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ABSTRACT

Desalination has emerged as an efficient solution to water scarcity, providing access to freshwater from seawater. However, the process of desalination using RO membranes still faces some challenges. First, RO membranes are sensitive to fouling by the different species that could be found in seawater; thus, the pretreatment step prior to RO is crucial in order to preserve the performance of the membrane. Introducing membrane technology in the pretreatment step presents a viable solution for the complete removal of suspended matter (i.e., organic pollutants, microorganisms, colloids, etc.). Most RO processes use polymeric MF membranes that have some inconveniences like lower chemical and mechanical stability. Therefore, using a ceramic MF membrane would be interesting to avoid this kind of challenge during the RO process. Second, the organic pollutants are not completely retained by RO membranes. The presence of these molecules presents a serious challenge because of their adverse effects on human health and the ecosystem. A better understanding of their transfer mechanisms is necessary in order to gain better control over their rejection during the process. This thesis research has been carried out along three axes: (i) the investigation of the transmission of charged organic solutes' mixtures during the desalination of brackish and sea waters, (ii) the simulation of membrane cascades for the enhancement of the rejection of organic solutes in RO of brackish water, and (iii) the development of a low-cost and high-permeation NaA zeolite membrane for effective ethanol dehydration. 3. Schematic of the energy-efficient reverse osmosis-(a) Schematic of a counter-current membrane cascade with permeate recycle (CMCR) having n total stages; introducing the feed between two stages divides the cascade into a retentate-enriching section having m stages and a permeate-enriching section having n-m stages. (b) 3-stage process that consists of single-stage reverse osmosis (SSRO) combined with a 2-stage countercurrent membrane cascade with recycle (CMCR); the high pressure retentate from the SSRO stage is the feed to the 2-stage CMCR that employs permeate recycle from stage 1 to the high pressure side of stage 2; (c) Schematic of the energy-efficient reverse osmosis (EERO) 4-stage process that consists of single-stage reverse osmosis (SSRO) combined with a 3-stage counter-current membrane cascade with recycle (CMCR); the high pressure retentate from the SSRO stage is the feed to the 3-stage CMCR that employs permeate recycle from stage 1 to the high pressure side of stage 2 and permeate recycle from stage 2 to the high pressure side of stage 3 , according to 2. Composition of the feed, the concentration of solute and the assumption on the permeate flux, and rejection of solutes.CR(A)is the average concentration of A experimentally proved to govern the flux. ..... 170 Table 3 
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General Introduction

Water is not just a resource among many others; it is a fundamental necessity for all life forms and an unvaluable natural resource. Thus, it becomes our collective responsibility to ensure a reliable and sustainable water supply for the environment and communities worldwide. As the human population continues to grow, water resources of sufficient quality for drinking purposes are becoming limited, especially for different countries depending on their planet's location. Besides, due to the impact of climate change on water resources, there is a global water scarcity, and many countries already face a high level of water stress [1]. Several technologies are industrially used to deal with the shortage of water access. For instance, the treatment of non-potable waters and industrial wastewater can be achieved by membrane separation processes, including brackish and sea waters desalination. Seawater desalination by reverse osmosis (RO) membranes was proven to be efficient for the production of freshwater. Additionally, the availability of seawater across the globe makes this method relevant to address the problem of water availability, even if some environmental problems exist due to the concentrate disposal or rejection in the costal sea [2]. That is why this thesis focuses on seawater RO desalination. RO is not the only process for the desalination of seawater, that can be achieved through two major categories of processes. Firstly, there are thermal processes based on distillation, which involve a phase change and are highly energy consuming (5.66 and 4.05 KWh m -3 for multi-stage flash distillation and multi-effect distillation, respectively [3]). Secondly, there are membrane processes that involve physical separation without any phase change, through reverse osmosis membranes. Seawater RO has experienced significant industrial development over the last 15 years, due to its advantages over distillation, such as lower energy consumption (less than 2 kWh m -3 ) [4], and it has become a widely used technology for seawater desalination, especially around the Mediterranean sea, regardless of the country.

Seawater is a complex medium, not only composed of sodium chloride. Besides a complex composition in inorganic salt, various soluble molecules can exist, such as natural organic matter, and a wide variety of microorganisms such as bacteria and algae, for instance. Thus, a pretreatment step prior to the RO process is an absolute requirement in order to limit the fouling of the membranes and a rapid breakdown. Pretreatment methods aim at the removal of large particles (micro-organisms, etc.) and some inorganic salts that can precipitate inside the membrane. They are divided into conventional physico-chemical treatments such as coagulation-flocculation followed by conventional dead-end filtration and membrane-based processes, notably microfiltration and ultrafiltration to remove macromolecules. Membrane processes have demonstrated their capability of removing turbidity and colloidal particles. In particular, ceramic membranes present outstanding features compared to polymeric membranes in terms of thermal, chemical and mechanical stability, and long-life span. However, commercially available ceramic membranes, made from metal oxides (alumina, zirconia, titania, etc.), are costly, which restricts their use on the industrial scale. Aiming at the pretreatment, original low-cost ceramic membranes were prepared during this thesis, using local geomaterials as the membrane support and zeolites as the active layer.

Nevertheless, pre-treatments do not remove the salt able to precipitate, and antiscalants such as polyphosphate, sodium polyacrylate, etc. must be added before the RO membrane feeding. Finally, some difficulties remain with specific salts depending on the seawater origin, such as boron pollution, for instance, in the desalination plant of Laâyoune city in Morocco, where the concentration of boron in the treated water by RO membrane is still high (0.84-1.25 mg L -1 ) [5], which needs to be further reduced using activate carbon.

Because of human activities, seawater can also be polluted by industrial disposal, especially where treatment is insufficient or absent, depending on the country. Organic pollutants include pharmaceuticals, pesticides, dyes etc., which are present at low concentrations. These organic solutes originate from various sources like industrial discharge and agricultural activities that find their way into the seawater. Moreover, heavy metals free or combined to organics can also be present as well as the pollution associated with plastic accumulation, which will also progressively become an issue. In this thesis we only focus on soluble organic pollutants that could be present in the raw seawater, knowing that they cannot be fully removed during the pretreatment steps. Accordingly, the presence of organic pollutants in seawater could become an increasing challenge during the desalination process.

For a long time, RO membranes have been believed to be a more or less absolute barrier except to water. However, RO membranes are designed to remove at least 95% of inorganic salts, but recently the transmission of small organic solutes, especially those with molecular weight MW≤ 300 g mol -1 has been evidenced [6,7]. This is a major concern because organic pollutants can have adverse effects on human health and the ecosystem.

Regardless of the fluid to be filtered and contrary to nanofiltration (NF), the transmission of organic solutes through RO membranes has been little studied, except perhaps for food applications where ethanol (MW= 46.08 g mol -1 ) was valorized for wine de-alcoholization [8-10] or for dairy effluents for which lactose (MW= 342.29 g mol -1 ) was evidenced to pass through the TFC-HR Koch membrane [11]. In sea and brackish waters there is only few literature, except in recent years [12][13][14].

The classical solution-diffusion (SD) model has been widely used to describe the transfer of salts through the RO membrane, knowing that few affinities exist between the inorganic salts and the polymer membranes. However, there is a lack of studies that specifically tackle the modelling of the rejection of organic solutes having, them, more affinity toward the membrane. SD model provides information about the overall transport through the membrane considered as a black box and ignores the complex interactions in the water (and other dissolved components)-membrane-organic solute system. Therefore, understanding the physico-chemical interactions involved in the transmission of organic solutes is crucial to design more efficient removal.

Aiming at providing a better comprehension of the transfer mechanisms of organics through seawater RO dense membranes, this thesis proposes a systematic study of a series of organic model solutes (MW in the 254-916 g mol -1 range) in order to deal with/evidence the role of the physico-chemical properties of membranes and solutes such as hydrophobicity, charge, MW, etc. Aiming at providing an efficient treatment when a single RO treatment is not sufficient, this thesis proposes simulation of membrane cascades. This research work was conducted in different stages, investigating various aspects of the desalination process. In the above-described context, the initial objectives of our research work were:

-Preparation of a low-cost membrane, made from cheap raw materials, that can be integrated in the pretreatment step of the desalination process; -Study of the RO of organic solutes in different physico-chemical environments by varying the ionic strength (adding salts; whether synthetic seawater or 30 g L -1 NaCl), and by adding other solutes in the filtration media, such as model azo-dyes, antibiotic or vitamin; -The investigation of transfer mechanisms of organic solutes through the RO SW30 Filmtec membrane, by applying classic RO models (solution-diffusion and Spiegler Kedem), and proposing an original discussion based on the physico-chemistry of solutes (MW, charge, hydrophobicity: log Kow and the solute-membrane-solvent affinities by the mean of the Hansen Solubility Parameter (HSP); -The simulation of RO membrane cascades to improve the rejection of the organic solutes.

As the preparation of the zeolite membrane was a success but not for the initial target application, the prototypes membranes were successfully tested in pervaporation. As a consequence, the PhD report was divided into two main parts one devoted to RO and the other to pervaporation by zeolite membrane.

Each part consists in a bibliographic chapter, an experimental chapter and several chapters of the obtained results with their discussion.

Accordingly, dealing with the RO part I carried out at the "Institut des Sciences Chimiques de Rennes" (ISCR) in France:

The first chapter consists of an overview of the desalination process as a solution to overcome the global water scarcity. First, this discussion focuses on the description of RO process and the different pretreatment methods involved prior to RO desalination, as well as the pretreatment methods. On the other hand, this chapter addresses the filtration of organic pollutants by RO membrane and describes the possible transfer mechanisms that could control the rejection of these solutes.

The second chapter describes the materials and methods that were used to conduct the various experiments. In this chapter, we present the chemicals, feed solutions and filtration processes that were employed. Additionally, we also describe the analytical techniques used for the determination of membrane performances.

The third chapter presents the filtration of charged organic pollutants in reverse osmosis of brackish and sea waters. We systematically study the transmission of these solutes in different physico-chemical environments to address the impact of the filtration media on the transmission of these solutes. We also present an approach to the study of the transfer mechanisms through the RO membrane by first using classic models, namely solution-diffusion and Spiegler-Kedem, and then by proposing an original approach discussing the role of the physico-chemistry of solutes and the solute-membrane interactions.

The fourth chapter includes simulations of membrane cascades based on the experimental results reported in the third chapter. We study the efficiency of membrane cascades in increasing the rejection of solutes through the various stages using different configurations inspired from those proposed at ISCR for OSN in toluene [15][16][17][18].

Accordingly, dealing with the zeolite and pervaporation part II carried out at the Laboratory of Materials, Membranes and Environment (LMME) in Morocco:

The fifth chapter presents a literature review on zeolite materials and their potential to be used as membrane materials. Also, a detailed section about the preparation of zeolite membranes and their various applications in different fields was presented.

The sixth chapter describes the materials and methods that were used to conduct the various experiments. In this chapter, we present the chemicals, feed solutions and filtration processes that were employed. Additionally, we also describe the analytical techniques used for the determination of membrane performances.

The seventh chapter is dedicated to the preparation of a low-cost and high-permeation NaA zeolite membrane for effective ethanol dehydration. This chapter describes the manufacturing process of the zeolite membrane, the characterization of the synthesized zeolite powder and prepared membrane, and the application of the prepared membrane for ethanol dewatering.

Part I: Reverse Osmosis of charged organic pollutants during the desalination of brackish and sea waters

This part is divided into 4 main chapters, one devoted to the bibliography, a second to the experimental part, and then 2 chapters dealing with results either on pollutant removal by single-pass RO or simulation of the potential efficiency by membrane cascades.

Chapter I: Bibliography: General overview on seawater desalination and organic pollutants treatment by reverse osmosis membranes

With population growth and climate change, the demand for water has increased, and most countries in the world are turning to technologies capable to provide clean water either by energy consuming distillation or more energy efficient membrane processes including the less cheap one, namely reverse osmosis (RO).

In many countries, attention has been turned to seawater desalination due to its abundant availability aiming first at inorganic salts removal. However, the presence of pollutants in seawater due to human activities, including organics and metals, will be an increasing challenge for the reverse osmosis process that may be not efficient enough for a total removal after a single filtration pass.

In this chapter, after an overview of the problem in Morocco and Europe, we first review RO desalination technology as a solution to water scarcity, widely worldwide applied and more specifically chosen in the Moroccan strategy. Secondly, we address the removal of organic pollutants by reverse osmosis membranes and the rejection mechanisms behind the transport of these organics, aiming at understanding the RO performances and to-date-limitations & arising questions.

I. Global water resources

I.1. Water scarcity

To date, water stress is a pressing global issue affecting many regions of the world. According to the recent study published by the World Resources Institute (WRI) [1], approximately one-quarter of the global population is experiencing high levels of water stress, especially in arid and semi-arid countries. This means that available water resources were insufficient to meet human demand. By 2040, the number of countries facing water stress is expected to increase (Fig. 1). The water crisis is due to several factors namely population growth, climate change, growing agricultural demands, and inappropriate water management practices. Access to drinking water is a major issue on a global scale and has become a source of conflict in several regions of the world. 

I.1.1. Case of Morocco

Morocco faces chronic water shortages, and it is significantly affected by climate change due to its geographical position and climate. During the last decades, the country has experienced an estimated average warming of 1 °C and a decrease in precipitation between 3 and 30%. This situation has affected the production of drinking water and agricultural activities [2]. This situation has affected the production of drinking water and agricultural activities [1]. Morocco has implemented various strategies to address water stress, such as the construction of dams, investment in water management infrastructure, promotion of efficient irrigation techniques and, more importantly, the use of desalination for coastal regions since the coastline is 3500 km long. Morocco has 12 desalination plants in total, out of which 9 produce potable water with a capacity of 85 million m 3 per year, and the other plants produce water for irrigation purposes. The main desalination plants in Morocco are situated in the south, including Laayoune, Tan Tan, Boujdour, and Tarfaya, where the scarcity of conventional water resources occurs, which makes desalination a crucial solution. Additionally, the construction of other desalination plants is ongoing in the cities of Safi and Casablanca. Fig. 2. shows the achievements of the National Office for Electricity and Drinking Water (ONEE) and the Office Cherifien of Phosphates (OCP) in terms of seawater (SW) and brackish (BW) water desalination. 

I.1.1. Case of France/Europe

Compared to other countries, notably Morocco, France does not experience widespread water scarcity. However, some regions in France do face occasional water stress, particularly during dry periods and with respect to the increase in consumption due to tourism activity or in areas with high water demand for agriculture [3].

In 2022, low precipitation and reduced snowfall were noticed in Europe, combined with high temperatures. This has led to a widespread and prolonged drought that has affected various sectors, such as agriculture.

According to the Copernicus report [4], river flows in Europe were the second lowest ever recorded, marking the 6 th consecutive year with below-average flow rates. In terms of affected areas, 2022 was the driest year ever recorded, with 63% of European rivers experiencing below-average flow rates. In Fig. 3, the map shows that the flow rate in French rivers experienced low to notably low flow rates. However, as Morocco, Mediterranean countries like Spain, have built up RO stations for seawater desalination 

II. Desalination as a solution to water scarcity

Desalination is defined as the process of removing salts from more or less saline water. Desalinated water is recovered for use, and the salts are concentrated in a water stream known as brine, which is discharged either into the sea or evaporation ponds. Due to the abundance of seawater, desalination is considered as an attractive option for producing fresh water, especially in arid or semi-arid countries where water stress is high and coastal zone are available [7,8].

II.1. Desalination processes

Numerous desalination processes are available, which can be classified into two main categories, namely thermal and membrane processes [9,10].

Multi-effect distillation (MED) was the first thermal process used for seawater desalination [11].This process consists of heating the seawater to a temperature of 90-120 °C, followed by condensation of the produced steam. After that, the heated seawater is flashed in successive stages at decreasing pressure levels. The generated steam is condensed and recovered as pure water. The electrodialysis process is based on transporting ions through a permselective membrane due to the effect of a current [14]. The installations are composed of alternating anionic and cationic membranes as displayed in Fig. 5, where each compartment has concentrated brine and one out of every two compartments holds filtered permeate. Electrodialysis is not yet a commonly used method for seawater desalination because of its high energy consumption (2.64-5.5 kWh m -3 ) [12,15]. Reverse osmosis (RO) process has been the most widely used desalination technology over the last 60 years (Fig. 6) [16]. RO processes use less energy than thermal processes(approximately one tenth), but they still consume a lot of energy with respect to the low added value product that is the drinking water (2-4 kWh m -3 ) [17]. The advantage of using the reverse osmosis process over thermal desalination is also the high capacity of production and ease of operation [18]. However, the brine management induces an environmental problem due to its impact on the biodiversity either on land or in the sea depending on the disposal strategy, that is more and more discussed in the interview with Dr. Barboiu [19].

The RO system is composed of two compartments containing solutions with different concentrations separated by a semi-permeable membrane, this last one being generally considered as a dense polymer membrane (see below).

Few notions have to be given here for the sake of the clarity. The osmotic pressure of a solution is related to its content, either nature and concentration of dissolved components. Roughly the higher is the salt concentration the higher is the solution osmotic pressure according to the van't Hoff well known equation. In absence of any physical barrier, when two zones are in close vicinity one having a salt concentration higher than the other, two phenomena can co-exist: the migration of salt from the higher concentration side to the lower one (called salt diffusion) and the migration of water in the opposite sens (called osmosis or forward osmosis). In both cases the driving force is the equalization of the chemical potential of the two initial solution sides. In presence of the RO membrane retaining the salts, based on osmosis the natural water migration would be from the diluted (permeate) side to the concentrated compartment (retentate). To force the water to pass through the membrane required thus to increase the applied pressure on the feed/retentate side over the difference in osmotic pressure of the two compartment sides. This process is called reverse osmosis and allow to prepare desalted water [20]. 

II.2. RO Desalination unit

It is well known that seawater cannot be directly treated by RO membrane to overcome dramatic irreversible fouling leading to a rapid stop of the process. Desalination process requires three main successive steps namely: pretreatment, reverse osmosis and post-treatment as shown Fig. 7. 

II.2.1. Seawater composition

To understand the overall treatment, the knowledge of average seawater composition is required. Seawater is a complex matrix that contains, in addition to inorganic salts, numerous particles, such as microorganisms (bacteria and viruses) and algea, suspended solids such as sand and natural organic matter more or less dissolved. The composition of the soluble fraction depends of the selected oceans or seas. 

II.2.2. Pretreatment

Seawater is a complex matrix that contains numerous particles, such as suspended solids and natural organic matter. The presence of these substances during the RO process strongly impacts the performance of the membrane. Pretreatment of seawater is an important step to consider prior to desalination because it allows for the removal of the particles found in seawater, thus increasing the membrane life and avoiding productivity loss [18]. The selection of the pretreatment method is crucial and requires consideration of numerous aspects such as the feed water quality and the operation cost. Pretreatment methods are divided into conventional processes and membrane-based technology [24].

II.2.2.1. Conventional pretreatments processes

Conventional pretreatment processes include pre-screening, chlorination, coagulation-flocculation, sedimentation, air flotation, granular media filtration, ozonation, and scale inhibitors (Fig. 8). During the pretreatment step, all these processes may be used or just some of them, depending on the local seawater quality [25]. The basic step in the pretreatment process is pre-screening, where very large and non-soluble solids are removed in order to minimize the pollutants load.

After that, chlorination is mandatory to disinfect and prevent biological growth, which can cause the blocking of membrane pores later. It consists of adding chlorine gas or sodium hypochlorite, to raw water. It must be understood that residual chlorine has to be removed before the RO membrane entrance as it provokes accelerated aging of polyamide membranes shortening the membrane lifespan and rapidly decreasing the RO performances (rejection and flux).

Coagulation-flocculation processes are then utilized to improve the removal of colloidal particles from water.

Coagulants such as ferric sulfate and ferric chloride are added in order to form larger agglomerates that can be further easily eliminated by flotation or sedimentation. All along the sedimentation process, the flocculated particles , which resulted from coagulation, migrated to the bottom of the sedimentation tank under gravity, and were thereafter extracted using a sludge pipeline Granular media filtration is employed if some suspended particles still exist after clarification of the water. Media filters capture only contaminants, leaving clear water. The dechlorination step is generally achieved at this stage by adding sodium metabisulfite (SMBS). Scale inhibitors such as phosphonates and polyphosphates are used to limit inorganic salt precipitation that can occur on/in of the RO membranes. The use of antiscalant chemicals should be controlled because they can increase biofouling if not used at the appropriate concentration (that is below 10 mg L -1 ) [28]. 

II.2.2.2. Membrane-based technologies

Alternatively, there has been an increasing interest in the use of membrane processes as pretreatment methods during the desalination of seawater due to their advantages, cited below: -Higher RO flux; -Lower consumption of chemicals; -Increase in the membrane lifetime; -Ability to operate at varying feed water quality; -Less use of disinfection and cleaning of the RO system.

Microfiltration (MF) and ultrafiltration (UF) membranes are the processes commonly used in modern desalination plants. MF and UF use porous membranes to separate macromolecules or small particles floating in a liquid. These processes are referred to as low-pressure membrane separations because the transmembrane pressure corresponding to the difference between the two sides of the membrane is of the order of 0.2 to 4 bar.

The membranes are assembled in modules, which can be tubular, flat, spiral wound or hollow fiber. Progressively, UF replaces MF that was initially selected.

MF membrane can retain particles with a size of 0.1 m, which allows it to retain most of colloids and bacteria, whereas the size of particles retained by a UF membrane is of the order of 0.01m, which allows it to retain colloids, bacteria and viruses from water.

It was reported that the use of MF prior to RO improved salts rejection from 94.3-97.0 % to 98.2-98.8%, in addition to the decrease in flux decline [29].

Elsewhere, UF was used for the pretreatment of the Red seawater in Saudi Arabia [30]. The UF permeate displayed a turbidity less than 0.2 NTU and a slit density index (SDI) less than 3 that is generally considered as the upper target.

Voutchkov showed that both MF and UF contributed to the reduction of the RO membrane biofouling potential by decreasing the SDI of the feed water [31]. The membrane processes have therefore made it possible to reliably produce better-quality water regardless of the quality of the raw water.

II.2.3. Desalination by reverse osmosis

RO is commonly achieved using dense polyamide (PA) membranes. Initially, they were made of fully aromatic PA on a polysulfone intermediate porous layer deposited on a polyester fabric (Fig. 9). The PA active layer is now often modified by the adsorption of hydrophilized polymer such as PVA (polyvinyl alcohol) for instance [32]. The modification is often the proprietary composition of the membrane provider. RO is commonly applied using spiral-wound membrane modules (Fig. 10), where filtration is carried out in a tangential flow mode. In such modules, the entry of the feed water occurs in a "channel" emptied with feed/retentate spacers inducing local turbulences, enabling the feed/retentate water to traverse the membrane element along the module's length. The purified water (permeate) is gathered through a designated space referred to as the permeate collector, which is a tube positioned at the center of the module. In this configuration, while the permeate / desalinated water is collected in the central tube, the retentate/concentrated saline water (brine) that did not pass through the membrane is collected at the module's outlet. Every RO system consists of the following elements:

-A high-pressure pump that facilitates water transport throughout the system; -Valves used for monitoring the flow rates and pressures within the system; -Pressure vessels used for inducing water transport by applying pressure higher than the feed/retentate osmotic pressure; -A storage tank designated to store the permeate water; -A drain line is incorporated to remove the concentrate discharged by the membrane.

At industrial scale, several spiral elements are arranged in series and parallel in order to ensure a sufficient membrane filtering area to reach the target desalinated water flux (Fig. 11). The number of stages is limited with respect to the osmotic pressure reached on the feed side. Classically, with seawater, only 2 stages are necessary to recover about 50% of the feed water in the permeate. Higher yield of recovery is not economically acceptable and physically difficult to achieve. 

II.2.4. Post-treatment

As RO is really efficient, the permeate is demineralized to have direct drinking water.

In order to guarantee the desired quality of the desalinated water, a post-treatment step needs to be considered, including the remineralization of the water and the adjustment of pH. Moreover, it is essential for the desalinated water to possess suitable properties of non-aggressiveness and non-corrosiveness to ensure its safe transportation and storage [35]. To prevent this, RO plants introduce alkalinity to the water using several techniques, such as recarbonation through the dissolution of CO2 and the addition of lime for instance, etc.

III. Organic pollutants removal by RO: state of the art and new arising questions

In recent years, there has been a growing concern regarding the micropollutants present in the aquatic environment due to their potential adverse effects on human health and ecosystem safety. Some of the pollutants are regulated for water quality monitoring following the standards provided by the World Health Organization [36]. However, the majority of these pollutants are currently not regulated. Moreover, depending on local/country regulations or the absence of regulations they can be massively discharged into the environment. As a consequence, the water resource is increasingly degraded meaning that classical treatments for drinking water preparation have to be modified to address this new problematic. Accordingly, performances of the overall process and particularly that of RO have to be better evaluated.

III.1. Evidencing of organics partial rejection by RO membranes

Among pollutants are metal compounds mainly inorganic but sometimes organic (complexes) and organic components. In this part, we only address the problematic of these last ones.

Organic pollutants include a wide range of chemicals such as pesticides, herbicides, dyes, pharmaceutical products, endocrine disruptors, etc., and their potential degradation products after a more or less long stay in the environment. Their molecular weights are generally below 1000 g mol -1 (and often less than 500), and to date they are found in the environment at trace concentrations meaning in µg L -1 order or lower.

With respect to their sizes and MWs, nanofiltration (NF) and RO membranes were proven to be suitable for the removal of organic pollutants. It is well-known that NF membranes are permeable to small molecules such as glucose (MW= 180 g mol -1 ) which is often selected to determine the molecular weight cut-off (MWCO) of these membranes [37]. Moreover, contrary to what was believed for a long time, RO membranes are not an absolute barrier. For instance, ethanol (MW= 46.06 g mol -1 ) was evidenced to pass through the membrane allowing partial de-alcoholisation of wine (but in this case membrane swelling can also be questioned); more surprisingly, dye and vitamin of MW close to 300 g mol -1 were evidenced to pass through a PA TFC-HR membrane (Koch) [38] as well as lactose (MW= 342.3 g mol -1 ) in dairy effluent treatment [39].

Table 2 summarizes some studies (not exhaustive) that report the only partial rejection of organic pollutants by RO membranes, regardless of the other conditions. This study aims at providing some new insights to go ahead in the fundamental comprehension of transfer mechanisms.

IV. Transport and transfer mechanisms in RO membranes

A fundamental and quantitative understanding of the transport & transfer mechanisms and the performance of RO membranes is essential.

Hereafter, transport refers to phenomena before the membrane entrance, while transfer refers to phenomena inside the membrane including the feed/membrane interface.

In all of our experiments, due to low concentrations of organics (typically 0.5 mmol L -1 ) in general no fouling can be detected from flux measurements (even if adsorption of at least monolayers was detected during the cleaning step). Simultaneously, with inorganic salts, only the impact of the difference in retentate/permeate osmotic pressure was evidenced. Accordingly, to describe the solutes' behaviors in the feed/retentate compartment before the membrane wall, the film model (see below) explaining the concentration polarization layer of solutes was used, no matter the resistance in series model accounting for overall, reversible and irreversible fouling.

For the transfer of salts inside the RO membrane, the classic solution-diffusion (SD) model is widely admitted supposing a dense membrane structure. However, if the structure has to be considered as porous allowing some convection inside the membrane, the Spiegler-Kedem-Katchalsky (SKK) models may be preferred as the membrane is here considered as a black box, no matter its real structure.

Of course, the same models can be "mechanically" applied for organics but the drew conclusions have to be in-depth discussed as said above ( § III.2) as the understanding of real mechanisms may be more challenging. Generally, the SD & SKK models consider only the transfer in the membrane active layer since it is believed to determine both the flux and the rejection, no matter the support and fabric layers. These models also assume that the thermodynamic equilibrium is instantaneous and that the operation is conducted under steady state conditions. Furthermore, concentration polarization (CP) is rarely considered in RO, especially for dilute solutions. Therefore, the concentration at the membrane wall (feed/retentate side) is taken equal to that of the feed. In presence of CP, it can be useful to combine the film model with SD and SKK as we propose in the following aiming at evidencing if CP can really be neglected or not. Additionally, the water flux is considered equivalent to the total permeate flux density (Jp) that is pertinent.

Whatever SD or SKK models, the physico-chemical interactions in the membrane-solutes-solvent system are not explicitly considered. Some attempts reported in literature will be reviewed at the end of this paragraph.

IV.1. Film model for transport in the polarization layer before the membrane entrance (Michaels, 1962)

Under the action of transmembrane pressure (TMP), which acts as the driving force for transport, the solvent and solute are transported towards the membrane. Whatever the reason, the solvent is considered to pass freely through the membrane. On the other hand, the membrane forms a physical barrier to the solute, which can then accumulate upstream of the membrane. This phenomenon is called concentration polarization and exists over a thickness δ of a few microns. The film model describes the phenomenen in the "polarization layer" in which the concentration of solute is higher than the concentration in the bulk (Fig. 12). In the case of solutes' mixtures, with respect to electroneutrality, the thickness δ may be identical or different for each solute. In what follows, we only describe the case of a single solute « i ». The solute convection flux (Jsolvent x Ci) resulting from the applied transmembrane pressure (TMP) leads to an increase in the concentration at the membrane wall compared to that in the bulk, which creates a concentration gradient.

This difference in concentration induces a phenomenon of retrodiffusion of the solute from the membrane to the dilute bulk, tending to balance (but not necessarily achieving) the concentrations. This phenomenon can be described by Fick's first law (Eq. (1)).

J i = -D i × dC i dx (1) 
Where J i is the flux of solute i D i is the diffusion coefficient of the solute i (considered constant for the sake of simplification) C i is the concentration of the solute i, variable over the CP layer

The film model expresses the transport balance by considering the membrane as a black box, and the mass balance equation used to determine the concentration immediately upstream the membrane (C m ) is as follows (Eq. (2))

J solvent × C i -D i × dC i dx = J solvent × C P (2)
where J solvent is the solvent flux induced by convection, considered as equivalent to the permeate flux Jp (diluted solutions).

After integration of Eq. ( 2) over the polarization layer and introduction of k the mass transfer coefficient, the concentration at the membrane wall is expressed as follows:

C m = (C b -C p ) × exp ( J solvent k ) + C p (3) 
Where: 𝐶 𝑚 is concentration of solute i at the membrane wall 𝐶 𝑝 is the concentration of solute i in the permeate 𝐶 𝑏 is the concentration in the retentate 𝐽 𝑝 is the permeate flux 𝑘 is the mass transfer coefficient in polarization layer. 𝑘 is given in Eq. ( 4):

𝑘 = 𝐷𝑖  (4) 
With 𝐷 is coefficient of diffusion of solute i in polarization layer,  is the thickness of polarization layer.

After rearrangement of Eq. (3), Eq. ( 5) gives the relation between the experimental rejection (Robs) and the real rejection (Rreal) of the solute i.

1-𝑅 𝑜𝑏𝑠 𝑅 𝑜𝑏𝑠 = 1-𝑅 𝑟𝑒𝑎𝑙 𝑅 𝑟𝑒𝑎𝑙 exp ( 𝐽 𝑝 𝑘 ) (5) 
With:

𝑅 𝑜𝑏𝑠 = 1 - 𝐶 𝑝 𝐶 𝑏 (6) 
𝑅 𝑟𝑒𝑎𝑙 = 1 - 𝐶 𝑝 𝐶 𝑚 (7) 
𝑅 𝑜𝑏𝑠 can be expressed by the following equation after rearrangement:

𝑅 𝑜𝑏𝑠 = 𝑅 𝑟𝑒𝑎𝑙 (1-𝑅 𝑟𝑒𝑎𝑙 ) exp ( 𝐽 𝑝 𝑘 )+𝑅 𝑟𝑒𝑎𝑙 (8) 
In absence of other phenomenon, by fitting the plot of Robs vs Jp, that are experimental data, it is possible to deduce Rreal and k values. Then knowing Di it is possible to caculate , while knowing the rejections Cm can be calculated according to:

C m = C b x (1-R obs ) (1-R real ) (9) 

IV.2. Irreversible thermodynamic models to describe transfers, useful whatever the membrane structure

Kedem-Katchalsky (KK) and Spiegler-Kedem (SK) are the two main models that are based on irreversible thermodynamics principles. These two models rely on solute and solvent fluxes to describe the transfer mechanism, allowing to determine the solute rejection.

The models based on irreversible thermodynamics correlate transfer due to the applied mechanical pressure gradient (TMP) and the difference in osmotic pressure on each side of the membrane (). As already said, these models consider the membrane as a black box separating two compartments (retentate and permeate) without considering the properties of the membrane. Therefore, this type of model is valid for any type and structure of membrane, whether dense or porous. Accordingly, these models don't provide fundamental insight into the membrane.

IV.2.1. Kedem-Katchalsky model (KK)

In absence of any solute, meaning in absence of CP and osmotic pressure difference, the permeate flux is similar to the solvent flux and can be expressed according to:

Jsolvent = 𝐽 𝑝 = 𝐿 𝑝 x 𝑇𝑀𝑃 (10 
) Where Lp is the membrane permeance (often called membrane permeability in an inappropriate use, cf IUPAC recommendation [55], in L h -1 m -2 bar -1 or m.s -1 .

In presence of solute, the permeate flux Jp is given by:

Jsolvent = 𝐽 𝑝 = 𝐿 𝑝 (𝑇𝑀𝑃 - 𝐾𝐾 ) (11)
Where:  is the difference in somotic pressure;  = retentate at membrane wall - permeate That can be calculated for diluted solutions by the well-known Van't' Hoff equation:

 = 𝑅 𝑔 𝑇𝐶 (12)
Where C is the difference in concentration over the membrane: C = Cm-Cp. In absence of concentration polarization Cm=Cb and C = Cb-Cp Rg is the perfect gas constant (8.31 J mol -1 K -1 )  is the reflection coefficient that aims to characterize flux interactions during water and solute transport through the membrane in a common channel, with 0 ≤  𝐾𝐾 ≤ 1 if  𝐾𝐾 < 1 then the solute is denoted "semi-permeable" (meaning partly retained by the membrane), and if  𝐾𝐾 = 1 the solute is denoted "impermeable" this indicates that a complete rejection is achieved.

For binary solutions, the flux of solutes is expressed by:

𝐽 𝑠𝑜𝑙𝑢𝑡𝑒 = 𝑃 𝐾𝐾  + (1 - 𝐾𝐾 )𝐶 𝑎𝑣𝑔 𝐽 𝑝 (13)
Where 𝐶 𝑎𝑣𝑔 is the average solutes' concentration inside the membrane PKK is the transfer coefficient of solute in the membrane (also called solute permeability)

The main parameters of the Kedem-Katchalsky model are expressed as follow:

𝐴 = ( 𝐽 𝑝 𝑇𝑀𝑃 ) =0 (14) 
That is the membrane permeance in deionized water

 𝐾𝐾 = ( 𝑇𝑀𝑃  ) 𝐽 𝑝 =𝑂 (15) 
That can be obtained from the Jp vs TMP plot by extrapolation at null permeate flux, in the considered solution containing one or more solute.

𝑃 𝐾𝐾 = ( 𝐽 𝑠  ) 𝐽 𝑝 =0 (16) 
The permeability coefficient of the solute

 = 𝑅 𝑔 𝑇𝐶 (17) 
The coefficients of the Kedem-Katchalsky model, such as 𝑃 𝐾𝐾 , can depend on the concentration, which is considered as main disadvantage of this model because the difference in concentrations across the membrane makes the linear irreversible thermodynamics relationships invalid. For this reason, this model was modified by Spiegler-Kedem to make parameters independent of the concentration.

IV.2.2. Spiegler-Kedem model (SK)

The Spiegler-Kedem [56] or Spiegler-Kedem-Katchalsky model is an evolution of the Kedem-Katchalsky model as said just above. It is also based on irreversible thermodynamics principles. Only two parameters are used to describe the solute i transfer in the membrane, and they were set as independent of the concentration: the solute permeability (PSK,i) and the reflection coefficient σ SK,i . In this model, the solvent flux can be assimilated to the permeate flux 𝐽 𝑝 defined by the same equation as in the Kedem-Katchalsky model (Eq. ( 18)):

Jsolvent = 𝐽 𝑝 = 𝐿 𝑝 (𝑇𝑀𝑃 -σ SK,i ) (18) 
and the solute flux Ji is defined as:

J i = -P SK,i × 𝑥 × ( dC i de ) + (1 -σ SK,i ) × J solvent × C i ̅ (19) 
Where 𝑑𝑐𝑖 𝑑𝑥 is the concentration gradient of solute i through the membrane 𝑥 is the thickness of the membrane layer (generally considered as that of the active layer only)

Accordingly, the real rejection can be calculated as follow:

R real,SK,i = (1 -F) × σ SK,i 1 -F × σ SK,i (20) 
F = exp (-(1 -σ SK,i ) × J solvent P SK,i ) (21) 
In absence of concentration polarization, the real rejection and the observed ones are equal. By plotting Robs, i(=Rreal,SK,i) vs Jp (=Jsolvent), both being experimental data, it is possible to calculate PSK,i and SK,i.

IV.2.3. Combination of Spiegler Kedem (SK) and film models

According to the Spiegler Kedem model, the real rejection of the solute i (𝑅 𝑟𝑒𝑎𝑙,𝑆𝐾,𝑖 ) is expressed as follows:

𝑅 𝑟𝑒𝑎𝑙,𝑆𝐾,𝑖 = 𝜎 𝑆𝐾,𝑖 × 1-exp (-(1-𝜎 𝑆𝐾,𝑖 × 𝐽 𝑝 𝑃 𝑆𝐾,𝑖
))

1-𝜎𝑆𝐾,𝑖×exp (-(1-𝜎 𝑆𝐾,𝑖 × 𝐽 𝑝 𝑃 𝑆𝐾,𝑖 )) (22) 
However, this real rejection is different from the observed one if there is any concentration polarization. In order to account for CP, the SK model can be combined with the film model. The observed rejection Robs expression given by Eq. ( 8) of the film model can be rewritten, inserting Rreal expression of Eq. ( 22) of the SK model, leading to a relationship between Robs, Jp, PSK,i,-F, SK,i-F and kSK,F of the film model (F is added in the indexes to highlight the combination between the two models). Then the 3 last parameters can be calculated by fitting the experimental plot Robs =f(Jp).

IV.2.4 Physical meaning and interpretation of σSK,i

To give a physical meaning and interpret the reflection coefficient deduced from the SK model, σ SK,i , several models were previously proposed. The steric-hindrance pore (SHP) model is often used to provide a description for a porous membrane [57]. SHP model considers that during the transfer, a neutral solute has certain steric hindrance and interactions with the pore wall. Whereas, a solute with the same size as the pore size would be completely rejected, a solute smaller than the pore would be partially retained due to these effects. The reflection coefficient was then calculated by Eq. ( 23) allowing the determination of the membrane pore radius (knowing that of the solute).

𝜎 𝑆𝐾,𝑖 = 𝜎 𝑆𝐻𝑃 = 1 -(1 + 16𝑟 𝑠 2 9𝑟 𝑝 2 ) ⨯ (1 - 𝑟 𝑠 𝑟 𝑝 ) 2 ⨯ [2 -(1 - 𝑟 𝑠 𝑟 𝑝 ) 2 ] (23) 
With:

SHP: the reflection coefficient of the solute by the membrane obtained from the SHP model SK,i: the reflection coefficient of the solute by the membrane obtained from the SK model rp: average membrane pore radius rs: neutral solute radius

IV.3. Solution-diffusion (SD) models to describe transfers, useful for dense membranes

This model was initially proposed to describe transfer through dense membranes of aqueous RO, for which the driving force is the gradient in solute concentration across the membrane thickness [58]. This concentration gradient induces a chemical potential gradient. The general description is similar for solvent and solute at the start.

IV.3.1 General equations for solvent and solute (hereafter referred as component)

The flux 𝐽 𝑖 of a component i (either solvent or solute) across the membrane (thickness x) is thus described by:

𝐽 𝑖 = -L 𝑖 𝑑 i 𝑑x (24) 
Where:

L 𝑖 is a proportionality coefficient 𝑑i 𝑑x
is the gradient of chemical potential of solute i.

The chemical potential variation of i depends on pressure and concentration.

d i = RTd(ln( i c i )) + V m,i dP (25 
) Where T is the temperature  𝑖 is the activity coefficient 𝑐 𝑖 is the molar fraction of solute i in the membrane 𝑉 𝑚,𝑖 is the molar volume of solute i.

Due to the dense character of the membrane that is considered as not compressible (as the liquid filling the membrane), the pressure remains constant over the membrane thickness (dP=0), also meaning that no convection is possible inside the membrane. Thus Eq. ( 25) is simplified as follows:

d i = RTd(ln( i c i )) (26) 
The membrane being considered as a liquid, this means that the pressure is uniform, for continuity requirements, the pressure is then equal to the pressure of the retentate side. Therefore, the chemical potential is only due to gradient of concentration ( 𝑉 𝑚,𝑖 𝑑𝑃 is neglected in Eq. ( 25)) for both solvent and solute.

By substituting Eq. ( 25) in Eq. ( 24), the expression of component i flux inside the membrane becomes:

𝐽 𝑖 = -𝐿 𝑖 𝑅𝑇 𝑑𝑙𝑛( 𝑖 𝑐 𝑖 ) 𝑑x = - 𝐿 𝑖 𝑅𝑇 𝑐 𝑖 𝑑𝑐 𝑖 𝑑x (27) 
By integrating this equation over the membrane thickness x the solute flux is expressed by:

𝐽 𝑖 = 𝐷 𝑀,𝑖 𝐶 𝑀𝑅,𝑖 -𝐶 𝑀𝑃,𝑖 𝐷𝑥 (28) 
Where 𝐶 𝑀𝑅,𝑖 and 𝐶 𝑀𝑃,𝑖 are concentrations of component i in the membrane at the retentate and permeate sides respectively. 𝐷 𝑀,𝑖 is the diffusion coefficient of component i in the membrane.

Each interface membrane/solution is at equilibrium, which means that there is a continuous gradient of chemical potential from one side to the other side of the membrane. Consequently, at the membrane inlet at the retentate/membrane interface:

 𝑅,𝑖 =  𝑀𝑅,𝑖 (29) 
Where:

 𝑅,𝑖 is the chemical potential of i in the retentate, meaning at the membrane wall ( 𝑚𝑅,𝑖 ) before entering the membrane. Note that ( 𝑚𝑅,𝑖 ) will be similar to the chemical potential in the bulk only in absence of concentration polarisation.

 𝑀𝑅,𝑖 is the chemical potential of i in the membrane at inlet.

A similar equation can be written at the membrane outlet at the membrane/permeate interface:

 𝑃,𝑖 =  𝑀𝑃,𝑖 (30) 
Where:

 𝑃,𝑖 is the chemical potential of i in the permeate, meaning at the membrane outlet and often considered as similar to the one in the permeate bulk neglecting concentration polarisation on the membrane back side.

 𝑀𝑃,𝑖 is the chemical potential of i inside the membrane but at outlet.

The diffusion appears thus as the limiting phenomenon. At the solution-membrane interface, on the retentate side, there is no pressure difference as said above.

Consequently, the equality of chemical potential concerns only the concentration expression and Eq. ( 29) becomes:

𝐶 𝑀𝑅,𝑖 =  𝑅,𝑖  𝑀𝑅,𝑖 𝐶 𝑅,𝑖 = K 𝑖 𝐶 𝑅,𝑖 (31) 
Where  𝑅,𝑖 (or  𝑚𝑅,𝑖 ) is the chemical potential of i in the retentate at the membrane wall  𝑀𝑅,𝑖 is the chemical potential in the membrane on the retentate side  𝑅,𝑖 (or  𝑚𝑅,𝑖 ) is the activity coefficient of i in the retentate at the membrane wall,  𝑀𝑅,𝑖 is the activity coefficient of i in the membrane on the retentate side 𝐶 𝑅,𝑖 (or 𝐶 𝑚𝑅,𝑖 ) is the concentration of i in the retentate at the membrane wall 𝐶 𝑀𝑅,𝑖 is the concentration of i in the membrane on the retentate side K 𝑖 is the partition coefficient of component i between the membrane and the solution at the membrane inlet On the permeate side, at the membrane-solution interface, the pressure drops from the pressure inside the membrane (equal to that in retentate) PR to that in permeate PP (generally it is the atmospheric pressure).

Considering that the partition coefficient is constant on both side of the membrane, then Eq. ( 30) gives:

𝐶 𝑀𝑃,𝑖 =  𝑃,𝑖  𝑀𝑃,𝑖 𝐶 𝑃,𝑖 ( -𝑉 𝑚,𝑖 (𝑃 𝑅 -𝑃 𝑃 ) 𝑅𝑇 ) = K 𝑖 𝐶 𝑃,𝑖 -𝑉 𝑚,𝑖 (𝑃 𝑅 -𝑃 𝑃 ) 𝑅𝑇 (32) 
Where  𝑃,𝑖 and  𝑀𝑃,𝑖 are the chemical potentials in the permeate and membrane (permeate side) respectively,  𝑃,𝑖 and  𝑀𝑃,𝑖 are activity coefficients in the permeate and membrane (permeate side) respectively 𝐶 𝑃,𝑖 and 𝐶 𝑀𝑃,𝑖 are concentration in the permeate and membrane (permeate side) respectively.

PR is the pressure in the retentate Pp is the pressure in the permeate By replacing 𝐶 𝑀𝑅,𝑖 and 𝐶 𝑀𝑃,𝑖 with their expressions (Eq. (31) and Eq. ( 32)) in Eq. ( 28), the flux expression inside the membrane becomes (for solute and solvent):

𝐽 𝑖 = 𝐷 𝑀,𝑖 𝐾 𝑖 𝑋 (𝐶 𝑅,𝑖 -𝐶 𝑃,𝑖 exp ( -𝑉 𝑚,𝑖 (𝑃 𝑅 -𝑃 𝑃 ) 𝑅𝑇 ) (33) 

IV.3.2 Solvent

In the case of the solvent, in order to simplify, the flux is considered to be null at osmotic equilibrium and the term of exponential is small in normal operating conditions of RO process, the equation becomes:

Jsolvent = 𝐽 𝑝 = 𝐷 𝑤 𝐾 𝑤 𝑋 𝑅𝑇 𝐶 𝑤,𝑅 𝑉 𝑚,𝑤 (𝑇𝑀𝑃 -) (34) 
Where 𝐷 𝑤 is diffusion coefficient of water in the membrane 𝐾 𝑤 is the water partition coefficient between solution and membrane 𝐶 𝑤,𝑅 is the water concentration of retentate 𝑉 𝑚,𝑤 is molar volume of water.

This equation can be rearranged by considering that the first term is constant at a given temperature and represents the membrane permeance (Lp). Thus, Eq. ( 34) evolves in the well-known Eq. ( 35):

Jsolvent = 𝐽 𝑝 = 𝐿 𝑝 (𝑇𝑀𝑃 -) (35) 

IV.3.3 Solute

For each solute i, Eq. ( 33) can be simplified by considering that the exponential term is equal to 1, thus the expression is written as follow:

𝐽 𝑖 = 𝐷 𝑀,𝑖 𝐾 𝑖 𝑋 (𝐶 𝑅,𝑖 -𝐶 𝑃,𝑖 ) (36) 
The term 𝐷 𝑀,𝑖 𝐾 𝑖 𝑋 is considered to be a constant named membrane permeability to solute (PSD,i).

The differences in solute solubilities, partition coefficients and diffusivities play an important role in this model and impact the solutes' fluxes.

The real rejection of i ( 𝑅 𝑟𝑒𝑎𝑙,𝑆𝐷,𝑖 ) can thus be expressed as function of the permeate flux by the following equation:

𝑅 𝑟𝑒𝑎𝑙,𝑆𝐷,𝑖 = 𝐽 𝑝 𝐽 𝑝 +𝑃 𝑆𝐷,𝑖 (37) 
This equation shows that when the transmembrane pressure and therefore Jp tends towards infinity, the real rejection tends towards 100%.

In reality, as very high Jp values cannot be reached, the rejection tends to a value that can be more or less slightly lower than 100%, meaning the partial passage of the solute with water.

The advantage of this model is that only two parameters (Lp and PSD,i) are needed to describe the system, which makes this model widely applied for both inorganic salts and organic molecules.

However, as said before, it was reported that this model is in reality limited to dense membranes with low water content (meaning little swelling), where the pore flow can be fully neglected.

Other limitations include some imperfections (that may be present in the membrane, and considered as "pores" were address in the solution-diffusion imperfection model [59] introducing a convection term in the membrane.

V.3. 4. combination of Solution-diffusion and film models

As explained above, the solution-diffusion model is applicable for perfect and slightly swelled dense membranes, in which the separation is based on the difference in solubility and diffusivity of solutes. This model gives the expression of 𝑅 𝑟𝑒𝑎𝑙 according to Eq. ( 37).

In absence of concentration polarization, Robs will be similar to Rreal; that is no more true in presence of CP.

To account for CP, the SK model has to be combined with the film one.

By replacing the expression of 𝑅 𝑟𝑒𝑎𝑙 in film model (Eq. (5)) by the expression of 𝑅 𝑟𝑒𝑎𝑙,𝑆𝐷 in SD model (Eq. (37)), the Robs is expressed in Eq. ( 38):

R 𝑜𝑏𝑠 = 𝟏 𝟏-( 𝑱 𝒑 𝑱 𝒑+𝑷 𝑺𝑫-𝑭,𝒊 ) 𝑱 𝒑 𝑱 𝒑+𝑷 𝑺𝑫-𝑭,𝒊 𝒆𝒙𝒑( 𝑱 𝒑 𝒌 𝑺𝑫-𝑭 ) +𝟏 (38) 
With F (film) is added in the indexes to highlight the combination between the two SD and film models 𝑃 𝑆𝐷-𝐹 and 𝑘 𝑆𝐷-𝐹 are solute permeability and mass transfer coefficients respectively, obtained by the combination of film and SD models. 𝑃 𝑆𝐷-𝐹 and 𝑘 𝑆𝐷-𝐹 were adjusted by the "solver" function of Excel for fitting experimental rejections (𝑅 𝑜𝑏𝑠 ) from the plot of 𝑅 𝑜𝑏𝑠 vs 𝐽 𝑝 . After that, 𝑅 𝑟𝑒𝑎𝑙,𝑆𝐷 was calculated according to Eq. ( 37) by replacing 𝑅 𝑟𝑒𝑎𝑙,𝑆𝐷 and 𝑃 𝑆𝐷 by 𝑅 𝑟𝑒𝑎𝑙,𝑆𝐷-𝐹 and 𝑃 𝑆𝐷-𝐹 respectively.

V. Rejection mechanisms in reverse osmosis

The descriptions given in the above section gives explanation on forces inducing the transport/transfer but provide no in-depth understanding of the rejection mechanism. Accordingly, as for all membrane processes, the rejection of solutes through RO membrane is not easily predictable. It has been shown that the transfer is controlled by various mechanisms, which depend on the membrane, the properties of solutes and the filtration media as displayed in 

V.1. Size exclusion

Size exclusion mechanism depends mainly on the physical properties of the membrane and the solute. It is quite intuitive: if the solute has a larger size than the membrane pores/free volumes, it must be fully rejected.

In other cases, the rejection can be more or less high depending on the solute size to membrane pores/free volumes ratio.

The determination of the solute size to account for can be quite difficult. That is why the solute size is often discussed by the mean of its MW to determine if the solute is able to pass through the membrane or not [62].

It has been shown that there is a correlation between MW and the rejection of organic solutes, suggesting that the more the MW increases, the more the solute is rejected by the membrane. However, the use of MW as the only descriptor of rejection in RO membranes (as for other filtration processes) is logically still debated because there is no direct relationship between MW and size, whatever the molecule.

On the one hand, the solvation sphere varied with the chemical structure of the solute, for instance depending on its hydrophilic/hydrophobic balance. On the other hand, even if the solute is fully or partly de-solvated when passing through the membrane, once again its chemical spatial structure can make it very different from a hard sphere to linear chains and various other in between configurations.

V.2. Role of solute/membrane interactions V.2.1. Electrostatic interactions

In the case of charged solutes, it is quite logical to consider the impact of electrostatic interactions as it is currently done in NF. Besides size exclusion, repulsion or attraction, depend on the respective charges of the solute and the membrane. In the case of solute/membrane repulsion, the solute concentration at the membrane wall will decrease due to the same charge resulting in an increase in the rejection, contrary to the case of attraction where this concentration is increased due to the effect of opposite charges. Of course, as the electroneutrality must be kept in the bulk and in the membrane, complex equilibrium can coexist. Contrary to aqueous nanofiltration, electrostatic interactions in RO were few reported in literature [63].

V.2.2. Hydrophobic interactions

Due to the chemical structures of either the PA membranes or the organic solutes, the role of hydrophobic/hydrophilic balance of both of them as well as possible hydrogen bonding have to be questioned. More or less intense hydrophobic interactions can naturally develop at the interface of organic solutes/membrane. The affinity between the membrane and the solute can result in the adsorption of solutes at the surface of the membrane [60] that of course, would impact the fouling level. However, this fouling due to monolayer or few layers' adsorption can sometimes not be evidenced by flux measurement but proved by ATR-FTIR analysis of the fouled membranes as evidenced for 2 RO membranes and azo dyes in [38].

More than fouling, the removal of organic solutes can also be strongly impacted by certain membrane-solute interactions.

Generally speaking, besides other hydrodynamic considerations, it can be guessed that the concentration at the membrane wall (retentate side) will be controlled by the solute i/membrane affinity. When the affinity of a solute for the membrane increases, its uptake by the membrane increases in proportion. Thus, Cm,i and CM,i may increase and according to SD model, for a given diffusion coefficient, the solute i rejection may be lowered Contrarily, when the solute i/membrane affinity decreases, the solute may be more readily rejected. Similar behavior could be drawn by considering the SK model.

V.2.3. How to measure the solute/membrane affinity?

The question now is how measure/estimate the solute/membrane affinity?

V.2.3.1 Isotherm adsorption

The most reliable answer would be that adsorption isotherms have to be determined for each membrane and solute. An attempt of semi-quantitative ATR-FTIR evaluation for an azo dye (Tropaeolin O) was made with the TFC-HR (Koch) and SW30 (Filmetec) PA RO membranes [38,64]. This was inspired from the protocol established for quantitative determination of proteins [65] as well as that of a non-ionic surfactant (denoted TANI9) [66,67] both adsorbed on a HFK-131 polyethersulfone based ultrafiltration membrane. However, this is a titan work when considering the huge amount of organic pollutants and the several commercial RO membranes. No database exists given such information.

V.2.3.2 log Kow used in aqueous NF

In literature, in aqueous NF, discussions dealing with hydrophobic interactions often compared rejections of different solutes by a same membrane. Thus, only the differences in the solute properties are considered. The hydrophobic property of a solute i can be assessed by its octanol-water partition coefficient (logKow = log(Ci, octanol / Ci, water)) , and it was widely used to determine whether the solute is more or less hydrophobic [START_REF] Plakas | Removal of pesticides from water by NF and RO membranes -A review[END_REF]. The more hydrophobic the solute is, the higher is logKow. In water treatment aiming at depollution, logKow is widely used for a long time and many pollutants have been already characterized in this way.

An alternative could be to use the theoretical value of LogP that is more or less equivalent and can be calculated from the chemical structure of the solute using commercial software such as Chem3D (Perkin Elmer).

Besides the use of SD and SK models, it is an originality of this thesis to discuss the rejection of several small organics by a RO membrane using log Kow (see part I, chapter III).

V.2.3.3 Hildebrand and Hansen solubility parameters (HSPs) used in Organic Solvent Nanofiltration (OSN)

In organic Solvent Nanofiltration (OSN) the membrane/solute affinity is more and more assessed by using the Hansen solubility parameters (HSPs) of both membrane and solutes [START_REF] Tim | Organic Solvent Nanofiltration for the Fractionation of Biobased Phenolic Compounds[END_REF].

Initially in membrane science, HSPs have been mainly used to select the solvent and non-solvent of a polymer aiming at the fabrication of a membrane, for instance using the NIPS (Non-solvent Induced Phase Separation) method.

The global solubility parameter (generally denoted  or g) was first introduced in 1936 by Hildebrand and Scott [70] and was defined as the square root of the cohesive energy density (𝐸 𝑐𝑜ℎ ). (𝐸 𝑐𝑜ℎ ) is often calculated by dividing the latent energy of vaporization by the molar volume [71]:

𝛿 𝑔 = √ 𝐸 𝑐𝑜ℎ = √ -∆𝐸 𝑉𝑚 ( 39 
)
Where E is the latent energy of vaporization of the component (J mol -1 ) Vm is the molar volume of the component (L mol -1 ).

The molar volume of a component can be calculated using several approaches. For instance, the one used in commercial software such as Chem3D of Perkin Elmer and leading to the exclusion volume of Connolly corresponding to a volume of an unsolvated molecule.

A common way of Vm calculation simultaneously with g used in HSP studies is based on the Fedors' group contribution method, which consists of dividing the molecule into its functional groups, and the contribution of each group must be summed to determine the overall volume using a data base provided in [START_REF] Le_Petit | Développement de méthodologie, conception et validation de détérgents/biocides pour le nettoyage en place de membranes polymères de l'industrie laitière[END_REF]. Generally speaking, when the value of g is high, the solute is more polar.

g was used to describe the affinity between organic solutes and membranes. Generally, when the difference increases, the strength of interactions is weaker [START_REF] Ben Soltane | Study of the rejection of various solutes in OSN by a composite polydimethylsiloxane membrane: Investigation of the role of solute affinity[END_REF].

Our literature data analysis [START_REF] Postel | On negative retentions in organic solvent nanofiltration[END_REF][START_REF] Zeidler | Systematic investigation on the influence of solutes on the separation behavior of a PDMS membrane in organic solvent nanofiltration[END_REF] suggests that approximatively the affinity between 2 species referred as « 1 and 2 » approximated from their g difference could be:

strong affinity: |δ 𝑔,1 -δ 𝑔,2 | < 1-2 (J cm -3 ) 0.5

middle affinity: 1-2 (J.cm -3 ) 0.5 < |δ 𝑔,1 -δ 𝑔,2 | < 4-5 (J cm -3 ) 0.5

lower affinity: |δ 𝑔,1 -δ 𝑔,2 | > 4-5 (J cm -3 ) 0.5

In 1966, Charles Hansen [75] completed the theory of Hildebrand by proposing to decompose g into three contributions, namely: (i) the dispersion solubility parameter 𝛿 𝑑 , (ii) the polar solubility parameter 𝛿 𝑃 and (iii) the hydrogen bonding solubility parameter 𝛿 𝐻 :

δ 𝑔 = √δ d 2 + δ p 2 + δ h 2 (40) 
The 3 HSPs parameters ( 𝛿 𝑑 , 𝛿 𝑃 𝛿 ℎ ) can be calculated using for instance the contribution method of Van Krevelen [START_REF] Van Krevelen | Properties of Polymers: Their Correlation with Chemical Structure; their Numerical Estimation and Prediction from Additive Group Contributions[END_REF]. It requires to previously have the molar volume of the component Vm (that can be calculated from Fedors method for instance) then each chemical group contribution (Fdi, Fpi and Ehi) can be found in a given data base.

𝛿 𝑑 = ∑ 𝐹 𝑑𝑖 𝑉𝑚 (41) 
𝛿 𝑝 = √∑ 𝐹 𝑝𝑖 2 𝑉𝑚 (42) 
𝛿 ℎ = √ 𝐸 ℎ𝑖 𝑉𝑚 (43) 
An easy way to appreciate the affinity between a solute and a membrane is to calculate their Ra distance and plot it in the 3D HSP diagram (Ra = f(2 d, p, h ))

𝑅 𝑎,𝑚𝑠 = (4(𝛿 𝑑𝑚 -𝛿 𝐷𝑠 ) 2 + (𝛿 𝑝𝑚 -𝛿 𝑝𝑠 ) 2 + (𝛿 ℎ𝑚 -𝛿 ℎ𝑠 ) 2 ) 1/2 (44) 
Where Ra,ms is the distance in the 3D HSP diagramm between the membrane (m index) and solute (s index) 𝛿 𝑑𝑚 and ds are the respective 𝛿 𝑑 HSP parameters of membrane and solute 𝛿 𝑝𝑚 and ps are the respective 𝛿 𝑝 HSP parameters of membrane and solute 𝛿 ℎ𝑚 and hs are the respective 𝛿 ℎ HSP parameters of membrane and solute

The lower Ra is, the higher the affinity is.

According to the best of our knowledge, HSP was never used in the analysis of RO membrane performances when starting this thesis and it is an originality of this work to discuss model small organics rejection using this approach (see part I, chapter III).

VI. Chapter I conclusion and thesis agenda on RO

In the literature review, several key points were highlighted: RO membranes have been shown to be effective for the removal of inorganic salts; however, some organic solutes could be transmitted through the RO membrane. Several studies have evidenced the complex role of the interactions, which are still not fully understood, between the solutes, membrane, and water. While several classic models exist (SD, SK), they may not give an accurate description of the rejection of organic solutes, especially in complex physicochemical environments.

In our thesis work, we decided to focus our research on providing insights into the following questions:

-How could high MW solutes permeate through RO membranes? -How can the rejection of solutes depend on the physico-chemical environment? -Can classic SD and SK models describe the transfer in complex filtration media, where multiple organic solutes exist? -How do the interactions between the solutes, membrane and solvent impact the rejection of the solutes?

Chapter III of this part I aims at proposing answers to these questions based on a systematic study of RO by SW30 membrane of a series of model organic molecules dissolved in seawater and selected because of their close size but different charges, two by two, among dyes, vitamin and antibiotics with MW ranging from 265 to 916 g mol -1 .

The results show that several of these molecules are not fully retained by one pass in RO, then the use of membrane cascades was studied in part I, Chapter IV in order to understand in which amount can the rejection of organic solutes be improved? (Literature about membrane cascade will be presented in Chapter IV).

This chapter describes the material and methods used to conduct the experiments of the filtration of organic solutes in RO of brackish and sea waters.

I. Reverse osmosis membrane: TFC polyamide: SW30

The membrane used to study the filtration of organic solutes is SW30, which is a polyamide thin film composite membrane (TFC). It was provided by Dow-Filmtec, specially designed for seawater desalination, and is known to be an aromatic polyamide [1]. The characteristics of SW3O membrane are presented in Table 1. Flat membranes were sampled in their spiral membrane (2540 module type, ≈2.5 m 2 filtering area). Before filtration, membranes were soaked in deionized water in order to remove the preservative. The flat membrane of 140 cm 2 was placed in a plate and frame SEPA cell (GE Osmonics, USA). With respect to the added shims, the free channel thickness was estimated at 1.25 mm. Also, a retentate spacer was added in the feed/retentate channel to increase turbulence and limit concentration polarization, if any. The used spacer was an unspecified diamond spacer sampled in a SW30 spiral membrane. 

II. Feed solutions

II.1. Brackish and synthetic sea waters

• Water Deionized water was used for water filtration, preparation of feed solutions, rinsing, and cleaning. This water was produced using a Veolia Aquadem-marketed device with an ion exchange system. An activated carbon filler is placed upstream in this system, followed by two beds in series of ion exchange resins, a 1m filter, and a 18 M resistor.

• Brackish water

Brackish water was prepared by dissolving NaCl in deionized water. NaCl, purchased from Fisher Scientific, has a purity of 99.74% and a molar mass of 58.44 g mol -1 . The NaCl concentration was varied from 25 to 50 g L -1 .

• Synthetic seawater

Synthetic seawater was prepared from a commercial sea salt called "Instant Ocean" supplied by Aquarium Systems (France), which has a close composition to the Atlantic ocean, with a concentration of 36 g L -1 (density=1.023) [2]. Table 2 shows the composition of synthetic seawater and the calculated osmotic pressure for each element using Van't Hoff equation:

 = ∑ 𝑅𝑇𝐶 𝑖 𝑖 (1) With: 
 : osmotic pressure (atm), assuming 1 bar = 1 atm Ci: molar concentration of solute i (mol L -1 ) R: ideal gas constant (0.08205 L atm mol -1 K -1 ) T: temperature (Kelvin) The synthetic seawater is mainly composed of cations like Na + , K + , Mg 2+ , Ca 2+ , Sr 2+ , and anions that are Cl - and SO4 2-, as well as other species derived from boron and carbon dioxide.

Table 2. Main ions of the "Instant Ocean" salt mixture used for the preparation of synthetic seawater (d= 1.023) and calculated osmotic pressure for each element according to Eq. ( 1).

Seawater [3]

Synthetic seawater [2]

Osmotic pressure (bar) 

Ions MW (g mol -1 ) mmol kg -1 mmol kg -1 mmol L -1 G L -1 at 25°C at 30°C meq L -

II.2. Organic solutes

Five model organic molecules were selected in this systematic RO study of brackish and sea waters. For RO filtration, all molecules were used at a concentration of 0.5 mM. Table 3 summarizes the characteristics of the selected molecules.

• Tropaeolin O

Tropaeolin O (C12H9O5N2S) is a negatively charged azo dye that has a molar mass of 293.3 g mol -1 . It I commercialized in the form of a monovalent sodium salt (C12H8O5N2S, 315.3 g mol -1 ), provided by Sigma-Aldrich. The charge of tropaeolin varies with pH; it is a divalent anion (z=-1.7) at natural pH (≈7.5) corresponding to a mixture of 0.6/99.4 mol/mol monovalent/divalent anions.

• Acid Red 1

Acid Red 1 (C18H13N3Na2O8S2, Sigma-Adrich), is a negatively charged azo dye that has a molar mass of 509.42 g mol -1 in the form of sodium salt. The charge of Acid Red 1 at the pH of seawater is z= -1.

• Brilliant Blue G

Brilliant Blue G (C45H44N3NaO7S2) is a negatively charged azo dye with a molar mass of 854 g mol -1 . It was purchased from Sigma-Aldrich in the form of sodium salt. With respect to the pH, brilliant blue can be charged either z=-2 either z=-1. At the pH of seawater (8.2), Brilliant Blue G is a monovalent anion.

• Thiamin

Thiamin, also known as vitamin B1, is a positively charged molecule that can be a monovalent or divalent cation, or it can exist in a neutral form depending on pH. This molecule has a molar mass of 265.3 g.mol -1 , it was purchased from Acros Organics in its hydrochloride form (C12H17N4 OS Cl, HCl) (divalent cation). The charge of thiamine is z=+1.7 or z=+0.9 at pH of 4.8 or 8.2 (pH of seawater), corresponding to mixtures of 44/66 and 91/9 mol/mol monovalent/divalent cations, respectively.

• Tylosin Tylosin (916.1 g mol -1 , Sigma-Aldrich) is an antibiotic; commercialized in the form of tylosin tartrate (C46H77NO17, 1066.2 g mol -1 ). Tylosin molecule has a charge of z=+0.5 at pH=8.2. 

II.3. Cleaning solution of RO membranes

In order to remove adsorbed organic solutes during RO filtration, a cleaning step was carried out for 1 h at room temperature and a transmembrane pressure of 45 bar. The cleaning product that was used is a formulated alkaline detergent called ultrasil 10 (provided by Ecolab) at a concentration of 0.1 g L -1 and pH=11.

III. Filtration conditions

The performance of the membrane is evaluated by the study of the two following parameters: permeate flux and rejection.

III.1. Filtration parameters: permeate flux and rejection

• Permeate flux

The permeate flux is defined as the volume V (L) that crosses the membrane by unit of surface A (m 2 ) during a time t (h), and expressed in (L m -2 h -1 ) using Eq. ( 2):

𝐽 𝑝 = 𝑉 𝐴 𝑡 (2) 
Accuracy of flux is better than 3% with the flat membrane.

• Rejection

The rejection is defined as the percentage of solute that is retained by the membrane. It is calculated using Eq.

(3):

𝑅 𝑟𝑒𝑎𝑙 = (1 - 𝐶 𝑝 𝐶 𝑚 )  100 (3) 
Where: 𝑅 𝑟𝑒𝑎𝑙 is the real rejection 𝐶 𝑝 is the solute' concentration in the permeate (mol. L -1 ) 𝐶 𝑚 is the solute' concentration at the surface of the membrane (mol. L -1 )

The real rejection is a characteristic of the membrane that is independent of the concentration polarization phenomenon. Since the concentration of the solute at the membrane surface cannot be measured experimentally, the real rejection is only a theoretical parameter. As a result, the real rejection can be determined from the transfer model. On the other hand, another parameter can provide insight into the experimental rejection of the membrane, which is the observed rejection (𝑅 𝑜𝑏𝑠 ) where 𝐶 𝑚 can be replaced by 𝐶 𝑏 (concentration of the solute in the retentate). 𝑅 𝑜𝑏𝑠 is expressed by Eq. ( 4):

𝑅 𝑜𝑏𝑠 = (1 - 𝐶 𝑝 𝐶 𝑏 ) (4) 
Accuracy on rejection depends on the analytical tools (see below).

III.2. RO pilot

The RO pilot used in this study operates at laboratory scale; designed by TIA (Bollène, France) (Fig. 1a). The pilot is equipped with either spiral or flat modules. This RO pilot consists of:

(1) Feed tank with a capacity of 50 L;

(2) Spiral/flat module;

(3) SEPA cell (4) Flat module with a dimension of 140 cm 2 ;

(5) Volumetric piston pump (Wanner-D10XLSGNSEY); The filtration was performed at 25 °C using 10 L of feed solution at various transmembrane pressures (TMP) (10-40 bar). In order to simulate a continuous membrane feed, the pilot operates in batch mode with a complete return of the retentate and the permeate to the feed tank. 

IV. Analytical tools

IV.1. pH measurements

pH measurement ( 0.05) of permeate and retentate solutions was performed by a CRISON GLP 21 pH meter equipped with a temperature correction.

IV.2. Conductivity measurements

The conductivity of solutions was measured with CRISON GLP 31 conductivity meter equipped with a temperature correction at 25 °C. The accuracy of NaCl rejection was estimated at 0.2%. Since this study is focused on the rejection of organic solutes at low concentration, it was checked that their impact on conductivity was largely negligible. In seawater, the conductivity is not able to account for selectivity of salts the distribution of which being different in the retentate and permeate where mainly monovalent ions are supposed to be. Accordingly, the apparent rejection calculated from the conductivity only gives an indication about the overall rejection salts.

IV.3. UV absorbance

UV measurements were performed for charged organic solutes with a JASCO-V360 spectrophotometer with an accuracy better than 3%. The concentration of solutions was calculated from the absorbance (Abs) of UV spectra according to Beer-Lambert law:

𝐴𝑏𝑠 = -𝑙𝑜𝑔 ( 𝐼 𝐼 𝑜 ) =  𝑚𝑜𝑙𝑎𝑟  𝑙 𝐶 (5) 
Where  𝑚𝑜𝑙𝑎𝑟 is the molar absorption coefficient (L mol -1 cm -1 ), 𝐶 is the molar concentration (mol L -1 ) and 𝑙 is the optical path length (cm, here 1 cm). The analysis of organic solutes was performed at the wavelength of the maximum absorbance (Table 4). The calibration curve of each solute is presented in Fig. 2a-e. 

IV.4. ATR-FTIR for the measurement of solute permeability Ps

A novel approach for the determination of the solute permeability was proposed, using ATR-FTIR measurements. The solute permeability (m.s -1 ) can be defined as the membrane thickness divided by the time of diffusion:

P s = ∆x t (6) 
where (x) is the membrane thickness (m), and (t) is the time of diffusion (s). The thickness of the membrane was estimated from SEM images.

The proposed approach is based on the calculation of the ratio of peaks absorbance or peak height (H Solute /H membrane ) related to the characteristic bands of the solute and the membrane. When this ratio rises, it indicates that more solute has been adsorbed onto the membrane. The spectra were collected in an affiliated way in order to determine the time required for the characteristic band of the solute to appear, which is the time of diffusion (t).

The spectra were recorded by a Fourier transform infrared spectrometer (Jasco) FT/ IR-4100 displayed in Fig. 3. (ZnSe crystal, single reflection, 45° of angle of incidence and 1.8 mm of diameter). The spectra were collected in the range of 600-3700 cm -1 at a resolution of 2 cm -1 , and the baseline was selected in the 1900-1800 cm -1 flat range of the spectrum. 

V. Modelling approach and calculations

V.1. Excel solver for modelling the rejection of solutes

The experimental results were modeled according to the existing transport models in the literature, using the excel solver displayed in Fig. 4. This tool allows to find an optimal value by adjusting the variable values of a model, and with respect to a number of assumptions. The variation between the experimental and theoretical values should tend towards 0. The modeling approach of rejection of organic solutes using excel solver is presented below:

-Calculation of Rreal according to the desired model (SD, SK…); -Calculation of Robs using the expression from the film model, and as function of Rreal determined from the desired model (SD, SK…) -Turn the solver until the sum of squares (SCE) between the observed experimental rejection and the observed theoretical rejection is lowest (tends towards 0); -Graphic representation of the rejection as a function of Jp (m s -1 ); completing with higher fictive values of Jp to obtain the entire plot.

In our study, the excel solver was used to determine the transfer coefficients of organic solutes depending on the model (PSD-K, PSK-F, kSD-F, kSK-F). 

V.2. Chem3D for the calculation of physico-chemical parameters of solutes

Chem3D software (20.0 version, Perkin Elmer) was used to determine the hydrophobicity/hydrophilicity of the organic solutes by calculating the partition coefficient logP (considered as equivalent to logKow), the polar surface area, and the charges. The solvent excluded volume (Connolly volume), known as the volume from which the solvent is excluded by the presence of a molecule [6], was also calculated using Chem3D.

V.3. Calculation of Hildebrand and Hansen solubility parameters (HSPs)

The global solubility parameter was calculated using Eq. ( 7):

𝛿 𝑔 = √ 𝐸 𝑐𝑜ℎ = √ -∆𝐸 𝑉𝑚 ( 7 
)
With E is the latent energy of vaporization of the component (J mol -1 ) Vm is the molar volume of the component (L mol -1 ). The molar volume was calculated using the Fedors group contribution method. Table 5 gives the calculated molar volume (Vm) and solubility parameter (𝛿). 

δ 𝑔 = √δ d 2 + δ p 2 + δ h 2 (8) 
𝛿 𝑑 = ∑ 𝐹 𝑑𝑖 𝑉𝑚 (9) 
𝛿 𝑝 = √∑ 𝐹 𝑝𝑖 2 𝑉𝑚 ( 10 
)
𝛿 ℎ = √ 𝐸 ℎ𝑖 𝑉𝑚 (11) 

*:

The calculation of the global solubility parameter using Van Krevelen method requires the use of the molar volume. This last was calculated using the group contribution method of Fedors.

To calculate the solubility parameter, each solute was decomposed into specific fragments as shown in Table 7. When investigating Brilliant Blue G, however, we encountered a challenge in calculating the contribution of polar solubility parameter 𝛿 𝑝 . To address this, we used the Fedors' previously determined solubility parameter as a global solubility parameter. This allowed us to make an assumption for the calculation of 𝛿 𝑝 . 

I. Introduction

World water scarcity is one of the main crises facing humanity nowadays. Today, in many countries, there is an increasing lack of accessibility to clean water, mainly because of climate change and population growth.

In absence of sufficient amount of surface (salty) waters, seawater desalination has been recognized as one of the alternative sources for producing fresh water, especially for countries having coastal regions [1]. Besides the energy consuming distillation, desalination of seawater can be achieved by reverse osmosis (RO) either proved to be efficient at removing salt ions or to be energy-efficient compared to conventional desalination methods [2]. The advantage of using the reverse osmosis process over thermal desalination is also the high capacity of production and ease of operation [3]. Of course, seawater RO has also some drawbacks, such as the management of the concentrate (brine) often discharged in the environment (terrestrial or sea discharge) having an impact on the local biodiversity. Moreover, due to high osmotic pressure of seawater (close to 30 bar) only high pressure RO can be achieved and the recovery of pure water in the permeate is limited (close to 50%) because of too high osmotic pressure reaches in the retentate at volume reduction ratio close to 2 (VRR= Vfeed, initial/V retentate,final).

On the other hand, the production of organic compounds, often becoming organic pollutants when discharged in the environment, has also increased due to human activities over the 50-60 last years. The presence of organic pollutants in water is of major concern because it could contain toxic compounds that affect human health and the ecosystem [4]. Those accounting when dealing with RO performances are quite small and have not been removed by the previous pretreatments. They are often referred as micro-pollutants and their molecular weight MW is lower than 1000 g mol -1 .

Most of the research was focused on targeting the presence of the organics in wastewater and groundwater, but less in marine environments. Organic pollutants are also present in seawater at residual concentrations (µg L -1 ) [5] lower than that found in other water sources, and this is probably due to the high dilution in the sea. Moreover, depending on local regulations, the uncontrolled discharge of these solutes into the environment (rivers, seas, etc.) via industrial plants such as textile in certain countries, could lead to higher concentrations in the costal sea due to their accumulation. The quality of the (sea)water sources decrease will have an impact on the performances of the drinking water processes to run.

Nanofiltration (NF) and RO membranes were reported to more or less remove the organic solutes due to their potential for separating dissolved ions and small organic molecules [6-11].

Besides size exclusion, it was reported that the rejection of solutes mainly depends on their physico-chemical characteristics when using NF membranes [12]. For a long time, it was believed that RO membranes were an absolute barrier, except for water and certain monovalent salts. However, it was reported that some organic compounds may partially permeate through RO membranes despite their molecular weight [9,13]. More importantly, the rejection of solutes' RO in multiplesolute systems were sometimes evidenced to be different from those in single solutions [14].

This means that the investigation of the RO rejection mechanisms of organic solutes probably involves factors such as the physico-chemical characteristics of both membrane and compounds and that of the physicochemical environment. Some authors reported on the necessity to use other parameters than solute size to describe the rejection, among which were suggested: the molecular volume, the geometry, the length or width, etc [15].

On the other hand, Castaño Osorio et al. [16] have suggested that highly hydrophobic solutes may have lower rejection than more hydrophilic ones with RO membranes since these last ones are hydrophobic, which enhances the diffusion of solutes inside the membrane.

In accordance with the SD mechanism, the membrane-solute affinity can play an important role in controlling the rejection of the solute. The solute adsorption ("solubilization" at the membrane wall) is assessed by the partition coefficient, which is directly related to the solute hydrophobicity. Furthermore, this affinity can be modified by the physical-chemical environment, for instance by considering the pH and ionic strength variations modulating electrostatic interactions involving charged solutes or the huge increase in ionic strength that could increase the hydrophobic interactions.

Therefore, the scientific question is: "How can all these interactions, which could occur simultaneously, impact the transfer of solutes in a complex filtration environment?" This study aims at providing new insight to go ahead in the fundamental comprehension.

Accordingly, the contribution of the physico-chemical properties of solutes to their rejection was systematically investigated using the SW30 Filmtec® fully aromatic polyamide RO membrane. A set of five model solutes having different sizes, charges and hydrophobicities was selected and filtered in different media with control of the ionic strength by the addition of salts (NaCl or reconstituted seawater). To account for the impact of the solute-solute potential additional impact, either single, double or triple solute systems were filtered.

Rejection results were discussed based on the classical SD and SK models combined with the film model accounting for the concentration polarization, if any. However, these models neither consider the specific physico-chemical properties of solutes nor those of the membrane, which need be to be investigated to determine their contribution to controlling the rejection of solutes. Thus, this study also provides a discussion based on the solute charges and hydrophobicity by the mean of log Kow. Finally, attempt of correlations with the HSPs parameters of both membrane and solute are given.

II. Model solute selection / organic micro-pollutants

Despite the fact that RO membranes show high removal of most organic solutes, some organics are able to be transmitted through RO membranes, and the mechanisms of rejection can be difficult to understand, especially when the MW of the solute is larger than the estimated free volumes of the polyamide RO membrane, which is estimated at 0.3 nm [17].

While attempting to understand how solutes can pass the RO membrane and the mechanisms underlying their transmission, it is required to carefully select the model solutes allowing a fundamental discussion accounting for the physio-chemistry of these compounds but also their potential interactions with the membrane or between them.

The study was carried out on five organic micro-pollutants, which are azo-dyes, vitamin and antibiotic (Table 1). Their selection was based on the differences in their physico-chemical characteristics, including molecular weight, charge density and hydrophobicity. Moreover, some of them can be considered as "twins" with respect to their size but having opposite charges: Thiamin/Tropaeolin O, Brilliant Blue G/Tylosin.

Therefore, these solutes can be categorized to: anionic hydrophilic (Brilliant Blue G) and anionic hydrophobic (Tropaeolin O, Acid Red 1), cationic hydrophobic (Thiamin) and cationic hydrophilic (Tylosin). The calculated values of HSPs are reported in Table 2.

Table 2. Hansen Solubility Parameters (𝛿𝑔𝑙𝑜𝑏𝑎𝑙: overall, 𝛿d: dispersion, 𝛿𝑝: polar, 𝛿ℎ: hydrogen bonding), of solutes and membrane and Ra distances calculated the van Krevelen method [18] using molar volume calculated according to the Fedors' method. 

Compounds d (J cm -3 ) 1/2 p (J cm -3 ) 1/2 h (J cm -3 ) 1/2 global (J cm - 3 ) 1/2

III. Results

Solutes were used at a concentration of 0.5 mmol L -1 for RO filtration with the flat membrane in conditions given part I, Chapter 2, § II.

It should be noted that the following notations were used for the modelling (section III) of the rejection results:

-Rexp refers to the experimental rejection, while Robs is the calculated observed rejection (obtained by film model Eq. ( 8) in chapter I) in which the used Rreal (Eq. (20)) in chapter I, was obtained from SD/SK models.

III.1. Rejection of overall salts

Three membranes, noted SW30-1 (for filtration of the negatively charged solutes in single and double-solute systems), SW30-2 (for filtration of triple-solute systems) and SW30-3 (for filtration of positively charged solutes) (Table 3) were used to conduct the filtration of solutes in presence of either 30 g L -1 NaCl or seawater.

Table 3. Membranes' permeances in deionized (DI) water.

Membrane SW30-1 SW30-2 SW30-3 Permeance (L h -1 m -2 bar -1 )
2.1±0.0 2.1±0.1 2.0±0.1

The three membranes display nearly identical permeances values in DI water, which allows for a meaningful comparison of rejections through these membranes. The permeance of each membrane in DI water, 30 g L -1 NaCl and seawater is depicted in Fig. 1. Similarly, the permeances in seawater and 30 g L -1 NaCl for the three membranes exhibit close values. 

III.2. Rejection of negatively charged organic solutes

At the seawater natural pH= 8.2, Tropaeolin O is mainly a divalent anion, whereas Acid Red 1 and Brilliant Blue G are monovalent anions. Simultaneously, the SW30 membrane is negatively charged (Table 4). Accordingly, at least either size exclusion (BBG> AR1>TO) or electrostatic exclusion (TO > AR1> BBG) was expected at low ionic strength. The ionic strength of the synthetic seawater was estimated at I= 600 mmol L -1 from the average composition of Inside Ocean salts (Table 2, part I, Chapter 2 § II.1), while the one of 30 g L -1 NaCl is 500 mmol L -1 . The increase in the ionic strength I (𝐼 = ∑ 𝐶 𝑖 𝑖 𝑧 𝑖 2 ) up to 500-600 mmol L -1 is generally achieve to efficiently screen the electrostatic interactions while above 0.6 mol L -1 and close to I= 1 mol L -1 it is supposed to increase the hydrophobic interactions. Accordingly, no significant electrostatic exclusion was expected in NaCl and seawater contrary to filtration of a single dye in absence of added salts (I ≤ 2 mmol L -1 ). Moreover, modulation of hydrophobic interactions could be expected. At high rejections, the use of the enrichment factor Cfeed/Cperm could be more relevant than rejection to evidence subtle differences (Fig. 5b.). In 30 g L -1 NaCl and seawater, Cfeed/Cperm was noticeably decreased for BBG and AR1, which means that their transmissions significantly increased, in good accordance with electrostatic interactions decrease with the ionic strength.

III.2.1. Impact of the ionic strength on single organic solutes rejection in various environment

Contrary to what was expected if electrostatic exclusion was one of the main origins of the rejection, the enrichment factor for TO was roughly not affected by the ionic strength increase. It was surprising that the largest solute (BBG) was the most affected while the smallest (TO) was not. However, BBG is also the more hydrophilic of the three dyes. Such results were in good accordance with hydrophobic interactions involved in the rejection mechanism. 

III.2.2. Impact of multiple-organic solutes on the rejection of dyes

The filtration of the organic solutes was investigated in double and triple-solute solutions. The two selected mixtures were TO + BBG on the one hand and TO + BBG + AR1 on the other hand. Each dye was set at the same 0.5 mmol L -1 concentration. In absence of salts and with respect to the low dye concentrations, the ionic strength of each mixture was roughly the same, either 1.5 or 2.0 mmol L -1 , respectively. In presence of added salts, the ionic strength was thus controlled either by NaCl or by the seawater and in the 500-650 mmol L -1 range.

o Double solutes system Fig. 6. depicts the rejection of each dye in double solutes mixture in the various environments. In double-solute system (Fig. 7a), for a given environment, either NaCl or seawater, both the TO and BBG rejections were modified compared to the filtration of each one of the single dye (Fig. 5a).

While TO rejection increased in presence of BBG, the rejection of this last one decreased in presence of TO compared to the same environment with a single dye. Notably, in double mixture in NaCl, the rejection of BBG was lower than that of TO despites their respective sizes.

The trends were similar in seawater and NaCl as in both case Cfeed/Cperm increased either for TO or BBG compared to single solute system in the same environment (Fig. 5b In triple-solute system (Fig. 9a) for a given environment, the rejections of all the three dyes were modified compared to the filtration of each one of the single dye. All dye rejections increased in NaCl, while once again the behaviour of BBG was more complex and different in seawater and NaCl.

In seawater and NaCl, Cfeed/Cperm increased for both TO and AR1 compared to single solute system in the same environment (Fig. 5b The explanation of the rejection mechanism in such media cannot be found in electrostatic interactions since they were totally screened by the high ionic strength, while, on the other hand, the membrane-solute hydrophobic interactions were increased. With respect to logKow, TO and AR1 are considered as hydrophobic compounds, whereas BBG is hydrophilic. Therefore, the hydrophilicity might be responsible for the increase in transmission of BBG despites its larger size. Depending on the intensity of the membrane-solute interactions, in other words depending on membranesolute affinity, several and contradictory assumptions can be made if no or equivalent concentration polarization existed for the three dyes.

-(1) On the one hand, BBG and PA membrane have the higher affinity compared to TO-membrane and AR1-membrane. Thus, in absence of concentration polarization, the partition coefficient favors BBG adsorption on the membrane. Then, even if the high affinity might slow (braking) the transfer into the membrane backbone compared to a solute with lower membrane affinity, that is the concentration at the membrane entrance (CM,BBG) on the membrane that masters the transfer. -On the other hand, BBG and PA membrane have the lower affinity compared to TO-membrane and AR1-membrane. Consequently, Brilliant Blue G might be less adsorbed than TO & AR1, meaning that CM,BBG might be lower than CM,TO and CM,AR1. However, as the lower solute-membrane affinity might favored the transfer through the membrane (less braking), the TO and AR1 rejection would be favored simultaneously to the BBG transmission.

Measurement of solute diffusion through the PA membrane as well as rejection modelling by the mean of solution-diffusion (SD) and Spiegler-Kedem (SK) could help at selecting one of these explanations (see below). 

III.2.3 Modelling of the rejection

III.2.3.1 Modelling of the rejection by combination of Solution-Diffusion & film models (SD-F)

The SD-F modelling was applied to all obtained results using Eq. ( 5), Eq. ( 37) and Eq. (38) in Part I, Chap1, § IV.

Rexp, and simulated Robs for the best fitted parameters of the model are depicted for all environments:

• In the case of RO of single dye (Fig. 10)

The fit appeared good for BBG and AR1, and less correct for TO, whose Rexp did not nicely aligned with the Robs theoretical rejection.

• In the case of the double TO+BBG mixture (Fig. 11)

The fit seemed to be correct for both TO and BBG

• In the case of the triple TO+BBG+AR1 mixture (Fig. 12)

The fit appeared good for TO and AR1, but not so good for BBG.

This implies that the SD-F approach did not accurately represent the rejection of all solutes in all conditions. The interactions between the three solutes and the membrane, or between the solutes themselves may be more complex than the model can account for. On the other hand, the assumptions of SD model state that the RO membrane is dense and nonporous. However, It was shown that fully aromatic polyamide membranes could contain interconnected free volumes [23,24]. and this implies that the The mass transfer coefficient in the polarization layer was systematically greater than the solute permeability in the membrane. Transport was much easier outside of the membrane with kSD-F about 100 times PSD-F. Accordingly, there is no contradiction with a physical meaning.

For the sake of readability, results of Table 5 were also given in Fig. 13 and Fig. 14. The mass transfer coefficient was the same for the three solutes regardless of the different filtration media. This means that the transport of Tropaeolin O, Acid Red 1 and Brilliant Blue G in the concentration polarization layer was not significantly impacted by the difference in dye properties such as hydrophobicity and charge density. On the contrary, differences in solutes permeabilities were evidenced (Fig. 14). Tropaeolin O permeability through the membrane was not affected by the ionic strength (1.80E-07 m s -1 ) when it was the single organic solute in the feed. Presence of other organics reduced PSD-F of about a half to 9.00E-08 m s -1 . Similar behavior was observed for Acid Red 1, except that presence of other organics reduced PSD-F of about 10 times.

As for the two others, Brilliant Blue G permeability through the membrane was unaffected by the ionic strength. However, in multiple-organic solute systems, BBG permeability was systematically increased, implying that it was more easily transmitted.

These findings confirmed that the rejection of all the three dyes were influenced by coexisting organic solutes.

In order to be more confident with these results, we have decided to measure the solute permeability through the membrane by a direct and independent way that is given below.

III.2.3.2 Measurement of the solute permeability by ATR-FTIR

Fig. 15. displays the spectra before and after the diffusion of the organic solutes through the SW30 membrane. The band that appeared at 1238 cm -1 corresponds to the C-O-C vibration band of the polysulfone in the membrane. After the diffusion of organic solutes, new characteristic bands appear at 1033, 1045 and 1050 cm -1 ; corresponding to tropaeolin O, brilliant blue G and acid red 1. H 1237 , H 1033 , H 1045 and H 1050 are defined as the absorbances at 1237, 1033, 1045 and 1050 cm -1 , respectively, and were determined using the software of the spectrometer. Tropaeolin O, 293 g mol -1 , hydrophobic Brilliant Blue G, 854 g mol -1 hydrophilic Acid Red 1, 509 g mol -1 hydrophobic Fig. 16. presents the evolution of the ratio of absorbances with time. For the three organic solutes, the ratio increases gradually with time before reaching a steady value, which demonstrates that the organic solutes diffused through the SW30 membrane. It can be seen from the graphs that the estimated times of diffusion of tropaeolin O, acid red 1 and brilliant blue G was 5, 4 and 6.5 s, respectively.

Table 5 reports the calculated solute permeability (𝑃 𝐹𝑇𝐼𝑅 ) according to Eq. ( 11) in Part I, Chap2, § IV.4, and compared to the values obtained from the modelling using the solver (𝑃 𝑆𝐷-𝐹 ). As results, the obtained values were in the same order of magnitude than the permeabilities determined from the SD-F model.

ATR-FTIR measure appeared beneficial in providing a logical approximation of the solutes permeability, and can help to validate or refine the model results. However, to date, attempt to increase the accuracy of the measure by making sandwiches with 10 superimposed membranes and measure the dye diffusion have failed. 

III.2.3.3 Modelling of the rejection by combination of Spiegler-Kedem & film models (SK-F)

As explained above, SD-F was not always sufficiently accurate to fit the experimental rejections and the SF-F modelling was also attempted.

• In the case of RO of single dye (Fig. 18)

The fit appeared good for BBG and AR1, while for TO the fit was good at low fluxes only. In presence of the ionic strength, the fit of the experimental results and the model values appears to be good for the three solutes.

• In the case of the double TO+BBG mixture (Fig. 19)

The fit seemed to be correct for TO, but for BBG the obtained experimental rejection in presence of salts and tropaeolin O doesn't fit the theoretical rejection.

• In the case of the triple TO+BBG+AR1 mixture (Fig. 20)

The fit appeared to not be good for BBG because the rejection values of Brilliant Blue G obtained from the model do not fit the experimental rejections. The fit was good for TO and AR. 

Fig. 20. Results of modelling of the rejections of (a1,2) Tropaeolin O, (b1,2) Brilliant Blue G and (c1-3) Acid Red 1 in triple-solute system, according to the combination of spiegler-kedem and film model (SK-F).

To further determine the efficiency of the model in describing the transfer of solutes, it is necessary to analyze the fitted parameters and consider their physical significance. The mass transfer coefficient (kSK-F) and solute permeability (PSK-F) obtained from the SK-F modelling remained interesting indicators of the transfer of the three solutes through the RO membrane and are given in Table 6. The mass transfer coefficient in the polarization layer was systematically greater than the solute permeability in the membrane. Transport was much easier outside of the membrane with kSK-F about 1000 times PSK-F. Accordingly, there is no contradiction with a physical meaning. When comparing the PSK-F and PSD-F values, it is noticed that both are in the same order of magnitude. This implies that the change in the modelling approach either SD-F or SK-F didn't exhibit a difference in solutes' permeabilities. However, a difference was noticed when considering mass transfer coefficients (kSK-F and kSD-F).

Table 6. Summary of mass transfer coefficient (kSK-F) and solute permeability (PSK-F) and reflexion coefficient (σSK-F) in different physical-chemical environments according to the SK-F modelling. For the sake of readability, results of Table 6 were also given in Fig. 21 and Fig. 22.

Fig. 21. Summary of mass transfer coefficient in different physical-chemical environments according to the SK-F approach.

As it is shown in Fig. 21, the mass transfer coefficient was the same for the three solutes in the different filtration media. This means that the transport of tropaeolin O, acid red 1 and brilliant blue G in the concentration polarization layer was not significantly impacted by the difference in dye properties such as hydrophobicity and charge density. However, the solutes behave in different ways in terms of the permeability (Fig. 22).

The permeability of brilliant blue G was unchanged in presence of salts content, but when the other solutes were added to the filtration medium, the permeability was increased indicating that brilliant blue G is more transmitted. On the contrary, the permeability of acid red 1 was decreased in the presence of ionic strength and other solutes, which means that acid red 1 is better rejected in a such medium. The permeability of tropaeolin O was also decreased when filtered with either 30 g L -1 NaCl or seawater and other solutes simultaneously. Tropaeolin O, 293 g mol -1 , hydrophobic Brilliant Blue G, 854 g mol -1 hydrophilic Acid Red 1, 509 g mol -1 hydrophobic Fig. 22. Summary of mass transfer coefficient in different physical-chemical environments according to the SK-F approach.

III.2.3.4. Conclusion on modelling by SD-F & SK-F

We have proposed several assumptions above that are repealed here for the sake of clarity in the case of dye mixtures.

Depending on the intensity of the membrane-solute interactions, in other words depending on membranesolute affinity, several and contradictory assumptions can be made if no or equivalent concentration polarization existed for the three dyes -(1) On the one hand, BBG and PA membrane have the higher affinity compared to TO-membrane and AR1-membrane. Thus, in absence of concentration polarization, the partition coefficient favors BBG adsorption on the membrane. Then, even if the high affinity might slow (braking) the transfer into the membrane backbone compared to a solute with lower membrane affinity, it is the concentration at the membrane entrance (CM,BBG) on the membrane that masters the transfer. -On the other hand, BBG and PA membrane have the lower affinity compared to TO-membrane and AR1-membrane. Consequently, BBG might be less adsorbed than TO & AR1, meaning that CM,BBG might be lower than CM,TO and CM,AR1. However, as the lower solute-membrane affinity might favored the transfer through the membrane (less braking), the TO and AR1 rejection would be favored simultaneously to the BBG transmission. At this stage, it is not yet possible to draw a conclusion, therefore, it is essential to advance our understanding by further exploring the physico-chemistry of solutes (see discussion, § IV). 

P SK-F (m s -1 )

Acid Red 1, 509 g mol -1 hydrophobic Brilliant Blue G, 854 g mol -1 hydrophilic

Tropaeolin O, 293 g mol -1 , hydrophobic

III.3. Rejection of positively charged solutes

At the seawater natural pH= 8.2, Thiamin (TH) is a monovalent cation, while Tylosin (TY) is 50/50 monovalent cation/uncharged solute. Simultaneously, the pristine SW30 membrane is negatively charged (Table 4). Accordingly, at least either size exclusion (TY > TH) or electrostatic interactions were expected at low ionic strength. If the SW30 membrane remained globally negatively charged despites TY and TH adsorption, then electrostatic attractions remained between the two cations and the membrane and (TY < TH). However, if SW30 turned for a positively charged membrane after organics adsorption then electrostatic exclusion could appeared (TH > TY).

III.2.1. Flux

Fig. 23. depicts the variation of the permeate flux with TMP in different environments including: deionized water, Thiamin filtered in single solution, in 30 g L -1 NaCl, in seawater and the permeate flux after the rinse of the membrane in order to evidence the presence of fouling, if any. The permeate flux has been modified in presence of either 30 g L -1 or seawater compared to the permeate flux in DI water. After the membrane has been rinsed with only DI water, the permeate flux after rinsing displayed a slight difference with the initial permeate flux but within 12% error. Accordingly, it can be drawn that no significant irreversible fouling was evidenced on the hydraulic point of view. However, it is probable that small amounts of organics remained on the membrane as it was the case for the dyes (cleaning effluents were coloured). o Thiamin Fig. 25a. shows the experimental rejection of Thiamin. Whatever the environment, the TH cation was partially transmitted through the membrane (Tr=0.10). The increase in ionic strength (NaCl or seawater) had a slight and similar impact evidenced from Cfeed/Cperm (Fig. 25b), suggesting that electrostatic interactions were not the main responsible of the TH transmission. To go ahead in comprehension, TH rejection was compared to that of TO, which has close sizes, opposite charges and slightly different hydrophobicity (Table 2). The variation of Cfeed/Cperm (Fig. 25b) evidenced different behaviors for the both organics. TO is slightly more hydrophobic than TH that was more transmitted, suggesting once again that hydrophilicity favored the transmission toward the PA membrane as already said for BBG.

III.3.2. Single organic solute in various environment

o Tylosin Fig. 26a. shows the experimental rejection of Tylosin. Whatever the environment, the TY cation was partially transmitted through the membrane (Tr ≈ 0.07). The increase in ionic strength (NaCl or seawater) had a slight and similar impact evidenced from Cfeed/Cperm (Fig. 26b), suggesting that electrostatic interactions were not the main responsible of the TY transmission. TY rejection was compared to that of BBG since they have close sizes opposite charges and different hydrophobic properties. TY is significantly more hydrophobic with respect to logKow and less charged than BBG (Table 2). The variation of Cfeed/Cperm (Fig. 26b) evidenced different behaviors for the both organics, TY being systematically more transmitted than BBG. Such result appeared in contradiction with the all the conclusions drawn above suggesting that the more hydrophilic solute pass more easily through the PA membrane.

IV. Discussion

As the transfer models, given above, presented some limitations in providing a thorough understanding of the transfer through the membrane, we aimed to integrate the physico-chemical properties of solutes for more explanation of the behavior of solutes.

This section focuses on the discussion of solutes' rejection based on their physico-chemical properties, by the mean of logKow accounting for a global measure of hydrophobicity and by the mean of HSPs in order to assess the contribution of each parameter in the transfer of solutes through the membrane. It appears that there is no systematic relationship between logKow and the rejection of solutes in single solution (Fig. 27a). This indicates that the rejection cannot be fully explained by logKow. Nevertheless, a trend seemed possible for all solutes except BBG. As BBG and TY have close size, this result suggests that physicochemical properties have to be taken into account in a more subtle way.

IV.1. Correlation of rejection with logKow

In multi-solute systems (Fig. 27c) in seawater, the rejection vs logKow followed a trend suggesting that the hydrophobic compounds are more rejected than hydrophilic ones. The closer is the Ra distance between the solute and the membrane, the higher is the solute/membrane affinity. Accordingly, the affinity ranged: Acid Red 1 > Brilliant Blue G> Thiamin> Tropaeolin O> Tylosin.

On the other hand, the HSP distance between the solutes and water is presented in Fig. 29. Accordingly, the affinity ranged: Thiamin> Tropaeolin O> Acid Red 1> Brilliant Blue G>Tylosin.

To better understand the competition between all interactions, Ra are given in Fig. 30. for the overall system membrane-solute-water. 

IV.2.2. Rejection vs Ra distances

o Membrane-solute Fig. 31a. shows that the relationship between the rejection of solutes in single solution without salts and Ra (solute-membrane) follows a general linear trend, suggesting that the higher the affinity, the higher the rejection, expect for Thiamin. (Fig. 31b) shows that the rejection in triple-solute system in seawater was close to the previous trend in single solution without salts (except for BBG). o Solute-water Fig. 32a suggests a distribution following a reversed U shape in single solute solution without salts, whereas the same behaviour is depicted with triple-solute solution in seawater (Fig. 30b), except for BBG. In conclusion, it is evident that solute-membrane and water-solute interactions alone cannot fully explain the rejections, and a combination of both factors should be considered. Furthermore, the behaviors of solutes' rejections in mixtures are sometimes similar to those in single solution, while other times are divergent. This implies the need for a more refined consideration of interactions, rather than a global approach. Therefore, we have depicted in Fig. 33. the rejections of solutes in single solution without salts as a function of the three parameters HSP (δp, δh and δd). 

V. Conclusion of chapter III

This work focuses on the study of the rejection behavior of organic solutes in single, double and triple systems, by SW30 reverse osmosis membrane, whether in the presence or absence of the ionic strength (30 g L -1 NaCl or synthetic seawater). The selection of the two solutions was made in order to tackle the impact of the salts on the rejection of the organic solutes, and to determine if the chemical nature of salts or the total concentration that has a more significant impact on the rejection. 30 g L -1 NaCl and seawater showed close behavior in terms of permeation flux and salts' rejection. The rejection of salts seems not significantly impacted by the presence of organic solutes.

The selected organic solutes present different properties, in order to assess the impact of their physicalchemical properties on their rejection. All solutes are charged, cations and anions, and have varying degrees of hydrophobicity assessed from logKow, and different affinities for the membrane and the water, determined from the Hansen solubility parameter. Their molecular weights range from 265 to 916 g mol -1 . The solutes were first filtered in single solution and then in double and triple systems with presence or absence of salts to make the filtration media more complex, in order to study the effect of the matrix on the rejection of solutes.

The experiments revealed that the organic solutes are partially transmitted through the RO membrane when filtered in single solution. Interestingly, the transmission of a solute can be enhanced or reduced in the presence of other solutes, depending on its physical-chemical characteristics.

The modeling of the rejection results confirmed that the solute permeability varies from one media to another. It was shown that the combination of solution-diffusion/spiegler-kedem and film models may not be accurate and sufficient for the description of the transfer of the solutes in a complex media where other solutes and ionic strength exist. This may be due to the complexity of interactions in the system solute-membrane-solvent.

On the other side, the discrepancy between the model and the experimental results may be attributed to the possible presence of defects in the dense RO membrane.

The investigation of the physico-chemistry of solutes and solute-membrane-solvent interactions showed that, in one hand, the rejection in single solute solutions without salts cannot be fully explained by logKow. But, in multi-solute systems in seawater, the hydrophobic compounds may be more rejected than hydrophilic ones. Thus, logKow does not provide a subtle description of the rejections, even if it offers some valuable information.

On the other hand, it was shown that the increase in the affinity between membrane-solute assessed from HSP distance, may enhance the rejection of solutes in single and multiple-solute systems with added salts. However, these interactions, alone, cannot fully explain the rejections. The correlation between the rejection and the three HSP parameters showed the contribution of polar solubility parameter (δp), hydrogen-bonding solubility parameter (δh) and dispersion solubility parameter (δd) in controlling solutes' rejection, that may be lowered when these parameters present high values.

Overall, the rejection mechanism of solutes during RO filtration is not only associated with the MW. Thus, in order to describe the rejection mechanisms, the physico-chemistry of solutes and membrane-solute-water interactions should be also considered.

I. Introduction

A significant issue affecting millions of people worldwide is the global water crisis due to the effects of climate change, population growth, and the decrease of freshwater supplies. Therefore, finding novel solutions is crucial to overcome the water stress. Desalination of seawater is one of the available solutions to turn saltwater into freshwater suitable for drinking and agricultural use [1-3]. Desalination plants use advanced technologies such as reverse osmosis (RO) and thermal distillation to produce freshwater. Nowadays, RO is the most widely used process in the industry and has proven to be a highly effective method for the desalination of seawater [4]. However, RO process with membrane only classically arranged in several consecutive stages (Fig. 1) can be energy-intensive and costly, which needs to be improved [5,6]. In such classical multi-stage process, the retreatment of the retentate fractions is achieved and the retentate serves as the input for the subsequent stage, while the permeates are not retreated. Besides improvement of membranes and pre-treatment, the RO optimization should focus on the membrane arrangements by the mean of membrane cascades. Two types have to be considered, depending on the existence of fraction recycling or not (Fig. 2). Membrane cascades must be distinguished from classical multistage processes, which are common in the industry (Fig. 1). The counter-current cascade (Fig. 2c) is frequently represented according to Fig. 3a scheme. Membrane cascades offer a promising solution to enhance desalination process [8,9]. However, various configurations can be considered and the specific arrangement relies on the number of stages used to either recover the retentate or the permeate from the initial stage, as well as the manner in which fractions have to be recirculated between the stages.

In the case of RO desalination, efforts have been reported to reduce the energy consumption, increase the water recovery, by decreasing the difference in osmotic pressure between the retentate and permeate of each stage. Chong et al.

[10] reported a novel energy-efficient RO process (EERO), which combines single-stage RO (SSRO) with a counter-current membrane cascade, which consists in sending the retentate of the singlestage to the feed of the membrane cascade having 3 or 4 additional stages (Fig. 3b,c). This process showed a reduction of the osmotic pressure by 30% and 40% for the 3 (Fig. 3b) and 4 stages (Fig. 3c), relatively to SSRO, respectively, while the water recovery was maintained at the same value (75%). The 3-stages process allowed to achieve a water recovery of 75% for the filtration of seawater (35 g L -1 ) instead of about 50% with SSRO and the energy consumption was reduced by 11% compared to the single-stage RO process. Besides the recovery of the pure solvent (water in RO) in the permeate, membrane cascades have also been reported to enhance the separation of small compounds by dense membranes. Recently, experimental [11] and systematic simulation of membrane cascades performances were used in the field of organic solvent nanofiltration, where the separation between multiple solutes was insufficient and they demonstrated their potential in reducing the energy consumption and ensuring a better selectivity toward organics [12,13,7].

RO membrane cascades were also investigated for the removal of organics (pharmaceuticals, pesticides and endocrine-disrupting, …) found in wastewater or seawater using RO process. The complete removal of which being not enough effective, especially for the solutes with a small molecular weight and solubility.

In 2018, Al-Obaidi et al. [14]. have computed multi-stage RO with permeate reprocessing for the effective removal of N-nitrosodimethylamine (NDMA), which is a chemical that can be found in industrial effluents. As a result, the removal of NDMA from wastewater was enhanced by 40-70% with the configuration with permeate reprocessing and recycle mode (Fig. 4). In 2019, Al-Obaidi et al. [15] have simulated different configurations, including multi-stage RO process with recycling of the permeate and the retentate, for the removal of phenol and phenolic compounds from wastewater (Fig. 5). It was found that the configuration where the permeate is recycled showed significant improvement in the rejection of chlorophenol despite a decrease in the total recovery rate. In the present study, results from the previous chapter have evidenced that none of the 5 model micropollutants were fully rejected by the SW30 membrane.

Based on the excel file (see below, Fig. 10) prepared for systematic simulations (Fig. 2c up to 7 stages in the retentate and 7 stages in the permeate retreatment sections) implemented at ISCR during Antoine Lejeune PhD thesis devoted to OSN [16] we have simulated the performances of RO membrane cascades for the separation of binary mixtures containing an organic solutes added to 30 g L -1 NaCl solution by the RO membrane. Aiming at a first evaluation, few configurations with recycling of the permeate and the retentate were evaluated. As a first attempt, the efficiency of membrane cascades was only assessed from the water recovery, the water quality and the required membrane area.

II. Simulation of membrane cascades

In this section, we detail the simulation of membrane cascades, including the configuration, assumptions and mass balances.

The simulation of the performances of membrane cascades was achieved using the ISCR excel file devoted to membrane cascade simulation developed by Antoine Lejeune, Murielle Rabiller-Baudry and Thierry Renouard during the ANR-MemChem project (2014-2017). It makes possible to systematically simulate cascade with 7 stages in the retentate retreatment section and 7 stages in the permeate retreatment section according to a "-1" counter-current recycling mode (Fig. 2c). Among parameters able to vary are the volume reduction ratio (VRR stage i = Vfeed stage i/Vfinal stage i) at each stage and the permeate flux. The rejection of each solute has to remain constant regardless of VRR and flux.

II.1. Selected configuration of membrane cascade for RO

In the simulated configuration of membrane cascades, the membrane stages are connected to each other as shown in Fig. 2c. The feed enters the initial stage (feed stage hereafter denoted stage 0), then other stages can be added to either retreat the permeate (stage hereafter denoted -m) or retentate (stage herafter denoted +n). The recycling "-1" in the retentate retreatment sections means that the permeate flow is returned to the feed of the previous stage, while the recycling in the permeate retreatment section means that the retentate is returned to the feed of the prior stage.

With respect to the osmotic pressure difference at each stage, only cascade with maximum 3 stages have been simulated and compared to the single-stage RO (SSRO also denoted configuration "0" in the present study).

Namely (0,-1); (0,+1) and (-1,0,+1) (Fig. 6). 

II.2. Assumptions for the simulation of membrane cascades

Several assumptions were considered namely:

-steady state and continuous process, -constant transmembrane pressure (TMP: 40 bar in the following) -the composition, concentration and flow rate in the feed are known, -constant temperature (25 °C in the following) -the concentration at the entrance of each stage is homogenous.

It should be underlined that the permeate at the exit of a stage is given as an average value as shown in Fig. 7.

The rejection R i (X) of a solute X at stage i is given in Eq. ( 1).

R i (X) = 1- C P,i,t (X) C R,i,t (X) (1) 
Where C P,i,t (X) and C R,i,t (X) are the concentration of the permeate and the retentate at stage i and time t, respectively. 

II.3. Mass balance for a single-stage process

Considering only one solute X, four unknown variables which are the flow rate and concentrations of the retentate and permeate, should be determined for a single-stage labelled ("0", Fig. 5a). The four needed equations are as follow:

Q F,0 = Q R,0 + Q P,0 (2 
) Where Q F,0 : is the flow rate of the feed entering the stage 0 Q R,0 and Q P,0 are the flow rates of the retentate and permeate, respectively. The mass balance is given by:

Q F,0 × C F,0 (X) = Q R,0 × C R,0 + Q P,0 × C P,0 (X) (3) 
With C F,0 (X): the concentration of solute X in the feed entering stage 0 C R,0 (X): the concentration at stage retentate outlet C P,0 (X) : the average concentration of solute X in the permeate leaving the membrane module.

The abatement Abt i (X) of solute X at the stage i, which account for the rejection variation along the membrane and the increase of the concentration due to the VRR variation along the stage is given by:

VRR = Q F,0 Q R,0 (4) Abt i (X) = 1 - C P,i (X) C F,i (X) (5)
The average concentration of the permeate depends on the rejection and the retentate concentration that varies with VRR over the stage; it is calculated by:

C P,i (X) = 1 1- 1 VRR × ∫ (1 - 1- 1 𝑉𝑅𝑅 0 R i (X)) × C R,i (X) × d (1 - 1 𝑉𝑅𝑅 ) (6)
We assumed that the rejection is constant with VRR in a given stage. Therefore, Eq. ( 6) becomes:

C P,i (X) = C F,i (X) 1- 1 𝑉𝑅𝑅 × (1 -( 1 𝑉𝑅𝑅 ) (1-R i (X)) ) (7) 
Thus, the abatement can be expressed as follows, with the assumption of a constant rejection:

Abt i (X) = 1 - 1 1- 1 𝑉𝑅𝑅 × (1 -( 1 𝑉𝑅𝑅 ) (1-R i (X)) ) (8) 

II.4. Mass balances for a cascade with recycling

Nomenclature of a three-stage membrane cascade (+1,0,-1) is given Fig. 8 . The details of the calculations are given below. In the case of this membrane cascade, we have 14 unknown variables which include the set of four equations related to each stage, and two other equations of the mixer level at the stage 0. For stage 0:

Q F,0 = Q R,0 + Q P,0 (9) Q F,0 × C F,0 (X) = Q R,0 × C R,0 + Q P,0 × C P,0 (X) ( 10 
)
𝑉𝑅𝑅 0 = Q F,0 Q R,0 (11) 
Abt 0 = 1 - C P,0 C F,0 = 1 - 1 1- 1 𝑉𝑅𝑅 0 × (1 -( 1 𝑉𝑅𝑅 0 ) (1-R) ) (12) 
For stage (+1): retentate retreatment section:

Q F,+1 = Q R,+1 + Q P,+1 (13) 
Q F,+1 × C F,+1 = Q R,+1 × C R,+1 + +1 × C P,+1 (14) 
𝑉𝑅𝑅 +1 = Q F,+1 Q R,+1 (15) 
Abt +1 = 1 - C P,+1 C F,+1 = 1 - 1 1- 1 𝑉𝑅𝑅 +1 × (1 -( 1 𝑉𝑅𝑅 +1 ) (1-R) ( 16 
)
For stage (-1): permeate retreatment section:

Q F,-1 = Q R,-1 + Q P,-1 (17) Q F,-1 × C F,-1 = Q R,-1 × C R,-1 + +1 × C P,-1 (18) 
𝑉𝑅𝑅 -1 = Q F,-1 Q R,-1 (19) 
Abt -1 = 1 -

C P,-1 C F,-1 = 1 - 1 1- 1 𝑉𝑅𝑅 -1 × (1 -( 1 𝑉𝑅𝑅 -1 ) (1-R) (20) 
For stage mixing:

Q F,0 = Q R,-1 + Q P,+1 + Q F (21) Q F,0 × C F,0 = Q R,-1 × C R,-1 + Q P,+1 × C P,+1 + Q F × C F (22) 

II.5. Performance of membrane cascade

In the case of separation of two components hereafter denoted A (NaCl in the following) and B (organic solute in the following), to determine the performance of the membrane cascade, several parameters should be calculated.

In the case of a (-m,0,+n) cascade configuration, the performance was assessed from the following parameters:

-The overall extraction of product A in the permeate (permeate of the cascade at stage -m):

Permeate extraction product A =

C P,-m (𝐴)× Q P,-m C F (A)× Q F ( 23 
)
Where C P,-m (𝐴) and C F (A) are the average concertation of product A in the final permeate (stage -m) and its cascade feed, respectively.

-The recovery of product B in the retentate (retentate of the cascade at stage +n):

Retentate recovery product B = C R,+n (C)× Q R,+n C F (C)× Q F ( 24 
)
Where C R,+n (C) and C F (C) were the concentration of product C in the final retentate stage +n and in the cascade feed, respectively. Q R,+n is the flow rate of the final retentate at the stage +n.

To reach the performances both the membrane filtering area and the energy consumption have to be calculated.

-The total membrane area is defined as the sum of membrane area at each stage:

A mb,i = Q P,i J pi (25) 
Where A mb,i is the total membrane area, Q P,i is the flow rate of the permeate at the stage i, J pi is the permeate flux at stage i calculated from the equations given in Table 2.

III. Repeal of Experimental data useful for simulation

In this section, for the sake of clarity, the organic solute and feed water selected to conduct this study are repealed as well as the experimental conditions of RO.

Table 1. present the characteristics of the selected organic solute, which is an azo-dye. Tropaeolin O is negatively charged and considered as hydrophobic coumpond with respect to its logKow value.

Table 1. Characteristics of the selected organic solutes. The RO feed water was prepared from sodium chloride (NaCl) at a concentration of 30 g L -1 . The pH of the solution was adjusted to pH= 8.2 (natural seawater pH) using sodium hydroxide (NaOH).

Solute

The micro-pollutant at 0.5 mmol L -1 was added to 30 g L -1 NaCl solution and filtered by SW30 RO membrane, which is made from polyamide aromatic and purchased from Dow FilmTech.

The experiments were conducted on a RO pilot manufactured by TIA (Bollène, France) with a flat membrane of 140 cm 2 filtering area. The experimental conditions are as follow: feed flow rate was set at 1075 ± 25 L h -1 . The transmembrane pressure was 40 bar, and the temperature was fixed at 25 °C.

Experimental results acquired in the previous chapter were used for the further simulation. They are briefly given below.

III.1 Permeate flux as a function of the average concentration of NaCl in the retentate 𝐂 𝐑 (𝑨)

As NaCl was the solute mastering the permeate flux, in presence of diluted added organic solute, the permeate flux was plotted versus the NaCl concentration aiming at fitting the experimental data with a polynomial equation useful for further simulation.

Starting from 30 g.L -1 NaCl (0.513 mol L -1 , osmotic pressure at 25°C: ≈ 25.1 bar) the NaCl increase was voluntary limited to 45 g L -1 (0.769 mol L -1 , osmotic pressure: ≈ 37.3 bar) leading to a null permeate flux with the SW30 membrane at 40 bar.

To account for high dilution after one passage through the membrane, complementary data for low concentration were acquired.

Fig. 9. depicts the permeate flux with the average NaCl concentration in the retentate. The trend of permeate flux was assumed to be divided into three intervals of concentration: 0 -1.6 and 1.6 -25 and 25 -45 g L -1 for a better precision (Table 2). 

III.2 Feed composition and experimental Rejection

Table 2 gives the experimental rejections used for the further simulation in good accordance with those of the previous chapter. Only 30 g.L-1 NaCl with or without TO will be used for the sake of exemplification.

Table 2. Composition of the feed, the concentration of solute and the assumption on the permeate flux, and rejection of solutes.𝐶 𝑅 (𝐴)is the average concentration of A experimentally proved to govern the flux. 

If C R (𝐴) < 1.6 L -1 : 0.003× C R (𝐴) 2 -0.1447C R (𝐴) 3 +2.2197C R (𝐴) 2 - 13.129C R (𝐴)+79.319 If 1.6 < C R (𝐴)< 25g L -1 : 0.0328× C R (𝐴) 2 -2.0806× C R (𝐴)+67.005 If C R (𝐴) > 25g L -1 : -0.8971× C R (𝐴)+56.649 With C R (𝐴) in g L -1

IV. Results and discussion

In this section, we present the results of the simulation of membrane cascades for the enhancement of the water recovery and quality (rejection of NaCl and organic solute in RO) of brackish water. The conclusions of these results were drawn based on the used assumptions.

With respect to the equation given in §II, "A" refers to NaCl with an initial concentration of 0.513 mol. L -1 , while "B" represents the organic solute added to NaCl at a concentration of 0.0005 mol L -1 (Table 2).

The objectives are to achieve RO at 40 bar for each stage, where each stage represents a single-stage arrangement with respect to the membrane area (can be further optimized).

The feed stage (0) operated at a given VRR to control the effective pressure (TMP-∆) in the 4.0-5.0 bar range and reach the maximum water recovery with the given configuration. « -n stages »: at a given VRR to control the effective pressure (TMP-∆) close to 12 bar. « + m stages »: at a given VRR to control the effective pressure (TMP-∆) close to 2.5-3.0 bar. These values have been selected after a first trial and error test and could be optimized. The feed flow rate was fixed at 1.075 m3 h -1 . Gives the results of design (-1,0) for 30 g L -1 NaCl rejection 0.94. To reach close water recovery as design "0" (35%), the VRRstage0 should be 1.54 and VRRstage-1=18.52, and having between 4 to 6 bar of efficient pressure (TMP-final) on each stage. The water recovery is 33.7% in the permeate. However, in this two-stages configuration "-1,0", the required membrane area should be increased from 14.6 to 21.4 m 2 .(feed m 3 h -1 ) -1 compared to the single stage design.

IV

o IV.1.1.3. Two-stages RO performances (configuration "0,+1")

To achieve close water recovery as design (0), the VRRstage0 should be 1.59 and VRRstage-1=1.06 (Fig. 12 ) with each stage having 4 to 6 efficient pressure. The water recovery in the permeate increases from 35% in design (0) to 38.5 % in design (0,+1). The concentration of NaCl in the permeate is 2.1 g L -1 .

o IV.1.1.4. Three-stages RO performances (configuration "-1,0,+1") Fig. 13. displays the simulation of design (-1,0, +1) for 30 g L -1 NaCl rejection 0.94, without the organic solute. The water recovery in the permeate is 37.1 %, which is close to that of design "0" (35%). The recovery of NaCl in the retentate is 99.54%, indicating that with this configuration the percentage increases compared to design "0" where the recovery of NaCl is 97.45%. However, the required membrane area increases from 14.6 in design "0" to 25.7 m 2 .(feed m 3 h -1 ) -1 . Table 3 and Table 4 present the summary of RO performances of each design for NaCl rejection 0.94 and 0.92, respectively. For sake of readability, Fig. 14. displays a comparison between simulated RO performances of NaCl rejection 0.94 and 0.92. It was evidenced that no significant difference between 0.94 and 0.92 NaCl rejection is depicted with the selected configurations for membrane area and water recovery, and a slight impact on permeate quality.

If the water quality is more important than membrane area, the three-stages configuration (-1,0,+1) presents a good compromise between water recovery and permeate quality.

It is known that arranging a single-stage in multi-stages without recycling allows to decrease the membrane area with same performances. 

Single stage RO performances (configuration "0")

When filtering Tropaeolin O added to 30 g L -1 NaCl, the design (0) allows to reach a recovery of 97.45% for TO (Fig. 15). The concentration of TO in the final permeate is 3.65E-5 mol L -1 , and the water recovery in the permeate is 35%. The needed membrane area is 14.6 m 2 .(feed m 3 h -1 ) -1 .

o IV.2.2. Two-stages RO performances (configuration "-1,0")

The simulation shows that the recovery of the dye in the retentate is 99.58 % (Fig. 16) and the concentration in the permeate is 6.21 10 -6 mol L -1 . Compared to design (0), where the recovery of TO is 97.45 %, the concentration of TO is divided by 100 in the permeate. The water recovery is 33.7%. 

V. Conclusion of chapter IV

This study examines the efficiency of membrane cascades in the enhancement of the rejection of an organic solute and NaCl in reverse osmosis of brackish water (30 g L -1 NaCl). In order to simplify the study, the results of simulations of membrane cascades were presented with only 2 components, which are NaCl and the organic solute. The evaluation of the efficiency of membrane cascades was based on the water recovery in the permeate, the water quality and the required membrane area to reach high separation.

For the simulation of NaCl rejection, it was found that no significant difference between 0.94 and 0.92 NaCl rejection is depicted with the selected configurations for membrane area and water recovery, but a slight impact on permeate quality. The simulation of Tropaeolin O rejection (0.94) and NaCl rejection 0.92, the cascade arrangement enables to enhance the water recovery (up to 38.5%) and water quality (up to a concentration in the final permeate of 0.6 g L -1 and 6.07E-6 mol L -1 for NaCl and Tropaeolin O, respectively), depending on the design configuration.

If the water quality is more important than membrane area, the three-stages configuration (-1,0,+1) presents a good compromise between water recovery ( 37.1%), 0.6 g L -1 and 6.07E-6 mol L -1 of NaCl and Tropaeolin O in the final permeate, respectively. The membrane area can be decreased by arranging a single-stage in multistages without recycling while preserving same performances.

We have demonstrated that the cascade arrangement can improve water recovery and quality. With this developed tool adapted for aqueous RO, we can conduct simulations at higher applied pressures; This will enable us to address seawater treatment scenarios that require pressure levels exceeding 40 bar when employing stage (0) only. The evaluation of the required applied pressure to achieve approximatively 50% water recovery will be a critical consideration.

Furthermore, there is a need for a more systematic approach to optimize VRR for each stage by using the development of decision-support tools, rather than manual trial. Additionally, optimizing the membrane area for each stage, with a primary focus on stage (0) is essential. This involves the replacement of a stage with a multi-stage system without recirculation.

Chapter V: Bibliography: Zeolite materials in service of membrane technology

Zeolite materials are mostly microporous crystalline aluminosilicates with ordered structure and uniform pore size. Zeolites have been considered as advanced materials for preparation of inorganic membranes that show their excellent separation efficiency typically for temperature-driven processes namely pervaporation and membrane distillation. In recent years, zeolite membranes have widely applied in many separation applications not only for dehydration of organic compounds separation of organic mixtures but also for seawater desalination and gas separation. Significant and rapid progress has been achieved on the preparation of membranes from zeolite materials. Considering this evolution, there is a vital interest to make a summary of recent developments on this scope. The present chapter highlights mainly the recent applications of zeolite materials in membrane technology. Also, the fundamentals of synthesis of zeolites and preparation of zeolite membranes were reviewed. Furthermore, the recent developments in dehydration of organics, organic/organic separation, desalination and gas separation using zeolite membranes were reported in details.

I. Introduction

In recent years, inorganic membranes have been brought to the attention of researchers for their advantages compared with organic membranes. As well known, inorganic membranes have good chemical and thermal stability, as well as the resistance for high applied pressures during separation [1]. Generally, the materials used for preparation of inorganic membranes are conventional industrial oxides like Al2O3, TiO2 and SiO2 [2].

Later, new generation of materials has appeared like zeolites [3-5] and metal organic frameworks (MOFs)

.

In particular, zeolite materials have been used for preparation of inorganic membranes due to their unique properties such as well-defined structure, uniform pore size that is usually smaller than 2 nm. Consequently, zeolite membranes are likely suitable for separation of liquid and gas mixtures. In the beginning, zeolites have been used in the form of compressed pellets or powder for adsorption, catalyze, electrochemical sensors and ion exchange applications [7]. As well known, the idea of preparing polycrystalline zeolite film on a porous substrate was first patented by Suzuki in 1987. Since that time, plenty of works reported the deposition of zeolite layer on different substrates with diverse natures namely ceramic [4], glass [8] and stainless steel [9]. Theses substrates should mainly provide the mechanical strength to protect the fragile zeolite film. The annual publications reported on zeolite membranes are increasing every year. In recent years, very significant scientific papers were published and discussed recent developments on zeolite membranes. Fig. 1 gives the number of publications including research articles, review articles and book chapters concerning zeolite membranes in the last fifteen years. Widely, zeolite-based membranes were investigated for membrane processes based on temperature driving force like pervaporation in particular. The main feature of pervaporation process is low energy consumption compared with membrane distillation. This advantage makes pervaporation economically attractive for many industrial applications. The advancement of zeolite membranes is well developed at laboratory level [3]. However, the production of commercial zeolite membranes is still under development for industrial applications because of material cost and complications in the manufacturing large-scale, defect-free and reproducible zeolite membranes. These limitations are considered the great challenge for zeolite membranes implementation in the industry [3] .

In this chapter, the recent applications of zeolite materials in membrane technology are presented. Also, the fundamentals of synthesis of zeolites and preparation of zeolite membranes were reviewed. Furthermore, the recent developments in dehydration of organics, organic/organic separation, desalination and gas separation were reported in details.

II. Zeolite materials used in membrane technology

Zeolites are generally defined as microporous hydrated aluminosilicates with different topologies and open one-dimensional (1D), two-dimensional (2D) and three-dimensional (3D) framework structures formed by TO4 tetrahedra, where T is Si or Al. It should be mentioned that it is possible to obtain extra zeolite types by using other atoms notably Ge, Ga, N, Be, Mg, S, P or B atoms. These tetrahedral units are connected by oxygen atoms which lead to the creation of diverse channels and cages which are generally occupied by water molecules beside of extra-framework cations such as Na + , K + , Mg 2+ and Ca 2+ [10]. These cations could be exchangeable and their principal role is to achieve the electroneutrality of the framework structure.

Based on their pore size that starts from 2.2 to 13 Å (Fig. 2), zeolite materials can be classified into four categories: small, medium, large and ultra large zeolite classes (Fig. 3). Zeolite structures with small pores have pore apertures consisting of 6, 8 or 9 tetrahedra (6-,8-and 9-membered rings) and their pore diameter is between 2.2 -4.5 Å. Medium pore class has 10-membered rings and pore size of theses zeolites is between 4.5-6.0 Å. While, large pore class has 12-membered rings and their pore size is between 6.0-8.0 Å. Finally, ultra large pore class has more than 16-membered rings and their pore diameter is between 8.0-13.0 Å [11]. Zeolites exist in nature as minerals such as clinoptilolite, analcime, erionite. However, Natural zeolites contain a lot of impurities and exhibit lower Si/Al ratio. The lower Si/Al ratio weakens the chemical stability of zeolites because of the effect of dealumination, especially in acidic media. Consequently, these problems consider as main limitations of direct utilization of natural zeolites in industrial applications.

In order to resolve these issues, researchers have worked on development of synthetic zeolites with different chemical composition using two different strategies. The first approach consists of reproduction of natural zeolites with high purity such as mordenite (MOR). The second approach focuses on synthesis of new types of zeolites that are not occurred in nature. It is worth to mention that the second approach is considered as advanced trail for potential applications in zeolite-based membranes in particular and in zeolite materials for other advanced technologies. The evolution of zeolite types is regularly updated in editions of Atlas of Zeolite Structures Types [12] .In 2016, the database of the International Zeolite Association (ISA) reported 232 framework types. Table 1 summarizes the evolution of the number of zeolite types until 2016. Each type of zeolites corresponds to a specific framework structure that have particular name and distinctive code comprising three letters for example chabazite (CHA), linde type A (LTA) and deca-dodecasil 3R (DDR). Despite of the existence of more than 232 framework structures, only few zeolite types were used in the preparation of membranes. This is due to the fact that there are difficulties in the formation of continuous polycrystalline film. Some popular zeolite types largely used in fabrication of membranes are FAU 

III. Fundamentals of synthesis of zeolite membranes

Several strategies have been developed to prepare zeolite membranes. Diverse methods have been investigated in order to synthesize homogenous zeolite membranes without defects such as hydrothermal synthesis, microwave heating and dry gel conversion. It is worth noting that hydrothermal method is the most technique employed in the preparation of zeolite-based membranes.

III.1. Hydrothermal method

What is known about hydrothermal method is traditional strategy for synthesis of zeolite materials as well as preparation of zeolite membranes. Zeolites often crystallize under hydrothermal conditions at different temperatures and for a specific duration. Briefly, this method is based on the submersion of the support in the synthesis solution under specific pressure and temperature conditions. The synthesis solution called hydrogel consists of silicates and aluminates precursors that are required to form the zeolitic framework structure, structuring agent that can be inorganic cations and/or organic species (neutral molecules or cations), mineralizing agent like OH -and F -ions, and solvent that is often water. At first, the reagents are mixed at room temperature in favor to obtain hydrogel that later its temperature is raised to specific temperature in order to promote the crystallization of zeolite. The crystallization could complete from few hours to several days depending on the nature of the desired zeolite. The prepared membranes are cleaned to remove excess of reagents and then dried in most cases. Fig. 4 illustrates example of apparatus (autoclave) used for the hydrothermal synthesis of supported zeolite membrane layer. 

III.2. Zeolites growth

The crystallization techniques of zeolite membranes can be categorized into primary and secondary growth approaches (Fig. 5). During the primary growth method, the support undergoes directly hydrothermal synthesis contrarily to the secondary growth method, which consists on seeding of the support before hydrothermal synthesis that can be carried out in batch or continuous mode. The principle of primary growth method is based on the formation of zeolite layer directly from the transformation of hydrogel into polycrystalline zeolite under typical hydrothermal conditions. Practically, the support is immersed in the synthesis solution (or gel) and subjected to hydrothermal treatment so the zeolite can grow on support surface. The primary growth method remains simpler compared to the secondary growth method because the seeding is not required. However, this method stays less used for preparation of zeolite membranes since the zeolite crystals randomly grown on the support with different orientations, which leads to inhomogeneous layer in most cases [18] . The secondary growth method involves seeding of support (with appropriate porosity, pore size and roughness) before hydrothermal synthesis using zeolite crystals usually with size ranging from 50 to 1000 nm of desired zeolite. In literature, many techniques are used for seeding like rubbing, dip-coating, cross filtration and others. This step is very critical because it affects continuity, uniformity and density of final membrane. The zeolite seeds play the role of nuclei that gives sites for the intergrowth of crystals to zeolite layer. The secondary growth method allows to easily control the quality of zeolite layer in terms of crystals orientation, thickness and roughness. Generally, zeolite films synthesized by this route are homogeneous and have few defects due to the seeding step, which provides some advantages such as promoting crystals growth and reducing crystallization time.

Fig. 5. Schematic of zeolite membrane preparation via primary and secondary growth methods.

III.3. Factors influencing the zeolites membranes synthesis

It should be noted that the synthesis of zeolite membranes is highly sensitive as function of numerous factors that can affect the synthesis during the hydrothermal route. These factors are Si/Al ratio, reactants sources, alkalinity, organic templates, crystallization temperature and crystallization time [12].

III.3.1. Si/Al ratio

The Si/Al ratio in zeolite membrane impacts its properties in various ways. It is reported that the increasing of Si/Al ratio influences on the chemistry of membranes. For instance, zeolites with high-silica are thermally stable because Si-O bond that need more energy to be broken than Al-O bond. They could keep their structure up to 800 °C. Based on the Si/Al ratio, zeolites can be classified into four categories: (i) Low-silica zeolites that have Si/Al ratio less than 2, (ii) intermediate-silica zeolites that have Si/Al ratio between 50 and 2, (iii) High-silica zeolites that have Si/Al ratio higher than 50, and (iv) pure silica zeolites that have Si/Al to infinity

[19].
The Si/Al ratio impacts also membrane characteristics which later influence on separation performances. Al and Si contents judge the hydrophobicity/hydrophilicity of the zeolite membrane. For example, the more Si/Al ratio increases the zeolite membrane becomes more hydrophobic. Furthermore, the decrease of alumina content leads to the decrease of acid resistance of the zeolite membrane.

III.3.2. Alkalinity

Zeolites synthesis is significantly influenced by the alkalinity. It is reported that higher alkalinity increases the solubility of silicate and aluminate precursors in the solution, which accelerates nucleation phenomenon and crystals growth [12]. The alkalinity effect can be noticed from different works reported in the literature for example it was demonstrated that LTA zeolite was crystallized when the alkalinity was 3.0 M in the reaction mixture, but when the alkalinity was 6.0 M hydroxysodalite was the principal zeolite phase [12].

III.3.3. Crystallization temperature

The temperature of crystallization has significant influence on the zeolite membrane formation because it affects both the nucleation and crystal growth steps. The increase of the crystallization temperature can modify the framework structure of zeolites. It was reported that the increase of the crystallization temperature from 60 to 80 °C for the synthesis of NaA zeolite membrane leads to the existence of two types of zeolites that are NaA and P-type zeolite. This structure modification was also confirmed in another work by the decrease of the average size of zeolite crystals when the temperature increased from 60 to 80 °C [4]. The crystallization temperature impacts also crystals growth. For example, chen et al. described the effect of the elevation of crystallization temperature from 165 to 180 °C. The Transformation of the precursor solution into crystals was not completed at 165 °C. However, high quality zeolite crystals were obtained at 180 °C [20].

III.3.4. Crystallization time

The impact of the crystallization time is remarkable in the zeolite growth and crystallinity. The crystallization time does not affect strongly the zeolite type but influences on the quality of the formed zeolite crystals [12]. For example, Javdani et al. investigated the effect of crystallization time on the synthesis of nano-sized MFI zeolite and showed that the increase of crystallization time allows to obtain larger crystals (39 nm for 360 h) and explained that with the fact that crystals have enough time to form contrarily to small crystals (20 nm for 240 h) that have grown on short crystallization time [21] .

III.3.5. Structuring agent

The nature and concentration of structuring agent are among of the parameters that strongly impact the crystallization of zeolites. The major role of structuring agents is to orient kinetically and thermodynamically the zeolite synthesis [22]. They can improve zeolites properties and control their morphology. As mentioned in section 3.1, structuring agents can be inorganic cations and/or organic species. For example, it was reported that the use of organic molecules as a structuring agent or the use of dual structuring agents contribute to the stabilization of the zeolite structure [23]. Table 2 outlines examples of synthesis methods used for zeolite membranes preparation. 

IV. Applications of zeolite membranes

Zeolite membranes have found many applications in different fields due to their unique properties especially ordered pore size, which allows obtaining high separation performances. Additionally, the selectivity of zeolite membranes is mainly governed by molecule exlusion. However, local electrostatic field inside pores of zeolites, hydrophilic/hydrophobic surface character, microdefects could affect saving mechanism that highly expected for zeolite membranes. Zeolite membranes have been investigated for many separation processes like pervaporation [29] , membrane distillation [30] and gas separation [31] . Fig. 6 presents different application of zeolite membranes using various separation processes. Fig. 6. Applications of zeolite membranes.

IV.1. Pervaporation

Pervaporation is a membrane separation process in which the membrane considers as a barrier between liquid phase (feed) and vapor phase (permeate) and the separation is based on the temperature-driving force (Fig. 7).

In this process, the separation is not directly linked to vapor-liquid equilibrium but the separation is based on the diffusivity of the components through the membrane. The transport mechanism is described by the called adsorption-diffusion mechanism which consists of three steps: (i) sorption of the molecules in the liquid mixture at the interface of the membrane, (ii) diffusion of species trough the membrane via gradient of concentration, and (iii) desorption of components into the vapour phase at the interface of the membrane. To evaluate the pervaporation performances in terms of permeability and selectivity, two experimental parameters habitually studied are the permeation flux (J) (Eq. ( 1)) and the factor of separation (α) (Eq. ( 2)).

𝐽 = 𝑚 𝐴×𝑡 (1) 
𝛼 = 𝑥𝑖 𝑥𝑗 ⁄ 𝑦𝑖 𝑦𝑗 ⁄ ( 2 
)
Where m is the permeation mass (Kg) and A is the membrane area (m 2 ) and t is the filtration time (h) and xi, xj, yi and yj are respectively the mass fraction of i and j in the feed and in the permeate. Pervaporation using zeolite membranes was widely studied for diverse applications including dehydration of organics, organic/organic separation and desalination 

. Dehydration of alcohols

The call of dehydration process during the production of organic solvents is necessary. Zeolite-based membranes have demonstrated effective selectivity in pervaporation not only due to their particular structural framework but also interactions with water. The early works reported for dehydration of organics using zeolite membranes focused on the use of LTA zeolite membranes due to their pore size (0.4 nm) that is larger than water molecules (0.26 nm) and smaller than the majority of organic molecules. For this reason, LTA zeolite membranes were largely used for dehydration of alcohols and showed high separation performances. However, the permeation flux of LTA zeolite membranes is still low and should be improved. Gao et al. used LTA zeolite membrane for dehydration of 90 wt% ethanol/water mixture. The membrane exhibits high separation factor that is more than 10000 and a permeation flux of 1.4 Kg/m 2 h [39]. In order to enhance the permeation flux during alcohols dehydration process, other zeolite types with pore size larger than that of LTA zeolite membranes were investigated such as MFI and T-type zeolite membranes. Theses membranes showed higher permeation flux compared with LTA zeolite membranes. For example MFI and T-type zeolite membranes exhibit permeation flux of 2.56 and 2.25 Kg/m 2 h respectively for ethanol dehydration, but their separation factors that are 103 and 1348 are lower than that obtained using LTA zeolite membranes [25,27].

Zeolite membranes with smaller pore size compared with LTA zeolite membranes were also tested for dehydration of alcohols such as CHA zeolite membranes. For instance, CHA zeolite membrane was used for dehydration of 2-propanol and exhibited permeation flux of 20 Kg/m 2 h but its selectivity was lower than that obtained using LTA zeolite membranes [28].

It should be noted that zeolite membranes performances for dehydration of alcohols is considerably affected by the presence of defects that can be cracks, pinholes and grain boundaries. This last impact the selectivity of membranes since the alcohols can permeate through non-zeolite pores. Generally, defects in zeolites membranes increase their permeation flux and reduce their selectivity at the same time. Table 3 gives some examples of research works that have been reported for organics dehydration using different zeolite membranes.

IV.1.1.2. Dehydration of acids

In many industrial applications such as acid acetic production process, operating at low pH media is remarkably demanded. Until now, the performances of zeolite membranes are limited under acidic conditions especially for dehydration of acids. A lot of efforts have been made in order to boost the acidic resistance of zeolite membranes. . Hydrophilic functionalization of zeolite membrane surface was shown effective to improve its acid stability. For example, Zhang and coworkers studied the effect of grafting DDR zeolite membrane by aminopropyltriethoxysilane (APTES) on the surface properties. It was demonstrated that the functionalization enhances the hydrophilicity of the membrane and consequently the separation factor of water/acetic acid is also improved. The separation factor increased to 1700 for the APTES-DD3R membrane [43]. Pervaporation performances of acid dehydration can be improved using a novel strategy named functional defect-patching method. The main objective of this last is elimination of defects by grafting polymer groups in grain boundaries. The functional defect-patching method was tested for dehydration of 83 wt% acid acetic/water mixture using MOR zeolite membrane. It was shown that the interlayer formed by polymer groups protected the zeolite surface from dealumination and consequently the acid stability is improved [41]. The pervaporation performances of different zeolite membranes used for organics dehydration is summarized in Table 3. IV.1.3. Organic/organic separation Zeolites membranes were also applied for organic mixtures separation. Zeolites membranes selected for organic/organic separation should have larger pore size than that of the smallest component in organic/organic mixture because most of organic molecules own large size. Among various zeolite types, FAU zeolite membranes showed higher selectivity comparing with other zeolite membranes such as MFI zeolite membrane due to their large pore size (0.74 nm). Separation performances of FAU zeolite membranes were evaluated for different organic systems for example methanol/methacrylate, methanol/dimethyl carbonate and methanol/methyl acrylate and ethanol/ ethyl tert-butyl. Theses membranes showed permeation flux varying from 0.33 to 3.14 Kg /m 2 h and separation factor from 700 to 8800 [46][47][48] .Separation of methanol in quaternary mixtures in the reaction of transesterification was also achieved using FAU zeolite membranes which make theses membranes promising for this application [46]. Another zeolite membranes that were investigated on organic mixtures separation are CHA zeolite membranes especially for methanol/dimethyl carbonate mixture. This type of zeolite membranes provides good separation performances for methanol/dimethyl carbonate mixture. For example, the CHA zeolite membrane prepared by Wang et al. used exhibited high permeation flux of 15 kg m -2 h -1 and separation factor of 1000. Furthermore, the membrane performances were compared with other polymeric membranes and it was found that CHA zeolite membranes provide interesting performances [49]. Some research works on organic/organic separation are shown in Table 4.

Table 4. Organic/organic separation performances using zeolite membranes. In order to evaluate the membranes performances for seawater desalination, the water flux and total ions rejections should be calculated. The water flux is calculated using Eq.(1) reported in section 3.1 . The total ion rejections is calculated via Eq.( 3):

Ri = 𝐶𝑖𝑓-𝐶𝑖𝑝 𝐶𝑖𝑓 ×100 (%) (3) 
Where Cif and Cip are the concentrations of ion in the feed and permeate respectively. Zeolites membranes that were investigated for desalination are limited. The mechanism of separation in desalination depends on size exclusion by rejection of hydrated ions. Based on the ion radius of Na + and Cl - ions that are smaller than that of most zeolite types , it is clearly observed that the utilization of zeolite membranes in desalination applications has not well developed as that in pervaporation. LTA, SOD and MFI zeolite types exhibit high ion rejections but their water fluxes are low. This is attributed to small pore sizes of LTA, SOD and MFI that are 0.40 nm, 0.28 and 0.55 nm respectively. Drobek et al. prepared ZSM-5 and Silicate-1 zeolite membranes with MFI structure that showed fluxes of 11.5 Kg m -2 h -1 for NaCl solutions (0.3 wt.%) at 75 °C and ion rejections over than 99%. The membrane stability after 560 h of service showed that the ion rejections decreased to 80% and this was attributed to the zeolite layers dissolution [53].

LTA zeolites membranes showed low water flux of 0.42 Kg m -2 h -1 and superior ion rejections nearly 99.5%. The low permeation is directly linked to the membrane thickness. In other words, the more the membrane is thicker the more the permeation is higher [54].

Contrarily to zeolite membranes with relatively small pore sizes, FAU zeolite membranes are promising for seawater desalination according to their large pore size. FAU zeolite membrane was used for seawater desalination (3.5 wt.%). The membrane showed high ion rejections that are over than 99.8% and water flux of 5.64 Kg m -2 h -1 . In addition, it was demonstrated that the membrane remains its separation performances after 40 h of service [37]. In Table 5 performances of some zeolite membranes used for desalination by pervaporation are summarized. To study the performance of gas separation, the selectivity is calculated by the ratio of the permeances, and the single gas permeance is calculated using Eq.( 4):

𝑃𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒 = 𝑛 𝐴×𝑃 (4) 
Where n is the number of moles of gas transferred per unit time (mol), A is the membrane area (m 2 ) and P is the partial pressure difference, and the selectivity is calculated. The gas separation mechanism through zeolite membranes depends on (i) diffusion selectivity, (ii) adsorption selectivity and (iii) size exclusion. The adsorption selectivity depends on the capacity of adsorption of each component. The molecule with the highest adsorption capacity is adsorbed on micropores of zeolite membrane. The diffusion selectivity is linked to the diffusivity of species. The component that owns the smaller size and has faster diffusivity permeate trough zeolite membrane pores. While, size exclusion takes place because of molecule size, which is larger than zeolites pores. Generally, the gas with the larger molecular size in comparison with the pore size of zeolite membrane stops by the membrane, whereas the gas with the smaller molecular size easily crosses through the membrane. In favor to obtain high separation effect, the selected zeolite must have a pore size between the components of the mixture. The different applications of zeolite membranes in gas separation are concerning CO2 removal from natural gas, fuel gas, digestive gas and the process of carbon capture after combustion. DDR zeolite membranes with pore size of 0.36 nm are widely used for H2 and CO2 separation. For instance, H2 and CO2 permeance of 3.74 x 10 7 and 0.78 x 10 7 mol/m 2 s Pa respectively have been reported for H2/ CO2 mixtures and the selectivity was about 4.80 [58]. It was also reported that DDR zeolite membranes are effective for separation of CO2/CH4 and CO2/N2 mixtures. The obtained CO2 permeance in both cases is 17x10 - 8 and 29x10 -8 mol/m 2 s Pa for CO2/CH4 and CO2/N2 mixtures respectively. High CO2 permeance is attributed to the strong adsorption of CO2 in zeolites pores since its kinetic diameter (0.33 nm) is smaller than DDR zeolite membranes pore size, differently to CH4 and N2 that have low permeance since they pass through non zeolites pores [59]. DDR zeolite membranes were also tested for and CO2/C3H8 and N2/CH4 mixtures separation which exhibit high selectivity [60].

CHA zeolites membranes with a pore size of 0.38 nm are considered promising for gas separations especially for the separation of CH4 because the pore size of CHA zeolites membranes is likely close to that of CH4. However, their major drawback is that they require long times for hydrothermal treatments during membrane preparation (2-7 days). For this reason, Sun et al. prepared CHA zeolite membranes using novel approach named interzeolite conversion method. This technique reduces the synthesis time to only 6 h using zeolites that have been synthesized before as starting material. In this case, the authors used FAU nano seeds as starting material. The membrane was investigated for CO2/N2 separation and showed CO2 permeance of 4164.05 x 10 -10 mol m -2 s -1 Pa -1 and selectivity of 19 [31]. Similarly, Iamasaka et al. studied the single gas permeances of CH4, N2, H2 and CO2 through high silica HS-CHA zeolite membranes. The lowest permeance (1.8 x10 -8 mol m -2 s -1 Pa -1 ) was obtained for CH4 because of its kinetic diameter that is equal to the pore size of CHA zeolite membrane (0.38 nm). The CO2/CH4 gas mixture permeance was also evaluated and the membrane showed CO2 permeance and selectivity of 15x10 

V. Conclusion of chapter V

This chapter has given an overview of the last development in the field of zeolite-based membranes including synthesis of zeolite materials and preparation of zeolite membranes, and applications in separation of liquid and gas mixtures.

Up to now, new zeolite framework structures have still discovered and added to IZA database suggesting the eruption of scientific studies concerning new generation of zeolite membranes in near future especially with rapid progress in advanced materials characterization, microstructure engineering and introduction of advanced technologies. More and more zeolite membranes are reported to be efficient for dehydration of organics, organic/organic separation and desalination trough pervaporation process. Meanwhile, zeolites with small pore size like CHA and DDR show their ability for gas separation.

The preparation of zeolite membranes with thinner, defect-free and reproducible zeolite layers are considered as main challenges in synthesis of zeolite membranes. Presence of defects (cracks, pinholes and grain boundaries) could impact separation performances of zeolite membranes in terms of selectivity and permeation flux. Therefore, preparation of reproducible zeolite membranes with high permeation flux and competitive cost is a gold key to really integrate chemical industries. Despite the great progress that has been made on zeolite membranes applications at laboratory level, the only industrial application of commercial zeolite membranes is dehydration of solvents and the zeolite membranes that were commercialized are CHA, LTA and T-type.

Chapter VI: Materials and Methods

"Preparation of low-cost NaA zeolite membrane on kaolinite support for effective ethanol dehydration"

This chapter aims to present the materials and methods used to achieve the preparation of NaA zeolite membrane for ethanol dewatering. This part describes the preparation process and characterization of the NaA zeolite membrane and the evaluation of its performance. 

I. Preparation, characterization and performance of zeolite membrane

I.1.2. Deposition of NaA zeolite layer

NaA zeolite membrane was hydrothermally prepared using the secondary growth method. NaA zeolite seeds were hydrothermally synthesized using a gel with a molar composition of Al2O3: 2 SiO2: 15 Na2O: 400 H2O. This gel was obtained by mixing sodium hydroxide, silicate, and aluminate in an aqueous solution. After stirring for 1 h, the gel was poured into a stainless-steel autoclave and then moved into a preheated oven at 60 °C for 24 h. Afterwards, the synthesized NaA crystals were washed with water several times to remove the

I.2.4. Zeta potential

Zeta potential measurements were carried out to determine the surface charge of the NaA zeolite powder. The analysis was performed with the instrument Anton Paar GmbH,Graz (Fig. 4) which has an Ag/AgCl electrode.

The pH ranged from 4 to 10, and the measurements were accomplished at room temperature. The pH was adjusted by using NaOH and HCL solutions. The given value of zeta potential is the average of 20 measurements.

Fig. 4. Apparatus of zeta potential measurement.

I.2.5. Contact angle

Contact angle measurements were performed in order to examine membrane hydrophobicity. Measurements of water and ethanol contact angle were carried out using TRACKER contact angle instrument (Fig. 5) using the sessile drop method.10 measurements were taken at various points on the sample's surface. The resulting value is the average of the 10 measurements. Among inorganic materials, zeolites are considered as promising materials that are used in the preparation of membranes and own unique properties counting uniform micropores, molecular sieving effect, thermal stability, mechanical resistance, adsorption and ion exchange properties [1,11]. Due to these specific characteristics, zeolites can be used in a wide range of applications in liquid and gas separation. Several types of zeolites have been discovered up to now possessing different framework structures. Zeolites with small pore sizes like linda type A (LTA) and chabazite (CHA) are the most suitable for many separation processes such as gas separation and solvent dehydration. LTA zeolite is distinguished by a pore size of 0.4 nm, Si/Al ratio of 1 and hydrophilic character which allows a strong interaction with polar molecules like water [12]. This zeolite is the most appropriate for the dehydration of solvents like ethanol and methanol, because the pore size of the zeolite is larger than that of water molecule estimated to be 0.28 nm and smaller than the majority of organic compounds [13]. Pervaporation (PV) has been recognized as an energy-saving process for the separation of azeotropic mixtures compared to other technologies notably distillation and evaporation [9,11]. Typically, PV process takes place in three successive steps: (i) adsorption of species onto the membrane (liquid phase), (ii) diffusion through the membrane (iii) desorption of species (vapor phase). The dehydration of organics especially alcohols is considered as the potential application of PV. Several factors are responsible for the preparation of high-quality zeolite membranes including time and temperature of crystallization, composition of synthesis batch, seeding method, etc. [13]. It is well-known that the time of crystallization controls the thickness of the membrane, while the temperature of crystallization can induce a phase transformation of the zeolite structure. Thus, it is important to consider the effect of each parameter during the preparation of zeolite membrane. In this study, a cost-effective zeolite membrane was prepared using clay-based support. The deposition of NaA zeolite layer was achieved by secondary growth method. Firstly, the influence of synthesis parameters including temperature and time of crystallization and water ratio in the gel composition on the morphology, crystallinity, permeation flux and selectivity of the membrane was investigated. Secondly, the optimal prepared membrane was tested for the dehydration of 90 wt.% ethanol, varying the water content in the feed and the operating temperature during dehydration experiments. 

II. Experimental

II.2. Synthesis of NaA zeolite powder

Synthesis batch of NaA zeolite powder was obtained by mixing sodium aluminate, sodium silicate, sodium hydroxide and water according to the molar composition of Al2O3: 2 SiO2: 15 Na2O: 400 H2O. Firstly, sodium hydroxide was dissolved in water, then sodium silicate was added and stirred under 200 rpm until entire solubilization to obtain solution S1. Similarly, sodium aluminate was added to sodium hydroxide dissolved in water to obtain solution S2. Secondly, S1 was poured into S2 under strong stirring. The mixture was aged at room temperature for 1 h. The prepared hydrogel was hydrothermally treated in Teflon autoclave at 60 °C for 24 h. After hydrothermal process, the obtained powder was centrifuged at 5000 rpm and washed with water several times until pH is less than 8. The final product was dried in oven at 60 °C for 24 h.

II.3. Preparation of NaA zeolite membrane

Prior to hydrothermal synthesis, the kaolinite substrate was handily polished using abrasive paper P600 to reduce the roughness of the surface. Later, the support was washed with water at room temperature and dried overnight in oven at 60 °C. Thereafter, one face of the support was masked to prevent the crystallization on the two faces of the support during hydrothermal synthesis. The other face of kaolinite substrate was seeded with NaA zeolite powder previously synthesized in Section II.2.

NaA zeolite membrane was hydrothermally synthesized using secondary growth method. The synthesis solution was prepared similarly to that of NaA zeolite powder. The seeded kaolinite support was immersed in the batch solution and placed in a vertical way in the autoclave. This latter was placed in oven to be treated under hydrothermal conditions. The effect of hydrothermal parameters on the preparation of NaA zeolite membrane was investigated. The crystallization temperature was varied from 60 to 90 °C, while the crystallization time was increased from 6 to 24 h, and the water content was varied in the batch composition Al2O3: 2 SiO2: 15 Na2O: x H2O, where x is equal to 200, 400 or 600. After hydrothermal treatment, the membrane was removed from the autoclave and then washed with water repeatedly to remove hydroxide sodium traces. Finally, the obtained membrane was dried in oven at 60 °C. Fig. 1 presents the preparation process of the zeolite membrane. 

II.4. Pervaporation

The prepared membrane was applied for the separation of 90 wt.% ethanol/water mixture via PV process. Briefly, the prepared membrane was placed in a stainless-steel module. The feed solution with desired concentration of ethanol and water was poured into the vessel. A circulating pump helps the solution to circulate in the close system. The feed solution was heated using a Marie bath in order to attend the desired PV temperature. Due to N2 cold trap, the vapor permeate was collected under a pressure of 0.5 mbar using vacuum pump [19]. During each experiment, the permeate was weighted and analyzed to determine the flux (Kg m -2 h -1 ) and separation factor according to Eq. ( 1) and Eq. ( 2) respectively.

𝐽 = 𝑚 𝐴 𝑡 (1) 
 = 𝒀𝑤 𝒀𝑒𝑡ℎ 𝑿𝑤 𝑿𝑒𝑡ℎ ()
Where m is the weight of the collected permeate given in Kg, A is the surface area of the membrane given in m 2 , and t is the time of experiment given in h. While, Xw and Yw are respectively the weight fractions of water in the feed and permeate, and Xeth and Yeth are the weight fractions of ethanol in the permeate and feed respectively.

II.5. Characterizations of synthesized zeolite and prepared membrane

X-ray diffraction (XRD) was used to determine the crystallinity and purity of the synthesized NaA zeolite powder using the diffractometer Philips X'PERT PRO anticathode with Cu-K radiation source (=  Å) in the 2θ range from 5 to 90 °C. The specific surface area of NaA zeolite powder was measured by Brunauer-Emmett-Teller (BET) nitrogen adsorption using Quantachrome TouchWin 1.2x,NOVAtouch. Infrared spectroscopy (FTIR) analysis was carried out to confirm the chemical structure and groups present in zeolite powder. The analysis was performed with the spectrometer Affinity-1S SHIMADZU equipped with a golden gate single reflection ATR accessory. The spectrum was recorded in the interval of 4000-500 cm -1 . Zeta potential measurements were carried out to determine the surface charge of the NaA zeolite powder. The analysis was performed with the instrument Anton Paar GmbH,Graz owning an Ag/AgCl electrode in the pH range 4-10. The pH was adjusted by using NaOH and HCL solutions. The given value of zeta potential is the average of 20 measurements. Scanning Electron Microscopy (SEM) was utilized to examine the morphology of prepared membranes with a Quattro S, FEG FEI scanning electron microscope. Membrane hydrophobicity was determined by the measurements of water and ethanol contact angle via TRACKER contact angle instrument using the sessile drop method.10 measurements were carried out in various points at the surface of the sample. The resulting value is the average of the 10 measurements. Gas chromatography was used to determine the concentration of ethanol and water in feed and permeate using the instrument Agilent 7890 A GC.

III. Results and discussion

III.1. Characterization of NaA zeolite powder

Fig. 2 displays XRD patterns of the synthesized NaA zeolite powder. It should be noted that the pattern belongs to the synthesized NaA zeolite powder with water ratio of 400 at 60 °C, 24h. As it can be seen from the figure, all peaks are matched with that of NaA zeolite. This means that high-quality NaA zeolite was synthesized at lower temperature. Fig. 3 shows the FTIR spectrum of synthesized zeolite powder. The characteristic bands of NaA zeolite are expected to be detected in the range 1200-400 cm -1 [20]. The band at 630 cm -1 refers to symmetric stretching assigned to the internal T-O-T bond (T=Si, Al) while the band at 1000 cm -1 is attributed to the asymmetric stretching of T-O-T bond. The band at 570 cm -1 corresponds to the internal vibration of the bending (Si, Al)-O [21]. The band appearing at 1625 cm -1 belongs to the bending mode of OH groups including undissociated molecular water. The bands at 3475 and 3700 cm -1 correspond to the stretching vibration of OH groups [22]. N2 adsorption-desorption was performed at 77 K. Fig. 4 shows the adsorption and desorption isotherms of the synthesized NaA zeolite powder. According to the classification of The International Union of Pure and Applied Chemistry (UIPAC), the isotherms correspond to type V adsorption. The specific surface area of NaA zeolite powder was found to be 6.77 m 2 g -1 .

The surface charge of NaA zeolite powder depends on the number of hydroxyl groups on the surface [23]. When pH increases, the zeta potential value becomes more negative due to the increase of deprotonation of hydroxyl groups. Zeta potential of NaA zeolite powder was found to be positive with a value of 28 mV when the pH equals to 4. The surface charge remains positive up to a pH of 8, and then turns into a negative value of -48 when the pH equals to 10 as shown in Fig. 5. The isoelectric point was found to be 8.58, and at this pH the potential zeta is null due to neutralization of all acidic sites of NaA zeolite [23]. 

III.2. Characterization of NaA zeolite membrane

In this section, the effect of the main synthesis parameters was studied including the temperature and time of crystallization, and water ratio in the batch synthesis. Furthermore, the water and ethanol contact angle were measured for the optimal membrane.

III.2.1. Role of crystallization temperature

SEM images of NaA membrane prepared at different crystallization temperatures are shown in Fig. 6. At 60 °C, only cubic crystals of NaA zeolite are clearly observed on the membrane surface with absence of surface defects like cracks and pinholes. At 80 °C, it can be seen that there is another zeolite phase coexisting with NaA zeolite crystals that is zeolite type P phase with walnut-like structure. This results from the high applied temperature that favors the crystallization of zeolite type P. Similarly, Achiou et al. described the coexistence of zeolite P with NaA zeolite when the crystallization occurs at temperature of 80 °C [15]. When the temperature was increased to 90 °C, zeolite type P crystals could not be obtained and NaA zeolite crystals were hardly observed on the surface of the membrane. Therefore, the optimal temperature of crystallization of NaA zeolite was fixed at 60 °C. This temperature is the most likely to form well-shaped zeolite crystals, and hence a good quality zeolite layer. 

III.2.1.2. Role of crystallization time

Fig. 7 shows SEM images of prepared membranes at different crystallization times. At a synthesis time of 6 h, the cubic shape of NaA crystals could not be obtained. The crystals started to grow. Besides, the surface of the membrane presents some pinholes. When crystallization time was increased to 12 h, NaA crystals completely cover the surface of the substrate and have a well-defined cubic shape with sizes ranging from 0.5 to 2.9 µm. Similarly, after 24 h of crystallization, the zeolite layer is completely and homogeneously grown on kaolinite support. The size of crystals is relatively uniform all along the zeolite layer. The more the synthesis time increases the more the zeolite layer becomes thicker. The thickness of the prepared membrane varies from 2.99 to 7.47 m when crystallization time increases from 6 to 24 h respectively. This result confirms that the synthesis time controls the thickness of the zeolite layer. These results suggest that 6 h is not sufficient for the formation of NaA zeolite layer. 12 h of crystallization is enough for obtaining a well-grown zeolite layer. However, the zeolite crystals obtained at 24 h have more uniform aspect than those obtained at 12 h. 

III.2.1.3. Role of water ratio

Water ratio was investigated from 200 to 600, at a crystallization temperature of 60 °C and a crystallization time of 24 h. Typically, the concentration of the gel has an impact on the continuity and homogeneity of the formed zeolite layer. With a ratio of 200, the higher concentration of the gel leads to the formation of a dense layer, as it can be seen in Fig. 8. By increasing the ratio to 600, the formed zeolite layer is not dense and noncontinuous because of the weak concentration of the gel. Thus, the nucleation and growth of zeolite crystals are not promoted on the membrane surface. On the other hand, the thickness of zeolite layer decreases with the increase of the water content in the synthesis batch. Therefore, water content could affect the permeation flux. Same observations were reported by Shirazien et al. [24] stating that a concentrated gel leads to the formation of a thicker zeolite layer. Moreover, defects like pinholes are likely to form on the membrane when the gel is more concentrated. In previous work, it was reported that increasing the water ratio to over 1000 allows to obtain an amorphous phase with the absence of zeolite crystals To sum up, the optimal conditions to prepare NaA zeolite membrane free from defects are 60 °C of crystallization temperature, 24 h of crystallization time and 400 of water ratio. This membrane was subjected to further characterization and PV experiments. 

III.2. 2. Contact angle measurements of optimized membrane

Contact angle is considered the main factor to take into account to investigate membrane wettability. A contact angle superior to 90° describes a hydrophobic character of the membrane surface. Whereas, a contact angle less than 90° is related to a hydrophilic surface. Contact angle measurements of water and ethanol for kaolinite support and NaA zeolite membrane are given in Fig. 9. Kaolinite support has a water contact angle of 29° which means that it has a hydrophilic character. Contact angle of ethanol at the support surface is about 0° which means that the ethanol droplet spreads very fast when in contact with the support. For NaA zeolite membrane, water contact angle was found to be 72°, indicating that the NaA zeolite membrane has a low hydrophilicity. Whereas, for ethanol the membrane displays a contact angle of 13°. 

III.3. Separation performance of NaA zeolite membrane

The optimized membrane was applied for ethanol dehydration via PV process. In this study, the effect of water content in the feed solution on membrane selectivity and flux was studied varying the percentage of water from 10 to 40 wt.%. The operating temperature was also investigated from 60 to 80 °C.

III.3.1. Effect of PV temperature

The temperature of PV has a great contribution to the membrane flux. The temperature controls the diffusivity and adsorption of species during PV [25]. PV temperature was varied from 60 to 80 °C to evidence the impact on transfer of species. Fig. 10 depicts the evolution of permeation flux and separation factor as a function of the operating temperature. The permeate flux seems to increase with the increase of PV temperature from 60 to 80 °C. This could be explained by the solution-diffusion mechanism that governs the transport of water through NaA zeolite membrane [26]. The diffusivity of water increases when the temperature of PV was fixed at 80 °C leading to the highest permeate flux. Moreover, it is reported elsewhere [25] that the partial pressure of compounds increases when the PV temperature exceeds the boiling point of compounds resulting in the improvement of the driving force. Thus, the transport of species is enhanced which means that the permeate flux could increase. From the other side, the separation factor keeps its high value of over 10000 when the feed temperature increases due to the water permeation that is also boosted at elevated temperatures 

Where J is the permeation flux, Pi (mbar) is the pressure difference between the feed and the permeate, T is the operating temperature (K) and R is the gas constant (J mol -1 K -1 ). The activation energy can be deduced from the plot of ln (J/Pi) vs. 1/T. From Fig. 11, it can be seen that the water and ethanol have an activation 

III.3.2. Effect of water content in the feed

The effect of water content on the separation performance of the prepared membrane was also studied. Water content was varied from 10 to 40 wt.%. The PV temperature was maintained constant at 75 °C. Fig. 12 shows the variation of the permeate flux versus the water content. As it can be seen, permeate flux is enhanced with increasing water content from 10 to 40 wt.%. This could be explained by the increase of the water flux when the concentration of ethanol decreases due to the increase of adsorption capacity of water [31]. At high water content, water molecules prevent other permeate species to pass through the membrane. Water molecules have the ability to adsorb into zeolites pores as their size is smaller than NaA zeolite pore. The transport of water consists in the accumulation of water molecules on the interface of the membrane, then the diffusion of the species through the membrane takes place due to concentration-dependent diffusivities. Finally, the molecules are desorbed from the permeate side. The separation factor of the prepared membrane slightly drops when the water content increases. The separation factor for 10 and 30 wt.% of water is still over 10000, which approves the high separation ability of the prepared membrane. 

III.4. Cost estimation of NaA zeolite membrane

To give an estimation of the membrane cost, it is necessary to take into consideration raw materials price and energy consumption. The cost estimation of the prepared NaA membrane is divided into two parts: the cost estimation of kaolinite support and zeolite layer, separately. The given estimations in Table 1 concern the manufacture of kaolinite support and NaA zeolite layer. Table 1 gives the contribution cost of raw materials and energy consumption of both support and membrane layer. The electricity cost was calculated using Eq. (4) [32].

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑐𝑜𝑠𝑡 = 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 (ℎ) * 𝑙𝑜𝑎𝑑 (𝑘𝑊ℎ) * 𝑢𝑛𝑖𝑡 𝑐ℎ𝑎𝑟𝑔𝑒 ($/𝑘𝑊ℎ) unit area ( m 2 ) (4) 
The estimated cost for the preparation of kaolinite support was found to be 18.63 $ m -2 including the price of raw materials, crushing, sieving and sintering. This demonstrates that kaolinite support satisfies the property of low-cost support because it is less than some other clay-based membranes reported in the literature as shown in Table 2.

The cost of deposited NaA zeolite layer was estimated to be 90.91 $ m -2 including price of raw materials and energy consumption. Hence, the total cost of the prepared membrane is equal to 110 $ m -2 . In general, the average cost of zeolite membrane was reported to be 2300 € m -2 (2345 $ m -2 ) including a full-module design [33]. 80-90% of the cost is reserved to the module and the support, while the zeolite layer only constitutes the smallest part. Which indicates that the cost of the zeolite membrane is reduced by the use of low-cost support.

The cost of the prepared NaA zeolite membrane is reduced by the use of inexpensive kaolinite support compared to commercial inorganic membranes (500 $ m -2 ). Therefore, the cost of the prepared zeolite membrane could be comparable to the cost of polymeric membranes (200 $ m -2 ) [33]. 

IV. Conclusion of chapter VII

In this work, NaA zeolite membrane was successfully prepared on ceramic kaolinite support via hydrothermal method using secondary growth process. The crystallization time controls the thickness and the growth of NaA zeolite layer, while the crystallization temperature impacts the formation of the NaA zeolite phase. Water ratio in the batch synthesis influences the continuity and homogeneity of the formed zeolite layer. The optimal membrane was prepared at 60 °C, 24 h and a water ratio of 400. These conditions lead to the preparation of defect-free NaA membrane. The optimized membrane shows excellent results for the separation of ethanol/water mixture. The flux was found to be 8.49 kg m -2 h -1 and the separation factor is over 10000. The membrane cost was estimated to be 110 $ m -2 which makes this membrane cheaper than available commercial membranes. This is could be promising for industrial application.

While water resources are plentiful, a significant proportion of the global population is facing a high level of water stress, especially in developing nations. As a result, desalination has emerged as an efficient solution to the water scarcity, providing access to freshwater from seawater. However, the process of desalination using RO membranes still faces some challenges.

First, RO membranes are sensitive to fouling by the different species that could be found in seawater; thus, the pretreatment step prior to RO is crucial in order to preserve the performance of the membrane.

Introducing membrane technology in the pretreatment step presents a viable solution for the complete removal of suspended matter (i.e., organic pollutants, microorganisms, colloids, etc.). Most RO processes that adopt MF membranes for the pretreatment of seawater use polymeric membranes. These membranes present some inconveniences like lower chemical and mechanical stability. Therefore, using a ceramic MF membrane would be interesting to avoid this kind of challenge during the RO process. Still, ceramic membranes are costly which restricts their use in the industry. The use of abundant geomaterials, such as clay and phosphate, for the manufacture of ceramic membranes presents an efficient solution to reduce the cost of the membrane. During this thesis, a novel low-cost ceramic membrane was prepared from a Moroccan geomaterial, which acts as the membrane support, and zeolites as the active layer.

Second, seawater can be loaded with various pollutants produced by industrial discharges depending on the country. These pollutants may contain toxic chemicals such as solvents, hydrocarbons, pesticides, dyes, heavy metals, etc. This leads to a progressive deterioration of the marine environment, and presents a serious threat to the human health because of the adverse effects of the toxic pollutants. Although the pretreatment of seawater is a crucial step in mitigating the pollutants, it is known that they are not completely eliminated. More importantly, during RO process, some pollutants may be transmitted through the membrane despite their MW. The interactions between the membrane-solute-solvent may greatly influence the rejection of pollutants. This shows the importance of investigating the physico-chemical properties of solutes and discussing the possible interactions in the system. A better understanding of the transfer mechanisms of solutes is necessary in order to gain better control on their rejection during the process.

In the first part of the research work, we focused on the study of the transmission of organic pollutants through RO membranes and the investigation of the transport & transfer mechanisms of these solutes. The first question that we wanted to answer was how can the transmission of the solutes through RO membranes be changed with the change of the filtration media?

To carry out this study, we chose to work with different solutions to vary the physico-chemical environment of filtration: -30 g L -1 NaCl solution and synthetic seawater, in order to evidence if there is an impact of the chemical nature of the salts on the rejection of the organic solutes; -Single-solute solution to understand its transfer mechanism; -Double and triple-solute systems, in the absence or presence of salts, in order to evaluate the effect of the presence of other molecules on their transfer.

The results showed that the solutes (254-916 g mol -1 ) are partially transmitted through the RO membrane, and that their transmission can indeed change when changing the filtration media. This raises an important question: what are the main factors that are responsible for the transfer of the solutes in RO membranes, and what is the main descriptor mechanism of the rejection for solutes?

In RO membranes, the main rejection mechanism for charged solutes is generally assumed to be size exclusion. However, it was demonstrated through our results that the MW is not the only descriptor of the rejection mechanism of solutes. Other interactions in the system may greatly influence the transfer of solutes through the RO membrane. So, in order to answer the question above, we proposed two approaches of investigating the transport & transfer mechanisms of solutes.

First, the application of classic RO transport & transfer models to explain the rejection in the different media. Film model was applied to take into account the concentration polarization if any, and to describe the behavior of solutes in the feed/retentate side before the membrane wall.

For the transfer inside the membrane, solution-diffusion model (SD) was used since it is the most widely admitted to describe the transport in RO membranes. The SD model assume that the membrane is dense, so in order to investigate the possibility of the transmission of solutes due to a possible convection inside the membrane, the Spiegler-Kedem (SK) model was also applied.

The results showed that, in complex media such as double and triple solute systems with added salts, the fitted results are sometimes not in very good accordance with the experimental results of rejection of solutes. This implies that the models don't describe well the transport in the membrane, and that classic models may not consider the effect of the interactions between solutes, membrane and the solvent.

Second, the investigation of the role of membrane/solute interactions. The possible interactions include electrostatic and hydrophobic interactions. The ionic strength in 30 g L -1 and seawater is very high (0.5-0.6 mol L -1 ), which means that the electrostatic interactions are sufficiently screened. Hydrophobic interactions can be developed at the interface of organic solutes/membrane depending on the affinity solute/membrane. The affinity between the solute and the membrane was first assessed using logKow, which determines if the solute is either more or less hydrophobic; the higher the logKow, the more hydrophobic the solute is. Second, the affinity solute/membrane was assessed from the Hildebrand and Hansen solubility parameters (HSPs). HSP is widely used in organic solvent nanofiltration, but never in RO to the best of our knowledge. So, it was original to discuss the role of membrane/solute affinity, based on HSP, in controlling the transmission of charged organic molecules.

As results, the rejection in single solute solutions without salts cannot be fully explained by logKow. In multisolute systems in seawater, the hydrophobic compounds may be more rejected than hydrophilic ones. Thus, logKow does not provide a subtle description of the rejections, even if it offers some valuable information.

Moreover, the increase in the affinity between membrane-solute assessed from HSP distance, may enhance the rejection of solutes in single and multiple-solute systems with added salts. However, these interactions, alone, cannot fully explain the rejections. The correlation between the rejection and the three HSP parameters showed the contribution of polar solubility parameter (δp), hydrogen-bonding solubility parameter (δh) and dispersion solubility parameter (δD) in controlling solutes' rejection, that may be lowered when these parameters present high values.

Here in this work, an investigation of the effect of synthesis parameters (time, temperature and water ratio) on the membrane quality was carried out. A defect-free zeolite membrane was obtained at a crystallization temperature of 60 °C for 24 h of time of crystallization, and a water ration of 400 in the composition of the batch synthesis. The membrane was thoroughly characterized using several techniques like XRD, SEM, FTIR to investigate the deposition of the zeolite layer. The zeolite active layer presented uniform cubic crystals with a size raging from 0.5 to 2.9 μm. The Thickness of the membrane was 7.47 μm.

The preparation of the NaA zeolite membrane was successful, but couldn't be applied for the intended initial applications, which were the pretreatment of seawater, NF or RO desalination. Thus, the membrane was applied for ethanol dewatering, which is the main application of this type of membranes, and allowed us to further confirm the quality of the prepared membrane.

The membrane was tested for the separation of water/ethanol mixtures by pervaporation. The results showed that the membrane exhibited high permeation flux of 8.49 kg m -2 h -1 and a separation factor of 10900. The permeate flux was enhanced from 2-6 kg m -2 h -1 in other works reported in the literature to 8.49 kg m -2 h -1 in our work. An estimation of the membrane cost was also given in this work. The cost of the prepared NaA zeolite membrane is reduced by the use of inexpensive kaolinite support compared to commercial inorganic membranes (500 $ m -2 ). Therefore, the cost of the prepared zeolite membrane could be comparable to that of polymeric membranes (200 $ m -2 ).

The results of part II of this thesis work showed that the preparation of zeolite membrane was successful. With the gained knowledge of controlling the synthesis process of zeolites, the exploration of various types can be the next step. Other zeolite structures capable of retaining pollutants and impurities, can be synthesized and used as membrane materials for the pretreatment of seawater, thereby enhancing the quality of the pretreated water for RO.

Another possibility is to modify the surface of the prepared NaA zeolite membrane by introducing hydrophilic functional groups onto its surface using grafting or coating techniques. This modification enhances the interactions between the membrane surface and water molecules.

The results of part I present valuable insights into the transmission of charged organic solutes through RO membrane and the main transport mechanisms governing their rejection. The thesis work raises new questions that could be explored, and opened perspectives for further research.

One key perspective concerns the further elucidation of the factors responsible for the transmission of the organic solutes through the RO membrane. Our study has already showed that the organic solutes (MW: 254-916 g mol -1 ) are partially transmitted through RO SW30 membrane, and the transmission may be greatly impacted by the change of the filtration media. Building on this, other model molecules with different properties (charge, MW, logKow, solubility, etc.) can be selected and added to the same filtration media and discuss the variation of the rejection of solutes. Or, a set of molecules can be strategically organized to observe the effect of each property individually. For example, considering a scenario where two molecules have similar charge density, with close MW but different hydrophobic properties. Such arrangements may facilitate the comprehensive analysis of the rejection' behavior.

The membrane-solute affinity can be further studied by modifying the filtration media, such as adding another solvent that may alter the affinity between the membrane and the solute. This exploration may provide deeper insights into the interplay between the membrane and solute interactions.

Another perspective is that other RO membranes can be used to evidence the transmission of the solutes. The same set of solutes can be subjected to diverse RO membranes and filtration conditions in order to explore the influence of membrane properties on the transmission of solutes.

Classic models like solution-diffusion and spiegler-kedem are considered as tools to understand the transport of solute in the membrane. Our results showed that these models may not accurately describing the rejection behavior of solutes, because they don't account for the complex interactions that may exist in the membranesolute-water system. We showed that we obtained a partial correlation between the rejection of solutes and different parameters including logKow, HSP and Ra distances (solute-membrane, solute-water). The development of a model that combines the three parameters will help to describe the real scenario of the transfer of solutes through the membrane.

As we have demonstrated that organic solutes (265-916 g mol -1 ) can pass through the SW30 membrane, we have contemplated ways to enhance the quality of the produced water while maintaining or improving the water recovery rate. The simulation of RO performances using the arrangement of cascades showed that the water recovery and quality can be improved. We adapted a simulation in excel originally used for organic solvent nanofiltration (OSN) to the case of desalination in aqueous environments. We showed that the three-stages configuration (-1,0,+1) presents a good compromise between water recovery ( 37.1%), 0.6 g L -1 and 6.07E-6 mol L -1 of NaCl and Tropaeolin O, which is better that single stage configuration (feed stage 0) where the water recovery was 35% and the concentration of NaCl and Tropaeolin O in the final permeate were 2.9 g L -1 and 3.65E-5 mol L -1 , respectively. As perspective for seawater, with this developed tool adapted for aqueous RO, we can conduct simulations at higher applied pressures; This will enable us to address seawater treatment scenarii that require pressure levels exceeding 40 bar when employing a single stage configuration (0) only. The evaluation of the required applied pressure to achieve approximatively 50% water recovery will be a critical consideration. We showed through the results obtained with the configuration (-1,0,+1) that it was possible to improve the process, but this configuration has not been optimized. Furthermore, there is a need for a more systematic approach to optimize VRR for each stage by using the development of decision-support tools, rather than manual trial. Additionally, optimizing the membrane area for each stage, with a primary focus on stage (0) is essential. This involves the replacement of a stage with a multi-stage system without recirculation.

Title: Investigation of the transmission of charged organic pollutants during the desalination of brackish and sea waters by RO membrane, and Preparation of low-cost and high permeation ceramic-zeolite membrane for effective ethanol dehydration.
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Abstract: Desalination has emerged as an efficient solution to the water scarcity, providing access to freshwater from seawater. However, the process of desalination using RO membrane still faces some challenges such as fouling by the different species that could be found in seawater, thus the pretreatment step prior to RO is crucial in order to preserve the performance of the membrane. The use of membrane technology in the pretreatment step presents a viable solution for the complete removal of suspended matter (i.e., organic pollutants, microorganisms, colloids…). Second, the organic pollutants are not completely retained by RO membranes. A better understanding of their transfer mechanisms is necessary in order to gain better control on their rejection during the process. This thesis research has been carried out along three axes: ( i ) the analysis of transmissions of charged organic solutes' mixtures during the desalination of brackish and sea waters, (ii) the simulation of membrane cascades for the enhancement of the rejection of organic solutes in RO of brackish water, and (iii) the development of low-cost and high permeation NaA zeolite membrane for effective ethanol dehydration.

Résumé : Le dessalement est considéré comme une solution efficace à la pénurie d'eau, permettant d'obtenir de l'eau douce à partir de l'eau de mer. Cependant, le processus de dessalement à l'aide d'une membrane d'osmose inverse est toujours confronté à certains défis tels que le colmatage par les différentes espèces présentes dans l'eau de mer. Le prétraitement avant l'osmose inverse est crucial pour préserver les performances de la membrane. L'utilisation de la technologie membranaire dans l'étape de prétraitement constitue une solution viable pour éliminer les matières en suspension telles que polluants organiques, micro-organismes, colloïdes...etc. Les polluants organiques ne sont pas complètement retenus par les membranes d'osmose inverse.

Une meilleure compréhension de leurs mécanismes de transfert est nécessaire afin de mieux contrôler leur rejet au cours du processus. Cette recherche de thèse a été menée selon trois axes : (i) l'analyse de la transmission des mélanges de solutés organiques chargés pendant le dessalement des eaux saumâtres et de l'eau de mer, (ii) la simulation de cascades de membranes pour l'amélioration du rejet des solutés organiques dans l'osmose inverse des eaux saumâtres, et (iii) le développement d'une membrane zéolithique NaA à faible coût et à haute perméabilité pour une déshydratation efficace de l'éthanol. Le dessalement de l'eau de mer peut être réalisé à l'aide de deux grandes catégories de procédés. Tout d'abord, il y a les procédés thermiques basés sur la distillation, qui impliquent un changement de phase. Deuxièmement, il y a les procédés membranaires qui impliquent une séparation physique sans changement de phase, principalement par le biais de membranes d'osmose inverse (OI). L'osmose inverse a connu un développement important au cours des 15 dernières années, en raison de ses avantages par rapport à la distillation, tels qu'une consommation d'énergie plus faible, et elle est devenue la technologie la plus utilisée pour le dessalement de l'eau de mer. L'eau de mer est un milieu complexe, où diverses molécules peuvent exister, telles que des matières organiques, des composés minéraux et des agents biologiques. Il est donc important de procéder à une étape de prétraitement avant le processus d'OI afin de limiter l'encrassement des membranes. Les méthodes de prétraitement sont divisées en procédés conventionnels comme la coagulation-floculation et les procédés à base de membranes, notamment la microfiltration et l'ultrafiltration. Les procédés membranaires ont démontré leur capacité à éliminer la turbidité et les particules colloïdales. L'eau de mer est également chargée en polluants organiques, qui ne peuvent être éliminés au cours de l'étape de prétraitement. La présence de polluants organiques dans l'eau de mer pose un problème important au cours du processus de dessalement. Les polluants organiques comprennent les produits pharmaceutiques, les pesticides, les colorants, les métaux lourds, etc. Dans le contexte décrit ci-dessus, les objectifs de notre travail de recherche sont les suivants :

-Préparation d'une membrane à faible coût, fabriquée à partir de matières premières bon marché, qui peut être intégrée dans l'étape de prétraitement du processus de dessalement.

-L'étude de la filtration des solutés organiques dans différents environnements physicochimiques, en faisant varier la force ionique (ajout de sels, qu'il s'agisse d'eau de mer synthétique ou de 30 g.L-1 NaCl), et en ajoutant d'autres solutés dans le milieu de filtration.

-L'étude des mécanismes de transfert des solutés organiques à travers la membrane d'OI, en appliquant les modèles classiques d'OI (solution-diffusion et spiegler kedem), et en discutant de la physico-chimie des solutés (MW, charge, hydrophobicité) et des affinités solutémembrane-solvant.

-La simulation de cascades membranaires pour améliorer le rejet des solutés organiques.

Ce travail de recherche a été mené en plusieurs étapes, examinant divers aspects du processus de dessalement. La thèse se compose de sept chapitres, divisés en deux parties :

- 

Chapitre 3 : Analyse des transmissions de mélanges de solutés organiques dans l'osmose inverse des eaux saumâtres et l'eau de mer

La présence de polluants organiques dans l'eau de mer sera un problème de plus en plus important au cours du processus de dessalement. Les membranes d'osmose inverse (OI) pour l'eau de mer ont été conçues à l'origine pour rejeter les sels inorganiques, mais l'élimination des (petits) solutés organiques apparaît comme un nouveau défi croissant. Récemment, il a été prouvé que les membranes d'osmose inverse ne rejetaient que partiellement les petits solutés organiques (MW ≤ 200 g.mol-1).

Nous avons déjà réalisé une étude RO préliminaire en utilisant une membrane RO basse pression (TFC-HR, Koch) démontrant (i) la transmission d'une vitamine chargée positivement et d'un colorant chargé négativement de MW proche (254-293 g.mol-1) dans la gamme 15-30 bar et (ii) l'impact de l'environnement physico-chimique (eau désionisée (DI), 30 g.L-1 NaCl et eau de mer) sur ces transmissions. Cependant, la limite de poids moléculaire du soluté, conduisant à un rejet complet systématique, n'est pas clairement connue et est probablement associée aux conditions hydrodynamiques ou physico-chimiques pendant l'OI.

Cette étude aborde cette question en filtrant un ensemble de solutés organiques à 0,5 mmol.L - 1 chacun, une gamme de concentration typique pour la nanofiltration, mais pas pour l'osmose inverse. Les solutés (simples, binaires, ternaires) ont été dissous dans de l'eau DI, 30 g.L -1 NaCl ou de l'eau de mer dans le but de mettre en évidence l'impact de la teneur en sel et de leurs effets sur la qualité de l'eau. 

Chapitre 4 : Simulations de cascades de membranes pour l'élimination des polluants organiques dans l'osmose inverse de l'eau saumâtre

Ce travail se concentre sur l'étude complète des cascades de membranes en tant qu'approche viable pour l'élimination des polluants organiques dans l'osmose inverse de l'eau saumâtre. Des approches innovantes sont nécessaires pour résoudre le problème de l'eau en raison des besoins croissants en eau douce. Les cascades de membranes constituent une solution prometteuse qui pourrait permettre d'améliorer la purification de l'eau. L'objectif de cette étude est d'examiner la faisabilité et les performances des cascades de membranes pour le traitement des polluants organiques lors du dessalement des eaux de mer et des eaux saumâtres.

Partie 1: Chapitre 5 : Matériaux zéolithiques au service de la technologie des membranes

Les matériaux zéolithiques sont principalement des aluminosilicates cristallins microporeux présentant une structure ordonnée et des pores de taille uniforme. Les zéolithes ont été considérées comme des matériaux avancés pour la préparation de membranes inorganiques qui montrent leur excellente efficacité de séparation, en particulier pour les processus pilotés par la température, à savoir la pervaporation et la distillation membranaire. Ces dernières années, les membranes zéolithiques ont été largement utilisées dans de nombreuses applications de séparation, non seulement pour la déshydratation de composés organiques, la séparation de mélanges organiques, mais aussi pour le dessalement de l'eau de mer et la séparation des gaz.

Des progrès significatifs et rapides ont été réalisés dans la préparation de membranes à partir de matériaux zéolithiques. Compte tenu de cette évolution, il est vital de faire un résumé des développements récents dans ce domaine. Le présent chapitre met principalement l'accent sur les applications récentes des matériaux zéolithiques dans la technologie des membranes. Les principes fondamentaux de la synthèse des zéolithes et de la préparation des membranes zéolithiques ont également été passés en revue. En outre, les développements récents en matière de déshydratation des matières organiques, de séparation organique/organique, de dessalement et de séparation des gaz utilisant des membranes zéolithiques ont été rapportés en détails.

Chapitre 6 : Matériels et méthodes pour la préparation des membranes zéolithiques

Ce chapitre a pour but de présenter les matériaux et les méthodes utilisés pour la préparation de la membrane zéolithe NaA pour la déshydratation de l'éthanol. Il décrit le processus de préparation et la caractérisation de la membrane zéolithe NaA et l'évaluation de ses performances. Dans la première partie de la thèse, nous avons décrit le développement d'une membrane zéolitique NaA peu coûteuse et à haute perméabilité pour la séparation des mélanges eau/éthanol. La membrane zéolithique a été préparée sur un support plat de kaolinite par synthèse hydrothermale en utilisant la méthode de croissance secondaire. Une étude de l'effet des paramètres de synthèse (temps, température et proportion d'eau) sur la qualité de la membrane a été réalisée. Une membrane zéolithique sans défaut a été obtenue à 60 °C pendant 24 h et à un ratio d'eau de 400 dans la synthèse par lots. La membrane a été caractérisée de manière approfondie à l'aide de plusieurs techniques telles que XRD, SEM, FTIR pour étudier le dépôt de la couche de zéolithe. La membrane a été testée pour la séparation de mélanges eau/éthanol par pervaporation, qui est la principale application de ce type de membranes, et a montré un flux de perméation élevé de 8,49 kg m -2 h-1 et un facteur de séparation de 10900.

La membrane a montré des performances supérieures à celles d'autres membranes rapportées dans la littérature, ce qui démontre la préparation réussie de la membrane et son potentiel d'utilisation dans d'autres applications, autres que la déshydratation de l'éthanol.
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 1 Fig. 1. Expected water stress in 2040 in the world (World Resources Institute, 2019) [1].

Fig. 2 .

 2 Fig. 2. Desalination projects (achieved and ongoing) of ONEE and OCP in Morocco (disk size refers to the plant capacity) [2].
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 5 and seasonal RO have been installed in France such as in Ile de Groix (Brittany) during summer [6].

Fig. 3 .

 3 Fig. 3. Average river flow anomalies in Europe (August 2022) [4].

Fig. 4 .

 4 shows a representation of the MED process. The main drawback here is the energy cost of the distillation far from the thermodynamic estimated value even if progressive innovations allowed to decrease it until 14.45-21.35 kWh m -3 counting the thermal and electricity energy [12].
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 4 Fig. 4. Multi-effect distillation desalination process [11].
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 5 Fig. 5. Electrodialysis device [9].

Fig. 6 .

 6 Fig. 6. Percentage of utilization of different desalination technologies in the world. (RO: reverse osmosis; MSF: multi-stage flash; MED: multi-effect distillation; NF: nanofiltration; ED: electrodialysis) [21,22].
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 7 Fig. 7. Seawater Desalination steps [9].

  [26]. Air flotation is used when the sedimentation step cannot eliminate all the suspended particles. It consists of producing tiny air bubbles that stick to suspended particles and flocs, forcing them to float to the top. After the elimination of floating flocs, clear water is recovered from the bottom of the tank [27].
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 8 Fig. 8. Conventional pretreatments processes (SMBS: dechlorination using sodium metabisulfite) [17].
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 9 Fig. 9. Main polymers entering in the PA membrane composition [32].
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 10 Fig. 10. Scheme of the spiral-wound membrane element [33].
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 11 Fig. 11. Arrangement of spiral membrane elements with different stages.
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 12 Fig. 12. Description of transport in the polarization concentration layer.
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 1313 Fig. 13. The properties of organic solutes, the membrane, and the solution for the determination of removal efficiency according to [61].
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 6 Two pressure sensors (Jumo-4 AD 30/242); (7) Two electromagnetic flow meters (Krohne-Variflux IFM 60-80 K); (8) Temperature sensor; (9) Regulated pressure valve; (10) Tubular heat exchanger.

Fig. 1 .

 1 Fig. 1. (a) RO pilot, (b) SEPA cell and (c) membrane flat module.

Fig. 2 .

 2 Fig. 2. Calibration curves of (a) Tropaeolin O, (b) Acid Red 1, (c) Brilliant Blue G, (d) Thiamin and (e)Tylosin.

Fig. 3 .

 3 Fig. 3. ATR-FTIR spectrometer.

Fig. 4 .

 4 Fig. 4. Excel solver.

Fig. 1 .

 1 Fig. 1. Permeate flux as a function of TMP in DI water, 30 g L -1 NaCl and seawater for (a) SW30-1, (b) SW30-2 and (c) SW30-3 (pH=8.2, 25 °C).

Fig. 2 .

 2 Fig.2. presents the overall salts' experimental rejection of seawater and 30 g L -1 NaCl by the SW30 membrane at pH= 8.2 ± 0.2. The membrane achieved a rejection between 0.92 and 0.96 for the two solutions for a flux Jp greater than 7 10 -6 m s -1 . The flux and rejection in seawater are in accordance with 30 g L -1 NaCl solution.

Fig. 3 Fig. 2 .

 32 Fig.3depicts that the presence of the organic solutes had a slight impact on the salts' rejection.

Fig. 3 .

 3 Fig. 3. Rejection of overall salts by SW30 at Jp ≈ 7.10 -6 m s -1 as estimated from conductivity measurements (pH= 8.2, 25 °C, TMP range: 30-45 bar) in presence of one organic dye set at 0.5 mmol L -1 .

Fig. 4 .Fig. 4 . 5 .

 445 Fig. 4. depicts the rejection of single dyes at the same pH but in various salt environments.

Fig. 5 .

 5 Fig. 5. RO of the organic solutes (0.5 mmol L -1 ) filtered by SW30 (flat configuration) in single solution, and in presence of 30 g L -1 NaCl and seawater at pH=8.2, TMP=40 bar, 5.10 -6 ≤ Jp ≤ 2.10 -5 m s -1 and 25 °C (a) rejection and (b) dilution factor Cfeed/Cp.

Fig. 6 .

 6 Fig. 6. Rejection versus permeate flux for double dye mixture in various environments (a) Tropaeolin O, (b) Brilliant Blue G (pH=8.2, 25°C, TMP=30-40 bar, 5.10 -6 ≤ Jp ≤ 2.10 -5 m s -1 ).

,Fig. 7 .Fig. 8 .Fig. 8 .

 788 Fig. 7. RO of double dye mixture in various environments (Tropaeolin O +Brilliant Blue G) by SW30 (flat configuration) without or with 30 g L -1 NaCl and seawater (pH=8.2, 25°C, TMP=30-40 bar, 5.10 -6 ≤ Jp ≤ 2.10 -5 m s -1 , 0.5 mmol L -1 of each dye) -(a) experimental rejection and (b) dilution factor Cfeed/Cp.

,

  Fig. 9b): TO: Seawater 45 (single) ➔ 164 (triple) and NaCl: 18 (single)➔ 58(triple) AR1: Seawater 22 (single)➔ 295 (triple) and NaCl: 17 (single)➔ 100 (triple) While the trends were different in the two environments when dealing with Brillant Blue G: BBG: Seawater 53 (single)➔ 8 (triple) and NaCl: 150 (single)➔ 740 (triple) Moreover, when comparing the double and triple systems, the Brilliant blue G and Tropaeolin O behaviours were different: TO: Seawater 112(double) ➔ 164 (triple) and NaCl: 78 (double)➔ 58(triple) BBG: Seawater 200 (double) ➔ 8 (triple) and NaCl: 182 (double) ➔ 740 (triple)
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Fig. 9 .

 9 Fig. 9. Triple-solute (Tropaeolin O 0.5 mM +Acid red 1 0.5 mM+ Brilliant blue G 0.5 Mm) RO at 40 bar by SW30 (flat configuration) with presence or absence of 30 g L -1 NaCl and seawater (pH=8.2, 25°C, TMP=30-40 bar, 5.10 -6 ≤ Jp ≤ 2.10-5 m s -1 ), 0.5 mmol L -1 of each dye (a) experimental rejection and (b) dilution factor Cfeed/Cperm.
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 101112 Fig. 10. Results of modelling of the rejections of single dye in various environments (a1-3) Tropaeolin O, (b1-3) Brilliant Blue G and (c1-3) Acid Red 1, in presence or absence of the ionic strength, according to the combination of solution-diffusion and film model (SD-F).

Fig. 13 .

 13 Fig. 13. Summary of mass transfer coefficient in different physical-chemical environments as obtained from the SD-F modelling of all results.

1 )Fig. 14 .

 114 Fig. 14. Summary of mass transfer coefficient in different physical-chemical environments. as obtained from the SD-F modelling of all results.
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 1516 Fig. 15. ATR-FTIR spectra of the SW30 virgin membrane and SW30 membrane after diffusion of: (a) tropaeolin O (500 mM) (b) acid red 1(500 mM) and (c) brilliant blue G (500 mM), with a zoom in the 1080-900 cm-1 region highlighting the characteristic bands at (d)1033 cm -1 , (e) 1045 cm -1 (f) and 1050 cm -1 .

Fig. 17 .

 17 Fig. 17. Photos of (a,b,c) the support layer and (d,e,f) the active layer of SW30 membrane after (a,d) tropaeolin O, (b,e) brilliant blue G and (c,f) acid red 1 diffusion.
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 23 Fig. 23. Permeate flux as a function of TMP for (a) Thiamin (0.5 mmol L-1) and (b) Tylosin (0.5 mmol L -1 ) in DI water, 30 g L-1 NaCl, seawater and permeate flux after rinse (pH=8.2, 25 °C, membrane SW30-3).
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 2424 Fig. 24. depicts the rejections of Thiamin and Tylosin filtered as single organics in various environment at the natural pH of seawater.

Fig. 25 .

 25 Fig. 25. RO of the organic solutes (0.5 mmol L -1 ) filtered by SW30 (flat configuration) in single solution, and in presence of 30 g.L -1 NaCl and seawater at pH=8.2, 25°C, TMP=40 bar 9.10 -6 ≤ Jp ≤ 2.10 -5 m s -1 (a) experimental rejection and (b) dilution factor Cfeed/Cperm.
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 26 Fig. 26. RO of the organic solutes (0.5 mmol L -1 ) filtered by SW30 (flat configuration) in single solution, and in presence of 30 g L -1 NaCl and seawater at pH=8.2, 25°C, TMP=40 bar 9.10 -6 ≤ Jp ≤ 2.10 -5 m s -1 (a) experimental rejection and (b) dilution factor Cfeed/Cperm.

Fig. 27 .

 27 Fig. 27. depicts the variation of the rejection of solutes as a function of logKow in different environments.

Fig. 27 .

 27 Fig. 27. Correlation of the solutes' experimental rejection with logKow in (a) single (without salts), (b) triple-solute systems in seawater (pH=8.2, 25 °C, at 9.10 -6 ≤Jp≤2.3. 10 -5 ).
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 128 Fig. 28. shows the distance HSP distance between the membrane and the solutes.

Fig. 28 .

 28 Fig. 28. Scatter plot of the distance between the membrane and solutes in the Hansen solubility space.

Fig. 29 .

 29 Fig. 29. Scatter plot of the distance between the solutes and water in the Hansen solubility space.

Fig. 30 .

 30 Fig. 30. Scatter plot of the distance between the solute-membrane-solvent in the Hansen solubility space for (a) Tropaeolin O, (b) Acid red 1, (c) Brilliant blue G, (d) Thiamin and (e) Tylosin.

Fig. 31 .

 31 Fig. 31. Correlation of rejection and the HSP distance between (a) the membrane and solutes filtered in single solution without salts (b) the membrane and solutes in triple-solute system with addition of salts (pH=8.2, 25 °C, 9.10 -6 ≤Jp≤2.3. 10 -5 ).
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 32 Fig. 32. Correlation of rejection and the HSP distance between (a) water-solutes filtered in single solution without salts (b) water-solutes in triple-solute system in seawater (pH=8.2, 25 °C, 9.10 -6 ≤Jp≤2.3.10 -5 ).
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 3333 Fig. 33. Variation of solutes' rejection filtered in single solution (0. 5 mmol L -1 ) without added salts as a function of (a) δp, (b) δh and (c) 2δd.Fig.33. suggests a linear trend for the relationship between δp and δh, expect for Thiamin.When it comes to δd, the BBG does not conform to the linear trend (Fig.33b).
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 1 Fig. 1. Arrangement with 3 stages in a classical multi-stage membrane process.

Fig. 2 .

 2 Fig. 2. Examples of membrane cascades (a) with only permeate retreatment; (b) with both retentate and permeate retreatment; (c) with internal recycling hereafter denoted as "-1" and also called countercurrent cascade; (d) with complex internal recycling as suggested in [7].

Fig. 3 .

 3 Fig. 3. Schematic of the energy-efficient reverse osmosis-(a) Schematic of a counter-current membrane cascade with permeate recycle (CMCR) having n total stages; introducing the feed between two stages divides the cascade into a retentate-enriching section having m stages and a permeate-enriching section having n-m stages. (b) 3-stage process that consists of single-stage reverse osmosis (SSRO) combined with a 2-stage countercurrent membrane cascade with recycle (CMCR); the high pressure retentate from the SSRO stage is the feed to the 2-stage CMCR that employs permeate recycle from stage 1 to the high pressure side of stage 2; (c) Schematic of the energy-efficient reverse osmosis (EERO) 4-stage process that consists of single-stage reverse osmosis (SSRO) combined with a 3-stage counter-current membrane cascade with recycle (CMCR); the high pressure retentate from the SSRO stage is the feed to the 3-stage CMCR that employs permeate recycle from stage 1 to the high pressure side of stage 2 and permeate recycle from stage 2 to the high pressure side of stage 3 , according to [10].

Fig. 4 .

 4 Fig. 4. Schematic of the arrangements with 3 stages systematically simulated aiming at the removal of Nnitrosodimethylamine by RO membrane in waste waters according to [14] -ERD means energy recovery device.

Fig. 5 .

 5 Fig. 5. Schematic of the arrangements with 3 stages systematically simulated aiming at the removal of phenolic compounds by RO membrane according to [15].

Fig. 6 .

 6 Fig. 6. single-stage RO and cascade configurations studied in this study.

Fig. 7 .

 7 Fig. 7. Definition of the average composition of the permeate at the exit of a stage (R: retentate, P: permeate and F: feed) [17].

Fig. 8 .

 8 Fig. 8. Configuration of a membrane cascade of three stages (-1,0,+1) with recycling, including one stage in the retentate retreatment section, and one stage in the permeate retreatment section [17].
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 57 : Calculated using Chem3D software **: Calculated using the group contribution method of Fedors

Fig. 9 .

 9 Fig. 9. Variation of the permeate flux (flat membrane, 40 bar, 25°C, pH= 8.2) as a function of the average NaCl concentration in the retentate (a) general trend, (b,c,d) the three intervals of concentration.
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 1011 Fig.10. depicts the results of simulation of cascades with the design "0" for 30 g L -1 NaCl with the rejection of 0.94 at 40 bar. The recovery of NaCl in the retentate reaches 97.45%, with a concentration of 2.2 g L -1 in the permeate. The water recovery in the permeate is 35%.

Fig. 10 .

 10 Fig. 10. Simulation of the design « 0 » Single stage RO for 30 g L -1 NaCl rejection 0.94.

Fig. 11 .

 11 Fig. 11. Simulation of the design (-1,0) two-stages RO for 30 g L -1 NaCl rejection 0.94.

Fig. 12 .

 12 Fig. 12. Simulation of the design (0,+1) 2 stages RO for 30 g L -1 NaCl rejection 0.94.
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 1312 Fig. 13. Simulation of the design (-1,0,+1) 3 stages RO -for 30 g L -1 NaCl rejection 0.94.

Fig. 14 .

 14 Fig. 14. Comparison of simulated RO performances of NaCl rejection 0.94 and 0.92.
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 15 Fig. 15. Simulation of the design (0) single stage RO for 30 g L -1 NaCl +Tropaeolin O (0.5 mmol L -1 ).

Fig. 16 .

 16 Fig. 16. Simulation of the design (-1,0) two-stages RO for 30 g L -1 NaCl +Tropaeolin O (0.5 mmol L -1 ).
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 17 Fig. 17. Simulation of the design (0,+1) two-stages RO for 30 g L -1 NaCl +Tropaeolin O (0.5 mmol L -1 ).
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 18 Fig. 18. Simulation of the design (-1,0,+1) 3 stages RO for 30 g L -1 NaCl +Troapeolin O (0.5 mmol L -1 ).
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 19 Fig. 19. Comparison of simulated RO performances of Troapeolin O added to NaCl with the selected configurations.
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 1 Fig. 1. Number of publications on zeolite membranes from 2005 to 2019.
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 2 Fig. 2. Pore size of different zeolite frameworks.

Fig. 3 .

 3 Fig. 3. Four classes of pore openings (a) 8-membered rings (b) 10-membered rings (c) 12-membered rings (d) 18-membered rings (Source: International Zeolite Association (ISA)).

  [13], CHA [14], LTA [15], Mordenite framework inverted MFI [16], and Beta polymorph A (BEA) [17].
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 4 Fig. 4. Diagram of preparation of zeolite membranes via hydrothermal method [4].

Fig. 7 .

 7 Fig. 7. Schematic of experimental set used for pervaporation [4].
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 33 35]. Plenty of research works investigated various types of zeolite membranes such as T-type zeolite [36] FAU [37] and MFI [38] . IV.1.1. Dehydration of organics IV.1.1.1
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 1111 Fig. 1. Preparation process of kaolinite support.
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 2 Fig. 2. Thermal treatment applied for kaolinite support [1].
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 5 Fig. 5. Apparatus GBX-DS.
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 1 Fig. 1. Preparation process of the NaA zeolite membrane.

Fig. 2 .

 2 Fig. 2. XRD pattern of synthesized zeolite powder.

Fig. 3 .

 3 Fig. 3. ATR-FTIR of synthesized zeolite powder.
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 4 Fig. 4. N2 adsorption and desorption of zeolite powder at 77 K.
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 5 Fig. 5. Zeta potential of zeolite powder.

Fig. 6 .

 6 Fig. 6. Top-view SEM images of the prepared NaA zeolite membranes at different crystallization temperatures (a) 60 °C (b) 80 °C and (c) 90 °C, at crystallization time of 24 h and a composition of 1 Al2O3: 2 SiO2: 15 Na2O: 400 H2O.

Fig. 7 .

 7 Fig. 7. Top and cross-view SEM images of prepared NaA zeolite membrane at different crystallization times (a,b) 6 h (c,d) 12 h (e,f) 24 h at 60 °C and a composition of 1 Al2O3: 2 SiO2: 15 Na2O: 400 H2O.

  [17]. On the other hand, decreasing water ratio to less than 200 favors the formation of the sodalite (SOD) phase because the low content of water induces a high concentration of sodium ions[17].

Fig. 8 .

 8 Fig. 8. Top and cross-view SEM images of prepared NaA zeolite membrane at different water ratios of (a,b) 200 (c,d) 400 (e,f) 600 at 60 °C and 24 h of crystallization.

Fig. 9 .

 9 Fig. 9. Contact angle measurements of water and ethanol for kaolinite support and NaA zeolite membrane prepared at 60 °C, 24 h and a composition of 1 Al2O3: 2 SiO2: 15 Na2O: 400 H2O.

  [27]. In other words, water molecules are more easily diffusing in zeolite pores than ethanol molecules[28]. The relationship between temperature and flux can be expressed by Arrhenius equation (Eq.
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 10 Fig. 10. Effect of operating temperature on membrane flux and separation factor for the dehydration of 90 wt.% ethanol.

Fig. 11 .

 11 Fig. 11. Arrhenius plot of water and ethanol permeances.

Fig. 12 .

 12 Fig. 12. Variation of permeation flux as a function of water content in water/ethanol mixture at 75 °C.
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  : Etude de la transmission des polluants organiques pendant le dessalement des eaux saumâtres et des eaux de mer par une membrane d'osmose inverse, et préparation d'une membrane céramique zéolithique à faible coût et à haute perméabilité pour une déshydratation efficace de l'éthanol. Introduction L'eau est plus qu'une simple ressource ; c'est une nécessité pour l'existence et l'une des ressources naturelles inestimables. Il est donc de notre responsabilité collective de garantir un approvisionnement en eau fiable et durable pour l'environnement et les communautés du monde entier. La population humaine ne cessant de croître, les ressources en eau deviennent limitées. En outre, en raison de l'impact du changement climatique sur les ressources en eau, il y a une pénurie d'eau à l'échelle mondiale et de nombreux pays sont confrontés à un niveau élevé de stress hydrique.Plusieurs technologies sont utilisées pour faire face à la pénurie d'accès à l'eau. Le traitement des eaux non potables, y compris le dessalement des eaux saumâtres et des eaux de mer, et le traitement des eaux usées industrielles en font partie. Le dessalement de l'eau de mer s'est avéré efficace pour la production d'eau douce. En outre, la disponibilité de l'eau de mer dans le monde entier fait que cette méthode s'est imposée pour résoudre le problème de l'eau.

  Ces solutés organiques peuvent provenir de diverses sources telles que les rejets industriels et les activités agricoles qui se retrouvent dans l'eau de mer. Les membranes d'OI sont conçues pour éliminer au moins 95 % des sels inorganiques, mais elles ne constituent pas une barrière absolue contre la transmission des solutés organiques, en particulier ceux qui ont un faible poids moléculaire (MW≤ 300 g.mol-1) et une faible concentration. Il s'agit d'une préoccupation majeure car les polluants organiques peuvent avoir des effets néfastes sur la santé humaine et l'écosystème. La transmission des solutés organiques à travers la membrane d'osmose inverse peut être influencée par divers facteurs tels que la masse moléculaire du soluté par rapport à celle des pores de la membrane et la charge du soluté et de la membrane.En outre, les interactions entre le soluté, la membrane et le solvant peuvent avoir un impact sur le transfert, en particulier dans les milieux de filtration complexes. Les modèles classiques ont été largement utilisés pour décrire le transfert de sels à travers la membrane RO. Cependant, il y a un manque d'études qui abordent spécifiquement la modélisation du rejet des solutés organiques. Les modèles classiques fournissent des informations sur le transport global à travers la membrane et ignorent les interactions et le comportement complexes des solutés organiques. Il est donc crucial de comprendre les processus physico-chimiques impliqués dans la transmission des solutés, en tenant compte des propriétés physico-chimiques des solutés telles que l'hydrophobie, la charge, le MW, etc.

Partie 1 :- 2 : 1 :Chapitre 1 :Chapitre 2 :

 12112 Le premier chapitre consiste en une vue d'ensemble du processus de dessalement en tant que solution pour surmonter la pénurie mondiale d'eau. Tout d'abord, cette discussion se concentre sur la description du processus d'OI et les différentes méthodes de prétraitement impliquées avant le dessalement par OI, ainsi que les méthodes de prétraitement. D'autre part, ce chapitre traite de la filtration des polluants organiques par les membranes d'OI et décrit les mécanismes de transfert possibles qui pourraient contrôler le rejet de ces solutés. Le deuxième chapitre décrit les matériels et méthodes utilisés pour réaliser les différentes expériences de filtration en OI. Dans ce chapitre, nous présentons les produits chimiques, les solutions d'alimentation et les méthodes de calculs utilisées pour la modélisation des rétentions des solutés. Le troisième chapitre présente la filtration des polluants organiques chargés dans l'OI des eaux saumâtres et des eaux de mer. Nous étudions la transmission de ces solutés dans différents environnements physico-chimiques, afin d'aborder l'impact du média de filtration sur la transmission de ces solutés. D'autre part, nous présentons une approche de l'étude des mécanismes de transfert à travers la membrane RO, en utilisant d'abord les modèles classiques à savoir la solution-diffusion et le spiegler kedem, et ensuite en discutant le rôle de la physicochimie des solutés, et les interactions solutés-membrane-solvant. Le quatrième chapitre comprend des simulations de cascades membranaires basées sur les résultats présentés dans le quatrième chapitre. Nous étudions l'efficacité des cascades de membranes dans l'augmentation des rejets de solutés à travers les différentes étapes. Partie Le cinquième chapitre présente une revue de la littérature sur les matériaux zéolithiques et leur potentiel d'utilisation comme matériaux membranaires. Nous présenterons également une section détaillée sur la préparation des membranes zéolithiques et leurs diverses applications dans différents domaines. Partie expérimentale : Le sixième chapitre décrit les matériaux et les méthodes utilisés pour synthétiser et préparer les poudre et membrane zéolithiques. Nous présentons également les produits chimiques, les solutions d'alimentation et le procédé de filtration qui ont été utilisés. En outre, nous décrivons également les techniques d'analyse utilisées pour déterminer les performances des membranes. Le septième chapitre présente les résultats de préparation des membranes zéolithiques par voie hydrothermale. Ce chapitre comprend également les résultats de caractérisation des membranes et l'étude des performances des membranes pour la séparation des mélanges eau/éthanol.Partie Aperçu général sur le dessalement de l'eau de mer et le traitement des polluants organiques par des membranes d'osmose inverseAvec la croissance démographique et le changement climatique, la demande en eau a augmenté et la plupart des pays du monde se tournent vers de nouvelles technologies pour fournir de l'eau propre. L'attention s'est portée sur l'eau de mer en tant que source d'eau en raison de sa disponibilité abondante. D'autre part, la présence de polluants organiques dans l'eau de mer constitue un défi croissant au cours du processus d'osmose inverse et peut ne pas être éliminée efficacement. Dans ce chapitre, nous examinons tout d'abord la technologie du dessalement en tant que solution à la pénurie d'eau. Ensuite, nous abordons l'élimination des polluants organiques par les membranes d'osmose inverse et les mécanismes de rejet à l'origine du transport de ces substances organiques. L'analyse de la littérature a mis en évidence plusieurs points essentiels. Les membranes d'OI se sont révélées efficaces pour l'élimination des solutés inorganiques et de la plupart des solutés organiques. Plusieurs études ont mis en évidence le rôle complexe des interactions, encore mal comprises, entre les solutés, la membrane et l'eau. Bien qu'il existe plusieurs modèles classiques, ils ne donnent pas toujours une description précise du rejet des solutés organiques, en particulier dans des environnements physico-chimiques complexes. Dans le cadre de notre thèse, nous avons décidé d'axer nos recherches sur les questions suivantes : -Comment les solutés de haute masse moléculaire peuvent-ils traverser les membranes d'osmose inverse ? -Comment le rejet des solutés peut-il dépendre de l'environnement physico-chimique ? -Les modèles classiques peuvent-ils décrire le transfert dans des milieux de filtration complexes, où il existe de multiples solutés organiques ? -Comment les interactions entre les solutés, la membrane et le solvant influencent-elles le rejet des solutés ? -L'utilisation de cascades de membranes peut-elle augmenter le rejet des solutés organiques ? Matériels et méthodes pour la filtration OI Ce chapitre a pour but de présenter les matériaux et les méthodes utilisés pour mener la filtration des solutés organiques dans l'OI des eaux saumâtres et marines. Ce chapitre est consacré à la description de la membrane OI commerciale, des solutions d'alimentation, du pilote de filtration et des techniques d'analyse utilisées pour étudier les performances de la membrane. L'approche de l'étude des mécanismes de transfert dans la membrane OI et la modélisation du rejet des solutés organiques sont également incluses.

  l'impact de la teneur en sel et de leur nature chimique sur la transmission des substances organiques. Un ensemble de colorants, de vitamines et d'antibiotiques avec des MW allant de 265 à 916.1854 g.mol -1 et des propriétés différentes (charges, hydrophobicité...) ont été sélectionnés. Les expériences d'OI ont été réalisées avec la membrane SW30 (Filmtec) dans la plage de pression appliquée de 30 à 40 bars dans des conditions de flux croisé pour lesquelles aucune polarisation de la concentration n'a été associée aux substances organiques.De manière surprenante, indépendamment de leur masse volumique et de la présence ou de l'absence de sels, tous les solutés organiques ont été transmis à travers la membrane. ont été transmis à travers la membrane. Cette étude fournit une discussion sur les paramètres physico-chimiques expliquant le transfert partiel à travers la membrane "dense" en polyamide. Les expériences ont révélé que les solutés organiques sont partiellement transmis à travers la membrane RO lorsqu'ils sont filtrés dans une solution unique. Il est intéressant de noter que la transmission d'un soluté peut être améliorée ou réduite en présence d'autres solutés, en fonction de ses caractéristiques physico-chimiques. En mélange de solutés et en présence de force ionique, le soluté hydrophile a montré un passage plus important à travers la membrane, tandis que le soluté hydrophobe a montré une transmission plus faible, malgré le MW élevé. Les affinités membrane-soluté et soluté-solvant pourraient également jouer un rôle important dans le contrôle du rejet des solutés. L'augmentation de l'affinité pour la membrane peut réduire le rejet du soluté par la membrane d'OI. Les résultats de la modélisation ont confirmé que la perméabilité aux solutés varie d'un milieu à l'autre. Il a été démontré que la combinaison des modèles SD et de film peut ne pas être précise pour la description du transfert des solutés dans un milieu complexe où il existe d'autres solutés et une force ionique. Cela peut être dû à la complexité des interactions entre les solutés. D'autre part, l'écart entre le modèle et les résultats expérimentaux peut être attribué à la convection liée à la présence possible de défauts dans la membrane d'OI dense. Dans les travaux futurs, il serait intéressant d'étudier d'autres modèles de transfert introduisant la convection ou des pores afin d'obtenir davantage d'informations. Dans l'ensemble, le mécanisme de rejet des solutés pendant la filtration OI n'est pas seulement associé à la MW, mais d'autres interactions critiques interviennent et pourraient modifier fortement le comportement de rejet, en particulier dans des environnements complexes

Chapitre 7 :

 7 Préparation optimale d'une membrane zéolitique NaA à faible coût et à haute perméabilité pour une déshydratation efficace de l'éthanolDans ce travail, une membrane de zéolithe NaA à faible coût et à haute perméabilité a été préparée avec succès sur un support de kaolinite par cristallisation in situ en utilisant la méthode de croissance secondaire. L'effet des conditions de synthèse, y compris la température et le temps de cristallisation, ainsi que le ratio d'eau, a été étudié dans le but d'améliorer la qualité et les performances de la membrane. La membrane préparée a été minutieusement caractérisée à l'aide de nombreuses techniques telles que la diffraction des rayons X, la microscopie électronique à balayage, la spectroscopie infrarouge, la surface spécifique Brunauer-Emmett-Teller et le potentiel zêta afin d'étudier le dépôt de la couche. La membrane préparée présente un flux de perméation élevé de 8,49 kg m -2 h-1 et un facteur de séparation de 10 900 pour la déshydratation de 90 % en poids d'éthanol par pervaporation à 75 °C.ConclusionsDans la première partie du travail de recherche, nous nous sommes concentrés sur l'étude de la transmission des polluants organiques à travers les membranes d'osmose inverse et sur l'investigation des mécanismes de transfert de ces solutés. La première question à laquelle nous voulions répondre est la suivante : comment la transmission des solutés à travers les membranes d'osmose inverse peut-elle être modifiée avec le changement du milieu de filtration ? Pour réaliser cette étude, nous avons choisi de travailler avec différentes solutions pour varier l'environnement physico-chimique de la filtration :-Solution de NaCl 30 g L -1 et eau de mer synthétique, afin de mettre en évidence l'impact de la nature chimique des lamelles sur le rejet des solutés organiques ; -Solution mono-soluté pour comprendre son mécanisme de transfert ; -Systèmes à double et triple solutés, en absence ou en présence de sels, afin d'évaluer l'effet de la présence d'autres molécules sur leur transfert. Les résultats ont montré que les solutés sont partiellement transmis à travers la membrane d'osmose inverse, et que leur transmission peut être modifiée lorsque l'on change de milieu de filtration. Cela soulève une question importante : quels sont les principaux facteurs responsables du transfert des solutés dans les membranes d'osmose inverse et quel est le principal mécanisme descriptif du rejet des solutés ? Dans les membranes d'osmose inverse, le principal mécanisme de rejet des solutés chargés est supposé être l'exclusion de taille et les interactions électrostatiques. Cependant, nos résultats ont démontré que le MW n'est pas le seul descripteur du mécanisme de rejet des solutés. Par conséquent, nous avons d'abord étudié les modèles classiques de transfert d'OI pour expliquer le rejet dans les différents milieux. L'application du modèle classique de solution-diffusion montre que ce modèle peut ne pas prendre en compte l'effet des interactions entre les solutés, la membrane et le solvant. Les interactions soluté-membrane dépendent des propriétés physicochimiques de ces deux éléments. Il était crucial de se concentrer sur ces propriétés afin de comprendre en profondeur les mécanismes de transfert. Il a été démontré que les interactions hydrophobes soluté-membrane et l'affinité entre la membrane, le soluté et le solvant peuvent modifier la transmission des solutés à travers la membrane d'osmose inverse. Nous avons également étudié l'impact des cascades membranaires sur l'amélioration du rejet des solutés par la membrane d'osmose inverse. Des simulations de cascades de membranes sans recyclage, avec différents types de recyclage et avec retraitement du perméat et/ou du rétentat ont montré le potentiel de ce type de processus dans l'amélioration du rejet des solutés par la membrane d'OI.
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Table 1 gives the average composition of the Atlantic Ocean [23]. Table 1. Average composition of seawater [23].

  

Table 2 .

 2 Example of organic pollutants only partly removed by RO Polyamide membranes.

	Membrane	Membrane provider	Compound	Family	Molecular weight (g mol -1)	Rejection (%)	Reference
	XLE	Dow-FilmTec	17β-Estradiol	Endocrine	272	83	[43]
	XLE	Dow-FilmTec	Sulfamethoxazole	Pharmaceutical	253	70	[43]
	XLE	Dow-FilmTec	Carbamazepine	Pharmaceutical	263	91	[43]
	ESPA2	Hydranautics /Nitto	Linuron	Pesticide	249	77	[44]
	ESPA2	Hydranautics /Nitto	Cycluron	Pesticide	198	95	[44]
	ESPA2	Hydranautics /Nitto	Carboxine	Pesticide	235	80	[44]
	BW30LE-440	Dow-FilmTec	Glibenclamide	Pharmaceutical	494	82	[45]
	X20	TriSep	Carbadox	Pharmaceutical	262	95	[46]
	RO-BW30-400	Dow-FilmTec	Progesterone	Steroid	314	94	[47]
	TFC-ROBW30	Dow-FilmTec	Fluconazole	Pharmaceutical	306	96	[48]
	ESPA1-4040	Hydranautics	Acid Red	Dye	696	97	[49]
	ESPA1-4040	Hydranautics	Reactive black	Dye	991	99	[49]
	Perma PPT-9908	Permionics	Methyl orange	Dye	327	99	[50]
	TFC-HR	Koch	Tropaeolin O	Dye	293	94	[38]
	TFC-HR	Koch	Thiamin	Vitamin	265	95	[38]
	TFC-HR	Koch	Lactose	Sugar	342	99	[

39] III.2. Arising questions on RO membrane structure & transfer mechanisms

  or polymer backbone distortions when passing the organics through the membrane have to be imagined to explain the organics' passage. In this last case, what solute properties could provoke these distortions, if any? Very recently, independently but in parallel with this thesis, Elimelech and co-workers[54] suggest that the classical solution-diffusion model widely accepted up to now is false and propose to also account for convection inside the RO membrane. To date, it is clear that there is still a research gap in understanding the impact of physico-chemical properties of organic solutes & membranes on the rejection by RO membranes.

	by molecular dynamic tools [52] quite close to the water molecule size (0.27 nm). So, either membrane defects
	[53]
	Such results evidenced that the MW alone may not be a reliable parameter to predict the full rejections by RO
	membranes.
	Several investigations have provided evidence that other mechanisms, notably hydrophobic interactions, can
	serve as valuable indicators for determining the rejection of non-charged and non-polar solutes in RO [40,41]
	while others suggest similar approaches for polar and hydrophilic solutes [42]. In NF, the use of logKow (water
	octanol partition coefficient) is proposed to deal with hydrophobicity [51] and it could be interesting to attempt
	a similar approach in RO, that would be done in the present study.
	The second series of arising questions is that of the real RO membrane structure. A dense RO PA membrane
	should have no pores but free volumes in between polymer chains. These volumes were simulated at 0.3 nm

Table 1 .

 1 Characteristics of SW30 membrane according to its provider Fimtec®.

	Membrane	Material	Permeance (L h

-1 m 2 bar -1 )

  

				NaCl rejection (%)	pH range stability	Maximum pressure (bar)
				99.4		
	SW30	Polyamide/Polysulfone	2.15	(32 g L -1 ) at	2-11	69
				55 bar		

Table 3 .

 3 Characteristics of the organic solutes.

	Organic solute	Chemical structure	Mw	Charge at	logKow
			(g mol -1 )	pH=8.2	
	Tropaeolin O		293	-1.7	1.53
	Acid Red 1		509	-1	4.96
	Brilliant Blue G		854	-1	-2.55
	Thiamin		265	+0.9	1.19
	Tylosin		916	+0.5	0.87

Table 4 .

 4 Wavelength of the maximum absorbance for selected organics.

	Organic solute	Tropaeolin O	Acid Red 1	Brilliant Blue G	Thiamin	Tylosin
	Wavelength (nm)	4253	5002	6002	2383	2902

Table 5 .

 5 Calculation of molar volume (Vm) and solubility parameter (δ).

	Solute	Molar volume Vm * (cm 3 mol -1 )	solubility parameter * (𝛿) (J cm -3 ) 0.5
	Tropaeolin O	149.4	31.7
	Acid Red 1	274.2	27.2
	Brilliant Blue G	545.6	23.1
	Thiamin	172.8	28.9
	Tylosin	254.6	53.4

*: Calculated using the Fedors group contribution method

[7] 

.

Table 6

 6 presents the calculated global solubility parameter 𝛿 𝑔 using Van Krevelen method with the decomposition of this parameter into 3 contributions 𝛿 𝑑 , 𝛿 𝑝 and 𝛿 ℎ using the following equations:

Table 6 .

 6 Calculation of the global solubility parameter using Van Krevelen method [8].

	Solute	Dispersion solubility parameter (𝛿 𝑑 ) (J cm -3 ) 0.5	Polar solubility parameter (𝛿 𝑝 ) (J cm -3 ) 0.5	Hydrogen bonding solubility parameter (𝛿 ℎ ) (J cm -3 ) 0.5	Global solubility parameter * (𝛿 𝑔 ) (J cm -3 ) 0.5
		26.1	10.1	19.9	34.3
	Tropaeolin O				
	Acid Red 1	19.0	5.2	11.9	23.1
	Brilliant Blue G	21	6.5	7.0	23.1
	Thiamin	21.8	8.5	15.8	28.3
	Tylosin	51.6	15.3	32.0	62.7

Table 7 .

 7 Decomposition of solutes into fragments and number of occurrences for the calculation of the solubility parameter.

	Atoms or groups of atoms	Tropaeolin O	Acid Red 1	Brilliant Blue G	Thaimin	Tylosin
	CH3		1	5	2	
	CH2			5	3	
	-CH=				2	
	CH					6
	C=			3	5	5
	Phenylene (o, m, p)	1	3	4		
	Trisubstituted phenyl	1		1		
	Ring with 5 atoms or more			1	2	4
	Conjugation within a ring for			2	5	
	each double bond					
	NH		1			
	N			1		1
	-N=	2	2	1	3	
	CN			1		
	O		1	1		
	OH		1		1	8
	OH (Disubstituted or adjacent	2				
	to carbons)					
	S				1	
	SO3	1	2	2		

Table 1 .

 1 Physical-chemical characteristics of solutes according to Chem3D calculations from the chemical structure and to Fedors' contribution group method.

						Excluded	Molar			Polar
	Solute	Chemical structure	Molecular weight (g mol -1 )	Charge at pH=8.2	logKow	volume (Connolly) **	volume (Fedors)***	r (Connolly) (nm)*	r (Fedors) (nm)**	surface area (A 2 )**
	Tropaeolin O		293	-2	1.53 [20]	202.4	149.4	0.36	0.57	122.38
	(azo-dye)									
			463	-1	4.96 [21]	269.3	274.2	0.40	0.69	188.45
	Acid Red 1									
	(azo-dye)									
	Brilliant Blue		831	-1	-2.55 [22]	690.0	545.6	0.55	0.88	141.91
	G									
	(azo-dye)									
	Thiamin		265	+1	1.19 [21]	219.7	172.8	0.37	0.60	73.98
	(vitamin B1)									
	Tylosin		916	+0.5	0.87*	903.4	254.6	0.60	0.75	238.67
	(antibiotic)									

*: logP instead of logKow Calculated using Chem 3D software. *: calculated using Chem 3D software. **: Calculated using the group contribution method of Fedors

[18] 

Table 4 .

 4 Characteristics of SW30 membrane.

				1.00						
				0.95						
		Overall salts	rejection experimental	0.65 0.70 0.75 0.80 0.85 0.90						30 g.L-1 NaCl seawater
				0.60						
				0		2	4	6	8	10	12	14
							Jp (10 -6 m s -1 )	
	rejection	1.00 0.80 0.90			0.95	0.92	0.97	0.90	0.92	0.94	0.95	0.88
	experimental	0.40 0.50 0.60 0.70								
	salts	0.30								
	Overall	0.10 0.20								
		0.00								
						30 g.L-1 NaCl 30 g.L -1 NaCl			Seawater
		Single salts	Salts+Tropaeolin O	Salts+Brilliant Blue G	Salts+ Acid Red 1

Table 5 .

 5 

	(c1)					
		0.95				
	rejection	0.75 0.85				
	1					
	Red	0.65		Rexp, 30 g.L-1 NaCl+ AR+Trop O+BB
	Acid	0.55		Rreal, 30 g.L1 NaCl+ AR+Trop O+BB
		0.45		Robs, 30 g.L-1 NaCl+AR+Trop O+BB
		0.35				
		0.00E+00	1.00E-05	2.00E-05	3.00E-05	4.00E-05	5.00E-05
				Jp (m s -1 )		

-1 ) Rexp, seawater+AR+Trop O+BB Rreal, seawater+AR+Trop O+BB Robs, seawater+AR (c2)

  

Table 5 .

 5 Summary of mass transfer coefficient (kSD-F) and solute permeability (PSD-F) in different physicalchemical environments as obtained from the SD-F modelling of all results.

				PSD-F, solute	P, solute
		Experiment	kSD-F	(solver)	(FTIR)
				(m s -1 )	(m s -1 )
		Tropaeolin O, DI water	5.00E-05	1.80E-07	
		30 g L -1 NaCl + Tropaeolin O	5.00E-05	1.80E-07	
		Seawater + Tropaeolin O	5.00E-05	1.80E-07	
		Tropaeolin O+ Brilliant Blue G	5.00E-05	9.00E-08	
	Tropaeolin O	30 g L -1 NaCl + Tropaeolin O+Brilliant Blue G	5.00E-05	9.00E-08	1.010 -7
		Seawater+ Tropaeolin O+ Brilliant Blue G	5.00E-05	9.00E-08	
		30 g L -1 NaCl + Tropaeolin O+Brilliant blue G+ Acid Red 1	5.00E-05	9.00E-08	
		Seawater+ Tropaeolin O+ Brilliant Blue G +Acid Red 1	5.00E-05	9.00E-08	
		Brilliant Blue G, DI water	5.00E-05	4.00E-08	
		30 g L -1 NaCl + Brilliant blue G	5.00E-05	4.00E-08	
		Seawater+ Brilliant Blue G	5.00E-05	4.00E-08	
	Brilliant Blue G	Tropaeolin O+ Brilliant Blue G 30 g L -1 NaCl + Tropaeolin O+ Brilliant Blue G	5.00E-05 5.00E-05	1.00E-07 4.00E-07	7.010 -8
		Seawater+ Tropaeolin O+ Brilliant Blue G	5.00E-05	2.00E-07	
		30 g L -1 NaCl + Tropaeolin O+ Brilliant Blue G +Acid Red 1	5.00E-05	2.00E-07	
		Seawater+ Tropaeolin O+ Brilliant Blue G +Acid Red 1	5.00E-05	8.00E-07	
		Acid Red 1, DI water	5.00E-05	8.00E-07	
		30 g L -1 NaCl + Acid Red 1	5.00E-05	7.00E-07	
	Acid Red 1	Seawater+ Acid Red 1	5.00E-05	7.00E-07	1.210 -7
		30 g L -1 NaCl + Tropaeolin O+ Brilliant Blue G+ Acid Red 1	5.00E-05	8.00E-08	
		Seawater+ Tropaeolin O+ Brilliant Blue G+ Acid Red 1	5.00E-05	8.00E-08	

Rexp,30 g.L-1 NaCl+Brilliant Blue G Robs,30 g.L-1 NaCl+Brilliant Blue G Rreal,30 g.L-1 NaCl+Brilliant Blue G

  

	(a2) (b1) (b3)							
	1.00 1.00 1.00							
	0.65 0.70 0.75 0.80 0.85 0.90 0.95 0.80 Tropaeolin O rejection 0.85 0.90 0.95 0.90 0.95 rejection Brilliant G rejection G 0.85 Blue Blue 0.80 Brilliant					Rexp,30 g.L-1 NaCl+Tropaeolin O Robs,30 g.L-1 NaCl+ Troapeolin O Rexp,Seawater+Brilliant Blue G Rexp,Brilliant blue G Robs,Brilliant blue G Robs,Seawater+Brilliant Blue G
	0.60 0.75					Rreal,30 g.L-1 NaCl+ Tropaeolin O Rreal,Seawater+Brilliant Blue G
	0.55							
	0.75					Rreal,Brilliant blue G
	0.50 0.70							
	0.00E+00 0.00E+00	5.00E-06 5.00E-06	1.00E-05 1.00E-05 1.50E-05 1.50E-05 2.00E-05	2.00E-05 2.50E-05	2.50E-05 3.00E-05	3.00E-05 3.50E-05
	0.70 0.00E+00	5.00E-06	1.00E-05		Jp (m s -1 ) 1.50E-05 Jp(m s -1 )	2.00E-05	2.50E-05	3.00E-05
	(a3)				Jp(m s -1 )		
	0.75 0.80 0.85 0.90 0.95 1.00 1.00 1.00 0.75 0.80 0.85 0.90 0.95 1.00 Tropaeolin O rejection Tropaeolin O 0.80 0.90 rejection 0.80 0.85 0.90 0.95 0.20 0.30 Acid (a1) (b2) Brilliant Blue G 0.40 Red 0.50 1 rejection 0.60 0.70 rejection					Rexp,Tropaeolin O Robs,Tropaeolin O Rreal,Tropaeolin O Rexp,Seawater+Tropaeolin O Robs,Seawater+Tropaeolin O Rreal,Seawater+Tropaeolin O
	0.70 0.10							
	0.70 0.00E+00 0.00E+00 0.75 0.00 0.00E+00	5.00E-06 5.00E-06 1.00E-05 5.00E-06 1.00E-05	1.00E-05 1.50E-05 Jp (m s -1 ) 1.50E-05 2.00E-05 2.00E-05 1.50E-05 2.50E-05 2.50E-05 3.00E-05	2.00E-05 3.00E-05 3.50E-05
	0.70				Jp (m s -1 ) Jp (m s -1 )		
	0.00E+00	5.00E-06	1.00E-05	1.50E-05	2.00E-05	2.50E-05	3.00E-05	3.50E-05
					Jp(m s -1 )		

Rexp,Acid red1 Rreal,Acid red1 Robs,Acid red1 (c1) Fig. 18.

  Results of modelling of the rejections of single dye in various environments according to the combination of spiegler-kedem and film model (SK-F).

	(c2)	1.00					
		0.90					
		0.80					
	rejection	0.60 0.70					
	1 Red Acid	0.30 0.50 0.40				Rexp, 30 g.L-1 NaCl+ Acid Red 1 Robs,30 g.L-1 NaCl+Acid Red 1
		0.20					
						Rreal,30 g.L-1 NaCl+Acid Red 1
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		1.00					
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		0.00E+00	5.00E-06	1.00E-05	1.50E-05	2.00E-05	2.50E-05	3.00E-05
					Jp (m s -1 )		

Rexp,Seawater+Acid Red 1 Robs,Seawater+Acid Red 1 Rreal,Seawater+Acid Red 1

  

	(a1)	1.00	
	rejection	0.90 0.95	
	O Tropaeolin	0.80 0.85	Rexp, 30 g.L-1 NaCl+ Tropaeolin O+ Brilliant Blue G Robs, 30 g.L-1 NaCl+ Tropaeolin O+Brilliant Blue G
		0.75	Rreal, 30 g.L-1 NaCl+Troapeolin O+Brilliant Blue G
		0.70	
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			Jp (m s -1 )
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	O		
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			Jp (m s -1 )

Rexp, Seawater+Tropaeolin O+Brilliant Blue G Robs,Seawater+ Tropaeolin O+Brilliant Blue G Rreal,Seawater+Troapeolin O+Brilliant Blue G

  

	(b1)							
		1.00						
	rejection	0.90 0.95				Rexp,30 g.L-1 NaCl+ Troapeolin O+Brilliant Blue G
	G							
	Blue	0.85						
	Brilliant	0.80				Robs,30 g.L-1 NaCl+Tropaeolin O+Brilliant BLue G
						Rreal,30 g.L-1 NaCl+Tropaeolin O+Brilliant BLue G
		0.75						
		0.70						
		0.00E+00	5.00E-06	1.00E-05	1.50E-05	2.00E-05	2.50E-05	3.00E-05	3.50E-05
	(a2)				Jp(m s -1 )		
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	rejection	0.90 0.95						
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	Fig. 19. Results of modelling of the rejections of (a1,2) Tropaeolin O and (b1,2) Brilliant Blue G in double-

solute system, according to the combination of spiegler-kedem and film model (SK-F).

Rexp, Seawater+Tropaeolin O+Brilliant Blue G Robs,Seawater+Tropaeolin O+Brilliant Blue G Rreal,Seawater+Tropaeolin O+Brilliant Blue G

  

	(a1)	1.00	
	rejection	0.90 0.95	
	O		Rexp, 30 g.L-1 NaCl+ Tropaeolin O+Brilliant Blue G+Acid Red
	Tropaeolin	0.80 0.85	Robs, 30 g.L-1 NaCl+ Tropaeolin O+Brilliant Blue G+Acid Red
		0.75	Rreal, 30 g.L-1 NaCl+Troapeolin O+Brilliant Blue G+Acid Red
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		0.00E+00 5.00E-06 1.00E-05 1.50E-05 2.00E-05 2.50E-05 3.00E-05 3.50E-05 4.00E-05
			Jp (m s -1 )
		1.00	
	(b2)		
	rejection	0.90 0.95	
	O		
	Tropaeolin	0.80 0.85	
		0.75	
		0.70	
		0.00E+00 5.00E-06 1.00E-05 1.50E-05 2.00E-05 2.50E-05 3.00E-05 3.50E-05 4.00E-05
			Jp (m s -1 )

Rexp, Seawater+Tropaeolin O+Brilliant Blue G+ Acid Red 1 Robs,Seawater+ Tropaeolin O+Brilliant Blue G+ Acid Red 1 Rreal,Seawater+Troapeolin O+Brilliant Blue G+Acid Red 1

  

	(b1)							
		1.00						
	G rejection	0.90 0.95			Rexp,30 g.L-1 NaCl+ Troapeolin O+Brilliant Blue G+Acid Red 1
	Blue							
	Brilliant	0.85			Robs,30 g.L-1 NaCl+Tropaeolin O+Brilliant BLue G
		0.80			Rreal,30 g.L-1 NaCl+Tropaeolin O+Brilliant BLue
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Rexp, Seawater+Tropaeolin O+Brilliant Blue G Robs,Seawater+Tropaeolin O+Brilliant Blue G Rreal,Seawater+Tropaeolin O+Brilliant Blue G

  

Table 3 .

 3 Simulated RO performances for NaCl rejection 0.94.

	NaCl rejection	0.94			
	Design ➔	0	(-1,0)	(0,+1)	(-1,0,+1)
			Stage 0		
	VRRstage0	1.54	1.54	1.59	1.59
	TMP-∆, stage0	4.2	4.1	4.2	4.1
			Stage -1		
	VRRstage-1		18.52		18.52
	TMP-∆, stage-1		11.8		12.4
			Stage +1		
	VRRstage+1			1.06	1.06
	TMP-∆, stage+1			2.7	2.6
			RO performances		
	Water recovery (%)	35.0	33.7	38.5	37.0
	NaCl permeate (g L -1 )	2.2	0.4	2.1	0.4
	Membrane area m 2 .(feed m 3 .h -1 ) -1	14.6	21.1	17.8	25.3

Table 4 .

 4 Simulated RO performances for NaCl rejection 0.92.

	Tropaeolin O rejection	0.94			
	NaCl rejection	0.92			
	Design ➔	0	(-1,0)	(0,+1)	(-1,0,+1)
			Stage 0		
	VRRstage	1.54	1.54	1.59	1.59
	PTM-∆, stage	5.1	4.9	5.3	5.0
			Stage -1		
	VRRstage		18.52		18.52
	PTM-∆, stage		4.6		5.4
			Stage +1		
	VRRstage			1.06	1.06
	PTM-∆, stage			3.8	3.5
		RO performances		
	Water recovery (%)	35.0	33.7	38.5	37.1
	NaCl permeate				
	(g L -1 )	2.9	0.6	2.8	0.6
	membrane area				
	m 2 .(feed m 3. h -1 ) -1	14.5	21.4	18	25.7
	Tropaeolin O permeate (mol L -1 ) 3.65E-05	6.21E-06	3.57E-05	6.07E-06
	TO feed/ TO permeate	137%	805%	140%	824%

Table 1 .

 1 Evolution of the number of zeolite framework structures.

	Year of discovery	Number of zeolite framework structures
	Until 1978	38
	Until 1987	64
	Until 1992	85
	Until 2007	176
	Until 2016	232

Table 2 .

 2 Synthesis methods of various types of zeolites that have different synthesis parameters.

	Zeolite Si/Al Support	Synthesis method	Crystallization	Crystallization	Reference
					Temperature	time (h)	
					(K)		
	LTA	1-3	Pozzolan	Hydrothermal	334	24	[4]
				synthesis			
	CHA	2-5	Stainless	Microwave heating	423	16	[24]
			steel				
	MFI	10-	TiO2	Hydrothermal	449	24	[25]
		100		synthesis			
	T-type	3-4	α-Al2O3	Ultrasonic	374	24	[26]
				pretreatment +			
				Hydrothermal			
				synthesis			
	T-type	3-4	α-Al2O3	Hydrothermal	375	40	[27]
				synthesis			
	HS-	29	α-Al2O3	Hydrothermal	433	40	[28]
	CHA			synthesis			
	MFI	10-	Al2O3	Hydrothermal	449	24	[25]
		100		synthesis			
	LTA	1-3	Stainless	Hydrothermal	353	8	[9]
			steel	synthesis			

  Several strategies have been developed to get around this problem for example increasing Si/Al ratio[40] , and functionalization of zeolite membranes by grafting polymers[41]. Generally, zeolites with lower Si/Al ratio like LTA zeolite membranes are not very stable in acidic media that remain unstable when they are used in harsh environment because of the effect of dealumination[24]. For this reason, zeolite membranes with relatively high Si/Al ratio are recommended for applications for acid separations. In this context, Qiu et al. noticed that increasing the Si/Al ratio from 2.7 to 3.6 of CHA zeolite membrane could improve the acid stability during acids dehydration process. CHA zeolite membrane with Si/Al ratio of 3.6 was tested for dehydration of 50 wt% acid acetic. As results, it was reported that 98 wt% of the water content was passed into the permeate side[40]. MFI zeolite membranes that own high Si/Al ratio were also used for dehydration of 5 wt% acetic acid/water[42].The membrane exhibited low separation factor of 33 and low permeation flux compared with CHA zeolite membrane that have achieved higher separation factor and permeation flux that are 383 and 5.8 Kg/m 2 h respectively[28]

Table 3 .

 3 Pervaporation performance of zeolite membranes in the dehydration of organics.

	Zeolite	Support	Configuration	Mixture	Feed	T	Permetion	Separation	Ref
					(water, wt%)	(°C)	flux	factor	
							(Kg m -2 h -1 )		
	LTA	α-Al2O3	Tubular	Isopropanol/water	10	80	1.4	>10000	[44]
	CHA	Stainless	Tubular	Ethanol/water	10	75	6.25	1950	[29]
		steel							
	CHA	Stainless	Tubular	Ethanol/water	10	75	7.3	2000	[24]
		steel							
	MFI	TiO2	Disk	Ethanol/water	10	75	2.56	103	[25]
	T-type	α-Al2O3	Hollow fibers	Ethanol/water	10	75	2.25	1348	[27]
	CHA	Stainless	Tubular	Isopropanol/	10	75	9.1	2500	[24]
		steel		water					
	LTA	Stainless	Hollow fibers	Ethanol/water	10	75	4.22	>10000	[39]
		steel							
	T-type	α-Al2O3	Hollow fibers	Isopropanol/	10	75	12.2	>10000	[26]
				water					
	MFI	α-Al2O3	Tubular	Acetic acid/water	95	50	0.04	33	[42]
	DDR	Ceramic	Hollow fibers	Acetic acid/water	70	95	0.58	1700	[43]
	LTA	Mullite	Tubular	Ethylene	20	120	4.03	>5000	[45]
				glycol/water					
	CHA	α-Al2O3	Tubular	2-propanol/water	20	75	20	1128	[28]
	CHA	α-Al2O3	Tubular	Acetic acid/water	30	75	5.8	383	[28]

Table 5 .

 5 Desalination via pervaporation using zeolite membranes.

	Zeolite	Support	Feed (wt.%)	Temperature	Flux	Rejection (%)	Ref
				(°C)	(Kg m -2 h -1 )		
	FAU	α-Al2O3	3.5	90	5.64	>99.8	[37]
	LTA	-	3.5	25	0.42	99.5	[54]
	LTA	Glass-ceramic		69	1.9	>99.9	[55]
	MFI	α-Al2O3	3.8	80	0.72	>99.0	[56]
	SOD	α-Al2O3	1	200	3.5	>99.9	[57]
	MFI	α-Al2O3	0.3	75	11.5	>99.0	[53]

Table 6 .Table 6 .

 66 -7 mol/m 2 s Pa and 115 respectively[28]. CHA zeolites membranes have also shown effective results for separation of CO2/CH4 and C2H4/C2H6 mixtures. Interesting performances in terms of selectivity were obtained for CO2/CH4 mixture, on the contrary of C2H4/C2H6 mixture which have selectivity of 11[61]. Li and co-workers used CHA zeolites membranes for separation of CO2/CH4. The entrance pore of CHA zeolites membranes is appropriate for CO2/CH4 separation. The CO2 permeance obtained is varying from 13-16 x10 -7 mol m -2 s -1 Pa -1 and the CO2/CH4 selectivity is between 40 and 60[62]. Performances of DDR and CHA zeolite membranes for gas separation are reported in Gas separation performances using zeolite membranes.

	Zeolite	Support	Configuration	Mixture	Feed	Single gaz
					pressure	permeance
					(MPa)	(mol m

-2 s-1 Pa -1 )

  Plenty of efforts have been made to produce commercial zeolite membranes. Currently, there are several companies that offer commercial zeolite membranes especially for dehydration via pervaporation process designed for both laboratory and industrial utilization. As well known, LTA zeolite membranes are first membranes that were commercialized [5] by several companies. Since, 1999, Mitsui Engineering and Shipbuilding Company located in Japan has produced NaA zeolite membranes for industrial dehydration dedicated to ethanol purification. Later, Mitsui Company has implemented more than 60 industrial plants for solvents dehydration like methanol and isopropanol. Jiangsu Nine Heaven Co. Ltd Company in China and Inocermic GmbH in Germany produced NaA zeolite membranes for dehydration of solvents and established many pervaporation industrial sets[64]. Nowadays, commercial LTA zeolite membranes proved their separation ability notably for several solvents' dehydration. For instance, Mitsui NaA zeolite membrane for dehydration of 90 wt% ethanol/water showed permeation flux of 2 Kg m -2 h -1 and separation factor of 10000. NaA zeolite membrane produced by Nanjing Jisui Hi-Tech Co provides higher permeation flux of 4 Kg m -2 h -1 for dehydration of 20 wt% ethylene glycol/water and a selectivity of 5000[18]. It is clearly demonstrated that commercial NaA zeolite membranes so far have been very promising for practically all solvents dehydration compared with other classical membranes. In addition, NaA zeolite membranes provide high mechanical resistance and temperature stability, however their main drawback was the poor acidic stability in harsh environment which open the door to develop more stable membranes made from other zeolite types[65]. T-type zeolite membranes were also commercialized and used for dehydration of diverse organic solvents. Commercial T-type zeolite membranes exhibit promising separation performances as similar as NaA zeolite membranes. More important, T-type zeolite membranes own higher stability in acidic media. For example, T-type zeolite membrane remain stable in acetic acid media at pH 3[64]. Besides NaA and T-type zeolite membranes, very recently, CHA zeolite membrane is available as commercial zeolite membrane. Mitsubich Chemical Corporation manufactured CHA zeolite membrane with high chemical stability in water and acid that successfully used for production of bioethanol in United States (US). Generally, the estimated cost of zeolite membranes for industrial applications is estimated between 1000 and 3000 € m 2 which 80% of this cost is related to the support. It should be underlined that the cost of zeolite membranes is the main parameter for limitation of zeolite membranes applications at industrial scale[18].

							Selectivity	Reference
	DDR	α-Al2O3	Tubular	CO2/CH4	0.2	CO2 : 17x10-8	290	[59]
	DDR	α-Al2O3	Tubular	CO2/N2	0.2	CO2 : 29x10 -8	44	[59]
	DDR	α-Al2O3	Hollow fibers	CO2/CH4	0.2	CO2 : 3.5x10 -8	500	[60]
	CHA	Polyethersulfone	--	CO2/N2	-	CO2 : 4164,05 x 10 -	19	[31]
						10		
	CHA	α-Al2O3	Tubular	CO2/CH4	0.3	CO2 : 1.5x10 -6	115	[28]
	CHA	Mullite	Tubular	C2H4/C2H6	0.2	C2H4 : 2.9x10 -9	11	[61]
	CHA	Mullite	Tubular	CO2/CH4	0.2	CO2 : 2x10 -7	300	[61]
	DDR	Ceramic	Tubular	CO2/CH4	0.14	CO2 : 4.7x10 -7	190	[63]
	CHA	Al2O3	Tubular	CO2/CH4	4	CO2 : 13-16 x10 -7	40-60	[62]
	IV.1.6. Commercial zeolite membranes					

  Lee et al. reported that the increase in synthesis time promotes the crystallinity of obtained zeolite[17]. It was found that the optimal synthesis time of crystallization of NaA zeolite membrane was 24 h. This is in good agreement with the results reported by Achiou et al. that also prepared a defect-free NaA zeolite membrane during 24 h of crystallization time[15]. Furthermore, it was shown that increasing time from 24 to 48 h leads to aging of zeolite crystals. On the other hand, varying the crystallization temperature from 60 to 80 °C involves the formation of zeolite type P phase[15].Liu et al. studied also the variation of synthesis temperature from 100 to 130 °C for a Si-rich LTA membrane. It was reported that the increase in temperature of over 120 °C favors the crystallization of CHA zeolite[16].

  Chemicals used in this study include sodium hydroxide (NaOH, 98 wt.%), sodium aluminate (NaAlO2, 50-56 wt.% of Al2O3) as Al source, sodium silicate (Na2O3Si. 9H2O powder (Meta), extra pure) as Si source, were purchased from Sigma Aldrich. Absolute ethanol (CH3CH2OH, 99.9 wt.%) used in pervaporation experiments was provided by Biosmart. Water used for the membrane preparation and in the PV experiment is double distilled water. Ceramic substrate with diameter of 37.8 mm and thickness of 2.0 mm was made from kaolinite. Furthermore, it has a porosity of 12.3%, pore size of 2.0 µm and mechanical strength of 23.3 MPa. Further details of kaolinite substrate are reported elsewhere[5].

	II.1. Chemicals and materials

Table 1 .

 1 Estimation cost of kaolinite support and NaA zeolite layer.

		Kaolinite support	Zeolite layer
		Material	Cost of support ($ m -2 )	Materials	Cost of the zeolite layer ($ m -2 )
				Sodium hydroxide	4.09
	Raw materials	Kaolinite	11.54	Sodium aluminate	0.56
				Sodium silicate	86.07
	Energy	Equipment	Cost of energy ($ m -2 )	Equipment	Cost of energy ($ m -2 )
	cost	Grinder	0.0200		
		Sifter	0.0007	Oven	0.19
		Furnace	7.0700		
		Total cost of support ($ m -2 )	18.63	Total cost of zeolite layer ($ m -2 )	90.91

Table 2 .

 2 Comparison of preparation cost of clay-based membranes.

	Membrane	Configuration	Estimated cost ($ m -2 )	Reference
	Kaolin, quartz,sodium			
	metasilicate, sodium			
	carbonate, calcium	Disc	78	[32]
	carbonate, boric acid			
	and polyvinyl alcohol			
	Ball clay, quartz and calcium carbonate	Disc	17.07	[33]
	Kaolin, quartz, sodium			
	carbonate,			
	feldspar,boric acid,	Disc	130	[34]
	sodium metasilicate			
	and sodium carbonate			
	Kaolinite	Disc	18.63	This work
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Chapter II: Materials and Methods "Filtration of organic solutes in RO of brackish and sea waters"

Chapter III: Analysis of transmissions of organic solutes' mixtures in reverse osmosis of brackish and sea waters Abstract

The presence of organic pollutants in seawater will be an increasing problem to face during the desalination process. Sea water reverse osmosis (RO) membranes were primally designed for the inorganic salts' rejection, but the removal of (small) organic solutes appears as a new increasing challenge. Recently, in literature, small organics (MW ≤ 300 g mol -1 ) were evidenced to be only partially rejected by RO membranes and to date the neither the upper size limit of potentially transmitted solutes is known nor the origin of this transfer through the membrane. We have already reported a preliminary RO study using a low-pressure RO membrane (TFC-HR, Koch) evidencing (i) the transmission of a positively charged vitamin and a negatively charged dye of close MW (254-293 g mol -1 ) in the 15-30 bar range and (ii) the impact of the physical-chemical environment (deionized (DI) water, 30 g L -1 NaCl and reconstituted Atlantic seawater) on these transmissions. To go ahead in the fundamental understanding of the rejection of small organics by a high-pressure RO membrane (SW30, Filmtec), this study depicts the systematic RO (30-40 bar range) of a set of organic solutes (MW in the 254-916 g mol -1 range) at 0.5 mmol L -1 each, a typical concentration range for nanofiltration but not for RO for the sake of easier analysis of both retentate and permeate fractions. The solutes (single, binary, ternary mixtures) were dissolved either in deionised water, 30 g L -1 NaCl or reconstituted Atlantic seawater aiming at evidencing the impact of the overall physico-chemical environment with respect to the chemical nature of the organics. For this purpose, a set of azo-dyes, vitamin, and antibiotic with different properties (MW, charges, hydrophobicity…) were selected. Surprisingly, regardless of their MW and the presence or absence of salts, all the organic solutes were transmitted through the membrane. This study provides rejection analysis by several classical approaches: solution-diffusion, Spiegler Kedem. Moreover, relationships between the rejection and the solute overall hydrophobicity (logKow) are evidenced; Finally, the discussion provides a more subtle characterisation of both membrane and solutes based on the Hansen Solubility Parameters (HSPs) to account for physico-chemical impacts on rejections.

Chapter IV: Simulations of membrane cascades for the enhancement of the rejection of organic pollutants in reverse osmosis of brackish water Abstract

This study focuses on investigating the potential of membrane cascades as an effective approach for the enhancement of the rejection of organic pollutants in reverse osmosis of brackish water. Given the increasing demand for freshwater, innovative approaches are required to tackle the issue of water scarcity. Membrane cascades offer a promising solution for enhanced water purification. The objective from this study is to evaluate the feasibility and performance of membrane cascades in treating organic pollutants during the desalination of brackish water. The performances of RO membrane cascades for the separation of binary mixtures containing an organic solute (0.5 mmol L -1 ) added to 30 g L -1 NaCl solution. Aiming at a first evaluation, few configurations with recycling of the permeate and the retentate were evaluated. As a first attempt, the efficiency of membrane cascades was only assessed from the water recovery, the water quality and the required membrane area. As results, the cascade arrangement enables to enhance the water recovery (up to 38.5%) and water quality (up to a concentration in the final permeate of 0.6 g L -1 and 6.07E-6 mol L -1 for NaCl and Tropaeolin O, respectively), depending on the design configuration. Keywords: Reverse osmosis; desalination; membrane cascade; organic pollutant; water recovery; water quality.

o IV.2.3. Two-stages RO performances (configuration "0,+1")

The recovery of the Tropaeolin O slightly drops from 97.45 % in design (0) to 97.26 %, in design (0,+1) (Fig. 17), which indicates that no improvement is achieved when dealing with the recovery of dye. Furthermore, the required membrane area is increased from 14.6 in design (0) to 18 m 2 . (feed m 3 h -1 ) -1 .

o IV.2.3. Three-stages RO performances (configuration "-1,0,+1")

The design (-1,0,+1) allows to achieve a water recovery of 37.1% in the final permeate (Fig. 18). TO recovery is 99.5%, which increases compared to that of design (0) that is 97.45%. The required membrane area reaches 25.7 m 2 . (feed m 3 h -1 ) -1 , which is the highest value in the 4 configurations. Table 4 (see above) summarizes the simulated RO performances of Tropaeolin O added to NaCl.

For sake of readability, Fig. 19. presents the simulated RO performances. Based on the results, if the water quality is more important than membrane area, the three-stages configuration (-1,0,+1) presents a good compromise between water recovery and permeate quality. The membrane area could be optimized by arranging membranes, which means that at least the feed stage must be the targeted because 14.5 m 2 . (feed m 3 h -1 ) -1 displays the important percentage of the overall membrane area. It is known that arranging a single-stage in multi-stages without recycling allows to decrease the membrane area with same performances.

Part II: Zeolite membrane for pervaporation

This part is divided in 3 main chapters, one devoted to bibliography, a second to the experimental part and then one chapter dealing with results of the preparation of low-cost NaA zeolite membrane excess sodium hydroxide, and dried at 60 °C for 24 h. Kaolinite support was first seeded using homemade NaA zeolite crystals, then placed vertically in an autoclave containing the batch solution, which was prepared similarly to NaA zeolite seeds. Finally, the autoclave was placed in the oven to be treated hydrothermally. After that, the membrane was washed with water repeatedly and dried in an oven overnight at 60 °C.

I.2. Characterization of zeolite membrane

I.2.1. X-ray diffraction (XRD)

XRD analysis was displayed in order to determine the crystallinity and purity of the synthesized NaA zeolite powder. XRD was carried out using the diffractometer Philips X'PERT PRO anticathode with a Cu-K radiation source (=   ) in the 2θ range from 5 to 90 °C.

I.2.2. Scanning electron microscopy (SEM) and Energy dispersive spectroscopy (EDS)

SEM was used to examine the morphology of the prepared NaA zeolite membrane. Also, it was carried out to measure the thickness of the NaA zeolite membrane through cross-sectional images. Images were obtained by the scanning electron microscope Quattro S, FEG FEI (Fig. 3.) equipped with an energy-dispersive (EDX) detector. ImageJ software was used to estimate the size of NaA zeolite crystals. EDS analysis was investigated to confirm the chemical elements present in the NaA zeolite layer and kaolinite support. 

I.2.3. ATR-FTIR

ATR-FTIR analysis was displayed in order to evidence the chemical structure of NaA zeolite powder. The analysis was performed with the spectrometer Affinity-1S SHIMADZU equipped with a golden gate single reflection ATR accessory. The spectrum was recorded in the interval of 4000-500 cm -1 .

I.3. Performance of zeolite membrane I.3.1. Pervaporation setup

A vacuum pervaporation process was used to test the performance of NaA zeolite membrane for dewatering ethanol. The self-built pervaporation process is shown in Fig. 6. Experiments were conducted in tangential mode in order to minimize concentration polarization on the feed face of the membrane [2]. The membrane is inserted in a module with a filtration area of 5.3 cm 2 . The feed solution was circulated continuously in the system using a centrifugal pump, and it was heated at 75 °C using a hotplate. The permeate compartment was kept under vacuum during the pervaporation experiment using a vacuum pump, and the permeate was condensed and collected using an N2 cold trap. 

I.3.2. Permeate flux and selectivity

The performance of the membrane is determined by calculating the permeate flux and selectivity defined in Eq. ( 1) and Eq. ( 2), respectively.

Where m is the weight of the collected permeate given in Kg, A is the surface area of the membrane given in m 2 , and t is the time of experiment given in h. While, Xw and Yw are respectively the weight fractions of water in the feed and permeate, and Xeth and Yeth are the weight fractions of ethanol in the permeate and feed respectively.

Chapter VII: Optimal preparation of low-cost and high-permeation NaA zeolite membrane for effective ethanol dehydration

Aiming at the enhancement of the water recovery, if possible, simultaneously with the one of water quality, we also investigated the impact of membrane cascades on the enhancement of the rejection of solutes by the RO membrane. Membrane cascades offer a promising solution for enhanced desalination process. They were most widely used in the field of organic solvent nanofiltration, where the separation between multiple solutes is insufficient. The objective was to determine if the membrane cascades are capable of improving the rejection of organic solutes in RO of brackish water.

To answer, simulations of membrane cascades with internal recycling of the permeate and/or retentate were investigated. The cascades were applied for the separation of binary mixtures containing an organic solute (Tropaeolin O) with a concentration of 0.5 mmol L -1 added to 30 g L -1 NaCl solution. Multiple configurations were presented, and the efficiency of membrane cascades was assessed from the water recovery and water quality in the permeate, and the required membrane area. In the filtration conditions cited above, the rejection of NaCl was slightly varied from 0.94 (alone) to 0.92 in presence of Tropaeolin O. When dealing with the simulation of NaCl rejection, it was found that no significant difference between 0.94 and 0.92 NaCl rejection is depicted with the selected configurations for membrane area and water recovery, but a slight impact on permeate quality. The simulation of Tropaeolin O rejection (0.94) and NaCl rejection 0.92, the cascade arrangement enables to enhance the water recovery (up to 38.5%) and water quality (up to a concentration in the final permeate of 0.6 g L -1 and 6.07E-6 mol L -1 for NaCl and Tropaeolin O, respectively), depending on the design configuration. If the water quality is more important than membrane area, the three-stages configuration (-1,0,+1) presents a good compromise between water recovery ( 37.1%), 0.6 g L -1 and 6.07E-6 mol L -1 of NaCl and Tropaeolin O in the final permeate, respectively. The membrane area can be decreased by arranging a single-stage in multistages without recycling while preserving same performances.

In the second part of the thesis work, we described the development of a low-cost and high permeation NaA zeolite membrane for the separation of water/ethanol mixtures. This part was dedicated to the manufacture of low-cost membrane aiming at the pretreatment of seawater.

First, the objective was the valorization of Moroccan geomaterials to manufacture MF ceramic membranes, which present advantages such as high thermal and chemical stability, and high mechanical strength. Also, by using geomaterials, the cost of the membrane is reduced from 500-1000 $ m -2 for alumina membrane to 25.5 $ m -2 for clay-based membrane. The MF ceramic membrane was prepared from kaolinite (clay) that is abundant in Morocco by uniaxial pressing using a hydraulic press, then the support was sintered at 1100 °C to consolidate the kaolinite particles. The prepared membrane presents the characteristics of MF membrane, notably a pore size of 2.3 µm, porosity of 40% in addition to a goof mechanical strength (20.2 MPa).

Second, the objective was the preparation of a NaA zeolite membrane by the deposition of a zeolite layer on the top of the MF kaolinite membrane. The zeolite membrane was prepared on a flat kaolinite support via hydrothermal synthesis using secondary growth method. The synthesis of zeolites is known to be very sensitive and complex. Slight variations in the synthesis conditions can greatly influence the final zeolite structure and properties.