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One pressing challenge today to human being development is the water availability, due to simultaneous increases in water use and reduction in remaining fresh water resources by pollution and over exploitation. Recovery of clean water from saline water, i.e. seawater, and the treatment or recycle of any available water are worldwide issues. The available water resource may concern not only seawater that is by far the most abundant water resource (97% of total water resource), but also the newly produced saline water during human activity.

On one hand, seawater desalination by Reverse Osmosis (RO) membrane technology has been widely used for production of portable water in Arabian Gulf, Mediterranean Sea and the Red Sea or the coast waters of California, China and Australia [START_REF] Lattemann | Environmental impact and impact assessment of seawater desalination[END_REF]. As the market share of RO in worldwide desalination field is rapidly increasing [START_REF] Chelme-Ayala | Membrane concentrate management options: a comprehensive critical review[END_REF][3], the reverse osmosis concentrate (ROC), a kind of RO by-product discharge also named retentate or brine with elevated salinity, is thus more and more produced, endangering the environment.

On the other hand, many other industries are generating large quantities of saline or hyper saline effluent. In food-processing industry, brine solution or dry salt is necessary for nutrition and for food conservation, for meat canning, pickled vegetables, dairy productions and fish processing. In leather industry, the tanning process has many steps requiring salt addition. In the petroleum industry the refine process effluents contain a broad range of salinity, up to three times the salinity of seawater or beyond, resulting from the decantation used for the separation of the oil-water emulsion [START_REF] Lefebvre | Treatment of organic pollution in industrial saline wastewater: a literature review[END_REF].

Moreover, it is important to note that many saline waters contain organic matter (OM), such as natural organic matter contained in sea water, nutrition materials in food-processing, various hydrocarbons in petroleum fields [START_REF] Lefebvre | Treatment of organic pollution in industrial saline wastewater: a literature review[END_REF]. This OM content can be either a hazardous pollutant to treat (e.g. pharmaceutically active compounds, hormones, pesticides etc.) or a valuable resource to recycle (e.g. organic acids, sugar, protein etc.). Thus, compositions of the saline water might be diverse and complex, with inorganic salts and/or organic matter in different quantity, making it difficult to standardize such water from case to case.

Considering the tightening regulations and further economic value, such saline waters treatment has to be improved. However, disposal like deep injection to the underground or direct discharge is used, endangering the water environment [START_REF] Voutchkov | Overview of seawater concentrate disposal alternatives[END_REF], and attention is not enough paid to the valorization of either salt or OM content yet [START_REF] Logan | Membrane-based processes for sustainable power generation using water[END_REF]. Regarding this issue, the following section will focus on one selected type of saline water to discuss.

I.1 Reverse Osmosis Concentrate

Because RO is more and more used in many fields, ROC will be chosen in this thesis as an example to illustrate the current issue of saline water. First, water characteristics are summarized; then treatments regarding such water are briefly reviewed.

I.1.1 Reverse Osmosis Concentrate characteristics

Usually, water recovery in RO may vary from 35 % to 85% in the three categories of its application: seawater / inland water desalination for the production of potable water, municipal waste water treatment as tertiary process [START_REF] Logan | Membrane-based processes for sustainable power generation using water[END_REF]. In all cases, the ROC is supposed to contain elevated salinity and organic matter, with quality subject to many parameters like feed characteristics, water recovery degree, but also influenced by the pretreatment and cleaning procedures.

Concerning the concentration and volume of the saline water, values can be very high especially in case of seawater desalination. The high salinity of the feed seawater reduces water recovery i.e. below 60% for various seawater RO (SWRO) systems, which is very low compared to those in case of brackish or wastewater treatments (75-90%). Indeed, the volume of seawater reverse osmosis concentrate (SWROC) is about half of the feed water, while the Total Dissolved Salinity (TDS) in SWROC is approximately doubled, i.e. 50000 -80000 mg.L -1 .
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Table I-1 reports varying characteristics of the ROC from different resources.

Concerning the salinity, it is highest for ROC from seawater, followed by that of inland water, and finally that of municipal wastewater. Then, RO concentration factors in seawater and inland water desalination are similar, i.e. 2-3. One can say the difference on the salinity is mainly due to that of the feed water (ca. 35000 mg.L -1 for seawater and ca. 10000 mg.L -1 for inland water). Then, much lower salinity of municipal wastewater ROC is expected, considering much less salt in the feed water.

Besides, concerning the main salt compositions, Table I-1 shows the main five ions contained in ROC (same as in feed water) as Na + , Mg 2+ , Ca 2+ , Cl -, SO4 2-. The main ions in the case of seawater are Na + , Mg 2+ , Cl -, SO4 2-, while the Mg 2+ is replaced by the Ca 2+ in the two other cases. ROC has similar ionic composition ratio with that in feed water, in agreement with the concentration factor, indicating RO plays mainly a concentration role, i.e. total salt removal from feed water.

Concerning the organic matter, Table I-1 shows that very few data are available for the seawater or inland water desalination plants, while for ROC from municipal wastewater treatment plant, the TOC can be ca. 20 mg.L -1 .

The isolation and characterization of dissolved organic matter (DOM) are still representing a real challenge today, especially in marine waters. The advanced analytical techniques can hardly be used to characterize marine DOM because of the difficulty in collecting significant amounts (ca. 20-100 mg [START_REF] Mopper | Advanced instrumental approaches for characterization of marine dissolved organic matter: Extraction techniques, mass spectrometry, and nuclear magnetic resonance spectroscopy[END_REF]) of this highly dilute material and because DOM is usually in high saline solution [START_REF] Huguet | Fluorescence spectroscopy applied to the optimisation of a desalting step by electrodialysis for the characterisation of marine organic matter[END_REF]. It is reported that the mass ratio of salt to organic content in seawater is as high as 16000:1 [START_REF] Boo | Fouling control in a forward osmosis process integrating seawater desalination and wastewater reclamation[END_REF]. Therefore, for analysis of marine organic matter, a desalting step of seawater by electrodialysis before the concentration step by RO was proposed [START_REF] Huguet | Fluorescence spectroscopy applied to the optimisation of a desalting step by electrodialysis for the characterisation of marine organic matter[END_REF], and the OM was further characterized by 3D fluorescence spectroscopy.

Table I-2 reports some information concerning the characterized OM present in seawater.

-It shows that only a small fraction of the total organic content is identified.

Carbohydrates account for the largest identified fraction of DOC in the ocean, ranging from 3%-30% of the total. Others characterized organic constituents such as amino acids, uranic acids, aldehydes and ketones together can make up ca. 12% of DOC. Then, carbohydrate is reported to be mainly saccharide throughout the ocean, regardless of location and depth. And the saccharide shows aldose distribution rich in galactose and deoxy sugar. Recently, it was found that total dissolved carbohydrates and total hydrolysable amino acids comprised 24% of the bulk DOC in seawater. To be specific, dissolved combined amino acids (10.4%) and monosaccharides (7.2%) were major fractions of DOC, followed by polysaccharides (4.7%)

and dissolved free amino acids (1.6%).

Then, one can briefly conclude that only a part of the organics (ca. 1/5) in seawater has been characterized, which consists of carbohydrates (in form of saccharide) and amino acids.

I.1.2 Reverse Osmosis Concentrate treatment

The different technologies available for the treatment of ROC have been well

summarized [START_REF] Lefebvre | Treatment of organic pollution in industrial saline wastewater: a literature review[END_REF][START_REF] Pérez-González | State of the art and review on the treatment technologies of water reverse osmosis concentrates[END_REF]. Evaluations of these technologies are reported in Table I-3.

These technologies can be classified within two categories, physico-chemical ones, and biological ones. Regarding the solution composition, biological and advanced oxidation actually targets the OM, and other processes are for salt removal, where membrane technology is considered to be the most promising one, shown in Table I-3.

Concerning OM disposal, it is reported that the presence of large amount of salt makes it very difficult and even impossible [START_REF] Lefebvre | Treatment of organic pollution in industrial saline wastewater: a literature review[END_REF]. Specifically, salt may inhibit biomass activity in biological oxidation processes [START_REF] Ludzack | Tolerance of high salinities by conventional wastewater treatment processes[END_REF], decrease the reaction efficiency of advanced oxidation processes [START_REF]from high salinity effluents -Fenton reactions[END_REF], or even produce new toxic compounds [START_REF] Azevedo | Lumped kinetics and acute toxicity of intermediates in the ozonation of phenol in saline media[END_REF].

The separation of salt and organic matter in brine is thus proposed, since the separated OM can be more easily treated, recycled or even fractionated as well as the salts depending on the brine composition.

Concerning the following integrated process, the separation of salt and organic solutes helps to reduce many adverse effects like scaling and / or fouling on membrane based processes, which gives new options of membrane integration in versatile emerging processes.

For instance, saline solution with less or without OM can be exploited for the production of energy by Pressure Retarded Osmosis (PRO) or Reverse Electrodialysis (RED) [34] [35], or to produce crystal salt like NaCl by membrane distillation-crystallization [START_REF] Ji | Membrane distillation-crystallization of seawater reverse osmosis brines[END_REF] or to produce base (e.g. NaOH) or acid (e.g. HCl) in case of NaCl brine by Bipolar Membrane Electrodialysis (EDBM) [START_REF] Ghyselbrecht | Desalination feasibility study of an industrial NaCl stream by bipolar membrane electrodialysis[END_REF]. Potential use of OM with few salt is also possible as feed for bacterial in Microbial Electrolysis Cells (MEC) [START_REF] Logan | Critical Review Microbial Electrolysis Cells for High Yield Hydrogen Gas Production from Organic Matter[END_REF] and Microbial Fuel Cells (MFC) for energy production [START_REF] Logan | Membrane-based processes for sustainable power generation using water[END_REF].

-------Therefore, the treatment policy is to first separate OM and salt, then to apply further technologies to remove or recover the contents. As the integrated processes offer flexibility and efficiency to brine disposal, separation/desalination as first step would be significant for following integration.

I.2 Electrodialysis for Saline Water Desalination

I.2.1 Principle and applications of electrodialysis

As above mentioned, membrane based separation technology can play a primary role in desalination. There are many successful applications addressing the desalination issue by reverse osmosis and electrodialysis [START_REF] Shaposhnik | An early history of electrodialysis with permselective membranes[END_REF]. But once OM / salt separation or further purification is concerned, membrane processes with selectivity like electrodialysis and / or nanofiltration (NF) are required. ED is reported to be less prone to fouling [START_REF] Strathmann | Ion-Exchange Membrane Separation Processes[END_REF]. Moreover, unlike NF, where the high osmotic pressure from solution of high salinity, e.g. ROC can limit the application of the pressure driven process, ED is not susceptible because it is electrical driven.

Thus, ED can be a better choice for desalination of ROC.

Electrodialysis has been utilized for over 50 years for desalination, production of high quality industrial process water or the treatment of certain industrial effluents. Even though other ion-exchange membrane based processes like bipolar electrodialysis, capacitive deionization and reverse electrodialysis have recently gained interest, the conventional electrodialysis is still dominant [START_REF] Strathmann | Electrodialysis, a mature technology with a multitude of new applications[END_REF]. Many new applications like treatment of the saline solution containing sugar, protein, chemical acid and different kinds of hazardous matter were promising in food, beverage, drug and chemical process industries as well as in biotechnology and wastewater treatment [START_REF] Huang | Application of electrodialysis to the production of organic acids: State-of-the-art and recent developments[END_REF][START_REF] Abels | Membrane processes in biorefinery applications[END_REF][START_REF] Borges | Investigation of the mass transfer processes during the desalination of water containing phenol and sodium chloride by electrodialysis[END_REF][START_REF] Zhang | Electrodialysis on RO concentrate to improve water recovery in wastewater reclamation[END_REF].

Indeed, on the contrary to RO, ED is a selective process that makes it an efficient option to deal with complex fluids containing salt and organic solutes.

-

I.2.2 Bottleneck of electrodialysis as ROC treatment

Although ED is a mature process for many applications, several fundamental questions concerning the transfer of solutes through IEM still remain as bottleneck, limiting its further applications where even higher selectivity is required. It occurs not only in normal desalination referred as separation of salt/water, but also in extended desalination of saline water containing OM referred as separation of OM/salt, as well as additional selectivity.

Firstly, salt-water transfer is widely reported. In ED, the salt/ion migration under current is always associated with a transfer of water, referred as electro-osmosis, resulting from the shell of water carried by the transferring ions [START_REF] Strathmann | Ion-Exchange Membrane Separation Processes[END_REF]. This electro-osmotic flux can restrict the process performances and it must be taken into account [START_REF] Galama | Seawater predesalination with electrodialysis[END_REF][START_REF] Walker | Treatment of model inland brackish groundwater reverse osmosis concentrate with electrodialysis Part II: Sensitivity to voltage application and membranes[END_REF][START_REF] Fidaleo | Electrodialytic desalting of model concentrated NaCl brines as such or enriched with a non-electrolyte osmotic component[END_REF][START_REF] Rottiers | Influence of the type of anion membrane on solvent flux and back diffusion in electrodialysis of concentrated NaCl solutions[END_REF]. Indeed, this water transfer limits the brine concentration that can be reached in the concentrate compartment, which is unfavorable in case of coarse salt production from the final brine [START_REF] Jiang | Electrodialysis of concentrated brine from RO plant to produce coarse salt and freshwater[END_REF]. Likewise, in the production of organic acid from fermentation, it was reported that the maximum achievable concentration of organic acids is directly limited by such electro-osmotic flux [START_REF] Bailly | Production processes of fermented organic acids targeted around membrane operations: design of the concentration step by conventional electrodialysis[END_REF].

Since the electro-osmosis is due to transfer of an amount of water molecules accompanying the ions migration, it is linked to the hydration of the ions transferring through the membranes during the ED process [START_REF] Galama | Seawater predesalination with electrodialysis[END_REF][START_REF] Bailly | Production processes of fermented organic acids targeted around membrane operations: design of the concentration step by conventional electrodialysis[END_REF][START_REF] Berezina | Characterization of ion-exchange membrane materials: properties vs structure[END_REF]. Moreover, it can also be insightful for future membrane materials fabrication, regarding structure/property relations in polymers related to water and salt transport properties [START_REF] Geise | Fundamental water and salt transport properties of polymeric materials[END_REF][START_REF] Jiang | Water electro-transport with hydrated cations in electrodialysis[END_REF]. As a result, the fundamental study of salt-water transfer deserves further investigation.

Secondly, regarding desalination of a saline water containing OM, the objective is to remove salt as much as possible, and to minimize the transfer of OM. In fact, OM transfer is crucial not only in ED process, but also in many versatile applications of IEM such as microbial electrolysis cell and microbial fuel cell, where OM transfer is either unwanted [START_REF] Kim | Microbial desalination cells for energy production and desalination[END_REF] or selective transport of certain organics is desired [START_REF] Andersen | Electrolytic Membrane Extraction Enables Production of Fine Chemicals from Biorefinery Sidestreams[END_REF].

Thus, a thorough understanding of transport phenomena of organic solutes through IEM is necessary, and can benefit to a wide variety of applications. However, previous studies mainly focus on OM transfer in case of pressure-driven membrane like NF/RO [START_REF] Bellona | Factors affecting the rejection of organic solutes during NF/RO treatment-a literature review[END_REF][START_REF] Mohammad | Nanofiltration membranes review: Recent advances and future prospects[END_REF]. The main mechanism of solute rejection is physical sieving, while other such as electrostatic exclusion and hydrophobic-hydrophobic interactions between membrane and solute are also considered important. On the contrary, few works were devoted to the study of the mechanism governing the transfer of organic solutes through IEM [START_REF] Banasiak | Removal of inorganic and trace organic contaminants by electrodialysis[END_REF][START_REF] Vanoppen | Properties Governing the Transport of Trace Organic Contaminants through Ion-Exchange Membranes[END_REF][START_REF] Galier | In uence of the ionic composition on the diffusion mass transfer of saccharides through cation-exchange membrane[END_REF][START_REF] Galier | Demineralization of Glucose Solutions by Electrodialysis: Influence of the Ionic Composition on the Mass Transfer and Process Performances[END_REF]. Literature on the subject focuses mainly on sorption of organics and/or a limited set of mainly negatively charged organic compounds. Furthermore, few results on membrane performance regarding the organic solute transfer are available [START_REF] Bailly | Production processes of fermented organic acids targeted around membrane operations: design of the concentration step by conventional electrodialysis[END_REF].

Thirdly, attention should be given to the influence of salt on OM transfer through membrane, especially in the case of brines where the concentration of salt is high. Indeed, it was shown that salt affects the OM transfer. For instance, a higher transfer of acetic acid was reported in presence of Na2SO4 compared to that with NaCl [START_REF] Singlande | Improvement of the treatment of salted liquid waste by integrated electrodialysis upstream biological treatment[END_REF]. Thus, the process performance can be significantly influenced by the salt composition, (i.e. nature and concentration). Again, most of the results were reported about NF and few in ED in the last 15 years [START_REF] Galier | In uence of the ionic composition on the diffusion mass transfer of saccharides through cation-exchange membrane[END_REF][START_REF] Galier | Demineralization of Glucose Solutions by Electrodialysis: Influence of the Ionic Composition on the Mass Transfer and Process Performances[END_REF][START_REF] Wang | The possibility of separating saccharides from a NaCl solution by using nanofiltration in diafiltration mode[END_REF][START_REF] Bargeman | Nanofiltration of multi-component feeds. Interactions between neutral and charged components and their effect on retention[END_REF][START_REF] Bouchoux | Nanofiltration of glucose and sodium lactate solutions Variations of retention between single-and mixed-solute solutions[END_REF][START_REF] Umpuch | Nanofiltration as a purification step in production process of organic acids[END_REF][START_REF] Escoda | Influence of salts on the rejection of polyethyleneglycol by an NF organic membrane: Pore swelling and salting-out effects[END_REF][START_REF] Boy | Relationship between volumetric properties and mass transfer through NF membrane for saccharide/electrolyte systems[END_REF][START_REF] Bargeman | The effect of NaCl and glucose concentration on retentions for nanofiltration membranes processing concentrated solutions[END_REF][START_REF] Bouchoux | Investigation of nanofiltration as a purification step for lactic acid production processes based on conventional and bipolar electrodialysis operations[END_REF].

Wang et al. [START_REF] Wang | The possibility of separating saccharides from a NaCl solution by using nanofiltration in diafiltration mode[END_REF] first reported in NF that the transfer of glucose increases with NaCl concentration. Then, Bouchoux et al. [START_REF] Bouchoux | Investigation of nanofiltration as a purification step for lactic acid production processes based on conventional and bipolar electrodialysis operations[END_REF] reported the influence of the salt nature. More precisely, a relationship between hydration of the ions and glucose transfer was established, i.e. increasingly hydrated ions were found to give increasing glucose transfer. These findings are further confirmed by following studies, showing that in any case, increasing ion concentration and increasing ion hydration lead to a higher solute transfer in NF.

The explanation for the influence of salt has also been developed. It can be summarized as combination of two types of modifications induced by salt. On one hand, it is reported that the membrane structural properties vary according to the counter-ion hydration, which can be considered as a membrane swelling effect [START_REF] Wang | The possibility of separating saccharides from a NaCl solution by using nanofiltration in diafiltration mode[END_REF][START_REF] Bargeman | Nanofiltration of multi-component feeds. Interactions between neutral and charged components and their effect on retention[END_REF][START_REF] Escoda | Influence of salts on the rejection of polyethyleneglycol by an NF organic membrane: Pore swelling and salting-out effects[END_REF]. On the other hand, neutral solute properties are reported to vary, referred as solute dehydration effect, more precisely, a decrease in presence of more hydrated ion [START_REF] Bouchoux | Nanofiltration of glucose and sodium lactate solutions Variations of retention between single-and mixed-solute solutions[END_REF][START_REF] Boy | Relationship between volumetric properties and mass transfer through NF membrane for saccharide/electrolyte systems[END_REF].

Previous work in our group investigated these two contributions on solute transfer, using a specific procedure to distinguish each contribution.

-

× - -- - - - - - - - - × - -- - - -
Physical modification of anion/cation exchange membranes induced by the ionic composition of the surrounding solution was already reported in the literature.

--and Nafion membrane [START_REF] Gebel | Structural evolution of water swollen perfluorosulfonated ionomers from dry membrane to solution[END_REF]. Specifically, the swelling of the membrane according to ion hydration can be associated to a modification in its free fraction volume, a property that can be correlated with the membrane performance at a macroscopic scale [START_REF] Galier | In uence of the ionic composition on the diffusion mass transfer of saccharides through cation-exchange membrane[END_REF][START_REF] Helfferich | Ion Exchange[END_REF][START_REF] Geise | Characterization of aluminum-neutralized sulfonated styrenic pentablock copolymer films[END_REF].

However, the contribution of the free volume to solute transfer is not well demonstrated, and the role of other factors like the solute solubility inside the membrane polymer is unclear. Recently, our group also investigated multiple interactions between the polymer, water and solutes at a molecular scale. A computational investigation using Quantum Mechanics was carried out, using glucose as a model of neutral OM and same type of CMX as used in the present work [START_REF] Fuoco | Correlation between macroscopic sugar transfer and nanoscale interactions in cation exchange membranes[END_REF]. The computed OM-polymer fragment interaction, related to the solubility of the glucose inside the membrane, was found to be almost independent from the membrane counter-ion. On the contrary, significant variations of the chain-chain interaction, i.e. the interaction energies per trapped water molecule or hydrogen bonding wire connecting the polymer fragments, were observed according to the counter-ion.

The computational result can well correlate the experimental sugar fluxes in different solutions: increasing chain-chain interaction inside the membrane was found to give decreasing sugar flux. Thus, it was concluded that the polymer chain-chain interaction which are very sensitive to the counter-ion, govern the solute transfer.

However, as aforementioned, most studies regarding the influence of salt remains in NF regime, whereas studies relating to ion-exchange membrane are rare. Moreover, since few reports are on the mechanism governing the OM transfer in ED [START_REF] Vanoppen | Properties Governing the Transport of Trace Organic Contaminants through Ion-Exchange Membranes[END_REF], such salt effect on OM transfer is further unclear. Moreover, these studies focus on sugar (e.g. glucose) as model organic solute, while in practice more complex fluids are concerned. Then ED performance regarding the treatment of such solutions needs systematic investigation, knowing the influence of salt on solute transfer and the following process performances [START_REF] Galier | Demineralization of Glucose Solutions by Electrodialysis: Influence of the Ionic Composition on the Mass Transfer and Process Performances[END_REF].

I.3 Aim and outline of thesis

In this context, the objective of the project is to investigate the demineralization of saline water containing organic matter by electrodialysis. Indeed, it was concluded from previous review that ED can be an interesting technology for the desalination of such complex fluids. Depending on the kind of saline water considered, different options or integration following ED can be possible. But in any case, the objective is to achieve a selective desalination, i.e. the removal of salt (ions) while keeping the transfer of organic matter as low as possible. This is schematically illustrated in Figure I-1.

-Concerning the desalinated solution containing the organic matter, different situations can be considered given the organic content is valuable or unfavorable like pollutant. For instance, in food processing industries, ED can be used to recover organic solutes like sugars and organic acids frequently obtained together with a given amount of salt in solution. In that case, the main requirement is the purity as well as the recovery rate of the organic solutes, which are valuable products. On the contrary, when the organic content of the saline solution is detrimental to the environmental, like phenol or pharmaceutical residues, the main requirement for the ED treatment is the compatibility of the desalted brine with respect to the further treatment used to remove the pollution. Process based on oxidation regarding water treatment is thus possible. Biodegradable organic source can be fed to the biomass or biomass integrated membrane technology like MBR, while bio-refractory organics can be disposed by advanced oxidations. Particularly, a membrane process can extend the objective of water treatment to an additional energy production. By using electrogenic microorganism to oxidize OM in anode, which release electrons and protons, it is possible to establish a circuit to produce hydrogen in cathode by a Microbial Electrolysis Cell (MEC) [START_REF] Logan | Critical Review Microbial Electrolysis Cells for High Yield Hydrogen Gas Production from Organic Matter[END_REF], or electricity in cathode by a Microbial Fuel Cell (MFC) [START_REF] Logan | Membrane-based processes for sustainable power generation using water[END_REF]. More efficient water treatment can be achieved in a Microbial Desalination Cell (MDC) [77], i.e. a process based on development of MFC, with the biomass exploited energy from OM to support desalination process. These membrane based technologies integrating microorganism oxidation are crucial issues, and the ED treated effluents containing organic substance can be helpful.

On the other hand, the extracted salt solution is also important to be considered. Again, depending on its composition, i.e. purity of salt and concentration, different way of reuse can be possible, after further concentration or not. For instance, coarse salt i.e. NaCl is often recovered from brines, and it can be important raw materials for further production of chemicals like NaOH by EDBM [START_REF] Tanaka | Ion-exchange membrane electrodialysis program and its application to multi-stage continuous saline water desalination[END_REF]. Also, the concentrated saline solution can be useful for some emerging membrane processes. It is reported that brine serves as draw solution in Forward Osmosis (FO) for wastewater reclamation [START_REF] Boo | Fouling control in a forward osmosis process integrating seawater desalination and wastewater reclamation[END_REF]. Concerning energy production, osmotic process as Pressure Retarded Osmosis (PRO), or process based on chemical gradient like Reverse Electrodialysis (RED) attract great interest. These technologies aim to exploit the salinity gradient energy or blue energy, where seawater (ca. salt concentration 50 g.L -1 ) is widely used. ED effluent can be hyper brine like concentrated SWROC [START_REF] Reig | Concentration of NaCl from seawater reverse osmosis brines for the chlor-alkali industry by electrodialysis[END_REF], with well controlled organic concentration. Indeed, membrane fouling due to organics can limit the energy production efficiency of these processes. In RED, biofouling can be serious for the ion-exchange membrane if directly using natural water, which increases the membrane resistance and decrease ion permeability [START_REF] Post | Blue Energy: electricity production from salinity gradients by reverse electrodialysis[END_REF][START_REF] Vermaas | Fouling in reverse electrodialysis under natural conditions[END_REF]. Also, in FO / PRO, organics of high concentration in draw solution side (concentrated salinity) may foul the membrane and decline the water transfer [START_REF] Boo | Fouling control in a forward osmosis process integrating seawater desalination and wastewater reclamation[END_REF][START_REF] Yip | Influence of natural organic matter fouling and osmotic backwash on pressure retarded osmosis energy production from natural salinity gradients[END_REF][START_REF] She | Organic fouling in pressure retarded osmosis: Experiments, mechanisms and implications[END_REF]. Then the possibility to produce from an effluent a saline solution without or with a very low content of organic matter using ED can stimulate the development of salinity gradient power production.

Thus, desalination of saline water containing organic solutes by electrodialysis is an environmental-friendly and promising option for such complex fluids treatment.

Then, in the present work the performances of ED regarding the desalination of saline waters of different compositions is investigated.

The manuscript is outlined as follows.

The materials and methods used to carry out the work will be presented in Chapter II.

Then, in chapter III, the study will focus on the salt and water transfer during ED. The relationship of salt migration under current and water transfer will be investigated under different conditions, like saline water compositions and current. The ion compositions are Na + , Mg 2+ , Cl -, SO4 2-, main species in brine, e.g. SWROC. The ion selectivity will also be discussed as well as the hydration of the ions.

In chapter IV, the transfer of organic solutes through IEM without current and in normal ED conditions, i.e. with current will be investigated. OM transfer in former regime refers as solute diffusion, while in latter there is also an additional solute transfer. The solute transfer mechanisms will be studied, using synthetic solutions of different salt and organic matter compositions. Salt compositions are same to that in previous chapter. Model organic solutes are glucose, phenol, acetic acid and acetate, representative carbohydrates either in nature or industrial effluents.

These results will be further used in chapter V to determine the performances of ED for the desalination of saline waters containing organic matter. This will be first discussed with synthetic waters of different compositions. The key factors influencing the desalination performance will be studied. Finally, the case study of the desalination of industrial waste water will be considered to check the methodology.

Chapter VI will end it up with general conclusions and recommendations for further investigations.

Chapter II

Materials and Methods

Chapter II: Materials and Methods

II.1 Experimental materials and procedures

II.1.1 Chemicals

Saline solutions with and without organic solute were selected to investigate the salt, water and organic solute transfer. Four different inorganic salts containing ions of various hydrations were used (Table II-1).

-

•

•

-

The corresponding ion hydration scale is given as follows [START_REF] Ohtaki | Structure and dynamics of hydrated ions[END_REF]:

Anions: cations:

The investigation of the salt and water transfer (chapter III) has been carried out with solutions of different compositions, i.e. single salt and mixed ones (2 or 3 salts) as shown in --

-

Ten solutions of different compositions were prepared according to Table II-2, namely S1-S10. The total salt concentration in this study was fixed at 1 eq L -1 except for S10 (0.87 eq L -1 ).

Single salt solutions (solution S1 S4) were used for the determination of the salt-water transfer (i.e. salt hydration number). Mixed salt solutions (solution S5 S9) were used to study the ion-water transfer relationship, i.e. to calculate the individual ion hydration numbers.

Finally, S10 was an artificial seawater reverse osmosis concentrate (SROC), prepared according to the standard method (ASTM D 1141-86) for artificial sea water preparation.

The OM transfer in saline water (Chapter IV and V) has been investigated with three different salts (NaCl -Na2SO4 -MgCl2). In each synthetic solution, the salt concentration in saline solution was fixed at 0.8 eq.L -1 .

The organic solutes of various molecular weight used in the experiments are listed in The pH of the various solutions of glucose, phenol and acetate was neutral, without any adjustment. As for acetic acid the observed pH value was 3.0±0.2, indicating that merely 5% of acetic acid molecules were dissociated considering its pKa. Thus, one can state that these OMs except acetate were neutral solute, nearly non-dissociable in our conditions. In addition, the hydrophobicity was presented as log P, known as partition coefficient between octanol and water. The order of sequence of the hydrophobicity for the 3 neutral OM is:

One can state that glucose is the most hydrophilic OM in this study (lowest value of log P), followed by acetic acid, while phenol is very hydrophobic (highest, positive value of log P). This is mainly due to the functional group as hydroxyl and carboxyl and benzene, seen in Table II-3. Glucose has 5 hydroxyl groups while acetic acid as only 1 carboxyl group, which determines their hydrophilicity. Phenol has only 1 hydroxyl group and a strongly hydrophobic benzene group. This information can be important for understanding noncovalent interactions (e.g. electrostatic interactions, van der Waals forces, hydrogen bonding) among molecules, especially in complex fluids containing multi-compositions or membrane polymeric network [START_REF] Lehn | Supramolecular Chemistry -Scope and Perspectives Molecules, Supermolecules, and Molecular Devices[END_REF].

Concerning the charged OM, acetate, one can assume that it should be more hydrophilic than the considered neutral OMs due to its charge nature.

The concentration of OM was fixed at 0.1 mol.L -1 . Finally, the synthetic saline solutions used containing single or mixed OM were listed in Tables II-4 and II-5.

-----

-

In this case, the OM solutes were mixture of glucose and acetic acid (acidic condition, pH 3) as well as mixture of glucose and acetate (neutral condition, pH 7).

An industrial solution, i.e. oil process water (OPW) from Total, France, pretreated by microfiltration, is desalinated by electrodialysis (Chapter V). The characteristics of the industrial solution are reported in Table II-6.

-----

-

The inorganic fraction is mainly composed by sodium and chloride (sulfate concentration detection is interfered by the absorbed carbonate). The organic fraction is unclear.

II.1.2 Membrane and Electrodialysis set-up

The ED experiments were performed with EUR 2B-10 stack (Eurodia, France). The ED stack comprised 10 cells of AEM / CEM as Neosepta AMX/CMX, Tokuyama Corp, Japan. For each type of membrane, the effective membrane surface is 0.02m 2 for each cell, i.e.

total effective membrane surface of 0.2 m 2 . The principal properties of these membranes AMX and CMX were listed in Table II-7.

- - - - - - - - - - - - - - - - -
The ion-exchange capacity is a crucial parameter which affects almost all other membrane properties. It is a measure of the number of fixed charges per unit weight of the dry polymer. The electrical resistance of the membrane is one of the parameters which determine the energy requirements of electrodialysis process. Determined by the capacity and the mobility of the ion within the matrix, the electrical resistance can be expressed as specific resistance ( .cm -1 ) or membrane area resistance ( .cm -2 ). The permselectivity of a membrane is determined by the ratio of the flux of specific components to the total mass flux through the membrane under a given driving force. The membrane used here has no selectivity to separate ions with different charge.

A schematic diagram for an ED set-up is shown in Figure II-1.

--

The ED experiments were operated in batch mode (complete recycling of diluate, concentrate and electrode rinse solution). The set-up consists of three separated circuits, for diluate, concentrate and electrode rinse solution, with three 4 L vessels.

Three centrifugal pumps were used to circulate these solutions, and flow meters were used to set the flow rates. The feed flow rates were set at constant values of 180 L.h -1 for both diluate and concentrate compartments, and 360 L.h -1 for the electrode rinsing solution. All the experiments were carried out at constant temperature 25±1 using a circulating thermostatic bath.

The electrode rinse solution compartment was fed with 3 L of Na2SO4 solution at a concentration of 10 g.L -1 .

Both diluate and concentrate compartments were initially fed with 2 L of salt solution at a given composition for the investigation of the salt and water transfer (see Table II -2).

For the study of the mass transfer of OM, the diluate was initially fed with 2 L of salt solution containing the organic solute at a given composition (Tables II-4 and II-5), while the concentrate one was fed with 2 L of a solution at the same ionic composition without OM or RO water (Chapter IV and V).

II.1.3 Experimental procedures

For each salt, the membranes were first soaked in 4 L of the salt solution for 4 hours at a flow rate of 180 L h -1 and then the solution was kept at least 10 hours without circulation.

This soaking solution was exactly the same electrolytic solution as that used in ED. Since the quantity of ions in these solutions was about 40 times higher than the total ion-exchange capacity of AMX and CMX membranes in the ED stack, one can consider that this procedure ensures a complete exchange of the membrane counter ion, thus a fully equilibrated IEM. It is important to note that the system pH condition was acidic in case of acetic acid, different from those of other solutes; but the IEMs were considered to be still in counter-ion form after each soaking, rather than in form of H + , due to a much higher salt concentration (i.e. concentration ratio approximates to about 1000 in case of acetic acid), which dominated the exchange equilibrium.

Then, experiments were carried out without current (I = 0), diffusion regime, and Diffusion experiments were carried out with such conditioned membranes using OM / water (OM / W) as Case 1, OM / salt solutions (OM / S) as Case 2 as shown in Figure II-2.

-As aforementioned, the initial OM concentration (COM) was kept as 0.1 mol.L -1 .

Due to the concentration difference, the diffusion flux of OM was found to transfer across the membrane from the diluate to the concentrate, indicating a decrease of the total OM quantity in the diluate compartment and an increase of the OM concentration in the concentrate compartment. The water flux in reversed direction under the osmotic pressure was expected, but it was found to be weak owing to the low concentration of OM i.e. low osmotic pressure.

The influence of the membrane soaking, i.e. the impact of the salt on the membrane properties, was estimated from the OM flux measured with OM / water systems (Case 1).

Then the overall effect of the salt was characterized by the OM flux determined in OM / salt solution (Case 2) [START_REF] Galier | In uence of the ionic composition on the diffusion mass transfer of saccharides through cation-exchange membrane[END_REF].

In normal ED regime, experiments were carried out at various constant currents (2, 3, 4, 6A), i.e. in the range 0-300 A.m -2 . The experiment duration was determined according to the conductivity of the diluate. They were stopped as soon as the conductivity reached 5 mS.cm -1 in order to have current lower than limiting current for any set of experiments.

Consequently, different experiment duration resulted according to the operating conditions.

The solvent and solute (ions and OM) fluxes were deduced from the variation of the volume and solute mass transferred through the membranes versus time.

Protocol of ED regime was illustrated as below, taking saline solution containing OM as example.

-

II.1.4 Analytical methods

In the ED experiments, solution conductivities, pH and temperature in the two compartments were measured in real-time, as well as the electrical current and voltage. The solutes (ions and OM) concentration and the volume were determined in the two compartments as a function of time.

The salt concentration in single salt case was determined from conductivity measurements, using a conductivity meter (HI933100, Hanna Instruments). For mixed salt solutions the concentrations of ions species were determined by ion chromatography (IEC, Dionex, France). The characteristics of the ion chromatography system are listed in Table II-8.

-

Samples were diluted to a maximum of 1000 folds by ultra-pure water before analysis by ion chromatography.

The concentrations of glucose, acetic acid and acetate were measured by highperformance liquid chromatography (HPLC), Jasco, France. The details of the HPLC conditions are depicted in Table II-9.

----Samples from diluate compartment were diluted to a maximum of 200 folds and samples from the concentrate compartment to a maximum of 20 folds by ultra-pure water.

The concentration of phenol was measured by an ultraviolet (UV) spectroscopy at 270 nm, as shown below.

----Samples for the concentrate were diluted of 20 folds and of 100 folds for the diluate.

The transfer of organic solute in the industrial solution (OPW) was measured by concentration of the total organic carbon (TOC), Shimadzu 5050A. The details of the TOC analyzer were depicted in Table II-11 (TC is total carbon, IC is inorganic carbon, TOC is difference of TC and IC, NPOC is non-purgable organic carbon).

----

-

The concentration of organic solute in oil process solution is measured without dilution, in NOPC method.

The mass balance for solvent and solute were checked, knowing the variation of the volume and concentration in the two compartments.

The difference of volume variation vs time in two compartments was compared according to the following equation.

where N is the number of experimental samples, and were the values of total volume in the two compartments in real time and that at the initial beginning of experiment.

Likewise, the difference of solute (salt / OM) transfer variation vs time in two compartments can be checked.

The maximum deviation was less than 2% for solvent, 5% for salt and 10% for OM solute. The mass balance of OM shows neither leakage nor adsorption was observed.

In the same way, the theoretically calculated quantity transferred ( ) and the experimentally obtained values ( ) can also be compared using the following equation:

-This equation has been used for water flux when ionic hydration number is used to calculate the theoretical water flux.

The hydration number calculation was achieved by fitting method, using an open access software Rstudio (RStudio Inc, Version 3.0), based on a nonlinear regression method.

II.2 Mass transfer mechanisms

There are different contributions for the mass transfer of solute and solvent in ED.

This part was to illustrate the transfer phenomena through ion-exchange membrane, concerning transfer of salt, water and solute, respectively.

II.2.1 Salt transfer

In ED process, the salt flux, (eq•m -2 •s -1 ), is the sum of two contributions. The first one is a flux coupled with the chemical potential gradient, i.e. a diffusion flux, , due to the compartment of decreasing concentration. The other one is the flux coupled with the electrical current, i.e. the migration flux, , due to the electrical potential gradient [START_REF] Strathmann | Ion-Exchange Membrane Separation Processes[END_REF].

Then the salt transfer is expressed by the following equation:

(II-3)

According to previous experimental results, the diffusion contribution can be neglected compared to that of migration in most of the ED conditions [START_REF] Borges | Investigation of the mass transfer processes during the desalination of water containing phenol and sodium chloride by electrodialysis[END_REF][START_REF] Bailly | Production processes of fermented organic acids targeted around membrane operations: design of the concentration step by conventional electrodialysis[END_REF].

The contribution of the migration to the salt transport can be expressed using the salt transference number, , which is the fraction of the total current that is carried by the salts.

(II-4)

where is the electric current applied (A), is the total surface of one type of membrane, 0.2 (m 2 ), F is the Faraday constant. Eq.(II-4) shows salt migration is proportional to the current, scaled by the salt transference number, divided by the Faraday constant and the membrane area. Furthermore, a modified flux equation can be obtained by phenomenological approach as Eq.(II-5):

the salt flux due to migration being proportional to the electric current, , and

(eq•m -2 •s -1 •A -1 )
as the current coefficient.

In ED, the effective membrane area concerning the salt and ion transfer is , the total surface area of one type of membrane.

II.2.2 Water transfer

The water transfer in ED is the result of two contributions, osmosis ( ) and electroosmosis ( ), as expressed in the following equation:

where the osmotic flux is due to the chemical potential gradient across the membrane, while the electro-osmotic flux is due to the water transfer coupling the ion migration through the membrane [START_REF] Lattemann | Environmental impact and impact assessment of seawater desalination[END_REF].

Usually in ED, when an electric current is applied, the water flux caused by osmosis can be neglected compared to that of electro-osmosis [START_REF] Borges | Investigation of the mass transfer processes during the desalination of water containing phenol and sodium chloride by electrodialysis[END_REF][START_REF] Galama | Seawater predesalination with electrodialysis[END_REF][START_REF] Jiang | Electrodialysis of concentrated brine from RO plant to produce coarse salt and freshwater[END_REF][START_REF] Bailly | Production processes of fermented organic acids targeted around membrane operations: design of the concentration step by conventional electrodialysis[END_REF]. And owing to its link to the salt, this flux is also proportional to the current. Introducing an electro-osmotic coefficient, (m 3 •m -2 •s -1 •A -1 ), the expression of the water transfer can be written as in Eq.(II-

7):

-In ED, the effective membrane area concerning the water transfer is 2 , the total surface area of two type of membrane.

II.2.3 Organic solute transfer

This section deals with the organic solute (OM) transfer included neutral organic solute as well as charged one.

Neutral solute, can be transferred in ED process due to diffusion caused by the concentration gradient. But from the theoretical point of view, a convective contribution can be expected for conditions that the solvent flow is significant. Then, the neutral organic solute flux, , can be expressed as the sum of the diffusion flux, , and the convective flux, according to the Eq. (II-8):

-

The diffusion flux due to concentration gradient can be further expressed as:

where is concentration gradient across the membrane ( ). In this study is assumed to be equal to since the amount of neutral organic solute transferred is negligible compared to the initial amount in the diluate compartment, which will be discussed later. (m.s -1 ) is solute permeability.

The diffusion may be the mainly reported contribution [START_REF] Gong | Effects of transport properties of ionexchange membranes on desalination of 1,3-propanediol fermentation broth by electrodialysis[END_REF], but convective contribution can also be expected when the solution flow is significant [START_REF] Borges | Investigation of the mass transfer processes during the desalination of water containing phenol and sodium chloride by electrodialysis[END_REF]. Indeed, since in ED there is significant electro-osmotic flux under current, such water transfer is supposed to entrain / drag some organic solute towards the membrane. Such electro-osmotic enhancement of OM solute transport has been reported in fuel cell [START_REF] Fuller | Experimental determination of the transport number of water in nafion 117 membrane[END_REF][START_REF] Bath | Electrically facilitated molecular transport. Analysis of the relative contributions of diffusion, migration, and electroosmosis to solute transport in an ion-exchange membrane[END_REF] and biological membrane [START_REF] Gu | Electroosmotic enhancement of the binding of a neutral molecule to a transmembrane pore[END_REF] but very few on ED as separation process [START_REF] Dydo | The mechanism of boric acid transport during an electrodialytic desalination process[END_REF].

The convective flux of a solute through a permeable membrane separating two wellmixed compartments can be expressed from the equation, derived from irreversible thermodynamics, proposed by Kedem et Katchalsky [START_REF] Kedem | Thermodynamic analysis of the permeability of biological membranes to non-electrolytes[END_REF]:

where is the mean solute concentration on either side of the membrane, and it is assumed to be equal to the initial concentration in the diluate compartment, as aforementioned.

is the reflection coefficient, which varies from 0 for a freely permeable molecule to 1 for a non-permeating solute.

Therefore, the neutral OM flux can be expressed as follows, combining Eqs.(II-7 to II-10):

where the aforementioned water transfer under current refers to the electro-osmotic flux, which is proportional to current. Thus, one can consider that the convection flux is proportional to the current in ED process. From the experimental approach, the equation can be simplified as Eq.(II-12):

In this expression, the convective coefficient (mol•m -2 •s -1 •A -1 ) relates to the OM flux density due to convection flux, which is observed as proportional to current.

In ED, the effective membrane area concerning the organic solute transfer is 2 , the total surface area of two type of membrane.

From Eqs. (II-7) and (II-12), one can determine the reflection coefficient of organic solute, , as shown in the Eq.(II-13):

In the case of charged OM, the transfer can be expressed as the sum of the diffusion contribution (without current) and the migration one (under current):

where indicates the charged OM.

As for inorganic ions, the migration flux of a charged OM can be expressed using its transference number according to Eq.(II-15):

where the organic salt transference number, F is the Faraday constant and is the total surface of one type of membrane, i.e. 0.2 (m 2 ). It is assumed that organic anion, i.e.

acetate migrate through anion-exchange membrane under current like inorganic anion, i.e.

chloride or sulfate, and in the mixture of acetate and inorganic anion, the sum of their transference number through anion-exchange membrane is one:

showing the sum of the two transference numbers equals to one, under ideal condition (e.g. membrane has perfect counter-ion selectivity).

According to Eq.(II-15), one can find the migration is proportional to the current, and then is further simplified using the transfer coefficient , in analogy with the case of neutral OM. Thus, the transfer of charged OM is written as

(II-17)
Chapter III

Salt and water transfer through ionexchange membranes: electro-osmosis and ion hydration number

In this chapter, salt and water transfer during desalination of synthetic saline solution without organic solute is studied. Particularly, water transfer due to electro-osmosis, i.e. the water carried by the migrating species is related to their hydration. Then, this chapter focuses on the hydration number of solutes transferring through ion-exchange membranes.

In the first part, a theory to calculate the hydration numbers of ions transferring through ion-exchange membranes during electrodialysis is proposed based on mass transfer phenomena.

In the second part, salt and water transfer is experimentally determined, concerning single salt and mixed salt cases. From mass transfer in single salt case, salt hydration is obtained. Knowing salt hydration numbers, then the hydration numbers of 4 transferring ions (Na + , Mg 2+ , Cl -, SO4 

III.1 Theory

III.1.1 Salt and water mass transfer

where (eq m -2 .s -1 .A -1 ) is the current coefficient.

Water flux is dominated by electro-osmosis, which is proportional to current, expressed as Eq.(II-7):

where is an electro-osmotic coefficient (m 3 m -2 .s -1 .A -1 ).

However, it should be noted that in theory, the experimentally observed volumetric flux, (m 3 m -2 .s -1 ), includes the volume contribution of both water transferred (i.e. water flux,

), and the ions, as shown in Eq.(III-1):

The total ionic volume contribution can be calculated according to Eq.(III-2):

with (eq m -2 .s -1 ) the ionic flux, the molar volume of the ion (m 3 mol -1 ) and the valence of the ion (eq mol -1 ), (mol.m -2 .s -1 ) is ionic flux in mole.

In most ED conditions, like those in this study, the ionic volume contribution is negligible compared to that of water (less than 7% of the total volume flux). Therefore, the volume flux can be considered as a water flux, as represented in Eq. (III-3):

III.1.2 Hydration number calculation

For any salt like ( and being the stoichiometric coefficients for cation and anion, respectively), a salt flux (mol m -2 •s -1 ) can be written as:

which is the number of mole of salt like transferred per unit membrane area per second.

As discussed above, the water transfer (electro-osmotic flux) is linked to the salt transfer in ED. Then, one can calculate the salt hydration number ( , defined as the number of mole of water per mole of salt, knowing the simultaneous transfer of salt and the associated water, according to Eq. (III-5):

where is the molar volume of water (m 3 mol -1 ).

Combining with Eq. (II-5) and Eq. (II-7), this equation can be expressed as below:

-Therefore, the hydration number for each single salt can be calculated from the experimental measurements of the salt and water flux. Indeed, this salt hydration number can be assumed as the total amount of water accompanying the cation and anion migration through the membranes.

Then, for any salt like , the following relation can be drawn:

where and are the hydration numbers for cation and anion, respectively. But in order to solve Eq. (III-7) to get the individual hydration numbers of cation and anion, an additional equation is necessary.

In general, one can calculate the hydration number of a transferring ion, , as:

where (mol) and (mol) are the number of moles of ion and water transferred through the membrane.

Assuming that the ion hydration number remains constant over time, this equation can be further expressed as:

where the values , are the transferred quantities (in mole) for ion and water respectively, from the initial beginning of ED until the time .

However, as previously explained, it is not possible to get the individual values of the water transfer corresponding to each ion, versus time, but only the total amount of water transferred, , deduced from the variation of the volume, which can be expressed by Eq. (III-10):

Thus, combining Eqs. (III-9) and (III-10), one can obtain Eq. (III-11):

-

The ion hydration numbers are obtained by fitting the value of the water transfer as obtained by Eq.(III-11) knowing the experimental values of the ion transfer for each ion with that obtained experimentally. The least square method is used for that fitting. The ionic hydration numbers are assumed to be constant, regardless of the ion concentration and composition in mixtures. This assumption will be further checked.

This theoretical water transfer can be written as a matrix considering the 4 ions (Na + , Mg 2+ , Cl -, SO4 2-) used in this study, as seen in Eq. (III-12):

The experimental results corresponding to the different salt compositions offer a database for ion and water transfer at each time during the ED, and thus the 4 ion hydration numbers can be solved simultaneously.

In addition, to solve the matrix and ensure the calculated result reasonable, a constraint, i.e. upper and lower limits, of hydration numbers for the 4 ions is required.

In this study, we are dealing with hydration number during ion through ion-exchange membranes. Then, on one hand, the lower limit corresponds to the case where the ion sheds its waters of hydration, upon sorbing into the polymer, in favor of possible interactions with the polymer matrix [START_REF] Geise | Fundamental water and salt transport properties of polymeric materials[END_REF]. Thus, a value of zero, corresponding to an unhydrated ion, may be regarded as the lower limit. On the other hand, the upper limit can be considered to be that obtained for the salt hydration number as determined from single salt solutions, since the individual value of an ion, , cannot exceed the value of the salt hydration number based on Eq. (III-7).

Therefore, the constraint for ionic hydration number is seen in Table III-1.

--

max( ) max( ) max( max( )

-

As shown in Table III-1, the constraint of hydration number is with the lower limit as 0, and the upper limit as the higher value of two salt hydration numbers involving the same ion (e.g. ), which needs further estimation. This constraint is the input parameter to the experimental database for hydration number calculation.

To sum up, the assumptions used for the calculation of the ion hydration numbers in this study are listed in Table III-2.

-Hydration number is assumed as cumulative. Ionic hydration number is considered to be not affected by using different current intensities and salt composition as well as concentration.

Four different salts were selected and used in the ED experiments, making salt solutions of single salt and mixed ones (2 or 3 salts) as reported in Table II-4.

III.2 Salt and ion hydrations

III.2.1 Hydration number of salts

An example of the variations of the salt and water quantities transferred versus time in the case of single salt is shown in as that of osmosis to the water flux are negligible [START_REF] Borges | Investigation of the mass transfer processes during the desalination of water containing phenol and sodium chloride by electrodialysis[END_REF].

Then, according to Eqs. (II-5) and (II-7), the aforementioned coefficients and can be estimated from the linear variation of the salt and water transfer versus current, based on the corresponding slope. The salt hydration number can also be calculated based on these two coefficients according to Eq. (III-5). The results obtained for the different salts are reported in

Table III-3. - -- - - -- - -
The following trend for the salt hydration numbers of the 4 salts is obtained:

. These results can be compared with the ones obtained from experimental studies previously reported in the literature. For instance, the hydration number of NaCl is found to be 14 in this study. This is close the values of 11, 11.4 and 13 reported in comparable conditions [START_REF] Walker | Treatment of model inland brackish groundwater reverse osmosis concentrate with electrodialysis Part II: Sensitivity to voltage application and membranes[END_REF][START_REF] Singlande | Integrated Process Coupling Electrodialysis and Upstream Biological Treatment: Influence of the Ionic Composition and Application to the Treatment of Salted Liquid Wastes[END_REF][START_REF] Rutgers | Ionic hydration[END_REF]. However, much lower values like a hydration number as low as 5 were also reported but in different conditions [START_REF] Rottiers | Influence of the type of anion membrane on solvent flux and back diffusion in electrodialysis of concentrated NaCl solutions[END_REF][START_REF] Lu | In situ measuring osmosis effect of Selemion CMV/ASV module during ED process of concentrated brine from DSW[END_REF]. This will be discussed later into more details.

Concerning Na2SO4 , the value of 26.1 obtained in this work is very close to 26, which is the value previously reported [START_REF] Singlande | Integrated Process Coupling Electrodialysis and Upstream Biological Treatment: Influence of the Ionic Composition and Application to the Treatment of Salted Liquid Wastes[END_REF]. No value was reported for MgCl2. However, Mg 2+ is known to be more hydrated than Ca 2+ [START_REF] Marcus | Ion properties[END_REF] and a value of 29 was reported for the hydration number of CaCl2 [START_REF] Rutgers | Ionic hydration[END_REF]. Then the value of 31 obtained in the present work seems to be in agreement with the one that can be expected. Finally, one can conclude that the values obtained in the present work are in good agreement with the ones previously reported in comparable conditions.

Knowing the salt hydration number , the upper limit of the ion hydration number can be fixed, as previously explained (see Table III-1). Then the range of values is reported in --For any current, one can observe a linear increase of the water transferred versus time, as observed in the case of single salt. The transfer of Na + varies also in a linear manner versus time. On the contrary, the transfer of the individual anions, Cl -and SO4 2-does not follow a linear trend. A selectivity between the anions is thus emphasized, as already reported with the same membranes [START_REF] Galama | Seawater electrodialysis with preferential removal of divalent ions[END_REF]. Finally, in this study, only the anion selectivity was observed (solution S5,S8,S9,S10) while there was no such phenomenon for cations (Na + and Mg 2+ ).

In fact, for the calculation of the ion hydration number, mass transfer data under 4

different currents in all these experiments are mixed as an overall database. One can arrange all these data as function of the electrical charge (i.e. the product of current with time, as quantity of coulomb given to ED stack) [START_REF] Fidaleo | Electrodialytic desalting of model concentrated NaCl brines as such or enriched with a non-electrolyte osmotic component[END_REF]. Moreover, it should be noted that although NaCl and Na2SO4 have variable composition ratio versus the electrical charge, because of the anion selectivity, and their hydration numbers are different (Table III-3), no visible influence is observed on the water transfer once considering the electrical charge. Indeed, salt hydration numbers in Table III-3 indicate that for an electrical driving charge of 1 equivalent, the number of moles for water transfered with NaCl is 14 while it is 13 (26/2) for Na2SO4.

Finally, following the method previously explained, it is possible to get the values of the ion hydration numbers knowing the values of the water and ion transfer determined experimentally.

The fitted values obtained for the 4 ions investigated are reported in Table III-5.

----

-

The validation of the result is checked by comparing the calculated water transfer obtained according to Eq.(III-11) considering the hydration numbers reported in Table III-5 with the experimental one. For any condition (S1-S9), the difference does not exceed 7%.

To further check the robustness of the method and the values of the hydration numbers, another solution, S10, with a different ionic composition is used. On one hand, the experimental values of the ion and water transfer are plotted in -

- - -
It means that in the conditions of this study for a salt concentration up to 1 eq.L -1 , the hydration numbers of the individual ions do not change with the ionic composition or with the current intensity.

III.3 Discussion

It is further interesting to compare the ion hydration numbers obtained in this study with those reported in the literature. However, it is important to keep in mind that the literature values concern the hydration number of the ions in solution, while those obtained in this study are related to the ions transferring through the membranes. One can expect the hydration of the transferring ions to be lower than that in the solution. Na + , 4 to 12 for Mg 2+ , 2 to 10 for Cl -and 3 to 15 for SO4 2-. As already mentioned, this broad distribution comes from the different methods (experimental and computational ones based on various assumptions on the ion structure and water dynamic) used to get the hydration number [START_REF] Ohtaki | Structure and dynamics of hydrated ions[END_REF][START_REF] Marcus | Ion properties[END_REF]. Nevertheless, for any ion, the distribution shows a maximum, corresponding to the most frequently reported value. Then the hydration number for Na + is about 6 , a value similar to that for Mg 2+ (6 . For the anions, the hydration number of Cl -is 6 , while it is around 8 for SO4 2-.

close to the highest value reported in the literature for the 1 st hydration shell, about 15. For Mg 2+ it is still higher, around 16 while the highest reported value is around 12.

Other ionic characteristics, like ion charge density and hydration free energy for instance, are also interesting to characterize the ion hydration. For instance, the hydration energy represents the strength of the bound between the ion and its surrounding water. Then it can probably be linked to the variation of the hydration number of the ion while transferring through the membrane [START_REF] Havel | Evaluation of water sorption equilibrium data on Dowex ion exchanger using WSLET-MINUIT program[END_REF][START_REF] Tansel | Significance of thermodynamic and physical characteristics on permeation of ions during membrane separation: Hydrated radius, hydration free energy and viscous effects[END_REF]. The values are reported in Table III-6 for the 4 ions considered in this study.

--

- - - - - - - - - - -

-

One can state that the hydration free energy of divalent ions, and thus the bonding strength of water and ion, is stronger compared to that of monovalent ones (3 5 times for anion and cation). In particular, the fact that Mg 2+ has the highest value may also agree with its highest hydration energy among the considered ions.

Meanwhile, the fact that these transferring hydration numbers of monovalent ions approximate the values corresponding to the 1 st hydration shell has to be pointed out. It means that in the conditions investigated, the water contained in the 1 st hydration shell is transferred together with the ion through the membranes. But it also suggests that while transferring through the membranes, the ions are dehydrated, losing the water contained in their 2 nd hydration shell. It is accepted that the 2 nd shell s water molecules are weakly bonded and can more easily be reoriented and/or detached when ion is in motion, even in aqueous solution, compared with the 1 st shell [START_REF] Marcus | Ion properties[END_REF][START_REF] Rautenbach | Membrane processes[END_REF]. The very few data available regarding the 2 nd hydration shell of ions can also be attributed to its weak strength and a consequently not well-defined hydration structure [START_REF] Ohtaki | Structure and dynamics of hydrated ions[END_REF].

Concerning divalent ions, it is shown that the hydration number of the transferring ions is higher than the most frequent value corresponding to the 1 st hydration shell. Especially for Mg 2+ the hydration number of the transferring ion is about 15-16, while the only reported value of hydration number of the 2 nd hydration shell is about 12 [START_REF] Ohtaki | Structure and dynamics of hydrated ions[END_REF], that of the first hydration shell ranging from 4 to 12 with the most frequent value about 6-7. Then, the results

show that the Mg 2+ transferring through the membrane carries more water than that comprised in its 1 st hydration shell, i.e. also part of the water in its 2 nd hydration shell.

These results show that the membranes used in this study have no significant influence on the hydration of the transferring ions, at least on their first hydration shell. It means that the water-ion interactions are dominant with respect to membrane-ion interactions. In fact, there and the hydration energy that bonds the hydrated shell to the ion [START_REF] Pérez-González | State of the art and review on the treatment technologies of water reverse osmosis concentrates[END_REF]. In ED, the ion migrates towards the membrane with current as driving force; the polymer matrix of the ion-exchange membrane may interact with the ion and serve as barrier to the ion transfer. Thus, one can imagine that with stronger membrane-ion interaction, stronger dehydration of the ions may happen. As a result, lower hydration numbers can be expected [START_REF] Rottiers | Influence of the type of anion membrane on solvent flux and back diffusion in electrodialysis of concentrated NaCl solutions[END_REF][START_REF] Lu | In situ measuring osmosis effect of Selemion CMV/ASV module during ED process of concentrated brine from DSW[END_REF][START_REF] Rautenbach | Membrane processes[END_REF][START_REF] Richards | The importance of dehydration in determining ion transport in narrow pores[END_REF]. Indeed, lower salt hydration number of NaCl (4.5 [START_REF] Rottiers | Influence of the type of anion membrane on solvent flux and back diffusion in electrodialysis of concentrated NaCl solutions[END_REF] and 3.5 [START_REF] Lu | In situ measuring osmosis effect of Selemion CMV/ASV module during ED process of concentrated brine from DSW[END_REF]) have been sometimes reported, compared with that (equal to 14) obtained in this study. Further comparison shows that the membranes used in these previous studies were selective IEM membranes for which lower electro-osmotic flux was observed [START_REF] Walker | Treatment of model inland brackish groundwater reverse osmosis concentrate with electrodialysis Part II: Sensitivity to voltage application and membranes[END_REF]. As a result, the hydration number of the migrating ions, directly linked to the electro-osmotic flux as indicated in the present work, was lower.

Overall, attention should be paid to hydration of ions that fixes electro-osmosis and thus the performances of electrodialysis. Present work shows that mass transfer prediction in ED is possible knowing hydration number of ions, as shown in Figure III-5, which can be significant for process control, considering different kinds of applications like purification of fermentation broth or desalination/ concentration of brines [START_REF] Bailly | Production processes of fermented organic acids targeted around membrane operations: design of the concentration step by conventional electrodialysis[END_REF].

III.4 Conclusions

The aim of this work was to investigate the transfer of salt and water during electrodialysis. The objective was to determine the water transfer due to electro-osmosis and the hydration number of ions transferring through ion-exchange membranes, since it is a key parameter with respect to the process performance.

A methodology was proposed to calculate these ion hydration numbers. It was based on the experimental measurements of ion and water transfer under different conditions, like salt composition and concentration and current. Salt hydration was first obtained, and then the individual hydration numbers of 4 transferring ions (Na + , Mg 2+ , Cl -, SO4 2-) were calculated simultaneously. It was shown that, in the conditions investigated, these hydration numbers are constant, independent from the salt composition and current. The hydration number for monovalent ions was found to be lower than that of divalent one, for cation and anion respectively. This is in agreement with the values of the hydration free energy, characterizing the strength of bond between the ion and its surrounding water. Further comparison with the reported values concerning the hydration of the same ions in solution demonstrated that for monovalent ions the hydration numbers are close to those reported for the 1 st hydration shell while much higher values are obtained for divalent ions.

Chapter IV Transfer mechanism of organic solute through ion-exchange membranes: influence of salt composition

This chapter investigates the transfer of organic solutes through ion-exchange membrane (IEM). Indeed, the mechanism controlling organic matter (OM) transfer through IEM was not systematically investigated yet, particularly in the presence of large quantity of salt such as in brine.

The transfer of neutral and charged organic solutes with different salt composition is investigated. The experimental procedure splits the total solute flux in two contributions, as diffusive transfer (without current applied) and an additional one (with current applied, i.e. in normal ED conditions). Moreover, the influence of the nature of the salt (particularly the ion hydration) on the transfer of organic solutes is reported.

Firstly, the salt and water transfer observed in presence of different OMs are investigated, and compared with those obtained without OM. Secondly, the transfer of neutral organic solutes is studied. Normally, it is controlled by solute-membrane interaction, and mainly by steric effects (size exclusion). The transfer of three different neutral organic solutes of varying characteristics like size, hydrophobicity (i.e. acetic acid, phenol, and glucose) is investigated with and without current. Thirdly, the transfer of a charged organic solute (acetate) is studied using the same kind of approach. The results are compared with those of the corresponding neutral solute (acetic acid). The solute-membrane interaction for acetate is more complex.

IV.1 Saline water containing neutral organic solute

In this part, salt and water transfer are firstly investigated. Then, transfer of neutral OM through IEM is investigated in two cases (without current and with current). In each case, the salt effect on the OM transfer is pointed out according to the counter-ion hydration level and the corresponding membranes (i.e. AEM and CEM).

IV.1.1 Salt and water transfer

In analogy with previous chapter, i.e. when no OM is contained in the saline solution, salt and water transfer is studied in this chapter for desalination of saline water containing organic solute. Then, the results with and without neutral OM are put in parallel for discussion. Then, deduced from the linear variation of the salt and water transfer versus current, the corresponding coefficients and can be obtained, according to Eq.(II-5) and (II-7).

Values of current coefficients for all the solutions investigated are reported in Table IV- One can find that for a given solute, the current coefficient has very small variation according to the salt. This was already observed in case with no organic solute. This result is mainly due to the constant current applied, which fixes the total quantity of salt transferred .

Concerning the different solutes, values obtained with acetic acid and glucose are very close, and also close to those obtained without OM. For any salt composition, slightly lower values are obtained with phenol, compared to the two other solutes.

Then, the obtained electro-osmotic coefficients, characterising the water transfer, in different systems are reported in Table IV- For a given solute, one can observe that varies according to the salt composition (variation ca. 30%). Moreover, for any solute, the same order of magnitude of is observed according to the salt as:

Concerning different OMs, Table IV the ratio is found close to results for the two other solutes. Moreover, the results indicate that the salt hydration is constant with and without the neutral OM and for any organic solute.

Thus, these findings of salt and water transfer in presence of OM coincide with the results obtained without OM. It suggests that the presence of organic solute (of different nature, i.e. size, hydrophibility, solution pH) doesn singificantly the salt and water transfer in the conditions investigated here.

IV.1.2 Neutral organic solute transfer

As discussed previously in the theoretical part, the transfer of organic solutes is studied in two In fact, the transfer of neutral organic solutes through IEM without current corresponds to the diffusion. Then, in normal ED conditions , a total flux consisting of diffusion and additional flux is observed (see chapter II). Thus, dedicated experimental procedures are proposed to determine the diffusion flux, the additional and total flux. The solute-membrane interactions controlling the transfer of organic solutes as well as the impact of the salt are also discussed.

In this part, the transfer of organic solutes without current is firstly investigated; then the following study is on OM transfer with current [START_REF] Galier | Demineralization of Glucose Solutions by Electrodialysis: Influence of the Ionic Composition on the Mass Transfer and Process Performances[END_REF].

IV.1.2.1 Transfer of neutral organic solute without current

In the diffusion regime, experiments are carried out using water and salt solution as two different solvents, respectively [START_REF] Galier | In uence of the ionic composition on the diffusion mass transfer of saccharides through cation-exchange membrane[END_REF]. Transfer of organic solutes in water system (W) is affected only by interaction between the solute and the membrane, which is well pre-soaked by the counter-ion. Thus, OM / W system is to highlight the membrane soaking effect due to different counter-ion on the diffusion of the solute.

Then in salt system (S), the transfer of organic solutes results from both effects due to the membrane (i.e. membrane soaking) and the additional salt in aqueous solution. Thus, OM / S system is to study the overall impact of the salt on the transfer.

Firstly, the observed variation of organic solute diffusion transfer is shown in Figure

IV-5, using example of glucose / NaCl system (OM / S system). In this manner, the OM diffusion flux through IEM in different systems is obtained.

Then, the diffusion results are reported, in the section of the OM / W and the OM / S. As aforementioned, the two systems concerning solute diffusion are carried out for two different objectives. Thus, the following discussion is first on the OM / W system, then on the OM / S system.

Transfer of neutral organic solute in OM / Water system

As aforementioned, the OM / W system is to investigate the effect of solute-membrane interactions on one hand, and the counter-ion effect on membrane soaking on the other hand on the transfer of the organic solute. One can conclude that the finding on the three neutral OMs is in accordance with steric effects, indicating that steric effects is the dominant solute-membrane interaction in this study.

Furthermore, the mechanism of solute diffusion through a polymeric membrane was reported to follow a correlation between the solute diffusion coefficient and its Mw can be expressed as:

(IV-1)
where D is the solute diffusion coefficient through the membrane, Mw is the solute molecular weight as previous mentioned. is a coefficient linked to the diffusion mechanism, with value reported as 2-3, indicating solute reptation in swollen membrane [START_REF] Lodge | Reconciliation of the Molecular Weight Dependence of Diffusion and Viscosity in Entangled Polymers[END_REF].

One can consider that the apparent diffusion coefficient (D) is proportional to the observed flux ( ), given a fixed solute concentration in this work. Thus, the above expression can be further written as:

- These results agree with the finding from quantitative correlation between ion hydration and transfer of saccharide through AEM and CEM obtained in previous work carried out in our group [START_REF] Galier | In uence of the ionic composition on the diffusion mass transfer of saccharides through cation-exchange membrane[END_REF][START_REF] Savignac | Impact of interaction membrane/electrolyte on the diffusion of sugar[END_REF]. Given the membrane equilibrated by the more hydrated counter-ion, lower transfer for both the water and sugar was found (Mg 2+ < Ca 2+ < Na + < NH4 + and SO4 2-< Cl -). It was further reported that these transfer variations at macroscopic scale indicate membrane modification, i.e. changes in the membrane structural properties at microscopic scale such as the free volume.

Then
--and Nafion membrane [START_REF] Gebel | Structural evolution of water swollen perfluorosulfonated ionomers from dry membrane to solution[END_REF]. Ion exchanger usually expands or swells in presence of solvent, due to the combination of different phenomena such as the solvation of fixed and mobile ions, the osmotic pressure difference between the solution inside and outside the ion exchanger and the electrostatic repulsion between the fixed ionic groups [START_REF] Helfferich | Ion Exchange[END_REF]. Specifically, it is reported that more hydrated counter-ion leads to a decrease of the free-water content or the free volume of the membrane [START_REF] Galier | In uence of the ionic composition on the diffusion mass transfer of saccharides through cation-exchange membrane[END_REF][START_REF] Helfferich | Ion Exchange[END_REF][START_REF] Geise | Characterization of aluminum-neutralized sulfonated styrenic pentablock copolymer films[END_REF]. Then, according to these experimental results, one can link the ion hydration and solute / solvent transfer: a more hydrated counter-ion is expected to reduce the free volume in the membrane material, and thus to decrease the transfer. However, the contribution of the free volume to solute transfer is not well documented, and the role of other factors like the solute solubility inside the membrane polymer is unclear.

Then, a recent computational investigation further explains the membrane modification at the molecular level, using glucose as a model of neutral organic solute and same type of CMX as reported in the present work [START_REF] Fuoco | Computational and experimental studies on membrane-solute interactions in desalination systems using ionic-exchange membrane[END_REF]. The computed glucose-polymer fragment interactions, related to the glucose solubility inside the membrane, were found to be almost independent from the membrane counter-ion. On the contrary, significant variations of the chain-chain interaction, i.e. the interaction energies per trapped water molecule or hydrogen bonding wire connecting the polymer fragments, were observed according to the counter-ion. The computational result can well correlate the experimental sugar fluxes in different solutions: increasing chain-chain interaction inside the membrane was found to give decreasing sugar flux. Thus, it is concluded that the polymer chain-chain interactions which are very sensitive to the counter-ion, govern the solute transfer.

This confirms that the present variation of organic solute transfer is due to the salt induced membrane modification. Therefore, in OM / W system, for a given membrane soaking, diffusion of organic solute is mainly fixed by steric effects. Moreover, the diffusion flux is influenced by the salt composition through membrane soaking, i.e. modification of the membrane structural properties at the microscopic scale.

Transfer of neutral organic solute in OM / Salt system

The study in OM / S system is to investigate the further influence of the presence of salt in aqueous solution on the diffusion of organic solutes, additionally to that mentioned in OM / W system (influence of salt on membrane).

The diffusion results in OM / S system are reported in counter-ion induces lower solute diffusion flux in OM / S system. This will be further discussed later.

Another result shown in Table IV-5 is that values with presence of salt (i.e. OM / S) are systematically higher compared to those obtained with water (i.e. OM / W). As aforementioned, steric effects is the dominant interaction governing the neutral solute diffusion through the membrane. Then, variation of solute transfer can be ascribed to the variation of size for solute and/or membrane. As the membrane soaking is the same in both OM / W and OM / S systems, same membrane properties (i.e. membrane swelling) can be assumed. Thus, the results (the observed diffusion variation in two systems) suggest the variation of solute properties, i.e. modification in OM / S system compared to that in OM / W system.

Indeed, as previously discussed, study on OM / W and OM / S systems have different objectives, i.e. the former for membrane impact, and the latter for the overall (membrane and additional impact). Then, the modification of solute properties can be ascribed to the additional salt effect in aqueous solution. Furthermore, it can be stated that the additional salt in OM / S leads to the decrease of solute size, thus higher transfer compared with OM / W system.

The present finding is in agreement with previous ones obtained during electrodialysis [START_REF] Singlande | Improvement of the treatment of salted liquid waste by integrated electrodialysis upstream biological treatment[END_REF][START_REF] Galier | In uence of the ionic composition on the diffusion mass transfer of saccharides through cation-exchange membrane[END_REF] as well as nanofiltration experiments [START_REF] Wang | The possibility of separating saccharides from a NaCl solution by using nanofiltration in diafiltration mode[END_REF][START_REF] Bargeman | Nanofiltration of multi-component feeds. Interactions between neutral and charged components and their effect on retention[END_REF][START_REF] Bouchoux | Nanofiltration of glucose and sodium lactate solutions Variations of retention between single-and mixed-solute solutions[END_REF][START_REF] Umpuch | Nanofiltration as a purification step in production process of organic acids[END_REF][START_REF] Escoda | Influence of salts on the rejection of polyethyleneglycol by an NF organic membrane: Pore swelling and salting-out effects[END_REF][START_REF] Boy | Relationship between volumetric properties and mass transfer through NF membrane for saccharide/electrolyte systems[END_REF], showing that the transfer of a neutral solute is increased by the addition of salt. Moreover, the solute dehydration by the salt is reported in the work of Boy et al [START_REF] Boo | Fouling control in a forward osmosis process integrating seawater desalination and wastewater reclamation[END_REF]. In that investigation concerning sugar / water and sugar / salt systems, the sugar hydration state was characterized using the physicochemical parameter, i.e. the apparent molar volume. It was then observed that sugars are less hydrated in presence of more hydrated ions and with increasing amount of salts. It was thus concluded that the increase of sugar transfer observed in nanofiltration in OM / S system is due to the resultant solute dehydration.

Therefore, the present results agree with the solute dehydration assumption.

However, it is noteworthy that the transfer increase (variation between OM / W and OM / S systems) due to solute dehydration is small, indicating this dehydration effect is not so important. It is in accordance with the result on sugar diffusion through same IEM, showing that solute transfer is fixed mainly by membrane soaking rather than solute dehydration [START_REF] Savignac | Impact of interaction membrane/electrolyte on the diffusion of sugar[END_REF].

The same sequence of salt effect on diffusion is hereby observed in both OM / S and OM / W, coinciding with the main contribution of membrane soaking.

Therefore, in the present work, diffusion results of three OMs in different solutions not only highlight the steric effects, but also confirm the influence of salt: the higher counter-ion hydration, the lower the diffusion flux, through CEM and AEM, respectively. The influence of salt is found on membrane (to modify the structure properties due to swelling), and on solute in solution (to modify the solute hydration level due to dehydration). Nevertheless, the solute transfer modification with different salt is mainly due to the membrane swelling, while the OM dehydration is not important. Finally, all these modifications apply to different solutes.

Previous work was conducted mainly with saccharide as neutral OM. In the present study, experiments are carried out with neutral solutes of different properties, which is of interest regarding different complex fluids. Specifically, one would expect different behavior with phenol, which is a hydrophobic solute. However, not only phenol diffusion respects the steric effects (i.e. compared to acetic acid and glucose), but also the influence of salt on neutral solute transfer is found applicable to phenol, like the hydrophilic solutes. More hydrated counter-ion leads to lower phenol diffusion, and increase concentration of salt lead to higher phenol transfer. In addition, in case of acetic acid, where the system is under acidic condition, the findings agree with those under neutral pH condition (for phenol and glucose).

IV.1.2.2 Transfer of neutral organic solute with current

In this part, ED experiments, i.e. desalination of various solutions containing organic solutes and salts, are conducted under four different applied currents. As aforementioned in the case of diffusion OM / S, the overall impacts of membrane swelling and solute dehydration are expected to be concerned for the transfer of organic solutes with current.

Firstly, the variations of the organic solute quantity transferred versus time for the different applied current are plotted in Figure IV-11, using glucose / NaCl system as an example:

- - -
For each current, the following sequence is observed:

The observed sequence of solute transfer in OM / NaCl system is also found in systems with different salts. These results suggest that the transfer of neutral organic solutes through IEM is governed by steric effects, both without current and with current.

As previously explained, the dedicated experimental approach enables to distinguish the total transfer under current as diffusion and additional transfer. Then, the flux density versus current is further illustrated, using the glucose / NaCl system as example in Concerning phenol, the sequence is like it is for the other two solutes.

But the value of phenol with Na2SO4 is surprisingly low. In fact, the observed value is about half those for phenol with other salts, and it is almost as low as the value for glucose transfer with Na2SO4, despite the much lower size of phenol compared to glucose. Indeed, comparing with glucose, it indicates additional mechanism rather than steric effects may play a role on phenol convective transfer through Na2SO4 soaked IEM. This exception of phenol convection with Na2SO4 will be discussed later.

Then, the following discussion begins with the results for other OM / S systems. One can observe a linear relationship between the convection of various solutes and their Mw in any solution. The slope ranges between 1 and 2. It is thus smaller than that obtained in the diffusion case ( equal to 2-3). Such a lower value for the convection implies that the influence of the membrane materials is probably not as important as in the diffusion.

The results in Table IV- solute convection was also reported ( ) for the transfer of boric acid as neutral solute through various AEM [START_REF] Dydo | The mechanism of boric acid transport during an electrodialytic desalination process[END_REF]. All these results including the current work, suggest that a more hydrated ion leads to a higher convection flux.

Then, the observed salt effect on solute convection flux can be further illustrated by using the reflection coefficient calculated according to Eq.(II-12), i.e. .

As aforementioned, the value equal to 1 means the solute is totally retained by the membrane, while the value equal to 0 means the solute is not retained at all by the membrane. First, considering the different solutes, one can find an identical sequence for the different salts as:

These results are consistent with the solute molecular weight since higher molecular is expected to give higher values meaning lower transfer. They also agree with those previously reported with the same membranes for the transfer of phenol in phenol / NaCl system ( value ca. 0.7) and for the transfer of glucose in different salt systems ( value ca. 0.9) [START_REF] Borges | Investigation of the mass transfer processes during the desalination of water containing phenol and sodium chloride by electrodialysis[END_REF][START_REF] Galier | Demineralization of Glucose Solutions by Electrodialysis: Influence of the Ionic Composition on the Mass Transfer and Process Performances[END_REF].

Moreover, concerning the influence of the salt for a given organic solute, one can draw the sequence as This shows that for each solute, the difference between SO4 2-and Cl -is higher than that between Na + and Mg 2+ , suggesting a stronger anion effect. Specifically, the result as is found for glucose and acetic acid. It implies solute with Na2SO4 is less retained than with NaCl or MgCl2.

As aforementioned, in OM / S systems, both membrane modification (swelling) and solute dehydration are concerned regarding the influence of the salt composition. Then, one can conclude that the variation of the reflection coefficient is more in accordance with the dehydration effect. As more hydrated ion dehydrates more the neutral solute, decreasing the solute size consequently, a higher convection transfer is expected, which gives decreasing values of the reflection coefficient.

As shown in diffusion case of the present work, the transfer increase in OM / S systems compared to that in OM / W systems is due to solute dehydration [START_REF] Boy | Relationship between volumetric properties and mass transfer through NF membrane for saccharide/electrolyte systems[END_REF][START_REF] Zhao | Transportation characteristics of bisphenol A on ultra filtration membrane with low molecule weight cut-off[END_REF]. In fact, solute dehydration phenomenon has already been reported with salt like 1 eq.L -1 [START_REF] Zhao | Viscosity B-coefficients and standard partial molar volumes of amino acids, and their roles in interpreting the protein (enzyme) stabilization[END_REF][START_REF] Banipal | Apparent Molar Volumes and Viscosities of Some Amino Acids in Aqueous Sodium Acetate Solutions at 298[END_REF][START_REF] Zhuo | Volumetric properties for the monosaccharide (D-xylose, D-arabinose, D-glucose, D-galactose)-NaCl-water systems at 298.15 K[END_REF][START_REF] Bansal | A Study of Volumetric Properties and Volumetric Interaction Parameters of the CsCl-saccharides (D-glucose, D-fructose ) water Solutions at 298.15 K[END_REF][START_REF] Visser | Volumes and heat capacities of ternary aqueous systems at 25.degree.C. Mixtures of urea, tert-butyl alcohol, dimethylformamide, and water[END_REF],

but only in the case of hydrophilic solutes and mainly sugars or PEG. Then, the results of the present study show that dehydration due to the salt takes place not only with hydrophilic solutes but also with more hydrophobic ones like phenol (i.e.

).

Previous work in our group focused on dehydration phenomenon of hydrophilic solutes in presence of the salt. Bouchoux et al. [START_REF] Bouchoux | Nanofiltration of glucose and sodium lactate solutions Variations of retention between single-and mixed-solute solutions[END_REF] first proposed the possible variation of glucose size due to ion hydration to explain the variation of the retention observed in NF.

Then, Boy et al. [START_REF] Boy | Relationship between volumetric properties and mass transfer through NF membrane for saccharide/electrolyte systems[END_REF] determined the variation of solute apparent molar volume (AMV), a macroscopic parameter which characterizes the hydration state of the solutes in saccharide / salt systems. The results showed that all the saccharides (xylose, glucose and sucrose) dehydrated for various salt compositions, which explained the increase of the saccharide transfer in presence of salt. It was also reported that dehydration comes from interaction of ions and hydrophilic sites of the saccharide i.e. OH, O .

Then, in the present work, all the neutral solutes considered have polarized functional groups ( OH, O , COOH), through which they can be influenced by the large amount of strongly charged ions, thus resulting in decreasing hydration in presence of salts [START_REF] Boy | Relationship between volumetric properties and mass transfer through NF membrane for saccharide/electrolyte systems[END_REF]. Indeed, phenol has only one OH as hydrophilic site, which is much less compared to glucose (five OH and one O ,) and acetic acid (one COOH). Nevertheless, it is found that phenol can be dehydrated in presence of various salt compositions. Then, the results suggest that both hydrophilic and hydrophobic solutes are subject to the salt induced dehydration.

Moreover, solute dehydration is highlighted in this study in both diffusion and convection. Specifically, solute dehydration governs the OM convection, while it is not very important in the diffusion case, which is more governed by the membrane swelling, i.e. the modification of the structural properties of the membrane.

Then, concerning the salt effect on the transfer of organic solutes, diffusion and convection contributions are further compared for each one of them, as illustrated in Figure

IV-17.
-As already mentioned, reversed trends of salt effect on diffusion and convection are found for each solute. For diffusion, more hydrated ion induces lower transfer, while higher transfer for convection. It is worthwhile to note that, in OM / S systems for both diffusion and convection, ion hydration can modify both the membrane and solute properties, while contributions of these modifications can be different in the two cases. The diffusion is governed by the membrane structural modifications, thus the tendency is due to materials free volume variation arising from chain-chain interaction. More hydrated ion, stronger chainchain interaction, or less free volume, explain lower diffusion transfer. The convection is governed by solute modification in solution, thus the tendency is due to solute dehydration.

More hydrated ion, more dehydration of the solute, which explains the higher convection transfer.

For a given solute, diffusion and convection flux densities ( and ) can be in the same order of magnitude, suggesting both contributions are important. Then, since the convection flux is current dependent, i.e. a higher current leads to a higher convection, its contribution can become dominant for the highest values of the current [START_REF] Bath | Electrically facilitated molecular transport. Analysis of the relative contributions of diffusion, migration, and electroosmosis to solute transport in an ion-exchange membrane[END_REF].

Both contributions of diffusion and convection are further compared, using results at -Salt can modify both the membrane and solute properties. On one hand, concerning the membrane, more hydrated counter-ion results in stronger polymer chain-chain interaction, which governs the diffusion. Stronger chain-chain interaction further results in a decreasing fragment-fragment distance in the membrane materials, and then a lower diffusion of the organic solutes. This kind of membrane swelling effect according to ion hydration controls the solute diffusion. On the other hand, concerning the solute, more hydrated ion result in decreasing solute hydration, which governs the convection. Solute dehydrates some water molecules bound to its hydration shell, causing a decreasing dynamic hydrated size, and then higher transfer of convection is expected. Finally, dealing with the influence of the salt opposite trend is expected for diffusion and convection.

Moreover, a stronger salt effect is observed with Na2SO4 compared with other salts for both diffusion and convection, in Figure IV-18. Since each observed flux consists of contribution from AMX and CMX, this result is probably due to the anion effect on AMX.

It was also previously mentioned that the convection flux of phenol in phenol / Na2SO4 system is surprisingly lower than those in phenol / Cl -salt systems (see in Figure . Indeed, Table IV-7 shows that the calculated value of with Na2SO4 is ca. 0.8, higher than those obtained for NaCl or MgCl2 (ca. 0.7). Following the solute dehydration, with Na2SO4 should be lower, as observed for glucose and acetic acid. Thus, such result concerning the influence of anions (i.e. Cl -and SO4 2-) on the transfer of phenol does not follow the trend expected from the solute dehydration.

In fact, different behavior of phenol can be also observed regarding its diffusive transfer compared with other two solutes, i.e. flux with SO4 2-is discrepant (lower) from that with Cl -soaked membrane in Figure IV-9. Thus, all these results in diffusion and convection imply a special behavior of phenol with SO4 2-. Since diffusion transfer observed for phenol / water and phenol / Na2SO4 are similar in Table IV-5, one can conclude that such special behavior probably takes place in the membrane, i.e. AEM, rather than in aqueous solution. It suggests that the SO4 2-soaked AEM lowers the phenol transfer, in both diffusion and convection. This finding may relate to specific interaction.

As aforementioned, it was reported that solute dehydration arises from the interaction of ion and hydrophilic or polar sites of solute, and such work focused on mainly hydrophilic solutes. Until now, ion-hydrophobic solute / group interaction is comparatively less published than that for ion-hydrophilic [START_REF] Zhao | Viscosity B-coefficients and standard partial molar volumes of amino acids, and their roles in interpreting the protein (enzyme) stabilization[END_REF][START_REF] Banipal | Apparent Molar Volumes and Viscosities of Some Amino Acids in Aqueous Sodium Acetate Solutions at 298[END_REF]113], and there are still some questions remaining unanswered with regard to various interaction type (e.g. or type) and strength [START_REF] Garau | Cationversus anion-interactions: Energetic, charge transfer, and aromatic aspects[END_REF][START_REF] Quiñonero | Structure and binding energy of anion-and cation-complexes: A comparison of MP2, RI-MP2, DFT, and DF-DFT methods[END_REF][START_REF] Frontera | Cation-and anion-interactions[END_REF][START_REF] Schottel | Anion-pi interactions[END_REF][START_REF] Reddy | Cation [M=H + ,Li + ,Na + ,K + ,Ca 2+ ,Mg 2+ ,NH4 + , and NMe4 + ] Theoretical Study[END_REF][START_REF] Vaden | Characterization of hydrated Na + (phenol) and K + (phenol) complexes using infrared spectroscopy[END_REF].

Moreover, regarding membrane fields there is quite few report on hydrophobic solute dehydration [START_REF] Zhao | Transportation characteristics of bisphenol A on ultra filtration membrane with low molecule weight cut-off[END_REF], i.e. none for anions. Thus, interaction between salt and hydrophobic organic solute deserves future study.

Nevertheless, the influence of salt on membrane and solute in ED system is highlighted. Attention can also be given to other membrane processes like UF [START_REF] Zhao | Transportation characteristics of bisphenol A on ultra filtration membrane with low molecule weight cut-off[END_REF], NF [START_REF] Boy | Relationship between volumetric properties and mass transfer through NF membrane for saccharide/electrolyte systems[END_REF],

for which the influence of the salt composition on the transfer of organic solutes was reported as well.

IV.2 Saline water containing charged organic solute

In this part, the transfer of a charged organic solute (acetate) is investigated using the same experimental methodology and conditions as reported in the case of neutral ones, i.e. inorganic salt concentration of 0.8 eq.L -1 and organic solute concentration of 0.1 mol.L -1 .

Inorganic salt and water transfer are firstly studied. Then the acetate transfer in the case without current applied, and that with current applied are considered. Data for the corresponding neutral solute, i.e. acetic acid, are further used for comparison.

IV.2.1 Inorganic salt and water transfer

This part focuses on the transfer of inorganic ionic species (of different cations or anions) and the water. As aforementioned in Chapter III, water transfer is due to the electro osmosis accompanying the migration of salts. Then, in such mixture of organic and inorganic salts, the observed water transfer is due to the contributions of the two types of salts. According to the previous results concerning salt and water transfer in ED, one can say that the observed transfer of ion and water under current is mainly due to migration and electro-osmosis, respectively.

Then, concerning the ionic migration, one can compare the transfer of both cation and anion. For example, in NaAc-MgCl2 system, same migration for Mg 2+ and Cl -is observed, as well as the close value for Na + and acetate. The results show that the electroneutrality is respected (i.e. difference between cation and anion transfer below 13%). Moreover, the observed quantity of inorganic ion (e.g. Cl -) transferred is higher than that of acetate, which agrees with the initial concentration difference, i.e. the inorganic anion has much higher concentration than the organic. These findings are observed for all the compositions investigated.

Concerning the water transfer, a linear variation is obtained versus time despite the fact that it is the result of the hydration of different ions. Indeed, because of the much lower concentration of the organic ions compared to inorganic ones, one can consider that the water As expected, in presence of acetate, the value for inorganic ion is lower than the total one for any salt composition, which is expressed as:

For a given salt, the total value with acetate is close to those obtained with the other two cases, expressed as (difference below 10%). The previous finding shows close values of current coefficient with / without OM (neutral) with each salt, as . Then, one can say that the total current coefficient is constant with / without charged OM for a given salt.

Concerning the results obtained with acetate and different salts, the value corresponding inorganic salts varies and the observed sequence concerning the salt is . It means that the transfer of SO4 2-in Na2SO4 systems is lower ( approximates to 4.0×10 -4 eq.m -2 .s -1 .A -1 ) than that of Cl -in NaCl and MgCl2 systems (ca.

4.5×10 -4 eq.m -2 .s -1 .A -1 ). Simultaneously, it means that the transfer of acetate is different with different anions, which is further discussed in the following section concerning acetate transfer.

Then, Table IV- With respect to the water transfer, the sequence of electro-osmotic coefficient with acetate is:

This sequence is identical to that observed in the case of neutral OM, i.e. acetic acid.

These values with acetate are close to those in other cases (difference below 7%).

As aforementioned, water transfer is due to the total contribution of the different ions hydration, and with acetate it consists of both inorganic ions and acetate. Nevertheless, the results show that no significant variation of water transfer is observed with acetate compared with others.

These results show that, for a given salt composition, the total salt and water transfer are the same with acetate, acetic acid or without organic solute. For the former, it is due to the constant current applied; while for the latter, it is due to the neglegible effect of electroosmosis due to acetate, owing to its too low concentration compared with inorganic salts.

IV.2.2 Charged organic solute transfer

In this part, the transfer of a charged organic solute, i.e. acetate, through the IEM is investigated firstly without current, i.e. in diffusion regime, with two different solvents (water and salt solution). Then, transfer in normal ED regime under various currents is studied. The results obtained with acetate, are compared with those obtained with acetic acid. Their Mw are similar, 60 g.mol -1 for acetic acid and 59 g.mol -1 for acetate, respectively.

IV.2.2.1 Transfer of charged organic solute without current

As aforementioned, experiments without current are carried out first with water and then with salt. The water case (W) is to study the membrane soaking effect on the diffusion of the organic solute, while in salt case (S), the transfer results from both the membrane (i.e. membrane soaking) effect and the additional salt effect in aqueous solution.

Then, the observed acetate transfer in diffusion is shown in Figure IV-22, using acetate / NaCl system as example. Firstly, concerning the charged organic solute, i.e. acetate, the diffusion in acetate / W case is much lower than that in acetate / S case by a factor of 3-4. Regarding the effect of the salt nature, one can find in acetate / W case that the diffusion flux of acetate does not vary significantly according to the salts. On the contrary, in acetate / S case, different diffusion flux are observed for acetate according to the inorganic salt composition. One can draw such sequence:

On the contrary, concerning the neutral solute, i.e. acetic acid, diffusion in OM / W system is just slightly lower than that in OM / S. But same sequence can be drawn in the two systems, regarding the salt effect:

Finally, comparing the two solutes, Table IV-10 shows that the diffusion of acetate is very different from that of acetic acid in any case. In fact, acetate diffusion is always lower, by a factor of ca. 2 for OM / S system and a factor of ca. 5 for OM / W system, respectively.

The results are further discussed based on solute-membrane interaction (e.g. steric effects and electrostatic effect) which can affect the transfer through the polymeric membrane [START_REF] Geise | Fundamental water and salt transport properties of polymeric materials[END_REF][START_REF] Bellona | Factors affecting the rejection of organic solutes during NF/RO treatment-a literature review[END_REF]. In the present work, for neutral solute the main interaction comes from steric effects [START_REF] Galier | In uence of the ionic composition on the diffusion mass transfer of saccharides through cation-exchange membrane[END_REF][START_REF] Boy | Relationship between volumetric properties and mass transfer through NF membrane for saccharide/electrolyte systems[END_REF], while for the charged solute both the steric and electrostatic effects may be concerned [START_REF] Zhang | Separation of small organic ions from salts by ion-exchange membrane in electrodialysis[END_REF]. Thus, even if acetate and acetic acid have similar Mw, their transfer behavior can be different due to different solute-membrane interaction.

As aforementioned, diffusion in OM / W system is to study this solute-membrane interaction. Then, lower acetate diffusion is found, compared to that of acetic acid, which was found to be mainly governed by the steric effects. Taking acetic acid as reference, one can expect for acetate a much higher steric effects on one hand owing to bigger hydrated size of acetate, considering its charge nature (i.e. more water molecules are electro-stricted by the charged acetate than neutral acetic acid). On the other hand, electrostatic interaction due to the charge can play a role. Accordingly, the acetate transfer with water is expected to be much lower than that of acetic acid and this is what is experimentally observed.

Regarding OM / S system, both solutes show an increased transfer compared to that in OM / W system. But for acetic acid, the increase is minor while for acetate, it is remarkable

Chapter IV: Transfer mechanism of organic solute through ion-exchange membranes: influence of salt composition (from initial value ca. 2×10 -6 mol.m -2 .s -1 observed in acetate / W system to finally ca. 6×10 -6 mol.m -2 .s -1 observed in acetate / S system). The increase with large quantity of salt shows acetate s transfer approaches to that for the neutral solute (value ca. 7×10 -6 mol.m -2 .s -1 ).

As previously reported, the marginal increase of neutral OM diffusion is due to weak solute dehydration effect by the additional salt [START_REF] Galier | In uence of the ionic composition on the diffusion mass transfer of saccharides through cation-exchange membrane[END_REF]. Thus, one can say salt s presence in aqueous solution has little influence on acetic acid diffusion, which is governed by steric effects.

On the other hand, results suggest that acetate is more sensitive to the addition of salt, and one can thus expect it is due to influence on acetate-membrane interaction. Indeed, regarding steric effects, the acetate effective size can be decreased owing to the solute dehydration, as reported on acetic acid. Regarding the electrostatic interaction, acetate-IEM electrostatic force can be screened with a large amount of salt.

Then, concerning the different salts, the observed salt effect on OM diffusion differs in any case, between acetate / W and acetate / S, and between acetate and acetic acid. First, in OM / W system, the membrane soaking effect, i.e. different extent of membrane swelling arising from the different counter-ion hydration is already reported [START_REF] Galier | In uence of the ionic composition on the diffusion mass transfer of saccharides through cation-exchange membrane[END_REF]. This explains the sequence observed in acetic acid / W system but not the result in acetate / W system, where comparable diffusion indicates negligible soaking effect. For the two OMs, considering that membrane has same swelling for a given salt, this different behavior can be due to the different OM charge nature or different solute-membrane interaction. Thus, this result suggests electrostatic interaction is more concerned in acetate diffusion rather than steric effects.

Regarding the additional salt effect, same sequence is found for neutral solute (for both acetic acid / S and acetic acid / W systems). However, the sequence for acetate / W is different with that for acetate / S. Salt effect is observed in acetate / S as , compared to a negligible salt effect observed in acetate / W system.

As reported, the result obtained for acetic acid (same sequence for acetic acid / S and acetic acid / W systems) is because the additional salt effect in solution is too weak to modify its transfer, which is mainly governed by membrane soaking. While for acetate, one can state that the presence of salt in solution significantly modifies the acetate-membrane interaction.

One possible reason can be the higher ionic strength with the latter two salts, i.e. MgCl2 and Na2SO4 (1.2 mol. L -1 ) compared to that with NaCl (0.8 mol.L -1 ). Indeed, higher ionic strength can decrease the acetate-membrane interactions, and thus facilitate the diffusion of acetate.
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One another possible explanation is related to the hydration of acetate which is also expect to change with the ionic strength. Higher ionic strength gives lower hydration and then possibly higher transfer of acetate.

Therefore, the electrostatic effect on the transfer of charged organic solute is highlighted in this study, concerning not only the level of diffusion flux in different solvents but also the salt effect, compared with neutral organic solute.

IV.2.2.2 Transfer of charged organic solute with current

As discussed previously, transfer of both neutral and charged OM with current includes a diffusive contribution and additional one. This additional flux corresponds to convection for neutral OM, and migration for charged OM.

The quantity of acetate transferred is plotted versus time in Figure IV-23 under different currents, using acetate / NaCl system as example.

-

- -
This shows that acetate transfer increases linearly versus time under each current (R 2 > 96%), and that a higher current leads to a higher transfer. The same results are found for all the systems. The acetate flux density under each current can be further determined from the corresponding slope of the linear variation.

Then, the values for the different systems investigated are plotted, together with those obtained with acetic acid, including the values concerning diffusion. Except for the lowest current where diffusion is dominant, a higher transfer for acetate is always found compared to acetic acid. This means that under current the migration of acetate is more important than the convection of acetic acid. Concerning the influence of the salt on the solute transfer, remarkable difference between acetate and acetic acid is observed with Na2SO4, the difference being less pronounced with the two other salts.

Then, the additional transfer coefficient is determined, as the slope of the line from 11.

- -- - - - -
For a given salt, Table IV-11 shows that the value of the additional coefficient is always higher for acetate ( ) than for acetic acid ( ) by a factor comprised between 2-7. Then, concerning the salt nature, similar values are found for acetate with NaCl and MgCl2. These values are lower than those obtained with Na2SO4 by a factor of 5. An identical trend was observed with acetic acid, (Cl -< SO4 2-), but with a much lower difference. Thus, one can conclude that the anion effect, i.e. Cl -and SO4 2-in the present study, is important with respect to the transfer of both neutral and charged organic solutes, with a more pronounced influence on acetate compared to acetic acid.

Even if similar trends are obtained, the reason for the observed anion effect may be different for the two solutes. Indeed, for acetic acid, it is mainly due to a stronger solute dehydration with SO4 2-compared to Cl -, which facilitates the solute transfer. On the other hand for acetate, there is an additional effect coming from the migration of both acetate and inorganic anions, i.e. Cl -and SO4 2-.

Indeed, for a given current, the total number of charges is fixed, as it was demonstrated by the constant values of . In the case of acetate, the total charge is distributed between acetate and inorganic anions. The transport number of each ion through the membrane can be calculated knowing the migration flux, i.e. , according to Eq.(II-4) and (II-14) for inorganic anion and acetate respectively. The values are reported in Table IV-12. On the other hand, assuming that the ions have identical motilities through the membrane, one can calculate a theoretical value of the transport number, t*, which is only fixed according to the proportion of each ion. In our conditions, since the concentration of acetate and inorganic salts are 0.1 and 0.8 eq.L -1 respectively, the values of t* are 0.11 and 0.89 for acetate and inorganic anions respectively. These values are also reported in Table IV-

12 for comparison. - - - - -
The results reported in Table IV-12 show that in any case, the transport number of acetate is lower than the value of inorganic anion. It means that in the conditions investigated, the inorganic ions are preferentially transferred compared to acetate. Such result can be put in parallel with those reported in Chapter III, where selectivity between Cl -and SO4 2-was found on AEM showing a preferential transfer of Cl -compared to SO4 2-.

The acetate transport number with Na2SO4 (0.08) is close to the theoretical one (0.11),

showing only a slight selectivity. On the contrary, that with NaCl (0.02) is 4 times lower than that with Na2SO4 and 5 times lower than the theoretical value, showing a strong selectivity between chloride and acetate.

As it was done in the case of neutral organic solutes, diffusion and migration flux of acetate are compared, using data for different systems under different currents, in -

- -
Firstly, one can find contribution of diffusion between these two solutes is different.

For acetic acid, diffusion and convection are in same order of magnitude; while for acetate migration is always predominant compared to diffusion. Indeed, under 6A migration contribution reached maxi ca. 90%, with diffusion negligible.

Secondly, regarding the diffusion contribution, different sequence is observed for the two solutes concerning the influence of salt as:

Acetate: MgCl2 > NaCl > Na2SO4
Acetic acid: NaCl > MgCl2 > Na2SO4.

The common observation for both solutes is Cl -> SO4 2-.

For acetic acid, where both diffusion and convection are important, the results agree with the membrane soaking sequence due to the counter-ion in diffusion, as aforementioned.

For acetate, migration is more remarkable, which explains the sequence due to salt.

Migration with Na2SO4 is so important that diffusion contribution with Na2SO4 is the lowest.

Then, between NaCl and MgCl2, contribution of migration with NaCl is higher as indicated in Figure IV-24, thus its diffusion contribution is lower than that with MgCl2.

To summarize, transfer of charged organic solute is studied in same manner as neutral one, regarding diffusion and migration. Unlike neutral solute, acetate migration as current carrier is more pronounced than diffusion. The influence of salt is also highlighted. In
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IV.3 Conclusions

The aim of this chapter was to investigate the mechanism of the organic solute transfer through ion-exchange membrane and the further influence of salt on solute transfer. Varying salts of different hydration and solutes of different size, hydrophobicity, and charge were used.

Firstly, the salt and water transfer were studied.

As expected, it was found that the salt transfer ( ) is mainly fixed according to the current and does not show significant variations according to the salts and organic solute present in the solution. Meanwhile, the water transfer ( ) was found to vary according to the salt composition and the following sequence was obtained .

Both salt and water transfer were found not influenced by the presence of different neutral organic solutes. On the contrary, when a charged organic solute (i.e. acetate) is present, it was found to compete with the inorganic salt as current carrier. This resulted in lower inorganic salt transfer, the total salt transfer including acetate remaining constant and identical to that obtained without organic solute. Water transfer is found to be mainly fixed by the inorganic salt (same sequence with case of no OM), not influenced by acetate, because of the much lower concentration of acetate compared to inorganic ions.

Secondly, the mechanism and influence of salt on the transfer of organic solutes were studied, through specific procedure to dissociate the diffusion and additional transfer.

For neutral organic solutes, the transfer consisted of two contributions, diffusion and convection. For any solute and both diffusion and convention flux, the following sequence was pointed out: acetic acid > phenol > glucose It was then concluded that the transfer of neutral organic solutes was mainly fixed by the steric effects. Then, concerning the salt effect, the trend for the diffusion flux was found as Cation: Na + > Mg 2+ and Anion:

Cl -> SO4 2-,
showing a reversed trend compared to that of the counter-ion hydration. It is mainly due to membrane swelling effect: more hydrated counter-ion leads to stronger polymer chain-chain interaction, and thus lower diffusion is expected.

On the contrary, the convection flux was found to vary as:

Cation: Na + < Mg 2+ ; Anion: Cl -< SO4 2-, same to the sequence of counter-ion hydration. It is mainly due to solute dehydration effect: more hydrated ion give more solute dehydration, causing decrease of solute hydrated size, and thus higher convection is expected.

Indeed, salt simultaneously modify the membrane and solute properties, and the solute transfer is influenced by the salt under combination of these two effects: more hydrated the salt (counter-ion), more modification on the transfer. Moreover, both diffusion and convection were important.

These findings were applicable to neutral solute of different size and hydrophilicity, in different pH conditions. Exception on phenol with SO4 2-was found, indicating further interaction. Future study is necessary to better understand the specific solute-membrane interaction i.e. phenol -anion-exchange membrane equilibrated by SO4 2-.

For charged organic solute, the transfer consisted of diffusion and migration under current. Due to the charge, not only steric effects but also electrostatic effect can be concerned for its transfer mechanism. In diffusion regime, acetate transfer with water was found to be lower than that with salt by a factor of 3-4. Indeed, compared with acetic acid, the presence of salt significantly influences the solute-membrane interaction. The influence of salt on acetate diffusion was observed in acetate / S as while a negligible influence of salt was observed in acetate / W system.

In normal ED regime, i.e. with a current applied, the migration of acetate was found to be much more important than the convection of acetic acid. In addition to that, because of the partition between inorganic and organic anion to carry the current, acetate migration was found to vary according to the anion. The calculation of the transport number of acetate and comparison with the theoretical value has shown selectivity between acetate and inorganic ions, this selectivity being higher with Cl -compared to SO4 2-. Then, the contribution of diffusion and migration was evaluated. Unlike convection for neutral organic solutes, migration is always much more important than diffusion, especially with SO4 2-.

This chapter thus pointed out the mechanism governing the transfer of organic solutes, and the further influence of the salt. In the next chapter, the influence of these mechanisms on the performance of ED as a desalination process will be discussed.

The aim of this chapter is to investigate the performance of electrodialysis for the desalination of saline waste water containing organic solutes.

On one hand, desalination performances to treat synthetic brines are discussed. Firstly, desalination of synthetic solutions containing single organic solute is investigated. A phenomenological model using four parameters, characterizing the salt, water and organic solute transfer (diffusion and additional transfer), is proposed. From this model, the salt and organic concentrations in the diluate and concentrate can be calculated. A case study is further considered to illustrate the influence of the current and water composition on the process performances. Secondly, the desalination of synthetic brines containing mixed organic solutes is studied using the same approach, to check the validity of the proposed model.

On the other hand, the desalination of an industrial saline waste water, that is an oil process water (OPW) provided by TOTAL company, is studied in order to evaluate the applicability of the model and the desalination performances of ED to treat such more complex waste waters.

V.1 Desalination of synthetic saline water containing organic solute

The first section deals with the desalination of synthetic brines containing single organic solute. The main experimental results are already described in Chapter IV. Then, according to the mass transfer study, a phenomenological model is proposed to predict the process performances. The second section is focused on the desalination of synthetic brine containing mixed organic solutes. The previously proposed phenomenological model is then applied for the mixture case.

V.1.1 Desalination performance of synthetic saline water containing single organic solute

As previously explained in Chapter I, the objective of the desalination considered in this work can be represented in Figure V-1, with the main expected characteristics of the feed water (saline waste water or brine to be treated) and those of the two treated streams obtained after electrodialysis.

Then, the salt concentration (eq.m -3 ) and organic solute concentration (mol.m -3 ) in the two compartments are expressed according to the following equations:

in the concentrate compartment: In Eqs. (V-1 to V-4), other parameters are from solution characteristics like initial concentration ( , ) and volume ( , ), and from the ED apparatus like membrane effective surface ( ) or operation condition such as current ( ) and time ( ).

Since the mass transfer mechanisms were concerned, the model was previously developed using the concentration of organic solute ( ) expressed in mole per cubic meter.

For further results, since the processes performances are concerned, the organic solute concentration will be preferably expressed in ppm, which is a more common unit, according to Eq. (V-5):

COM (ppm)*=COM (mol.m -3 )*Mw (g.mol -1 ) -One can also further convert the concentration of organic solute to TOC (ppm of C), multiplying COM (mol.m -3 ) in Eq.(V-5) by the carbon content ratio of the solute. In the following sections, organic concentration expressed in ppm of solute is used for synthetic solution, and in ppm of TOC in last section concerning the oil process water.

The variations of salt and organic solute concentrations in the two compartments are plotted versus time, using data experimentally obtained and calculated using the fitted parameters according to the above equations. Figure V-2 is an example for the acetic acid / NaCl system under 2 A.

salt and thus the variation of salt concentration is much higher than that of OM. These results

show again the feasibility of ED to extract the salt from the brine.

Moreover, the observed good agreement of calculated results with the experimental data highlights the validity of the phenomenological model. It suggests application for scaleup cases, once the transfer parameters are known from lab-scale equipment. Then, the ED desalination performance can be predicted, and further improvement or optimization can be done regarding varying objectives.

As discussed in Chapter I, there are many different objectives for brine treatment

(Figure I-1)
. Concerning the organic content of the feed water, the objective can be the recovery or the decomposition depending on it is a valuable fraction or a pollutant. On the other hand, it is also interesting to have further utilization for the extracted salt in the concentrate, such as recovery / raw materials production, or salinity gradient energy exploitation. Nevertheless, it is important to note that desalination in the diluate and OM transfer in the concentrate are simultaneous process. Then, attention should be given to process control, regarding the solution impurity in two compartments, which may limit further integration.

Different situations are already presented in Chapter I, a case study, i.e. the desalination of a waste water to be treated by further biological oxidation, is illustrated as the following.

It is reported that too much salt inhibits the bacterial activity, thus limiting or even prevent the organic matter biodegradation [START_REF] Ludzack | Tolerance of high salinities by conventional wastewater treatment processes[END_REF][START_REF]from high salinity effluents -Fenton reactions[END_REF]. However, once the salt concentration is reduced down to a critical concentration, the biomass can have a good activity and biodegradation can take place. Therefore, ED can serve as a pretreatment, i.e. desalination, for further biological oxidation. The objective is to desalinate the brine until the critical concentration of salt. It was reported that critical concentration of sodium chloride is about 0.3 eq.L -1 , ca.18 g.L -1 [START_REF] Singlande | Integrated Process Coupling Electrodialysis and Upstream Biological Treatment: Influence of the Ionic Composition and Application to the Treatment of Salted Liquid Wastes[END_REF] . This value will thus be considered as the one to be achieved after desalination, i.e. as a controlling factor, in the case study considered in the following part. The performances of ED will be further discussed considering the salt concentration in the diluate and the organic solute concentration in the concentrate.

The variation of the solute concentrations, i.e. salt in the diluate and OM in the concentrate versus time is shown in Figure V-3, using acetic acid / NaCl as synthetic brine, under two different currents, 2A and 6A, as example.

To reach the final salt critical NaCl concentration in the diluate of 0.3 eq.L -1 , it is necessary to extract a given amount of salt, i.e. to transfer a fixed number of charge, that is represented by the product of the current and time (I.t).

--Then, obviously, less time is required to reach the objective with the higher current.

Meanwhile, one can observe that the quantity of organic solute transferred in the concentrate is different, higher current leading to lower OM concentration.

The influence of current on the OM transfer is further reported in under the two currents is found, compared to that expected according to the only contribution of diffusion . This shows that convection for OM transfer is important to be considered regarding the ED process.

As previously reported, OM transfer through IEM is systematically investigated using different OM -salt compositions. Then, the influence of the brine composition is discussed, regarding the desalination performance.

First, the variation of the OM concentration in the concentrate versus the salt concentration in the diluate is shown in Figure V-4, using OM / NaCl under 2A as an example.

It is important to note that the X axis, i.e. remaining salt concentration in the diluate, represents the desalination process with time, and Y axis, i.e. organic solute concentration in the concentrate, represents the simultaneous OM transfer with time.

---As expected, with decreasing salt concentration in the diluate, the concentration of organic solute increases in the concentrate. This increase depends on the solute, and the following sequence is observed for OM concentration in ppm:

phenol > acetate > acetic acid > glucose

The present result in term of solute transfer in ppm, shows that phenol has highest transfer, followed by acetate, and glucose has lowest transfer. In fact, in unit of mole of solute, it was observed that the sequence for organic solute transfer is acetate > acetic acid > phenol > glucose (Chapter IV). The displacement of phenol in the present sequence is mainly due to its higher Mw (94 g.mol -1 ) compared to that of acetate (59 g.mol -1 ). For instance, one can consider that solution containing phenol can be more difficult to treat compared to other solute, because of higher phenol transfer through the membrane. For each solute, neutral or charged one, the OM transfer with SO4 2-is always higher than that with Cl -, for a fixed salt concentration in the diluate. As previously mentioned in Chapter IV, this anion-induced difference on the OM transfer is more important with acetate than with acetic acid.

The influence of the salt composition is also observed with other solutes. Considering a controlling factor of desalination, i.e. the final salt concentration in the diluate as 0.3 eq.L -1 , the corresponding concentrations of the organic solute in the concentrate compartment are reported in Table V-2, for the different compositions (organic solute and salt) investigated.

----

The influence of salt, more precisely, anions SO4 2-and Cl -, on organic transfer is observed, regarding different organic solutes. Higher transfer with SO4 2-compared to Cl -is found for glucose, acetic acid and acetate. Among the three solutes, transfer of acetate / SO4 2- is higher than acetate / Cl -by a factor of 3-4, whereas less pronounced influence of anions is found for the two neutral solutes. On the contrary, the result for phenol is that SO4 2-leads to a lower transfer by a factor of ca 1.5, compared to that for phenol / Cl -. These findings agree with those reported and already discussed in Chapter IV.

On the other hand, it suggests in which way a modification of the solution composition can improve the desalination performances. For instance, Table V-2 shows a highest transfer of organic solute with acetate / SO4 2-system compared to the other ones.

Then, two approaches can be considered to improve the process, i.e. to decrease the acetate transfer during the desalination. One is to neutralize acetate into its neutral form acetic acid, by decreasing the pH of the water, since it is a weak acid salt. Indeed, our results show that the transfer of organic solute can be drastically reduced from a final value about 3200 ppm for acetate down to about 800 ppm with acetic acid under the same conditions. Another way is to make use of membrane selectivity with respect to the ions, e.g. changing the salt composition or choosing a membrane with stronger selectivity. Indeed, the present results show that the acetate transfer can be also largely reduced if the co-ion is changed from SO4 2-to Cl -. Similar approach (changing salt compositions) can also be applied on saline solution containing phenol since it was observed that the transfer of phenol is much lower in presence of SO4 2- compared to Cl -(Table V-2).

V.1.2 Desalination performance of synthetic saline water containing mixed organic solutes

In the same manner as in the case of single organic solute, the performance of ED for the desalination of brines containing mixed OMs is investigated. The solution composition and concentration has already been reported in Table II-5 (Chapter II). It is important to note that the salt concentration is the same as in single OM case, while total OM concentration is doubled (each organic solute concentration being kept constant at 0.1 mol.L -1 ), compared to single OM case (0.1 mol.L -1 ).

The mass transfer of salt, water and organic solutes are studied using the same methodology, and the 4 transfer parameters are determined. These parameters are reported in Table V-3. They will be used later to predict the desalination performance. In the case of glucose-acetate solution, the reported current coefficients ( ) are the values corresponding to the inorganic salt only (NaCl or Na2SO4), i.e. without taking the contribution of acetate into consideration.

- In the same manner with the single solute case, one can check the influence of the solution compositions on the ED performance, regarding the complex systems. Considering a fixed salt concentration in the diluate, i.e. 0.3 eq.L -1 , the organic solute concentrations in each mixture are reported in [START_REF] Lefebvre | Treatment of organic pollution in industrial saline wastewater: a literature review[END_REF]. Also, the influence of salt composition on acetate transfer is highlighted. These results are in agreement with those in single solute case.

- - - Table V-

V.2 Desalination of oil process water

In this part, the desalination of oil process water (OPW) containing both salt and organic matter is investigated by ED. It is an industrial effluent (Total, France), which was already pretreated by microfiltration. The characteristics of the OPW are reported in Table V-5.

-------It shows that the inorganic fraction is mainly composed by sodium and chloride, with salinity about 0.34 eq.L -1 , comparable to that of seawater (about 0.5 eq.L -1 NaCl). Concerning the organic content, the concentration in TOC is ca. 35 ppm, which is comparable to that for ROC from municipal wastewater treatment plant, i.e. ca. 20 ppm (Chapter I). It is important to mention that some trace compositions are also possible in the solution, like salt impurities or surfactant.

Experiments are carried out with 0A, 2A and 4A, respectively. To perform the experiment without current, i.e. to determine the contribution of the diffusion to the transfer of the organic matter, OPW is initially put in the diluate compartment while a synthetic saline solution containing NaCl at 0.34 eq.L -1 (same salt composition than the OPW) is fed in the concentrate compartment. For desalination experiments, under current, the concentrate compartment is initially fed with tap water. During any experiment, the solution conductivity and pH is measured at 25 °C. It is found that the pH remains constant, while the conductivity varies linearly versus time showing the desalination process. Ion chromatography is also used to follow the salt concentration and a linear variation versus time is found in the two compartments, dominantly in form of sodium and chloride. Then one can conclude that in that case, following the conductivity would have been sufficient to follow the desalination process. Figure V-7 shows that both salt and organic solute concentrations decrease in the diluate compartment, while increasing in the concentrate compartment according to the mass balance. Then, the predicting curves fit well the experimental results in each condition. The influence of current is also observed, as a higher current leads to shorter experiment duration for a fixed solute variation. This is in agreement with previous results for synthetic solutions.

As expected, the changes in the concentration of the salt is always more pronounced than that of the organic solutes (Figure V-7). For example, in the diluate, when the salt concentration decreases rapidly from initial value ca. 0.35 eq.L -1 to ca. 0.1 eq.L -1 (by ca. 70%), the organic solute concentration only decreases from ca. 35 ppm to ca. 32 ppm. One can state that the salts are largely removed, with the desalinated solution containing mainly organic solutes, which is good for further disposal. On the other hand, the concentrate solution contains mainly the extracted salt while few organics (below 2 ppm). Since the conentrate is initially the tap water, NaCl solution with high purity is finally obtained, which can be easily used. One can conclude that ED process is very feasible for desalination of OPW.

As aforementioned, the transfer parameters for oil process water are determined in the same manner as with synthetic solutions, according to the proposed phenomenological model.

It consists of the coefficients for salt ( ) and water ( ) transfer, as well as those for organic solute transfer, i.e. solute permeability ( ) and additional transfer coefficient ( ).

Specifically, the transfer of organic solute can be expressed using the following equation shown in Chapter II:

It can be further rewritten with these coefficients independent to the solute concentration gradient, shown as Eq.(V-7):

considering that ( -Then, Eq. (V-7) can be used to using coefficient m.s -1 .A -1 (m.s -1 ), given the concentration gradient in term of TOC, as (mg C.m -3 ).

These transfer parameters determined for oil process water are reported in Table V-6, in parallel with those obtained with synthetic brines, i.e. various organic solute / NaCl systems.

Since the oil process water consists of mainly NaCl and few OM (with unknown composition Then, the influence of the current on the salt desalination in the diluate and organic solute transfer in the concentrate is illustrated, in Figure V-9.

--This shows that for a fixed salt concentration in the diluate, lower current leads to higher organic solute concentration in the concentrate. This is in agreement with previous results for synthetic solution (Figure V-3). One can consider that the different concentrations for organic solute arise from the contribution of diffusion under two currents, which is time dependent (Table V-1). Thus, the present results suggest higher current to minimize organic transfer, optimizing the oil process performance by ED.

Then, comparison of the desalination performance for oil process solution with those for synthetic solutions can be done, according to the phenomenological model. Using the transfer parameters in Table V-6, one can predict the performance for synthetic solutions containing organic solute / NaCl, given an initial concentration gradient ca. Therefore, the present results highlight the robustness of the proposed phenomenological model. One can apply it to simulate the desalination performance under different conditions e.g. not only for synthetic solutions, but also for complex solutions like oil process wastewater.

It is important to note that the oil process water may contain impurities or additional compounds such as surfactant, with unclear ionic properties or hydrophilicity. As reported in Chapter IV, the influence of salt (of different nature and concentration) as well as solute properties can affect the solute transfer through the membrane. In practical work, variations of the solute transfer due to different membrane swelling conditions or solute hydration states is still possible. It is advisable to pay attention to the solution conditions, especially solute and salt type, in order to have better desalination process.

The present work shows a very low concentration of organic solute in the concentrate after ED desalination for the OPW (Figure V-10). Indeed, ED efficiently removes the salt of the OPW, meanwhile keeps the organic solute from transfer through the membrane. It suggests that ED can be a very promising process for petroleum wastewater desalination.

V.3 Conclusions

The aim of this chapter was to evaluate the desalination performance of electrodialysis for saline solution containing organic solute. This was carried out using an experimental approach with brines of different compositions, i.e. synthetic ones containing single or mixed organic solutes, and an oil process water.

First, a phenomenological model consisting of 4 parameters was proposed, based on transfer of salt ( ), water ( ) and organic solute, i.e. diffusion ( ) and the additional one under current ( ), concerning desalination of synthetic solution containing single organic solute. With this model, the variation of the salt and organic solute concentration can be calculated in each compartment. Then, performance of electrodialysis was evaluated, considering the influence of current and compositions through a case study. A higher current leads to a lower organic solute transfer, given a fixed salt quantity removed (i.e. electrical charge). This is mainly explained by contribution of solute diffusion, which is time dependent.

Convection contribution is fixed by electrical charge, which is also important to be considered in ED process. Then, solution compositions regarding the organic solute type and salt hydration was also discussed, concerning the desalination process.

The model robustness was checked using synthetic solution containing mixture of different organic solutes. In the same manner as with the single organic solute case, the experiments were conducted and the transfer parameters characterizing salt, water, and organic solute diffusion and additional transfer were determined. Comparable results with those obtained in single solute case were observed. The desalination performance can be well predicted by the proposed model for the complex solution.

Some possible strategies to improve the process performance are proposed, like applying higher current to reduce the transfer of organic solute, changing solution pH condition (acetate and acetic acid) and salt composition (chloride and sulfate for phenol, acetate).

Second, desalination of oil process water was studied. The phenomenological model was validated, using the 4 parameters experimentally obtained for the oil process water. The results confirmed that the proposed model can be used to predict desalination process with different initial compositions e.g. solute concentration, under different experimental condition.

Furthermore, the present results suggest that ED can be a very promising process for desalination of oil process water, with efficient salt removal and very low organic solute transfer. Further applications of ED for petroleum effluent desalination would be interesting.

Saline water or brine accounts for important portion of water resource, regarding portable water production and many other essential human activities. It is continuously being produced such as sea water reverse osmosis concentrate, which has large amount of volume and high salinity. Moreover, saline water mixing with organic solute is problematic to the environment. Either the organic solute is a hazardous pollutant to treat or valuable resource to recycle, the presence of large quantity of salt makes the treatment very difficult and even impossible. Membrane processes, particular nanofiltration and electrodialysis, can be used to improve the treatment of such brine since the salts and organic matter can be separated.

Indeed, such separation can be environmental-friendly, giving many different options for integration process regarding the salt and organic solute. Electrodialysis can be a better option compared to nanofiltration, specially to treat waters with high salinity.

However, some bottlenecks regarding mass transfer through ion-exchange membranes may limit the application of ED for the desalination of such complex fluids. The water transfer due to electro-osmosis due to the salt migration may be a limit, while the understanding of this salt -water transfer in complex solutions needs more investigation.

Concerning organic solutes, the mechanisms controlling the solute transfer also needs further study, regarding solute size, charge nature, hydrophilicity and so on. Moreover, the influence of the salt composition on the transfer of organic solutes was reported, which further make it difficult to predict and thus to improve the desalination process performance.

Then, the thesis objective was to investigate desalination of saline water containing organic solute by electrodialysis. Synthetic saline waters containing various salt compositions with /without different organic solutes were first considered in order to study the mass transfer mechanisms. Then, the desalination of a real industrial saline solution, i.e. oil process water, was carried out.

In the first part, desalination of synthetic saline waters without OM was studied, using single or mixed salt containing Na + , Mg 2+ , Cl -, SO4 2-. This work aimed to investigate saltwater transfer through ion-exchange membrane.

A methodology was proposed to calculate the hydration numbers of ions transferring through the membrane. It is based on experimental measurements of ion and water transfer under different conditions, like salt compositions and current. The computed ion hydration numbers were found to be constant, independent from the salt composition and current. The hydration number for monovalent ions was found to be lower than that of divalent ones, which was in agreement with the values of the hydration free energy. Further comparison with the reported values concerning the hydration of the same ions in solution showed that for monovalent ions the hydration numbers were close to those reported for the 1 st hydration shell while much higher values were obtained for divalent ions.

In the second part, desalination of synthetic saline waters with organic solute was studied, using the same salt compositions as in the first part, mixed with organic solute (i.e. acetic acid, phenol, glucose, acetate) of different size, charge, hydrophilicity. The objective was to investigate the mechanism of organic solute transfer and further influence of salt.

In any condition, it was found that the salt transfer is mainly fixed according to the current, and the water transfer fixed according to the salt. Both salt and water transfer were not influenced by the neutral solute. The charged solute (acetate) competes with inorganic salt as current carrier, the total salt transfer including acetate remaining constant and identical to that without solute.

Then, transfer of organic solute during the desalination was found to consist of two contributions, one due to diffusion and the other due to additional transfer, proportional to the current. For neutral solute this additional transfer is convection due to electro-osmosis, while it is due to the migration for charged solute.

For neutral organic solutes, for a given salt composition, the following sequence was pointed out for both diffusion and convention contributions: acetic acid > phenol > glucose It was then concluded that the transfer of neutral organic solutes is mainly fixed by the steric effects. Then, concerning the salt effect, the trend for the diffusion flux was found as:

Cation: Na + > Mg 2+ and Anion: Cl -> SO4 2-, showing a reversed trend compared to that of the counter-ion hydration. It is mainly due to membrane swelling effect: more hydrated counter-ion leads to stronger polymer chain-chain interaction, and thus lower diffusion is expected.

On the contrary, the convection flux was found to vary as:

Cation: Na + < Mg 2+ ; Anion: Cl -< SO4 2-, same to the sequence of counter-ion hydration. It is mainly due to solute dehydration effect: more hydrated ion give more solute dehydration, causing decrease of solute hydrated size, and thus higher convection is expected.

Indeed, salt simultaneously modify the membrane and solute properties, and the solute transfer is influenced by the salt under combination of these two effects: more hydrated salt (counter-ion) modifies more the solute transfer. Moreover, both diffusion and convection were important.

These findings were applicable to neutral solute of different size and hydrophilicity, in different pH conditions. Exception on phenol with SO4 2-was found, indicating further interaction. Future study is necessary to better understand the specific solute-membrane interaction i.e. phenol -anion-exchange membrane equilibrated by SO4 2-.

For charged organic solute, the transfer consisted of diffusion and migration under current. Due to the charge, not only steric effects but also electrostatic effect can be involved.

In diffusion regime, acetate transfer with water was found to be lower than that with salt by a factor of 3-4. Indeed, compared with acetic acid, the presence of salt significantly influences the solute-membrane interaction. The influence of the salt on the acetate diffusion was observed as while a negligible influence of the salt was observed in acetate / W system.

In normal ED regime, i.e. with a current applied, the migration of acetate was found to be much more important than the convection of acetic acid. In addition to that, because of the partition between inorganic and organic anion to carry the current, acetate migration was found to vary according to the anion. The calculation of the transport number of acetate and comparison with the theoretical value has shown selectivity between acetate and inorganic ions, this selectivity being higher with Cl -compared to SO4 2-. Then, the contribution of diffusion and migration was evaluated. Unlike convection for neutral organic solutes, migration is always much more important than diffusion, especially with SO4 2-.

At last, the desalination performance of electrodialysis for saline solution containing organic solute was evaluated, concerning synthetic solutions containing single or mixed organic solutes, and an industrial effluent, i.e. oil process water (OPW).

Concerning synthetic solutions, a phenomenological model consisting of 4 parameters was firstly proposed, based on the transfer of salt ( ), water ( ) and organic solute, i.e.

diffusion (

) and the additional transfer under current ( ), considering the desalination of synthetic solutions containing single organic solutes. With this model, variations of salt and organic solute concentrations in two compartments can be calculated. Performance of electrodialysis was thus evaluated, considering the influence of current and solution compositions through a case study.

Then, the model robustness was checked using synthetic solutions containing mixtures of different organic solutes. Comparable results for transfer parameters with those obtained in single solute case were observed. It shows that the desalination performance can be well predicted by the proposed model for the complex solution.

Concerning oil process water, the desalination performance of electrodialysis was evaluated. The phenomenological model was validated for the industrial effluent, confirming that it can be used to predict desalination process for complex fluid, with different initial compositions e.g. solute concentration, under different experimental conditions. The present results also suggested that ED can be a very promising process for desalination of oil process water.

In addition, some perspectives following the thesis can be interesting.

Since ion hydration number can be calculated in ED process, it is possible to predict water flow through ion-exchange membrane, knowing the corresponding ion transfer. It was already validated for the brines with different ionic compositions, containing organic solute or not. Thus, it is probably very useful for process performance control and for up-scaled desalination systems dealing with various fluids.

Concerning transfer of organic solute, attention should be given to the triple interaction in salt-organic solute-membrane system, not only for ED. Meanwhile, transfer of organic solute through ion-exchange membrane still deserves further investigations.

Specifically, result of phenol transfer through anion-exchange membrane equilibrated with sulfate suggests additional solute-membrane interaction. It might be referred as interaction between hydrophobic solute and charged membrane, which is scarcely reported.

Then, further study with charged solute can be also explored. In this work, acetate was the only charged solute, where influence of salt on its diffusion and migration were highlighted (salt nature and concentration). In diffusion, increase of the salt concentration in aqueous solution may either influence solute hydrated size and / or solute-membrane interaction due to electrostatic effect. Theoretical understanding for the exact mechanism controlling the mass transfer is necessary. In migration, acetate transfer was significantly influenced regarding other co-ions. The role of membrane (selectivity) can be further studied.

The work on charged solute may complement the knowledge regarding the triple interaction of salt-organic solute-membrane.

Future work on the topic of mass transfer through membrane in saline solution case is suggested to comprise macroscopic and microscopic studies.

On one hand, experimentally, transfer of solute through different polymers is worth investigating (only standard membrane for the present work). Different membrane polymer properties (e.g. different cross-linking) may affect not only the salt transfer due to specific selectivity, as well as the observed ion hydration number, but also the organic solute.

Moreover, different ion-exchange membrane configurations (e.g. AEM or CEM only) are worth trying to distinguish the contribution of cation and anion, as well as their specific interaction with membrane / organic solute. These experimental studies give quantitative information on mass transfer and salt influence in macroscale. On the other hand, at the microscale, computational approaches (e.g. quantum mechanics) may help to better explain the experimental observation. Nanoscale investigation on solute / membrane interaction and others like those for salt / solute, salt / membrane should be carried out. The influence of hydration on membrane process can be also further developed. The finding may also insight the development of membrane materials, concerning a better performance.

In fact, the present work also suggests many opportunities to better desalination / fractionation performance for complex fluids, as well as the valorization of produced streams.

Concerning a pretreatment for ED desalination, changing the solution properties like pH (acetate and acetic acid) and salt composition (chloride and sulfate for phenol, acetate) can be useful approach. Concerning a followed integration for ED desalination, the produced streams can be valorized for the salt and organic solute, by different means as reported in Chapter I.

An industrial application concerning desalination of oil process water by electrodialysis is promising. Following a further lab-scale study, e.g. concerning a better characterized solution of petroleum fluid (salt, organic solute, surfactant and so on), ED process can be put into practice in such field with good optimized performance. water molar volume (1.8×10 -5 m 3 mol -1 at 25°C) valence (eq mol -1 ) current intensity (A)
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Desalination of saline waste water containing organic solute by electrodialysis

Electrodialysis can be used to treat saline water containing organic solute, separating organic solutes from salt. The understanding of salt, water and organic solute transfer through ionexchange membranes and especially the influence of salt composition is a key factor regarding the process performances. The aim of the Thesis is to investigate the mass transfer and the relationship with the desalination performance. Firstly, hydration numbers of individual ion transferring through the membranes are computed based on experimental measurements of ionwater flux. They are independent from the salt compositions and current. Comparison with literatures values shows that the membranes have a weak influence on the ion hydration.

Secondly, the transfer of different organic solutes is investigated with different salt compositions. Two contributions are pointed out, diffusion and additional one (convection for neutral solute, migration for charged one). For neutral solutes, diffusion and convection are comparable and both fixed by steric effect. Ion hydration leads to reversed trend for diffusion due to membrane swelling and convection due to solute dehydration. For charged solute, migration is more important than diffusion, both being influenced by the presence of salt. Then, desalination performance is discussed based on a phenomenological model, consisting of 4 parameters, related to ion, water and organic solute transfer respectively. The robustness of the model is demonstrated for different conditions.

This work shows that electrodialysis can be a very promising process for the desalination of saline water containing organic solutes. 

-

  These organic compounds were typically representative solutes found in industrial effluent or natural water body. As shown in TableII-3, one obvious difference of these organic is their molecular weight (Mw), with an order of sequence: Mw (glucose) > Mw (phenol) > Mw (acetic acid) Mw (acetate) These OMs have different pKa value, indicating the prepared solution containing the OM may have different pH value. Indeed, all the solutions without OM were neutral in this work, while it was not the case for solution containing OM, regardless the presence of salt.

  Figure III-1 shows a simultaneous increase of both salt (a) and water (b) quantities transferred versus time from the diluate to the concentrate compartment. According to the mass balance, a decrease trend of salt and water quantities in the diluate compartment was found.

III. 2 . 2

 22 Hydration number of ions The transfer of water and ions versus time obtained under different currents in mixed salts (containing at least 3 different ions) is shown in Figure III-3, with solution S5 (NaCl-Na2SO4 case, 3 ions included) as example.

  Figure III-4 illustrates these transfer variations versus the electrical charge.

Figure III- 4

 4 Figure III-4 (a) shows that the mass transfer data obtained under different currents are located on a single curve when plotted as function of the electrical charge, for Na + , Cl -and SO4 2-. Likewise, in Figure III-4 (b), one can observe that the water transfer is directly related to the electrical charge.

  Figure III-5(a) versus the electrical charge. On the other hand, the water transfer, , is calculated using the ion transfer and the values of the hydration numbers previously determined. The obtained values are reported in Figure III-5 (b). One can observe that there is a good agreement between these calculated values and the experimental ones (relative difference ca. 3%).

Figure III- 6

 6 Figure III-6 provides the values reported in the literature for the hydration number for each ion investigated in this work. More precisely, the plot shows the frequency distribution of the different values reported in the literature, concerning the 1 st hydration shell, i.e. that in which the water molecules interact directly and strongly with the ion. The values of the hydration numbers obtained in this work are also indicated on the graph for comparison.

Figure III- 6

 6 Figure III-6 shows a broad distribution of the reported values for each ion, 3 to 9 for

Firstly, variations of

  Figure IV-2 shows that the variations of both salt and water flux are proportional to the current (R 2 > 99%). This observation confirms that under current, electrical migration dominates the salt transfer as indicated by Eq.(II-5), and electro-osmosis dominates water transfer as indicated by Eq.(II-7). Then, the contribution of diffusion to the salt flux and that

1 and

 1 Transfer mechanism of organic solute through ion-exchange membranes: influence of salt composition 69

  2, and illustrated in Figure IV-4 . Transfer mechanism of organic solute through ion-exchange membranes: influence of salt composition 70

Figure

  Figure IV-5 shows a linear increase of OM quantity transferred in the concentrate compartment versus time, with decreasing OM quantity in the diluate compartment (results not shown). It agrees with the aforementioned transport phenomena that a diffusion flux is due to the concentration gradient of solute across the membrane. Since the solute concentration gradient in this study is approximately constant (variation less than 10%), thus the variation of OM transfer is proportional to experiment time (R 2 > 98%). The same finding is observed for any solution investigated in this work.

Figure

  Figure IV-6 shows a decreasing trend of solute diffusion flux for increasing solute Mw.

  , logarithm is used for both diffusion flux and solute Mw, which gives -Eq. (IV-3) means that the logarithm of the diffusion flux is expected to vary linearly with the lorgarithm of solute Mw, with as the slope of the straight. Then, the results obtained in OM / W system are plotted in Figure IV-7. Data from previous work obtained with xylose, glucose and sucrose are also plotted for comparison.--For any soaking salt, a value of ranging between 2-3 for each corresponding straight line is obtained (i.e. 2.1 for MgCl2, 2.2 for Na2SO4, 2.2 for NaCl), which agrees with the reptation theory[START_REF] Vanoppen | Properties Governing the Transport of Trace Organic Contaminants through Ion-Exchange Membranes[END_REF]. Because of such similar values, all the results can be reprensented by a single straight, as plotted on Figure IV-7. These results indicate that in the conditions investigated, the steric effects governs the diffusion transfer of neutral solutes.On the other hand, the salt influence on the diffusion of organic solutes is noticeable in this study, seen in TableIV-4. The results are further illustrated, showing normalized value, i.e. the ratio of the flux obtained with one salt over that obtained with NaCl, in Figure IV-8: --Considering the salt effect, Figure IV-8 shows the same sequence of normalized diffusion flux for the three OMs as: . It is noteworthy that the observed OM flux in this study is the sum of flux through two different membranes (AEM and CEM), having different soaking conditions owing to different counter-ions. It is then difficult to compare two salts having no common ion, i.e. MgCl2 and Na2SO4 for instance. Thus, considering the salt effect or more precisely the counter-ion effect, the previous flux sequence with different salt is further split, for cation and anion respectively: Cation: Anion: For example, the difference of the flux obtained with NaCl and MgCl2 can be mainly ascribed to the different transfer through the CEM, considering an identical transfer through the AEM. Knowing the CEM counter-Na + < Mg 2+ , one can state that Mg 2+ , as more hydrated counter-ion, results in lower diffusion flux compared to Na + through CEM. Accordingly, for AEM, more hydrated counter-ion, i.e. SO4 2-, leads to lower flux, compared with Cl -. These results show that the sequence of diffusion flux through specific IEM is reversed to counter-. More hydrated counter-ion results in lower flux.

Figure

  Figure IV-9 shows a decreasing trend of the solute diffusion flux with increasing solute Mw. One can consider that the steric effect fixes the diffusion in OM / S systems. Indeed, in same manner as with OM / W systems, a linear relationship of versus is found in different OM / S systems, with the value of the slope ranging 2-3 (results not shown). It confirms the role of the steric effects in diffusion of neutral solute, with or without salt.Then, concerning the influence of salt, normalized diffusion flux are plotted for different systems, using the solute diffusion flux with NaCl as reference.

88 A

 88 Figure IV-13 shows a linear increase of the flux density versus the current starting from the value for diffusion (I=0). This shows that the additional transfer is proportional to the current. Similar variations are observed for all the OM / S systems investigated in this work, i.e. proportionality of flux with the current (R 2 > 98%). Such results are in agreement with Eq. (II-11), considering the two contributions to the solute transfer, i.e. diffusion and convection due to the electro-osmosis flux . Moreover, the slope of the variation of the flux density versus current in Figure IV-13 provides the convective coefficient (mol.m -2 .s -1 .A -1 ). The values obtained for the different systems investigated are reported in Table IV-6, and plotted in Figure IV-14.

Firstly, it is

  interesting to plot logarithm of convection flux versus logarithm of solute Mw, in the same manner as reported for diffusion case to check the influence of the size effect on the convection flux. Then, logarithm of value is used, which characterizes the convection flux ( ) and plotted in Figure IV-15.

  5 are further illustrated in Figure IV-16, clearly showing the salt effect on the OM convection for different solutes (normalized values are used, i.e. ratio of obtained with one salt over with NaCl).

  two different currents as comparison, in Figure IV-18.Therefore, one can summarize the main results of this study as follows. Neutral OM transfer in ED consists of diffusion due to concentration gradient and convection due to electro-osmosis, and both are important. In any case, the solute transfer is governed by steric effects (i.e. relationship between solute size and membrane free volume). Then, in saline solutions, salt has an influence on the transfer of the organic solutes. The triple interaction in salt-OM-membrane system is thus illustrated in Figure 

First, the observed

  transfer of charged species and water is shown in Figure IV-20, using acetate / S systems under 2A for example.

Figure IV- 20

 20 Figure shows that a linear increase of ion (cation and anion) and water transfer is found for the different systems investigated. Accordingly, the quantities of ions and water in diluted compartment are decreased (results not shown), respecting the mass balance.

  Figure IV-21 shows that both inorganic salt and water fluxes are proportional to the current, in agreement with the transport phenomena discussed before. One can state that these fluxes are due to salt migration and water electro-osmosis, respectively. Transfer for acetate (sodium acetate) is discussed later.Then, the current coefficient and water electro-osmotic coefficient with acetate are determined as the corresponding slope of the straight. First, the current coefficients obtained in different systems are reported in Table IV-8, in parallel with previous data obtained for acetic acid or in the absence of organic solute.

  9 reports the water transfer coefficients observed in different OM / S systems. Transfer mechanism of organic solute through ion-exchange membranes: influence of salt composition 103

Figure

  Figure IV-24 shows that the flux density of the organic solutes increases linearly with the current. This finding agrees with the OM transfer theory, indicated by Eq.(II-11) as and (II-16) as .

Figure 24 .

 24 Figure 24. The coefficient is for neutral OM convection, and is used for acetate migration, indicated in Eq.(II-11) and (II-16). The observed values for and in different systems are reported in Table11.

  the mass balance, in the diluate compartment: --In fact, knowing these parameters, it is possible to predict variation of salt and OM concentration, i.e. desalination performance. As previously explained, the 4 parameters ( , , and ) can be experimentally obtained. Specifically, the coefficients and are the proportionalities of salt and water flux density to current, respectively; the solute permeability () is determined from diffusion flux, the additional transfer coefficient ( ) is the proportionality of OM flux density to current.

Chapter V :

 : Desalination performance of electrodialysis for saline water treatment 128 The influence of salt on OM transfer has been also studied in Chapter IV. The influence of salt on ED desalination performance is shown in Figure V-5, in the case of acetic acid and acetate, with two salts, NaCl and Na2SO4.

Figure V- 6

 6 Figure V-6 shows that the calculated results fit well with the experimental ones, illustrating the robustness of the model. Concerning the concentration of organic solutes in the concentrate for fixed salt concentration in the diluate, the order of sequence is: acetate > acetic acid > glucose As expected, the transfer of acetate is the highest, mainly due to the important contribution of migration. The concentration of glucose in each mixture is always lower, compared to the co-existing solute; and variations of glucose concentration are comparable in the two cases. It may imply that the co-existing solute has no significant influence on the transfer of glucose. Same results are observed in systems of organic solute mixture / Na2SO4.

  Organic concentration is measured versus time in the two compartments by TOC measurement. Desalination results are illustrated in Figure V-7, showing the variation of the salt and organic solute concentration versus time in both compartments for the two different currents, 2A and 4A. The fitted curves based on the 4 parameters model are plotted together with the experimental points.

-Figure V- 10

 10 Figure V-10 shows that for fixed salt concentration in the diluate, organic solute transfer for oil process water is higher than glucose but lower than other solutes. The sequence of the predicting curves agrees with results in normal ED condition, shown Figure V-8. For oil process water, a good fit of experimental results is observed.

  of ion transferred (mol) number of mole of water transferred (mol) ion hydration number, (mol water/ mol ion) salt hydration number, (mol water/ mol salt) solute permeability total surface area of one type of membrane (m 2 ) transference number ion molar volume (m 3 mol -1 )

Traitement alins contenant de

  la matière organique par électrodialyse organique. La compréhension des mécanismes de transfert (eau, ions, espèces organiques) à ionique est un point clé vis-à-vis des performances du procédé. ment. Les nombres Ils sont indépendants du courant et de la composition saline. La comparaison avec des valeurs de la littérature montre que les membr Le transfert pour différentes compositions salines. Outre la diffusion, une contribution additionnelle est mise en évidence (convection pour les espèces neutres, migration pour les espèces chargées). Pour les espèces neutres, diffusion et convection difications des Pour les espèces chargées, la migration domine la diffusion, les deux contributions étant influencées par la présence de sel. Les performances de dessalement sont enfin discutées sur la espèces organiques. La robustesse du modèle est validée pour différentes conditions. est une technologie très prometteuse pour le dessalement
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  2-) are calculated simultaneously, from mass transfer in mixed salt cases.

In the third part, the calculated ion hydration numbers are further discussed, in comparison with values reported in literature.

This Chapter has been published as: Le Han, Sylvain Galier, H Roux-de Balmann, Ion hydration number and electro-osmosis during electrodialysis of mixed salt solution, Desalination 373(2015)
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Table IV

 IV 

				-5, in comparison with
	OM / W systems.			
	-	--	acetic acid phenol glucose	acetic acid phenol glucose
				---
	-			
			-	-

Table IV -

 IV 5 compares the diffusion flux of three neutral solutes in a saline solution (i.e. OM / S) and in pure water (i.e. OM / W), with different salts. The similar finding observed in OM / S compared to OM / W systems are firstly pointed out.Concerning different OMs, for a given salt, the same sequence of the solute diffusion flux can be drawn as Indeed, the results show that the diffusion flux densities vary ca. 8 folds among different solutes in OM / S systems, e.g. from glucose ca.1.0×10 -6 mol.m -2 .s -1 to acetic acid ca.8.0×10 -6 mol.m -2 .s -1 .

Then, concerning different salts, one can state a same sequence of salt effect on each OM as . Finally, comparing the two systems, i.e. OM / S and OM / W, one can find that even if the values observed in these two systems are not very different (variation below 10%), those in OM / S system are systematically higher than those in OM / W system Then, in same manner with the study in OM / W system, the results in Table

IV

-5 in different OM / S systems are illustrated.

Table IV

 IV 

	-7 reports the values of the reflection coefficient	obtained for different OM / S
	systems.	
	-	
	-	-

Table IV -

 IV 10 systematically compares solute diffusion in OM / W and OM / S cases, for different salts and OM (acetate and acetic acid).

Table V

 V 

			-
				-
		As explained, the electrical charge (i.e. product of current and time) is constant
	because the initial and final salt concentrations are fixed. Concerning the concentration of the
	organic solute in the concentrate, the results show that the total concentrations	are
	different. Higher current gives lower organic concentration in the concentrate, the value under
	6A being about 60% of that under 2A. Looking further to the two contributions, one can state
	that, as expected, the value of	is proportional to the experiment duration, because the
	solute diffusion is time dependent. Concerning the convection contribution, constant values
	for	are observed, because the convection is fixed by electrical charge ( ). Then, due to
	the contribution of convection, less difference between of the OM concentrations (	)
				-1,
	considering the fixed final salt concentration in the diluate, i.e. 0.3 eq.L -1 . The concentrations
	of organic solute in the concentrate compartment are calculated according to Eq.(V-2). The
	total value	consisting of contribution of diffusion and convection is firstly calculated,
	then OM concentration due to only diffusion (	, assuming	), and the one due to only
	convection (	, assuming	) , are also reported.

Table V -

 V Table V-4 according to the model. It concerns concentration of organic solute, mixed with different salt compositions, for each single solute and total value in different mixtures.[START_REF] Lefebvre | Treatment of organic pollution in industrial saline wastewater: a literature review[END_REF] shows that sulfate leads to a higher transfer of each organic solute in each mixture, as well as the total value. As reported in Figure V-6, in any condition, the concentration of glucose is lower compared to that of the co-existing solute. Then, for a given salt, comparable result of glucose in each mixture is found (difference below 10%). Finally, the total organic solute concentration in the concentrate is lower for mixture 1 compared to mixture 2, which is mainly due to the higher transfer of acetate, compared to acetic acid. Indeed, in mixture of glucose and acetate, neutral OM can be easily yielded in the diluate, while charged one has propensity of higher transfer. Aiming to minimizing the final acetate transfer, one possible solution is to turn acetate to acetic acid with pH adjustment, as aforementioned. This solution is confirmed here (comparison of mixture 1 and 2 in TableV-

	Organic solute		-	-
	Concentration			
	in the concentrate			
	(ppm)	Glucose	Acetic acid Total	Glucose Acetate Total
		-		
			-	-
			-	

----------------------------
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Remerciements

The values obtained in this work can be further compared to the ones reported. For monovalent ions (Na + , Cl -), one can observe that the hydration number of the transferring ion obtained in this work is not only within the reported 1 st shell distribution but also quite close to the most frequent value of the considered ion. On the contrary, the values obtained for divalent ions are higher than the most frequently reported values. In the case of SO4 2-it is IV-4 compares the diffusion flux of three neutral solutes in pure water (i.e. OM / W system), given the membrane soaked according to different salt.

For a given salt, the same sequence of the solute diffusion flux can be drawn as:

Indeed, the results show the diffusion flux densities vary ca. 7 folds among different solutes e.g. from glucose ca. 1.0×10 -6 mol.m -2 .s -1 to acetic acid ca. 7.5×10 -6 mol.m -2 .s -1 .

Then, for any organic solute, one can find a same sequence according to the salt as:

The values reported in Table IV- In fact, concerning the influence of salt, the present results for three solutes in OM / S system are in agreement with previous finding in saccharide / salt system [START_REF] Galier | In uence of the ionic composition on the diffusion mass transfer of saccharides through cation-exchange membrane[END_REF][START_REF] Savignac | Impact of interaction membrane/electrolyte on the diffusion of sugar[END_REF].

Specifically, the same counter-ion effect on diffusion flux sequence is observed (Na + > Mg 2+

and Cl -> SO4 2-). In addition, regarding the salt nature, similar finding with other neutral solutes which coincides with the present results were also reported, i.e. diffusion coefficient of neutral boron for various cations on CEM, having sequence as K + > Na + > Ca 2+ > Mg 2+ [START_REF] Dydo | The mechanism of boric acid transport during an electrodialytic desalination process[END_REF][START_REF] Goli | Diffusion of neutral and ionic species in charged membranes: Boric acid, arsenite, and water[END_REF] and that of arsenite (K + > Na + > Ca 2+ ) [START_REF] Goli | Diffusion of neutral and ionic species in charged membranes: Boric acid, arsenite, and water[END_REF]. Thus, one can state that more hydrated

A linear increase of the quantity transferred versus time can be found under each current. A decrease of the total quantity in the diluate compartment is accordingly observed (results not shown). The results respect the mass balance (maximum deviation of total mass of organic solute in the system below 10%). Also, Figure IV-11 shows that a higher current intensity leads to a higher transfer through the membrane. The same phenomena are observed for all the conditions investigated.

Then, the organic solute flux density under each current can be determined from the corresponding slope of the linear variation for all the systems (R 2 > 98%). These values are plotted versus current including diffusion (I=0) in Then, splitting common cation or anion to consider the counter-ion effect, this sequence can be written as below.

Cation: < Anion: <

Dealing with the cation effect, Na + induces a lower convection than Mg 2+ , for a given anion (Cl -). Meanwhile, for the anion effect, Cl -induces a lower convection than SO4 2-, for a given cation (Na + ). Then, one can observe that the sequence of the counter-ion effect on the convection contribution is the opposite of that previously pointed out for the diffusion (IV.1.2.1), for cation and anion respectively.

These results are in agreement with previous ones obtained with the same type of IEM and glucose convective transfer ( , ), also showing an opposite trend compared to the diffusion transfer [START_REF] Galier | Demineralization of Glucose Solutions by Electrodialysis: Influence of the Ionic Composition on the Mass Transfer and Process Performances[END_REF]. The similar finding of the counter-ion effect on the

Again one can state that the contribution of convection increases with the current. At higher current, it is dominant with respect to diffusion especially for the larger solute like glucose (ca. 80%). At lower current, diffusion can be the main contribution to the solute transfer, especially for the solute of low Mw (i.e. diffusion contribution > 50%) because of the steric effects. Then, for solute of higher Mw like glucose, diffusion is much lower and thus the contribution of convection is stronger. containing the extracted salts. The key factor is then the transfer of organic solutes, which has to be kept as low as possible to keep the organic content in the diluate and not polluting the extracted salts in the concentrate. Indeed, as aforementioned, both salt and organic solute, as well as water transfer are involved in the desalination process. Then, the ED performances are discussed based on mass balance analysis.

In Chapter IV, the transfer of salt and water, as well as that of the organic solutes with and without current were investigated for different systems. For each system investigated, it was shown that the fluxes can be characterized by the corresponding parameters, as indicated in the following equations:

The salt flux density, i.e. (eq.m -2 .s -1 ), is due to migration, and characterized by (eq.m -2 .s -1 .A -1 ) as the current coefficient.

-The water flux density, i.e. (m 3 .m -2 .s -1 ), is due to electro-osmosis, and characterized by (m 3 .m -2 .s -1 .A -1 ) as the electro-osmotic coefficient.

The organic solute flux density is due to diffusion, characterized by (m.s -1 ), and an additional transfer due to convection for neutral OM, i.e. coefficient (mol.m -2 .s -1 .A -1 ).

For charged OM, the additional transfer is migration, which is characterized by (mol.m -2 .s -

1

.A -1 ).

Chapter V: Desalination performance of electrodialysis for saline water treatment -Chapter V: Desalination performance of electrodialysis for saline water treatment and concentration except information from TOC), results for synthetic brine can be a reference. All these solutions contain NaCl as salinity, carbohydrate compound as OM, regarding the nature of charge (neutral and charged), Mw and hydrophilicity.

--Table V-6 shows that concerning these solutions, salt and water transfer coefficients are in same order of magnitude, while OM diffusion and additional transfer coefficients are very different. The OM in oil process solution shows higher permeability than glucose but lower than other solutes, in diffusion system. Under current, the additional transfer coefficient is comparable to that for phenol, while higher than that for glucose by a factor of ca. 2.

The organic solute flux under each current is then illustrated in V-3 imply an important contribution of solute diffusion for smaller solute like phenol and acetic acid, while the diffusion for charged solute, i.e. acetate, is much less pronouced. One can find another situation for glucose and the organic in oil process water: for each solute, the contribution of additional transfer is slightly higher than that for diffusion (Table V-6).
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