pH on Ra adsorption in Mill-Q water (red points) and in 0.1M NaCl (blue triangles). (C) Sorption isotherm in concentration for Ba in the presence of 9.2×10 -3 M of NaCl. The lines correspond to the adjustments made with the parameters given inTable 3-1.
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 35 Figure 3-5 Sorption of Ra, Ba and Sr on the impregnated resin IR-1 (gray symbols) as a function of the pH in infinite dilution conditions. Comparison with the data obtained with the grafted resin (red symbols). The lines correspond to the simulations made with the adjusted parameters given inTable 3-3.
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 36 Figure 3-6 Sorption of Ba and Ra on different resins in salty waters (m/V of 1g.L -1 ). (A) Sorption isotherm in concentration for Ba in the presence of 9.2×10 -3 M of NaCl for GR-2 (black squares), IR-1 (red triangles) and IR-2 (blue triangles). (B) Effect of the type of salt on IR-1 and its concentration on Ra adsorption; pH=7.0±0.1. The lines correspond to the adjustments made with the parameters given in Table3-1 and Table 3-3.

  (a) Ions quantified by ion chromatography (b) Ions quantified by ICP-MS (c) Inorganic HCO3 -quantified by TOC meter (d) The pH of each mineral water sample was measured twice: the first measurement was at the moment of bottle opening, the second measurement was after a 24-hour shaking at 150 rpm. (e) <LQ: under the quantification limit of machine (f) n.d.: Data not detected 3.2.4.2 Matrix effects on radium retention The grafted and impregnated resins (GR-2 and IR-1) were respectively tested in the 5 spiked mineral waters and the percentages of retained radium are shown in Figure 3-7.
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 37 Figure 3-7 Radium retention rate of GR-2 (green columns) and IR-1 (orange columns) in different mineral waters (m/V of 1g•L -1 ). The dark green triangles (GR) and red points (IR)
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 38 Figure 3-8 Cation concentrations in leaching solutions during the resin washing process with AnaLig® Ra-01 (A) and Chelex®-100 (B)
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 39 Figure 3-9 Radium retention rates of AnaLig® Ra-01, Chelex®-100, TK100 and TK101 in mineral waters

  (a) EDTA: 2,2',2'',2'''-(Ethane-1,2-diyldinitrilo)tetraacetic acid. The deprotonation of EDTA and adjustment of pH were realized by NaOH. (b) NTA: 2, 2',2''-Nitrilotriacetic acid. The deprotonation of NTA and the adjustment of pH were realized by NH3•H2O.
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 11 Preparation of binding gel with polymer-based resin beads 4.1.1.1 Essays with a polymer support The first essays were done with a confidential polymer support based on acrylic ester provided by TrisKem International. By the Method A mentioned in Chapter 2, a

Chapter 2

 2 was used to improve the situation. With smaller size of spacer and soft PVC plate, the perfect resin gel was finally realized (See Figure4-6). Afterwards, several essays with the Method E were repeated to verify the reproducibility.
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 4344 Figure 4-3 Polyacrylamide gel impregnated with polymer beads improved by Method B

Figure 4 -

 4 Figure 4-8 AnaLig® Ra-01 polyacrylamide gel

  of DGT experiments were deployed in the air-conditioning laboratory at 20℃. However, the temperature of the experimental system still could fluctuate. Therefore, the temperature of the solution was monitored during all experiments, including the DGT experiments in the following sections. The average temperature was measured at 18.8±1.2℃ for CH1, 18.1±0.4℃ for CH2, 17.6±0.7℃ for CH3. Even if the temperature effect is small, it was taken into account for the calculation of diffusion coefficients normalized at 25℃. b) Radium spiking step The three environmental solutions of CH1, CH2 and CH3 were separately prepared and spiked with 226 Ra. The stability of 226 Ra concentration is indispensable to assure the linearity of radium accumulation on DGT binding layer despite the continuous radium consumption by the deployed DGT samplers. The evolutions of 226 Ra concentration during all deployments was monitored by HR-ICP-MS measurements. Three DGT samplers were simultaneously deployed in the solutions of CH1 and CH2 for triplicate tests, therefore the surveillance of the spiked solutions took long time. The Ra concentration decreases between the first sampling point and the last sampling point were 4.8% and 12% respectively for CH1 and CH2. (Figure 4-11(a)(b)) Considering that the radium spikes were at ultra-trace level (hundreds of picograms per liter), these variations were acceptable. So the average values of the analyzed Ra concentrations during the deployments, 257±13 pg•L -1 for CH1 and 423±48 pg•L -1 for CH2 (all errors are at 2σ), were regarded as the stable C0 for further calculations on DGT.As for CH3, nine DGT samplers were deployed simultaneously with different sampling time as the former experiments had proved that 18 samplers (6 sampling points, in triplicate) would not severely change the concentration of the aquatic Ra. The Ra concentration decrease between the first sampling point and the last sampling point was 17.6%. And the average concentration calculated from the three surveillance points was 344±55 pg•L -1 (2σ), whose error could cover the three analyzed values. (Figure4-11(c)) Therefore, the average value was also regarded as C0 for further calculations. The significant Ra decrease indicates the stronger Ra capturing in experiment CH3 than CH1 and CH2, which will be discussed later.

Figure 4 -

 4 Figure 4-11 Evolution of 226 Ra concentration in CH1 (a), CH2 (b) and CH3 (c) solutions
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 212 Mass accumulation vs time experiments 4.2.1.2.1 Radium saturation and linearity of radium accumulation The performance of the Chelex®-100 DGT samplers was examined in simple NaNO3 solutions. The mass of the accumulated 226 Ra on each Chelex®-100 binding layer was got via HR-ICP-MS analysis. The results with corresponding linear fitting of CH1, CH2 and CH3 experiments are presented in Figure 4-12(a)(b)(c) respectively.
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 4 Figure 4-12 226 Ra accumulated mass on Chelex®-100 resin gel in NaNO3 solutions of 0.1M(a), 0.01M(b) and 0.001M(c)
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  , the De (effective diffusion coefficient) and D'e (AE and DBL taken into account) can be calculated at 25℃ (Equation 1-11) for CH1, CH2 and CH3 experiments. (see

Figure 4 -Figure 4 -

 44 Figure 4-13 Radium accumulation from a water solution of 1 ng•L -1 on different DGT resins (Fig. 2 inLeermakers, 2009) 
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 312 Mass accumulation vs time experimentsThe 226 Ra accumulation on AnaLig® Ra-01 resin gel as a function of time in 0.1 M and 0.001 M NaNO3 solutions are reported in Figure4-18 and Figure4-19 respectively. For both solutions, the 226 Ra accumulation on the AnaLig® Ra-01 resin gels can be regarded as linear (R 2 >0.99) with no saturation within 48-hour deployment. The diffusion coefficient of Ra can then be calculated according to the slope of the fitting curves (see.
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 4 Figure 4-18 226 Ra accumulated mass on AnaLig Ra-01 resin gel in 0.1M NaNO3 solution (fitting slope=0.3375±0.0010, fitting intercept=-0.0525±0.1011, R 2 =0.9957)
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 4 Figure 4-20 226 Ra accumulated mass on AnaLig® Ra-01 resin gel in Evian water (fitting slope=0.6045±0.0540, fitting intercept=-0.2457±0.4824, R 2 =0.9613)
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 4 Figure 4-21 Variation of De as a function of ionic strength (in 0.1mol•L -1 NaNO3, Evian and 0.001 mol•L -1 NaNO3)
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 44 Figure 4-22 226 Ra accumulated mass on AnaLig Ra-01 resin gel in Mariol spring water (insitu)
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 34 represents the Faraday constant (96485.33 C ⋅ mol -1 ), Q (mol) label the moles of charged groups in the resin phase, VR (m 3 ) is the volume of the resin domain, I (mol•m -3 ) is the ionic strength.A partitioning of the ions at the resin-gel interface due to the electrostatic effects (Donnan potential difference) can be summarized by the Boltzmann factor Π, which is expressed A study on DGT technique applied for Ra monitoring 155
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 5 Development of TK101 and impregnated SK resin DGT samplers for radium determination TK101 and IR-1 resins were tested in DGT samplers with two types of binding layers: the "home-made" polyacrylamide gels impregnated with resin beads, and the PS-DVB discs physico-adsorbed by the functional ligands of TK101 and SK resin provided by TrisKem International.
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 444 Figure 4-24 226 Ra accumulated mass on TK101 resin gel and TK101 disc in 0.1 M NaNO3 solution

Figure 4 -

 4 Figure 4-26 226 Ra accumulated mass on the impregnated disc in 0.01 M NaNO3 solution, 0.001 M NaNO3 solution and Evian water

  and time-saving Ra analysis technique. Whatever the method used, radium pre-concentration and separation from environmental matrices remains a key issue with the necessity of applying Ra-specific and efficient sorbing phases. In this thesis work, we have tested a new molecule (ligand SK) for developing Ra pre-concentration/separation approaches based on solid phase extraction principle. The ligand SK, resulting from a Subatech/TrisKem cooperation, has shown a strong affinity/selectivity for Ra in environmental pH condition in the thesis of S. Khalfallah. Diffusive Gradients in Thin-films (DGT) is an environmental chemistry technique for the detection of trace elements or compounds in aqueous matrices.

  projet lancé en 2015 en partenariat avec TrisKem international pour développer une résine Raspécifique pour des applications environnementales basées sur la technologie de reconnaissance moléculaire (MRT). Une résine sélective (résine SK) à haut rendement prometteuse a été mise au point. Il se compose des ligands sélectifs liés chimiquement à un support de silice ou imprégnés d'un support de polymère organique. L'objectif de ce travail est de poursuivre les travaux visant à tester les avantages potentiels de cette nouvelle résine avec la seule résine Ra-spécifique commercialisée AnaLig® Ra-01 (IBC advanced technologies, Inc.) et la résine non-spécifique Chelex®-100 (Bio-rad Laboratories, Inc.), afin d'établir une méthode rapide et efficace d'évaluation de la teneur en radium dans la phase aqueuse de l'environnement. Pour cette méthode, l'objectif est d'effectuer des analyses sur le terrain à l'aide d'un capteur de gradient de diffusion de film mince (DGT), en utilisant une approche par étapes allant des expériences en laboratoire d'échantillons synthétiques/naturels aux sources minérales radioactives sur le terrain. L'échantillonneur passif DGT se compose d'une couche d'adhésion qui capture le(s) matériau(x) cible(s), d'un gel de diffusion qui permet la diffusion libre ou limitée de nanoparticules ou d'ions, d'un filtre à membrane et d'un boîtier en plastique. L'analyse de la couche d'adhésion après le déploiement de l'échantillonneur permet d'obtenir la concentration moyenne pondérée dans le temps des éléments environnementals en appliquant la loi de Fick à la morphologie des métaux. Cette technique peut être utilisée pour suivre la labilité des cibles. La thèse est divisée en quatre chapitres. Le chapitre 1 présente les progrès récents dans les connaissances sur l'analyse du radium dans l'environnement. En tant que métal alcalin de la terre, son comportement chimique est relativement simple et ressemble à d'autres éléments du Groupe IIA, comme le baryum ou le strontium. En tant que sous-nucléides de la chaîne de désintégration des éléments radioactifs d'origine, les isotopes du radium, comme leurs nucléides parents, sont généralement présents à des niveaux ultratraces dans les compartiments environnementaux. Cependant, la répartition géologique du radium n'est pas uniforme, ce qui indique l'existence de zones d'enrichissement en radium où les niveaux de radioactivité peuvent atteindre des niveaux relativement élevés qui peuvent présenter un danger potentiel pour le public. De plus, les activités humaines, en particulier l'extraction industrielle d'uranium, de combustibles fossiles et de phosphate, ont accru la redistribution et l'exposition du radium dans la biosphère de surface, ce qui rend la surveillance environnementale du radium essentielle. Les techniques de détermination du radium se sont développées depuis plus d'un demi-siècle, les deux plus grandes branches étant la radiométrie et la spectrométrie de masse. Les protocoles d'analyse ont été bien établis pour les méthodes radiométriique (spectrométrie alpha, spectrométrie gamma et spectrométrie à scintillation liquide), mais certains inconvénients de ces techniques, tels que la préparation d'échantillons fastidieuse, les difficultés de déconvolution spectrale ou les essais limites relativement élevés, sont inévitables. Au cours des dernières années, avec le développement de la technologie, la spectrométrie de masse est devenue une technique d'analyse du radium à haut rendement, à haute sensibilité et à économie de temps. Cependant, quelle que soit la méthode utilisée, la préconcentration et la séparation du radium des substrats environnementaux demeurent un problème clé qui exige la mise au point et l'utilisation de phases adsorbées spécifiques et efficaces du radium. Le chapitre 2 correspond à la partie «matériaux et méthodes» de la thèse, qui comprend essentiellement l'introduction des expériences radiochimiques effectuées et des outils d'analyse correspondants. La technique de spectrométrie de masse à plasma inductif à haute résolution (ICP-MS-HR) est particulièrement introduite. Il a été largement utilisé dans ce travail et nécessite un développement spécial. Le site d'étude Mariol, près de l'Allier, dans la région d'Auvergne, en France, est présenté ici. Au chapitre 3, les essais de performance de Ra-adsorption des différentes résines sont introduits. En plus des résines susmentionnées (résine SK, Chelex®-100 et AnaLig® Ra-01), les résines TK100 (Pb spécifique) et TK101 (Sr spécifique), fournies par triskem international ont été testées. Tout d'abord, deux types de résines SK (GR pour le type greffé et IR pour le type imprégné) ont été testés. Une étape de lavage a été effectuée avant l'essai de performance et les résultats ont montré que des quantités non négligeables de Na + ont été trouvées dans les sections de lixiviation précédentes. Le Ca 2+ est fortement lessivé avec du 5M HNO3. Le Mg 2+ est beaucoup moins lessivé que le Ca 2+ . En ce qui concerne K + , on ne l'a trouvé qu'au cours de la lixiviation. Cette procédure de nettoyage est nécessaire pour les études ultérieures afin d'éliminer la contamination cationique potentielle, en particulier les cations alcalino-terreux. La résine greffée (GR) est très efficace dans la gamme de pH ambiant typique (~6-8), a une faible charge en sel et est très sélective par rapport aux autres métaux alcalino-terreux. À l'exception de Ra, seul Ba possède une affinité significative. La silice, en tant que support du ligand fonctionnel, est évidemment une phase réactive. Si l'affinité n'est pas importante pour Ra, elle peut poser des problèmes pour l'analyse du radium; dans le cas de l'analyse ICP-MS, on peut penser au bismuth, au plomb ou aux terres rares qui ont une forte affinité pour la silice. Cependant, les versions greffées peuvent avoir l'avantage d'être plus robustes au fil du temps, car les liaisons sont formées par des liaisons covalentes. La résine imprégnée (IR) présente de l'avantage évident par rapport à la version greffée en ce qui concerne la capacité d'adsorption du radium. En plus d'être plus efficace, la rétention n'est contrôlée que par le ligand (la silice n'est pas présente dans cette version). Les deux types de résines SK sont sensibles à la salinité (Na + et K + ): une diminution d'environ deux ordres de grandeur de Kd (coefficient de distribution) a été observée lorsque la concentration de sel est passée de 0.005 M à 0.2 M. par conséquent, elles peuvent s'appliquer à l'eau non salée plutôt qu'à l'eau de mer avec une salinité de référence d'environ 35 g•kg -1 . Les ensembles de données expérimentales peuvent être bien décrits à l'aide du modèle de complexation de surface. Cependant, pour les résines imprégnées, il y a un problème de quantification lorsqu'elles sont transférées d'un lot de résines à un autre. Cette question devra être clarifiée à l'avenir avant que nous puissions examiner plus avant les outils de modélisation et leurs propriétés prédictives. Dans l'eau minérale dopée au radium, les deux résines SK présentent d'excellentes propriétés dans des solutions pauvre en sel comme Cristaline, Evian et Volvic. Dans les eaux riches en sel (Hépar et Rozana), la rétention du radium a fortement diminué. Entre les deux versions, l'IR était supérieur au GR dans toutes les eaux étudiées. Les effets de la matrice dans le milieu aquatique réel sont plus complexes et difficiles à interpréter quantitativement à l'aide d'un modèle prédictif qui met en évidence d'autres processus qui pourraient être utilisés sur le terrain. Pour les résines commerciales, les AnaLig® Ra-01 et Chelex®-100 nécessitent un prénettoyage car ils contiennent certains des principaux contaminants cationiques qui peuvent affecter leurs propriétés, tandis que les TK100 et TK100 sont propres dans l'emballage. Chelex®-100 se comporte bien en eau douce, mais est extrêmement sensible à la salinité. En raison de son application étendue dans les échantillonneurs DGT, il a été conservé comme résine de référence pour les études restantes. AnaLig® Ra-01 offre d'excellentes performances dans toutes les eaux minérales et est donc naturellement choisi comme candidat pour les applications DGT. Cependant, elle présente l'inconvénient que l'élution de Ra à l'aide d'un chélateur d'EDTA ou de NTA entraîne la complexité de l'analyse suivie, contrairement au Titre : Nouveaux développements pour la détermination du radium dans des solutions synthétiques et des eaux naturelles Mots clés : Quantification du radium, Résine de Ra-sorption, DGT, SF-ICP-MS Résumé : Le radium est radioélément naturel hautement radiotoxique. Il est donc important de l'analyser dans un contexte de surveillance, avec la nécessité de développer des méthodes de concentration/séparation. C'est dans ce contexte que s'inscrit ce travail avec deux enjeux (i) le test d'une nouvelle résine spécifique pour le Ra et (ii) la réalisation de l'étape de concentration/séparation dans la nature via la technique « Diffusive Gradients in Thin films » (DGT). Dans une première partie de la thèse, les performances de la nouvelle résine (sélectivité, efficacité) ont été comparées à des résines commerciales. La résine AnaLig ® Ra-01 présente les meilleures performances alors que la résine Chelex ® -100 est extrêmement sensible à la salinité. C'est le cas également de la nouvelle résine spécifique au Ra, bien que très efficace et sélective dans les eaux peu chargées. Les études se sont ensuite concentrées sur la technique DGT couplée à des analyses par ICP-MS-HR. Pour le cas de l'AnaLig ® Ra-01 et la Chelex ® -100, les études ont été effectuées du laboratoire (avec des solutions modèles) au terrain (dans une source naturellement riche en Ra). Si le fonctionnement des capteurs DGT Chelex ® -100 est fortement perturbé par la présence d'éléments compétiteurs, celui des DGT AnaLig ® Ra-01 apparaît comme très prometteur y compris en déploiement in situ. Pour ce qui est de la nouvelle résine spécifique, un travail conséquent a porté sur la préparation des supports réactifs (gels chélatants et disques imprégnés). Dans les deux cas, les résultats au laboratoire sont apparus médiocres et un travail plus conséquent devra être effectué sur la phase de préparation de ces supports avant une éventuelle application sur le terrain. Title : New developments for the determination of radium in synthetic solutions and natural waters Keywords : Radium quantification, Ra-sorption resin, DGT, SF-ICP-MS Abstract : Radium is a highly radiotoxic natural radioelement. It is, therefore, important to analyze it in a radiological monitoring context, with the need to develop concentration/separation methods. Under this context, this work fits with two challenges: (i) testing a new specific resin for Ra, (ii) the realization of Ra concentration/separation step via the technique of "Diffusive Gradients in Thin films" (DGT). In the first part of the thesis, the performances of the new resin (selectivity, efficiency)
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 1 1 Physical and chemical properties of alkaline earth elements

	Element Be Mg Ca Sr Ba Ra	Ionic radius (Crystal) (Å) 0.31 0.65 0.99 1.13 1.35 1.52	Ionic radius (Hydrated) (Å) 4.59 4.28 4.12 4.12 4.04 3.98	First ionization potential (eV) 9.3 7.6 6.1 5.7 5.2 5.3	Second ionization potential (eV) 18.2 15.0 11.9 11.0 10.0 10.2	Electro-negativity 1.47 1.23 1.04 0.99 0.97 0.90
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	Salt	Solubility

2 Soluble salts of radium at 20 ℃

Table 1 -

 1 3 Solubility products (log(Ksp)) of alkaline earth metals with common anions

	Cation Mg 2+ Ca 2+ Sr 2+ Ba 2+ Ra 2+	Sulphate (SO4 2-) / -4.625 -6.55 -10.00 -10.37	Carbonate (CO3 2-) -7.46 -8.03 -8.80 -8.31 -7.73	Phosphate (PO4 3-) -23.77 -28.70 -27.39 -22.47 /	Hydrogen phosphate (HPO4 2-) / -6.66 -7.06 -7.04 -7.55

Note: Most values are for 20 ℃ or 25 ℃ and zero ionic strength.
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	4 Stability constants (log(K1)) a for complexes of alkaline earth cations with organic
			complex ligands		
	Cation Mg 2+ Ca 2+ Sr 2+ Ba 2+ Ra 2+	EDTA 9.12 11.00 8.80 7.78 7.07	DTPA b / 10.63 9.68 8.63 8.50	Oxalate 3.43 3.00 2.54 2.31 1.20	Citrate 3.2 3.15 2.70 2.54 2.36	Tartarate c 1.36 1.80 1.94 1.62 1.24
	1.3 Radium in the environment			
	1.3.1 Background					
	As introduced above, all Radium isotopes present in nature originate from primordial
	radionuclides, which were mainly born from fusion reactions in the core of supernova,
	therefore, the existence of primordial radionuclides is longer than the age of this planet
	(4.6×10					

a: K1 = [MA]/[M 2+ ]/ [A n-] L•mol -1 , where [ ] denotes the concentrations. b: Diethylenetriaminepentaacetic acid or pentetic acid.

c: Values recorded in 0.2 M KC1. Values in brackets are for ionic strength tends to zero. 9 years). Typical primordial radionuclides include 40 K, 87 Rb, 232 Th, 235 U and 238 U,

Table 1 -

 1 5 226 Ra concentrations in different rocks

	Rock Group Magmatite Sedimentary rocks	Rock Type Granite Basalt Base lava Volcanic rocks Lime Sandstone Carbonate Clay rocks Shale (Alume slate) Phosphate rocks Bitumen slate	226 Ra activity (Bq•kg -1 ) 0.037-185 11-48 33 48-137 5-18 7-55 26-30 55 14.8-2220 148-1480 629-1040	226 Ra content (10 -10 g•kg -1 ) 0.01-50 2.97-12.97 8.92 12.97-37.03 1.35-4.86 1.89-14.86 7.03-8.11 14.86 4-600 40-400 170-281

Besides co-precipitation with Ba or Ca, one important pathway of radium retention is the natural adsorption of soil. Dissolved Ra migrates with the underground/surface water flow until it is adsorbed on the soils. Ion exchange plays an important role in the migration of radium in soils, whose behavior is similar with other alkaline metal elements, especially barium because of their similar ion radius. Besides radium adsorption, the content of radium in different soils depends to a great extent on its parent rocks and local NORM levels. (United Nations, 2020) The worldwide weighted

226 

Ra concentration in soil is around 32 Bq•kg -1 , while extremely high concentrations in some areas could exist which are several orders of magnitude higher than the average value. In Table

1

-6, some soil samples with high Radium concentrations are shown along with the domestic average Radium concentration in corresponding countries.

(United Nations, 2020) 
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 1 6 226 Ra concentrations in soils

	Country India Iran Spain Russia	Site Kerala, Thorium aeras Ramsar, thermal water South Galicia, Arribes del Duero Komi Republic	226 Ra (Bq•kg -1 ) 7.8-2500 740-37000 60-250 259-71000	Domestic average 226 Ra (Bq•kg -1 ) 29 28 32 27	References (3.3)(3.6) (3.6) (3.6) (3.19)

Table 1 -

 1 7 226 Ra concentrations in groundwater of the USA

	Location Illinois Ottawa Oklahoma Iowa Boise, Idaho Memphis, Tennessee County, Wichita, Kansas Miami, Florida Utah South Carolina Joliet, Illinois Sarasota, Florida Grants Florida South Texas Western USA	Water Type Well water Well water Well water Well water Well water Well water Well water Well water Well water Well water Underground Water Underground Water Underground Water Underground Water Geothermal water	Source Type Water supply Water supply Water supply Shallow and deep wells Shallow and deep wells Deep wells Shallow wells Artesian wells -Deep wells Phosphate mining district Uranium mining district Phosphate mining district Uranium mining and Milling district Exploitation of water geothermal	226 Ra (mBq•L -1 ) 0.74-836 3.7-570 3.7-1780 3.8 7.8 8.4 17.7 37-740 100-981 242 55.5-903 1.9-1960 n.d.-2810 14.8-6290 1.52-55500	Reference (Holtzman, 1964) (Keefer, 1978) (Kriege, 1982) (Hursh, 1953) (Hursh, 1953) (Hursh, 1953) (Hursh, 1953) (Tanner, 1964) (Michel, 1980) (Hursh, 1953) (Kaufman, 1977) (Eadie, 1977) (Kaufman, 1977) (Wukasch, 1972) (O'Connell, 1976)

n.d.: Data not detected

Table 1 -

 1 8 226 Ra concentrations in river water

	Country Brazil Egypt India UK USA	Site Amazon River Nile River Genges River Thames River Mississippi River	226 Ra (mBq•L -1 ) 0.78-1.22 3.7-155 3.33-48 18.5 0.37-40	Reference (Moore, 1984) (El Nadi, 1960) (Banerjee, 1966) (El Nadi, 1960)

Table 1 -9 226 Ra concentrations in surface ocean water

 1 

	Water body Atlantic Ocean Indian Ocean Pacific Ocean Antarctic Ocean	226Ra (mBq•L -1 ) 0.135 ± 0.014 0.147 ± 0.029 0.122 ± 0.024 0.258 ± 0.050
	1.3.4 Radium in drinking water and food	
	As an alkaline earth element, Radium has similar chemical properties to other elements in
	Group IIA, such as Calcium, which is the most abundant metal in human body and
	participates in all kinds of biochemical reactions in organisms. Therefore, the consumption of
	water and food containing radium may result in the accumulation of these radionuclides,
	contributing to radiotoxicity (IAEA, 1990). Therefore, radium concentrations in drinking
	water and food is always a subject of great importance.

Table 1 -

 1 11 Concentrations of radium isotopes in oil, gas and by-products(IAEA, 2003) 

	Radium isotope Crude (Bq•g -1 ) 224 Ra 0.0001-0.04 226 Ra / 228 Ra / /: No data available	Oil	Natural Gas (Bq•m -3 ) / / /	Produced (Bq•L -1 ) 0.5-40 0.002-1200 0.3-180	Water	Hard Scale (Bq•g -1 ) / 0.1-15000 0.05-2800	Sludge (Bq•g -1 ) / 0.05-800 0.5-50
	c) Coal exploitation						
	As another important fossil fuel, coal contains various radionuclides. The review of
	Tadmor et al. in 1986 summarized the content of NORM in coal and coal-fired power plants,
	as well as evaluated the potential radiological impacts on individuals. As for Radium,
	different surveys over countries shows different 226 Ra levels in coal and fly ash combusted
	from coal (see Table 1-12). (Tadmor, 1986)			
	Table 1-12 226 Ra concentrations in coals and flyash
	Type of 226 Ra origin Coal Fly-ash	Country Former Western German 0.01-0.02 226 Ra (Bq•g -1 ) India 0.02-0.08 Greek 0.1-2.6 Illinois, USA 1.5 India 0.07-0.9 Greek 0.2-0.5	Reference (Jacobi, 1982) (Mishra, 1984) (Papastefanou, 1984) (Papastefanou, 1984) (Mishra, 1984) (Papastefanou, 1984)
	Concern on the underground water naturally associated with the coal mines revealed a
	relatively high level of TENORM at some coal sites. For instance, the 226 Ra and 228 Ra levels
	reach 3.9×10 5 Bq•L -1 and 1.3×10 5 kBq•L -1 in the water of Upper Silesian Coal Basin in
	Poland, respectively. Furthermore, with the release of the underground water into surface
	environment, the radium concentration in the rivers and their tributaries near the mining sites
	was significantly enhanced. This effect was observed in the Vistula River -the biggest river in
	Poland. (Chalupnik, 2017).				
	d) Phosphate industry						
	Phosphorus, mainly extracted from phosphate ores, is a crucial element in fertilizers and
	other industrial chemical products. The Radium pollution to water and soil from a phosphate
	milling was first mentioned in 1973			

Table 1

 1 

		-13 Reported procedures of radium determination by alpha spectrometry
	Type of sample 20 L fresh water	Pre-concentration MnO2/TBP	Separation or purifucation Ba(Ra)SO4	Source preparation Minimum detectable activity Water mBq•L -1 Soil Bq•kg -1 Ba(Ra)SO4+filtrati on 0.1 /	Analyt e(s) 226 Ra, 228 Ra	References (Baeza, 1998)
	2 L water, 0.5 g soil	Ba(Ra)SO4/TO PO	Cation resin /CyDTA	Electrodeposition/ Oxalate	0.11	0.43	223 Ra, 224 Ra, 226 228 Ra Ra,	(Jia, 2006), (Jia, 2007)
	Water, soil	Pb(Ra)SO4/ED TA	Anion-/cation-resin column	Electrodeposition/ Ethanol	0.4	0.7	226 Ra, 228 Ra	(Aguado, 2008)
	5mL-5 L water	3M Radium RAD Disc	Cation-exchange resin	Electrodeposition/ Ethanolic	0.2	/	223 Ra, 224 Ra, 226 Ra	(Purkl , 2003)
	0.5-1 L water	Cation-resin adsorption	Ln resin purification	Micro-Ba(Ra)SO4 +filtration	3.33	/	224 Ra, 226 Ra	(Warwick., 2003)
	1.4.2 Gamma spectrometry					
	Gamma spectrometry is also a widely applied analytical method that permits the
	simultaneous determination of multiple radionuclides in a bulk sample, which is to say, the
	time-consuming and tedious chemical separations are unnecessary compared to alpha
	spectrometry. This technique relies on the generation of an electronic pulse that is
	proportional to the gamma ray emissions during the radioactive decay of the radionuclides
	being measured. Traditional gamma spectrometer usually relies on a scintillating material
	such as sodium iodide (NaI), cesium iodide (CsI), bismuth germanate (BGO) or lanthanum
	bromide (LaBr). These materials could generate light pulse when receiving gamma rays, then
	the pulse is collected by a photomultiplier or a photodiode. Modern high resolution gamma
	spectrometer has a high purity germanium detector (HPGe) which directly generates electrical
	pulses proportional to the energy of the gamma photons emitted by measuring nuclides. For

Table 1

 1 

		-15 Reported procedures of radium determination by liquid scintillation spectrometry
	Type of sample 1-2 L water	Pre-concentration Scintillator Source preparation Ba(Ra)SO4/RAD Disc HiSafe III 3 mL 0.25 M EDTA +cocktail	Minimum detectable activity Water mBq•L -1 Solid Bq•kg -1 1 /	Analyte(s) References 226 Ra, 228 Ra (Waller and Steininger, 2007)
	500 mL soil 0.5 g water,	Ba(Ra)SO4	HiSafe III	0.2 M EDTA+ cocktail	3	4	224 Ra, 226 Ra	(Moreno, 2000)
	19 mL water	Evaporation by freeze-drying	HiSafe II	1 mL 0.5 M HCl +21 mL cocktail	10	/	226 Ra	(Salonen, 1993)
	River water	Barium Radium chloride	Ultima Gold	Sample+cocktail 19	/	226 Ra	(Al-Masri, 2004)

Table 1 -

 1 16 Reported procedures of radium determination by mass spectrometry

	Type of sample Mineral water Natural water Well water Environmental water Rocks	Detection technique ICP-MS ICP-MS Sector Field ICP-MS AMS TIMS	Pre-concentration AnaLig® Ra-01 Ra specific resin Ln Resin + Sr*spec resin 50W-X8 resin + Sr*spec resin / Multiple steps of purification with different resins	Minimum detectable activity Water mBq•L -1 Solid Bq•kg -1 0.4 / 16.92 / 7 / 0.1( 226 Ra), 40 ( 228 Ra) / / 0.037 ( 226 Ra), ( 228 Ra) 40	Analyte(s) Reference 226 Ra (Verlinde, 2019) 226 Ra (Benkhedda, 2005) 226 Ra (Lariviere, 2005) 226 Ra, (Tims, 2004) 228 Ra 226 Ra, 228 Ra (Yokoyama, 2004)
	1.4.5 Comparison of different direct analytical methods	
	The direct analytical techniques introduced above have their respective advantages and
	disadvantages. Alpha spectrometry has relatively low detection limit and capacity of isotopic
	discrimination. However, it requires long and accurate sample preparations and complicated
	spectrum deconvolution. The occurrence of sample contamination should be also taken in
	consideration. Gamma spectrometry is a technique with simpler sample preparation, however,
	it is usually less sensitive than alpha spectrometry, the detection time could be up to days with
	low-activity samples, and it cannot directly measure 228 Ra. For 226 Ra, the separation with 235 U
	or the deprival of 235 U activity is crucial due to overlap of the 186 KeV peak. As for LSC, it
	has high counting efficiency and low analysis cost, but this technique produces a lot of
	organic liquid waste with radioactivity and spectrum deconvolution is also indispensable.
	Regarding the detection limit, it is also relatively high. Among all mass spectrometry
	techniques, we only consider ICP-MS. With the technological developments, this technique
	has arisen great interest on radium determination in recent years; which is a time-saving and
	high-sensitivity method with relatively simple sample preparation. More precisely, it only
	takes several minutes for analyzing one sample while one radiometric analysis costs several
	hours even several days; the detection limit of ICP-MS could be as low as 10 -12 g•L -1 with
	simple acidification/dilution. (The detailed technique parameters will be presented in Chapter

Table 1 -

 1 17 Development of DGT technique on environmental element monitoring

	Analyte(s) Zn, Cd, Cu, Ni, Fe, Mn	Binding gel Chelex-100		Environmental matrix Seawater	Reference(s) (Zhang Davison,1995) and
	Zn, Mn, Fe, As	Chelex-100		Sediment and microbial mat	(Davison, 1997)
	P		Ferrihydrite		Freshwater sediments	(Zhang, 1998)
	Sulfide		AgI		Water and sediments	(Teasdale, 1999)
	Cs		Ammonium (AMP)	molybdophosphate	Freshwater and saline water	(Murdock, 2001)
	Trace Co, Ni, Cd, Pb Cu, Zn,	SPR-IDA resin		Sediments	(Warnken, 2004)
	Cr(III) Cr(VI)	and	Chelex-100		River water	(Giusti, 2005)
	U		DE 81 gel, Chelex-100	River water	(Li, 2006)
	As, Se		TiO2 (Metsorb)		Natural waters	(Bennett, 2010)
	Cu, Zn, Cd		Chelex-100		Agricultural soils	(Senila, 2012)

  this thesis work, we propose to test a new molecule for developing new Ra pre-

concentration/separation approaches based on the solid phase extraction principle. This molecule developed in the framework of Soumaya Khalfallah's thesis presents a strong affinity/selectivity for Ra in environmental pH conditions (>5). Our main objective is to test

  show a high affinity for radium with distribution coefficients Kd >250 L•kg -1 over a broad range of acid (HCl and HNO3) concentrations. In particular conditions, it shows no significant retention for many cations such as Na, Mg, Ca, Fe, Mo, In, Cs, Nd, W, Bi, Th, and U, however, retention of Sr, Ba, Pb and Tl are observed.(Thakur, 2021) In the research of Verlinde et al, radium in water samples was separated and pre-concentrated by AnaLig ® Ra-01 from column experiments prior to its quantification using ICP-MS.(Verlinde, 2019) In a study on sequential separation methods, AnaLig® Ra-01 was used in combination with cationic AG50W-X8, TRU and Sr resins to separate radium from environmental water samples containing Pb, Po, Ra, Th and U. This procedure was proved to be robust and efficient with radium recovery rate >72%. (Darlencourt, 2020) Again, AnaLig ® Ra-01 is the only Ra-specific resin that turned out to be efficient and reliable for Ra to date, so it is of great importance to our research.

	company called IBC® Advanced Technologies. This corporation, established in 1988 in Utah
	State of the USA, contributes to macrocyclic chemistry, molecular recognition technology
	(MRT) and selective metal ion separation/concentration, and possess high reputations
	worldwide in those fields. As a MRT resin, AnaLig® Ra-01 consists of a radium selective and

2.2 General reagents and sources 2.2.1 Radium sorption resins 2.2.1.1 AnaLig® Ra-01 AnaLig® Ra-01 is the only commercial Ra-specific resin developed and sold by a private trapping ligand chemically bonded to a silica grain. The only information given by its certificate of analysis is presented in Table 2-1. In the review of Thakur et al, AnaLig® Ra-01 is found to

Table 2 -

 2 1 Detailed information of AnaLig® Ra-01 resin

	Product Name Solid support	AnaLig ® Ra-01 Si Silica
	Particle size	60-100 mesh
	Total available capacity	0.2 mmol Ra•per gram of dry resin
	2.2.1.2 Chelex®-100	

Table 2 -

 2 

3 gives the approximate selectivity orders in different environments. (Bio-Rad, Instruction Manual)

Table 2 -

 2 

	Hg 2+ Cu 2+ UO 2+ Ni 2+ Pb 2+ Zn 2+ Co 2+ Cd 2+	1060 126 5.70 4.40 3.88 1.00 0.615 0.390	Fe 2+ Mn 2+ Ba 2+ Sr 2+ Ca 2+ Mg 2+ Na +	0.130 0.024 0.016 0.013 0.013 0.009 0.0000001

2 Selectivity factors of different ions on Chelex®-100 resin compared to Zn 2+

Table 2 -

 2 [START_REF]INTERNATIONAL ATOMIC ENERGY AGENCY, Monitoring and Surveillance of Residues from the Mining and Milling of Uranium and Thorium[END_REF] Selectivity orders in different environments on Chelex®-100 resin In fact, several studies have focused on the separation and determination of radium using this resin, for instance,Kiliari et al. used Chelex®-100 to separate radium and uranium from aqueous solutions with an acceptable radium recovery around pH 3 and a dramatically decreasing of performance with the increase

	Environment Chloride or nitrate solutions	Selectivity order Cu 2+ >>Pb 2+ >Fe 3+ >Al 3+ >Cr 3+ >Ni 2+ >Zn 2+ >Ag + >Co 2+ >Cd 2+ >Fe 2+ >Mn 2+ >Ba 2+ >Ca 2+ >>>Na +
	Acetate buffer system at pH 5	Pd 2+ >Cu 2+ >>Fe 2+ >Ni 2+ >Pb 2+ >Mn 2+ >>Ca 2+ = Mg 2+ >>> Na +
	Aqueous solution at pH 4	Hg 2+ >Cu 2+ >Pb 2+ >>>Ni 2+ >Zn 2+ >Cd 2+ >Co 2+ >Fe 2+ > Mn 2+ >Ca 2+ >>>Na +
	Aqueous solution at pH 9 with presence of (NH4)2SO4	Co 2+ >Ni 2+ >Cd 2+ >Cu 2+ >Zn 2+ >Ca 2+ >>>Na

+

Chelex®-100 has an affinity for divalent alkaline earth metal ions to a certain extent, indicating the possibility of application for radium.

*Resin capacity for transition metal cations, no data available for radium **meq means equivalence, which ismol of the target times valence of the target

Table 2 -

 2 5 Information of the 226 Ra source

	Producer:	Eckert&Ziegler Isotpe Products (SARL)	Date:	January 11, 2017
	Source Number:	1909-91			
	Radionuclide:	Total Activity:	Volume:	Concentration:	Chemical Form:
	226 Ra	3.7×10 5 Bq (±5%) 5 mL	2×10 -3 g•L -1	Ra(NO3)2 in 1 M HNO3
	Radionuclidic Purity: >99%			

Table 2

 2 

		-6 pH buffer solutions	
	Buffer solution Bf35 Bf4 Bf45 Bf5 Bf55 Bf6 Bf7 Bf8 Bf9 a: 2-(N-morpholino)ethanesulfonic acid Reagent 10 -4 M HAc 10 -4 M HAc 10 -4 M HAc 10 -4 M HAc 10 -3 M MES a 10 -3 M MES 10 -3 M MOPS b 10 -3 M CHES c 10 -3 M CHES	Neutralization HNO3, NaOH HNO3, NaOH NaOH NaOH NaOH NaOH NaOH NaOH NaOH	Expected pH 3.5 4 4.5 5 5.5 6 7 8 9	Measured pH (± 0.05) 3.51 4.06 4.53 4.97 5.54 5.95 7.00 8.02 9.08
	b: 3-(N-morpholino)propanesulfonic acid			
	c: N-Cyclohexyl-2-aminoethanesulfonic acid		

Table 2 -

 2 7 and Table 2-8. 20 mL of the 15 spiked solutions were respectively mixed with 0.2 g resin in 35 mL Nalgene PPCO tubes (purchased from Thermo Scientific), then the tubes were placed on a platform shaker at 150 rpm for 24 hours at 20℃. Afterwards, the tubes were

vertically placed on a shelf for resin decanting during 30 minutes. The supernatants were recovered and filtrated by Sartorius 0.45 µm cellulose syringe filter (the first 1 mL filtrate was discarded to avoid possible contamination brought from the filter membrane), and then the barium concentration in each supernatant was determined by ICP-MS.
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 2 7 Description of the barium spikes

	Spike solution S_BaI	Ba source 0.1 g BaCl2•2H2O Purity salt,Merck, >99%	MilliQ Water (mL) 100	Ba concentration (g•L -1 ) 1
	S_BaII	2 mL S_BaI	18	0.1
	S_BaIII	2 mL S_BaII	18	0.01
	S_BaIV	2 mL S_BaIII	18	0.001

Table 2 -

 2 8 Ba-spiked solutions for isotherms in concentration of Ba on innovative resins

	Ba solution spiked IA_Ba01 IA_Ba02 IA_Ba03 IA_Ba04 IA_Ba05 IA_Ba06	Expected Concentration (g•L -1 ) Ba 10 -6 5×10 -6 10 -5 5×10 -5 10 -4 2×10 -4	Spike solution S_BaIV S_BaIV S_BaIV S_BaIII S_BaIII S_BaII	Volume solution (mL) of 0.02 0.10 0.20 0.10 0.20 0.04	spike	Volume of buffered solution (mL) 19.98 19.90 19.80 19.90 19.80 19.96
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 2 9 Performance tests of SK resins: effects of ionic environments

	Resin GR	Ionic environment NaCl	Salt concentration (M) 0; 5×10 -3 ;1×10 -2 ; 3×10 -2 ; 0.1; 0.2	Buffer (pH) Spiked 226 Ra 10 -3 M MOPS, pH adjusted by NaOH
				2×10 -9 mol•L -1
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 2 10 Dimension of the analyzed sample and its containment cylinder

	Item Sample SG 50 Bottle Shield 1 Shield 2	D1 (mm) 45.65 1.08 1 1.6	D2 (mm) / 36.85 / /	D3 (mm) / 36.85 / /	D4 (mm) / 45.65 / /	Material Water Polyethylene Polyethylene Polyethylene

Figure 2-6 Dimension of the standardized SG 50 bottle sealed with a PE bottle In
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 2 11 Reagents for the preparation of one binding gel page with the size of 100 mm ×

	100 mm × 0.4 mm		
	Reagent MilliQ Water Acrylamide Cross-linker Ammonium persulfate N,N,N',N'-Tetramethyl-ethylenediamine Accelerator Function Main component Gel skeleton Cross-linker Initiator	Quantity 4.75 mL 3.75 mL 1.5 mL 70 µL 15 µL	Producer / Merck DGT Research Ltd. Sigma Sigma	Remarks / Acrylamide ready-to-use solution 40% 2% aqueous solution Purity ≥98% Purity ≥99%
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 2 12 The detailed information of the spiked solutions

	Solution Spiked 0.1 M NaNO3 Spiked 0.01 M NaNO3 Spiked 0.001 M NaNO3 Spkied Evian	Volume 6 L 6 L 6 L 6 L	Aqueous base Milli-Q Water Milli-Q Water Milli-Q Water Evian	Salt addition NaNO3 NaNO3 NaNO3 None	Expected pH Neutral Neutral Neutral Neutral	Expected Temperature 20 ℃ 20 ℃ 20 ℃ 20 ℃	Expected [Ra] (10 -13 g•mL -1 ) 2.5 2.5 2.5 2.5
	2.4.3.1.2 Deployment of DGT samplers			
	The DGT kinetics experiments were conducted in different solutions after their
	conditioning. In this experiment, six types of DGT samplers were studied, and the detailed
	information is presented in Table 2-13.				
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 2 13 Characteristics of applied DGT samplers

	Binding material Chelex®-100 Resin AnaLig® Ra-01 Resin TK101 Resin TK101 Ligand SK Resin IR SK Ligand IR	Supporting Material Polyacrylamide gel Polyacrylamide gel Polyacrylamide gel PS-DVB disc Polyacrylamide gel PS-DVB disc	Diffusive Layer Polyacrylamide gel, thickness 0.78 mm	Membrane Filter 0.45 µm filter disc, thickness 0.14 mm	DGT housing R-SDU classic housing, diameter of exposure window 2 cm
	2.4.3.1.3 Elution of binding layer			
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 2 14 Potential polyatomic interferences during ICP-MS analysis of 226 Ra

	Single charged			Resolution	
	Interfering Ion	Atomic Mass Δm	required	Abundance (%)
	92 Mo 94 Mo 40 Ar	225,774	0,251	900	0,014
	96 Mo 130 Xe	225,808	0,217	1040	0,007
	113 Cd2	225,809	0,217	1042	0,015
	98 Mo 128 Xe	225,809	0,216	1043	0,005
	94 Mo 132 Xe	225,809	0,216	1045	0,025
	97 Mo 129 Xe	225,811	0,215	1052	0,025
	88 Sr 138 Ba	225,811	0,215	1052	0,592
	95 Mo 131 Xe	225,811	0,214	1053	0,034
	100 Mo 126 Xe	225,812	0,214	1057	0,000
	92 Mo 134 Xe	225,812	0,213	1059	0,015
	87 Sr 139 La	225,815	0,210	1074	0,825
	86 Sr 140 Ce	225,815	0,211	1072	0,087
	44 Ca2 138 Ba	225,816	0,209	1079	0,000
	140 Ce 86 Kr	225,816	0,209	1079	0,153
	144 Nd 82 Kr	225,824	0,202	1119	0,028
	143 Nd 83 Kr	225,824	0,201	1121	0,014
	146 Nd 80 Kr	225,829	0,196	1153	0,004
	148 Nd 78 Kr	225,837	0,188	1200	0,000
	40 Ar 40 Ar 146 Nd	225,838	0,187	1207	0,171
	186 W 40 Ca	225,916	0,109	2073	0,276
	186 W 40 Ar	225,917	0,109	2079	0,283
	187 Re 39 K	225,919	0,106	2132	0,584
	194 Pt 16 O2	225,953	0,073	3099	0,328
	203 Tl 23 Na	225,962	0,063	3570	0,295
	200 Hg 14 N 12 C	225,971	0,054	4184	0,228
	198 Hg 14 N2	225,973	0,052	4305	0,000
	208 Pb 18 O	225,976	0,050	4556	0,001
	209 Bi 17 O	225,980	0,046	4926	0,000
	208 Pb 17 O 1 H	225,984	0,042	5406	0,000
	209 Bi 16 O 1 H	225,983	0,042	5346	0,997
	210 Pb 16 O (a)	225,979	0,046	4879	/
	210 Bi 16 O (a)	225,979	0,046	4872	/
	(a) 210 Pb and 210 Bi are the decay daughter of 226 Ra			
	Single and mixed synthetic solutions from PlasmaCAL stock solutions (SCP Science)
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 2 15 Instrumental operating conditions, data acquisition parameters and performances of the technique for 226 Ra analysis

		INSTRUMENTAL PARAMETERS	
	Argon Gas Flow (L min -1 )		
	Sample	0,85	
	Auxiliary	0,24	
	Additional	0,23	
	Cool	16	
	RF Power (W)	1250	
	Sample and Skimmer H cones	Nickel	
		ACQUISITION PARAMETERS	
	Resolution	R=300	R=4000
	Scan Type	E scan	
	Detection mode	Triple	
	Runs×Passes	5×4	5×2
	Mass Window (%)	20	125
	Integration Window (%)	20	60
	Samples per peak	50	20
	Sample time (s)	226 Ra:0.1; 193 Ir:0.01; Interfering isotopes: 0.01
	m/z	88 Sr, 95 Mo, 137 Ba, 139 La, 140 Ce, 146 Nd, 182 W, 185 Re, 193 Ir, 202 Hg, 205 Tl, 208 Pb, 209 Bi, 226 Ra	193 Ir, 226 Ra
	INSTRUMENTAL PERFORMANCES	
	Resolution	R=300	R=4000
	Sensitivity 226 Ra (CPS/PPM)	1.7×10 10	1.6×10 9
	a Limit of Detection (pg L -1 /mBqL -1 )	0.02/0.8	0.1/5
	a Limit of Quantification (pg L-1/mBqL-1) 0.07/3	0.5/18
	a: 10 replicate measurements of the 1% (v/v) HNO3 solution	
		APEX-Q PARAMETERS	
	Nebulizer	100 µl min -1 APEX PFA 100	
	Spray chamber temperature (°C) Peltier cooled multipass condenser temperature (°C)	140 2	
	N2	ON	
	2.4.4.3 Sample preparation before analysis	
	For all laboratory and field experiments, with the exception of sample dilution and
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 3 1 Parameters used for the modelling of Ra, Ba and Sr adsorption on the grafted resins; the symbol L stands for the ligand grafted on the silica support.

	Reactions in solution	Reaction M 2+ + CO 3 2-→ ← M 2+ + H + +CO 3 2-→ MCO 3 ← MHCO 3 -M 2+ + H 2 O → ← MOH + +H + M 2+ + 2H 2 O → ← MOH 2 +2H + M 2+ + SO 4 2-→ ← MSO 4	Ra 2+ 2.5 10.92 -13.49 -28.07 2.76	Ba 2+ 2.71 11.31 -13.47 / 2.7	logK°R eference Sr 2+ Na + /K + / 2.81 (Grivé, 2015) 11.51 / -13.29 / / / 2.3 /
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 3 2 Quantification limits and detection limits of major cations measured by Ion

		Chromatography
	Cation Mg 2+ Ca 2+ Na + K +	Quantification Limit 10 -6 g•mL -1 0.054 0.080 0.041 0.064	Detection Limit 10 -6 g•mL -1 0.016 0.024 0.012 0.019

Table 3 -

 3 

		4 Summary of cation contents (in α), anions contents (in β) and pH (in β) values of
	bottled mineral waters
	(α)	Mineral	Na
		water	
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 3 5 Main species of radium in different mineral waters

	Mineral water Cristaline Evian Hépar Rozana Volvic	Ionic strength (10 -6 g•mL -1 ) 9.5 9.2 63.7 86.6 2.6	Ra 2+ 89.5 96.8 49.0 85.9 97.1	Ra(OH) + 4.3×10 -4 2.9×10 -4 4.5×10 -5 1.6×10 -5 4.2×10 -4	Ra species (%) RaCl + Ra(CO3) Ra(HCO3) + Ra(SO4) 0.2 0.13 0.2 10.0 0.3 0.11 0.2 2.6 0.1 0.02 0.1 50.7 1.2 0.03 0.8 11.8 0.1 0.04 0.1 2.7
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 3 6 Desorption rates of Ra 2+ from the resins by different eluents (resin:eluent=4 g/L,

		contact time of 24 hours)	
	Resin	1 M HNO3	0.1 M EDTA pH 9 (a)	0.1 M NTA pH 10 (b)
	AnaLig® Ra-01 Chelex®-100 TK100 TK101	1.9±0.2 92.9±13.8 36.9±2.5 26.6±1.8	51.6±2.9 / / 68.0±4.6	100.0±6.0 / / 100.0±10.0
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 4 2 Code-names of the experiments on Chelex®-100 DGT sampler

	Experiment Code Name CH1 CH2 CH3 CHE CHMA	Aqueous solution 0.1 M NaNO3 spiked with 226 Ra 0.01 M NaNO3 spiked with 226 Ra 0.001 M NaNO3 spiked with 226 Ra Mineral water Evian spiked with 226 Ra Spring water at the site of Mariol

Table 4

 4 

	-3 pH of the solutions of CH1, CH2 and CH3 experiments
	Experiment CH1 CH2 CH3	pH 5.90±0.05 5.68±0.07 5.75±0.06
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 4 4 Fitting parameters of the three curves in Figure4-12 this analyte should not be saturated in the binding layer within the deployment time, which is 48 hours in this study. For CH1, the 226 Ra accumulation is highly linear with the correlation coefficient R 2 =0.9995. No radium saturation was detected within 48 hours. For CH2 and CH3, the R 2 are 0.9763 and 0.9746, and the error margins of all measured values fall on the fitting curve, so the 226 Ra accumulation in CH2 and CH3 can be regarded as linear. As expected, no radium saturation is observed in any of the experiments.

	Experimental Code Figure	Fitting slope	Fitting intercept	R 2
	CH1	Figure 4-12(a)	0.2420±0.0024	0.0908±0.0216	0.9995
	CH2	Figure 4-12(b)	0.3774±0.0262	-0.0497±0.2193	0.9763
	CH3	Figure 4-12(c)	1.0013±0.0721	-2.5854±0.3762	0.9756
	A crucial criterion of a well-functioning DGT system is the linearity of the target analyte
	accumulation, surely			
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 4 

	-5)

Table 4

 4 

	-5 Calculated Ra effective diffusion coefficients in NaNO3 solutions (Chelex®-100
			binding gel)		
	Experiment CH1 CH2 CH3	Temperature (℃) 18.8±1.2 18.1±0.4 17.6±0.7	De (10 -6 cm 2 •s -1 ) 7.7±0.4 7.3±1 23.7±4.2	D'e (10 -6 cm 2 •s -1 ) 8.4±0.5 8.0±1.1 26±4.6	De at 25℃ (10 -6 cm 2 •s -1 ) 9.1±0.5 8.8±1.2 29.2±5.2	D'e at 25℃ (10 -6 cm 2 •s -1 ) 10±0.6 9.7±1.3 32±6
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 4 6 (a) Contents of the major cations, Si, Sr and Ba; (b) pH and contents of the major

				anions in stirred Evian water
	(a) Time (Hours) 0 3 6 24 48 80 168 360	[Na + ] (mg•kg sol -1 ) 6,58±0.31 0,91±0.38 26,05±0.28 [K + ] [Mg 2+ ] (mg•kg sol -1 ) (mg•kg sol -1 ) 6,51±0.31 0,91±0.38 26,03±0.28 6,52±0.31 0,94±0.38 26,15±0.28 6,57±0.31 1,12±0.38 25,81±0.28 6,62±0.31 1,37±0.38 25,76±0.28 6,60±0.31 1,25±0.38 25,70±0.28 6,63±0.31 1,39±0.38 25,92±0.28 6,92±0.31 1,78±0.38 26,16±0.28	[Ca 2+ ] (mg•kg sol -1 ) 81,05±0.40 71,69±0.38 65,03±0.37 30,66±0.31 22,13±0.30 21,18±0.30 20,08±0.29 19,75±0.29	[Si] (mg•kg sol -1 ) 6.73±0.63 0.40±0.02 109.98±8.28 [Sr] [Ba] (mg•kg (µg•kg sol -1 ) sol -1 ) 7.17±0.63 0.34±0.02 80.04±7.92 6.93±0.61 0.38±0.02 94.94±8.51 7.11±0.61 0.34±0.02 84.48±7.46 6.96±0.61 0.32±0.02 79.80±7.78 6.72±0.55 0.32±0.02 78.34±7.49 7.15±0.61 0.32±0.03 78.51±7.72 7.44±0.61 0.29±0.02 75.70±7.44
	(b) Time (Hours) 0 3 6 24 48 80 168 360	[F -] (mg•kg sol -1 ) 0.07±0.01 0.07±0.01 0.07±0.01 0.06±0.01 0.06±0.01 0.06±0.01 0.06±0.01 0.07±0.01	[Cl -] (mg•kg sol -1 ) 10,52±0.07 13,79±0.13 3.90±0.07 [NO3 -] [SO4 2-] (mg•kg sol -1 ) (mg•kg sol -1 ) 10,51±0.07 13,71±0.13 3.91±0.07 10,47±0.07 13,71±0.13 3.91±0.07 10,66±0.08 13,71±0.13 3.90±0.07 10,81±0.08 13,79±0.13 3.93±0.07 10,92±0.08 13,81±0.13 3.94±0.07 10,97±0.08 13,78±0.13 3.94±0.07 11,36±0.08 13,86±0.13 3.96±0.07	[CO3 2-] (mg•kg sol -1 ) 72.33±0.31 7.61 pH (20℃) (±0.05) / 8.04 / 8.33 67.31±0.72 8.51 / 8.59 / 8.58 66.08±0.70 8.60 / 8.59

  2-concentration from 72.33 mg•kg -1 to 67.31 mg•kg-1 . Most important changes happened on [Ca 2+ ] The significant decrease of[Ca 2+ ] is due to the precipitation of calcium carbonates formed during the stirring stage by the interaction of the water with the atmospheric CO2. Based on this observation, DGT samplers have been deployed after a 1-week stirring stage for all Evian water based experiments in order to establish a steady state of the ionic environment in Evian water (even if 1 week seems overkill). The other main parameters of the spiked Evian during DGT deployment were measured and reported in 
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 4 7 Main parameters of the solution in CHE experiment a surveillance of 226 Ra in Mariol water was conducted by sampling and analyzing the three samples collected in the spring during 48 hours, giving the average value of 7.4±1.1 ×10 -11 g•L -1 . These values are in the same order of magnitude and close, proving that the 226 Ra content in Mariol spring water is steady during recent years. We take the first value for the further calculations as it was simultaneously sampled and analyzed with the DGT samples.The temperature and pH were stable during the deployment time of 48 hours. The contents of the major cations, anions and trace elements in Mariol spring water is reported Table4-8.

	Experimental code name Temperature (℃) Experiment pH Spiked [ 226 Ra] (pg•L -1 )	CHE 20.1±1.2 8.41±0.02 467±20

Table 3 -

 3 [START_REF] Van Leeuwen | Thiacalix [arene derivatives as radium ionophores: a study on the requirements for Ra 2+ extraction[END_REF]. The concentrations of Mg, Ca, Sr and Ba in Mariol water are at the same level of Evian. Mariol water is more gasified (with CO2) than Evian. Ca, Mn, Fe, Sr and in the Mariol spring water are not DGT-labile, or the Ra adsorption capacity of the binding layer is limited due to the existence of some competitors.
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 4 10 Calculated Ra effective diffusion coefficients in NaNO3 solutions (AnaLig® Ra-

			01 binding gel)		
	Experimental code name AL1 AL3	Temperature (℃) 20.6±3.5 20.5±1.2	De (10 -6 cm 2 •s -1 ) 11.1±1.8 15.8±1.8	D'e (10 -6 cm 2 •s -1 ) 11.9±1.9 17.3±2.0	De at 25℃ (10 -6 cm 2 •s -1 ) 12.3±2.0 17.9±2.1	D'e at 25℃ (10 -6 cm 2 •s -1 ) 13.5±2.2 19.6±2.3
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 4 11 Main parameters of the solutions in ALE experiment The 226 Ra accumulation on AnaLig® Ra-01 resin gel as a function of time in Evian water are reported Figure 4-22. The 226 Ra accumulation in Evian water is linear as a function of time, Unlike to Chelex®-100 resin gel, the complex ionic environment of the Evian water seems to merely influence the Ra adsorption on AnaLig® Ra-01 resin gel. According to the fitting curve, the diffusion coefficient can be calculated at De=15.4±1.9×10 -6 cm

	Experiment code name Temperature (℃) pH Spiked [ 226 Ra] (pg•L -1 )	ALE 20.1±1.2 8.41±0.02 466.8±19.8
	4.3.2.2 Mass accumulation vs time experiments	

  2 

  2 
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 4 12 Main parameters of the solutions in ALMA experiment The 226 Ra accumulation on AnaLig® Ra-01 resin gel as a function of time in Mariol spring water is reported. The accumulated 226 Ra mass increases as a function of time, but the evolution is not linear after 16 hours of deployment. (See Figure 4-22) We suppose that radium could be well adsorbed on the resin gel within the first 16 hours of deployment. The fitting curve of the first 3 points of deployment gives the slope of 1.27±0.1×10 -14 g•h -1 .

	Experiment code name Temperature (℃) pH Spiked [ 226 Ra] (pg•L -1 )	ALMA 18.2±0.2 6.30±0.1 81±19
	4.3.3.2 Mass accumulation vs time experiments	

  -3 g•L -1 ) level interferes the signal of226 Ra in ICP-MS analysis with the signal at mass 226.(Leermakers, 2009) In the eluents of 48 hours, the concentrations of Sr and Ba respectively reached ~0.2 ppm level and ~2 ppm level. With our high dilution factors of 50-1000 (SeeSection 2.4.4.3.2), the risk of 88 Sr 138 Ba polyatomic interference causing deviation of 226 Ra signal is minor. To be rigorous, in a future test, the 226 Ra signals will be determined in a series of solutions spiked with 88 Sr and 138 Ba at gradient concentrations for a calibration of the interferential signal as well as for investigating the threshold of this polyatomic interference as Sr and Ba could present in natural water (according to our analyses on mineral water samples and Mariol water).
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 4 1 M NaNO3 solution spiked with 226 Ra. Four experiments with SK resin (or disc) were deployed in synthetic NaNO3 solutions as well as in Evian water. The detailed information are reported in Table 4-13. 13 Detailed information of the tested DGT with RI-SK and TK101

	Chapter 4: A study on DGT technique applied for Ra monitoring

Ra, direct measurement is conducted by its full-energy peak 186 KeV, and the purification
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Preparation of sample solutions prior to analyses

The day of the HR-ICP-MS analytical session, evaporated samples were dissolved in 0.5 mL of 5 M HNO3 at a temperature of 90°C with an additional step of sonication in the ultrasonic bath in case of incomplete sample dissolution. Then the samples were centrifuged in a 1.5ml Eppendorf conical centrifuge tube at 10000 rpm (equivalent 6260 g) for 1 hour by Thermo ScientificTM MySpin12 mini-centrifuge. Solution analyses are prepared using the internal solution of iridium ( 193 Ir) prepared at a concentration of 50 ng L -1 (ppt) in 1% HNO3 (v/v). The dilution factors applied are ranging from 50 to 1000. Samples without organic matter went through the same centrifugation protocol.

Chapter 4 A study on DGT technique applied for Ra monitoring Overview of the chapter 4

In this chapter, a comprehensive work of radium determination with DGT technique combining sector field ICP-MS analytical method was conducted. This work mainly contains three parts. In the first part, we investigate the Chelex®-100 DGT sampler, which has been reported for radium determination in laboratory synthetic solution (Leermakers, 2009). The samplers purchased from DGT Research Ltd. were deployed for kinetic experiments in synthetic water with different ionic strengths, then their performances have been tested in mineral water Evian spiked with 226 Ra and in-situ spring water of Mariol site. The second part focuses on the introduction of AnaLig® Ra-01 into DGT technique. A protocol of polyacrylamide based DGT binding gel preparation with AnaLig® Ra-01 has been developed and optimized, then the same DGT experiments as those of Chelex®-100 have been conducted as a function of the ionic force and the water composition. For the third part, the impregnated resins TK101 and the innovative resin IR-1 have been tested for their application in DGT. Besides home-made binding gel with resin beads, PS-DVB discs respectively impregnated with functional ligands of TK101 and SK resin (impregnated version) were also provided and tested.

Mass accumulation vs time experiments

The 226 Ra accumulation on Chelex®-100 resin gel as a function of time in Evian water is reported No evolution of Ra mass as a function of time is observed. A platform value close to 2.5 pg is measured for the whole duration of the experiment. As described in Chapter 3, Chelex®-100 is extremely sensitive to salinity, and it does not perform well in mineral waters. Ca 2+ , Mg 2+ and other cations (especially divalent cations) could be strong competitors of the ultra-trace Ra 2+ especially if their distribution coefficients are similar as alkaline-earth cations. Analyses on the quantities of major cations accumulated on the resin gels should have be done to prove this competition, which have not been performed yet because of a lack of time and will be done in future. In summary, although a low salinity water was chosen, with Kd values that remained significant (see Section 3.3), it is expected that the applicability of Chelex®-100 in the field will be very limited. after water sample treatments of double filtration (0.45 µm and 0.2 µm), acidification and dilution, which was 8.1±1.9 ×10 -11 g•L -1 . This bulk concentration was also measured in October 2019 with a single sampling, which gave the value of 5.7±1.1 ×10 -11 g•L -1 . And in Ba could be strong competitors of Ra on Chelex®-100 resin. Among these metals, a high level of Fe was found in the single filtrated sample, which penetrated the 0.45 µm filter but could not penetrate the 0.2 µm filter, indicating that iron species are present as particles whose diameters ranging between 0.2 µm and 0.45 µm. (Table 4-8(c)) Moreover, Fe colloids should probably be present in the spring water. Nevertheless, no specific measurement has been performed to check this point. The concentrations of the other elements in Table 45678 From Figure 4-16, we could see an increase of accumulated radium mass within 16 hours followed by a platform indicating that there was no more Ra accumulation. We suppose that radium could be well adsorbed on the resin gel within the first 8 hours of deployment. The fitting curve of the first 3 points of deployment gives the slope of 1.66±0.28×10 -14 g•h -1 .

Considering De(Ra) as the value of Li and Gregory (De,ref1=8.89×10 -6 cm 2 •s -1 (25℃)) which gives 7.34×10 -6 cm 2 •s -1 at 18.2℃, CDGT in Mariol spring water can be therefore calculated at 1.8±0.3×10 -11 g•L -1 . This value is much smaller than that deduced from direct analysis (8.1±1.9×10 -11 g•L -1 ) even taking into account the uncertainty ranges. Either all the Ra species Another research which focused on the kinetic effects of the ionic strength gives a new expression for metal (M) accumulation with assumptions of steady state, excess of resin sites, common diffusion coefficient of M in diffusion layer, diffusion of M in resin domain and the presence of DBL (Equation 4-7). [START_REF] Levy | Assessment of trace metal binding kinetics in the resin phase of diffusive gradients in thin films[END_REF])

) where

and gr is the thickness of the resin gel, k ' a,R is the product of the association rate constant ka,R and the concentration of free resin sites.

Combining the Equations 1-3 and 4-7, we can get:

From Equation 4-9, we could find that the accumulation rate of metal M normalized by bulk M concentration is the function of the association rate constant ka,R for a DGT sampler with fixed shape and fixed resin gel, therefore it is the monotonically decreasing function of the ionic strength in the resin domain IR. What we have calculated as the diffusion coefficients De and De' in the former sections are overestimated ignoring the term λMcoth(gr/λM).

Nevertheless, they can be regarded as the "apparent diffusion coefficients" at specific ionic strengths in order to facilitate the calculations since ka,R and the concentration of free resin sites are difficult to measure experimentally.

As for the deviation of "apparent diffusion coefficients" between AnaLig® Ra-01 resin gel and Chelex®-100 resin gel in the same solution, it is also due to the difference of ka,R and the concentration of free resin sites as they possess different Ra adsorption properties.

Therefore, supplementary experiments are necessary after in-situ deployment of DGT samplers for the sake of precisely quantifying the cDGT, including the determination of the ionic strength of the investigated water by analytical methods and the determination of corresponding "apparent diffusion coefficients" by laboratory test. In fact, these experiments in laboratory and in field will be repeated in order to confirm our first results before concluding more profound conclusions.