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Water purification is the rendering of non-potable water into water good enough for human consumption and use. Capacitive deionization is a promising emerging water desalination technique; a close relative to the established desalination technology such as reverses osmosis (RO) etc. It operates at low pressure and can potentially utilize less energy for brackish water desalination.

In a typical CDI cell, the feed water flows through the separator layer between two electrically charged carbon electrodes. This architecture results in significant performance

limitations as electrodes are in solid state with limited exposed surface area of contact and pores for adsorption. Also, there is an inability to afford continuous mode of operation.

Here, we describe an alternative architecture, where the feed electrode is in liquid state and flows semi-continuously on carved channels. Using this technique, we show that flow capacitive deionization enables significant reductions in desalination time and can desalinate higher feed solution. We show these benefits using commercially made powdered activated carbon and superfine activated carbon as electrode materials. The superfine carbon at a moderate carbon loading rival the performance of powdered activated carbon due to its reduced particle size. Furthermore, the physico-chemical and electrochemical properties of the solid and flow electrodes (pristine and modified electrodes) were characterized by lowtemperature nitrogen adsorption measurement, scanning electron microscope (SEM), X-ray diffraction (XRD), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), Fourier transform infra-red (FT-IR), cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS).

We also present a strategy in reduction of concentration polarization of carbon based electrodes by utilization of electrospun nanofibers synthesized via electrospinning method and as a result, a notable improvement was made through experimental approaches by electrochemical impedance spectroscopy and cyclic voltammetry studies of the hybrid nanocomposites carbon electrodes. In furtherance, we demonstrate that our approaches are promising towards improving CDI/FCDI electrodes and in resolving some inherent challenges of carbon based electrodes.
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I would also like to thank Dr. Mona Semsarilar for inviting me to IEM and after unsuccessful scientific adventures with her, introduced me to Francois Zaviska (a life changing opportunity in which the pedestal of my career is built). 18 FCDI cell assembly. Anion exchange membrane [START_REF]Guidelines for drinking quality water. First Addendum to Third Edition[END_REF], spacer [START_REF] Shannon | Science and technology for water purification in the coming decades[END_REF], cation exchange membrane [START_REF] Zander | Desalination: A National Perspective[END_REF], current collector (4), plastic plate (5), stainless steel plate [START_REF] Qin | Comparison of energy consumption in desalination by capacitive deionization and reverse osmosis[END_REF], assembled FCDI cell [START_REF] Couallier | Usefulness of reverse osmosis in the treatment of condensates arising from the concentration of distillery vinasses[END_REF], and FCDI cell in the experimental setup [START_REF] Choules | Update on large scale ocean desalination plants[END_REF] xv Availability of fresh and potable water for mankind consumption has been a major global challenge due to either man made or naturally occurring activities. Water reclamation or converting non-portable water for human consumption involves processes such as distillation, decontamination etc. Water desalination involves the removal of dissolved ions (salt ions) and water above dissolved salt level of 1000 mg L -1 is not considered healthy or fit for human consumption [START_REF]Guidelines for drinking quality water. First Addendum to Third Edition[END_REF]. Contrary to other water pollutants, removing salt from water involves expensive technologies either on capital cost (CAPEX) or operational cost (OPEX) and there have been intensive scientific and engineering research for several decades to improve this aspect. Water desalination technologies such as reverse osmosis (RO), multi-stage flash distillation (MSFD), multi effect distillation (MED), electrodialysis (ED) etc., contribute most significantly to industrial water desalination from sea water and have been in the front line of major water treatment plants worldwide. RO plants currently supply over 50 % of the total worldwide desalination capacity [START_REF] Shannon | Science and technology for water purification in the coming decades[END_REF], and over 90 % of the United States desalination capacity [START_REF] Zander | Desalination: A National Perspective[END_REF] with plant energy requirement of approximately 3-4 kWh m -3 of produced fresh water for seawater desalination at roughly 50 % water recovery.

A major cost of desalination involves electrical or thermal energy needed to extract salt and this could account for nearly 1/3 of the total costs in a sea water reverse osmosis (SWRO)

desalination plant [START_REF] Zander | Desalination: A National Perspective[END_REF]. In 2008, the worldwide operational desalination capacity was reported as over 37 million m -3 fresh water per day [START_REF] Zander | Desalination: A National Perspective[END_REF][START_REF] Elimelech | The future of seawater desalination energy technology and the environment[END_REF].

In this chapter, we summarized briefly the most utilized techniques i.e., RO for both brackish and seawater desalination and ED for basically brackish water desalination to combat water scarcity. For the rest of this thesis, we focused solely on the alternative techniques of brackish and seawater desalination.

A Brief Oversight into Reverse Osmosis (RO) and Electrodialysis (ED)

RO, being the most commonly used desalination technique is described in terms of principle of operation which involves the use of a semi-permeable membrane that prevents the flow of salt through its bulk, but allows the flow of water.

Reverse Osmosis

This is a membrane method of sea water purification process using pressure as a driving force to make feed solution pass through a membrane usually semi-permeable in nature. During this process, the ions in the feed solution are retained by the dense polymeric membranes.

Basically, the sea water is fed into the system and made to permeate the semi-permeable membrane under pressure and recovered as clean water as shown in Figure 1.0. This is then followed by several post-treatment methods like disinfection, pH, and mineralization adjustment etc. to make it suitable for drinking [5] or agriculture. In RO as the ions are retained by membranes, generation of concentrate (concentrate brine) that is usually sent back to the environment is inevitable. Concentrate brine disposal is a real environmental challenge and many a times, this by-product (concentrate brine) is usually disposed into ocean bodies thus affecting the aqua-ecosystem. Brine concentration varies from 50 to 75 g/L and has a much higher density than seawater and therefore tends to fall on the sea floor near the brine outfall outlet (plume effect), creating a very salty layer which can have negative impacts on the flora and the marine life. The consequent effect of this could lead shorter life expectancy of the aquatic animals. However, research into brine utilization by International Center for Biosaline Agriculture in Dubai has shown that some species of fish i.e., tilapia thrive comfortably well in brine condition nonetheless, the reject brine should be checked for heavy metals and other chemicals before use in growing fish for human consumption. Other proposed possible way of safely disposing reject brine is: brine dilution in which the brine is diluted with another water source i.e., fresh water before deposition into the sea.

Figure 1:

Schematic representation of reverse osmosis (RO) desalination system in which a semi-permeable membrane which allows a water flux but does not permit transport of dissolved salt ions. When the feed is pressurized to above its osmotic pressure, desalted water flows through the RO membrane.

Trend in Energy Consumption of Reverse Osmosis

Sea water desalination is energy intensive whatever the technique employed. Indeed, in a thermodynamic point of view, sea desalination consists of the generation of two streams (concentrate and permeate) with a very high salinity difference corresponding to high chemical potential difference and thus requires a high amount of energy. Concerning sea water reverse osmosis (SWRO), the energy consumption is affected by the work of the highpressure pump, the aim of which is to drive water through a semi-permeable membrane. High pressure is required in order to overcome the osmotic pressure and also to compensate energy loss due to viscous friction in the membrane module (pressure drop) which transforms mechanical energy into thermal energy.

The energy consumption of SWRO has tremendously decreased in these last decades, passing from 15 kWhm -3 in the early seventies to less than 2 kWhm -3 nowadays (considering exclusively RO steps) [START_REF] Qin | Comparison of energy consumption in desalination by capacitive deionization and reverse osmosis[END_REF][START_REF] Couallier | Usefulness of reverse osmosis in the treatment of condensates arising from the concentration of distillery vinasses[END_REF]. This energy decrease is attributed to both membrane materials improvement (membrane with a very good compromise between selectivity and permeability) and process aspect (operating and energy recovery device implementation). Plant energy requirements are minimized by recovering energy from the pressurized brine stream through use of turbines or pressure exchangers. Nowadays, the specific energy consumption (SEC) of sea water RO (SWRO) including both pre-treatment and post-treatment is around 3.5-4.5 kWhm -3 . Hence, RO is actually the most developed technology for sea water desalination which is due to the tremendous improvement of membrane material and process optimization for minimizing energy consumption. Table 1 shows the specific energy consumption for high capacity SWRO plants which is in the range of 3.5 to 6.7 kWhm -3 confirming the important energy consumption reduction.

Table 1. Specification of some selected sea water reverses osmosis (SWRO) desalination plants working in single stage configuration in different countries.

SEC* here considers all the energy involved (pumping, pre-treatment, RO and post-treatment energy) and not just only RO Actually, most sea water desalination plants around the world operate RO system below 2 kWhm -3 which is becoming close to the thermodynamic limit (1.1 kWhm -3 at 50 % water recovery from sea water) and even closer to the minimal practical energy consumption (1.54 kWhm -3 Elimelech et al. [START_REF] Couallier | Usefulness of reverse osmosis in the treatment of condensates arising from the concentration of distillery vinasses[END_REF]). However, as any other membrane process, RO is very sensitive to membrane fouling and thus requires strong pretreatment to assure long term filtration operation. While RO operation costs are directly linked to the feed water salinity, the pretreatment cost is more or less constant even for low salinity water. From this point of view, RO is not the most suitable desalination technology for moderate and low salinity water (below 5 g L -1 ). Electrochemical technologies such as ED and CDI seem much more appropriate for moderate and low salinity water as the functioning principle is at the opposite of the others desalination method by targeting solute (ions) instead of the solvent.

Electrodialysis

ED is a membrane-based desalination method for brackish water. Contrary to other desalination technologies, ED as shown in Figure 1. China Caofeidian 50000 4.0 [START_REF]Water World Newsletter[END_REF] the solvent) from a saline solution. It involves ions migration through intercalation of anion and cation-exchange membranes when an electric field is created by difference of potential.

Cation-and anion-exchange membranes (CEM and AEM) are alternatively oriented between the anode and the cathode. The application of potential difference in the system electrostatically attracts the cations to the cathode (negative pole) and anions towards the anode (positive pole). Concentrate is generated (brine solution) in ED compartments due to the retention of ions by opposite membranes and consequently fresh water is generated by another compartment as ions migrate through the desired membranes [START_REF] Sajjad | Electrodialysis desalination for water and wastewater: A review[END_REF]. As shown in 

Trend in Energy Consumption and Shortcomings of Electrodialysis

ED has been used in cooperation with other renewable energies such as solar and wind [START_REF] Fernandez-Gonzalez | Sustainability assessment of electrodialysis powered by photovoltaic solar energy for freshwater production[END_REF] to improve efficiency and reduce energy consumption. The integration is environmentally friendly as no pollution is recorded and offers low maintenance cost [START_REF] Wright | Justification for community-scale photovoltaic-powered electrodialysis desalination systems for inland rural villages in India[END_REF][START_REF] Círez | Batch ED fed by a PV unit: A reliable, flexible, and sustainable integration[END_REF]. In general, ED is advantageous by affording high removal salt rate and energy consumption of 0.8-1.5 kWh m -3 at a water productivity of 45 L m -2 h -1 for initial water salinity less than 5 g L -1 [START_REF] Círez | Batch ED fed by a PV unit: A reliable, flexible, and sustainable integration[END_REF]. It is noteworthy to keep in mind that both ED and CDI are not intended to compete with RO but are more interesting (i.e. in terms of energy consideration) for low and moderate saline water treatment (below 10 g L -1 ). ED offers the advantage (unlike other desalination techniques) of being flexible either in terms of demineralization rate or recovery rates. In addition, CDI and ED are much less sensitive to clogging and therefore require less extensive pre-treatment and therefore are more applicable for the treatment of saline water.

In addition to the above desalination techniques; research effort in providing alternative means of water desalination has been the focus of main attention of recent and as a result, techniques which applies electric field to desalinate water such as desalination batteries and capacitive deionization (CDI) have come to existence. These novel technologies operate by separating ions from water. Here, the ions are removed and because of this, it is specifically designed for desalination of low saline water (brackish water) thus making it an energy efficient technologies.

Capacitive Deionization Systems

Similar to ED, CDI is closely related to ED as it uses electrochemical water desalination technology for desalting brackish water. CDI selectively targets solutes in water making it energetically effective for moderate and low saline water. Unlike ED that operates by intercalation of IEMs for ions exclusion, CDI makes use of porous carbonaceous materials as solid electrodes in temporary storage of ions and the fact that it makes use of porous materials gives it an edge and enviable diversity in terms of functionalities and other applications over ED. CDI operates under low potential difference to polarize electrodes and as a result, the ions get separated by electrostatic attraction to oppositely charged poles, and stored/adsorbed in the pores of the electrodes [START_REF] Hisham | Activated Carbon Cloth for Desalination of BrackishWater Using Capacitive Deionization[END_REF]. When an external direct voltage (usually below 1.4 V) is applied onto a system containing saline solution (feed solution), the electric field created electrostatically drives the solvated ions in the solution into their different polarized poles where they are adsorbed in the pores of the electrodes and the process continues until the pores are saturated. Conversely, as soon as the external electric field is removed (short circuiting), the ions are desorbed from the pores of the electrodes (generating concentrate) hence leading to regeneration of saturated electrode materials [START_REF] Ryoo | Improvement in capacitive deionization function of activated carbon cloth by titania modification[END_REF].

The fact that the electrodes can store and easily dissipate charges when needed make them qualified as capacitors. When the charges are stored via a non-faradaic process (no redox peak observed), the capacitor is considered as an electrical double layer (EDL) capacitor while it is considered as a pseudo-capacitor if the carbon material is in combination with transition metal oxides (TMOs) and charges are stored under faradaic condition making adsorption process occurs via redox reaction. Super-capacitors possess a high capacitive ability but the performances are limited by water electrolysis at high voltage (>1. where q = charge (C), V = potential difference (V), t = time (s), I = intensity (A), and v = sweep rate (Vs -1 ). The behavior of electrode materials towards electro-adsorption could be directly obtained from resulting voltammograms.

Principle of Ion Adsorption

The phenomenon of ions adsorption lies on the principle of electrical double layer (EDL).

EDL is an electrode-electrolyte interface that is responsible for ion adsorption. As proposed by Helmholtz in 1883 [START_REF] Helmholtz | Theory of the double electric layer[END_REF]; in EDLCs (Figure 1.3), distribution of charges at the double layer is governed by charge surface accumulation of one sign while the opposite charges are accumulated at the solution side. Helmholtz model predicted a constant capacitance that is independent of the charge density but depends on the dielectric constant of the electrolyte and the thickness of the double layer. The model offers good foundation of EDL but fails to consider factors including diffusion of ions in solution, the possibility of adsorption onto the surface and the interaction between solvent dipole moments and the electrode.

Gouy-Chapman-Stern model made significant improvements by introducing a model of the EDL. Based on the assumption of Gouy-Chapman-Stern model, the double layer can be divided into an 'inner' region and a 'diffusion' region. The inner region is referred to as the Helmholtz layer where ions covered directly onto the surface of electrode while the region farther from the surface is a diffusion layer called the Gouy-Chapman layer or model [START_REF] Bockris | Modern Electrochemistry[END_REF] in which the distribution of electric charge depends on the potential at the surface and as such, the capacitance of EDLCs is not a constant variable but depends on factors such as applied potential and ionic concentration of electrolytes. It is noteworthy to bear in mind that in CDI, since it operates by adsorption phenomenon, that ionic concentration is inversely proportional to double layer thickness thus the lower the ionic concentration, the greater the double layer thickness. With increasing ionic strength, the charge potential on electrode surface tends to decrease as proposed by Gouy-Chapman-Stern model. In concept, ions in the diffused electrical double layer reach the equilibrium between the diffusion and electrostatic force.

Therefore, the electrical double layer thickness L is directly related to the electrostatic forces and diffusion. Since electrical double layer thickness is inversely proportional to the solution concentration with lower concentration, the electric field can extend to a longer distance since the solution is less effective in holding the charge . CDI is a deionization technique that does not require membrane. CDI however has a major challenge of co-ion adsorption as there is no means to screen off oppositely charged ions thus leading to low charge efficiency of the system. There is then a great interest to work on electrode materials to increase overall performance of the system. Additionally, it is an intermittent process-there is a lag of time as adsorption process is limited to the fixed and immobilized electrodes on the current collectors thus limiting adsorption rate. Biesheuvel et al. [START_REF] Porada | Direct prediction of the desalination performance of porous carbon electrodes for capacitive deionization[END_REF] described a thermodynamic model for the CDI charge efficiency improvement i.e. by increasing cell voltage or decreasing the ionic strength of the solution being treated.

b. a. 

Why Capacitive Deionization?

Undoubtedly, RO, MSFD and ED are well established water technologies used for many decades in water desalination. As described above, CDI has the potential to deliver significant operational, infrastructure, and energetic advantages relative to RO. It is a simple technology that is easy to set up, simple cell geometries, cheap operational cost and in terms of energy; it consumes less for brackish water desalination compared to RO. CDI targets solutes (salt ions) from solvent thus requiring little energy of operation. In addition, it makes use of porous materials as electrodes that can be engineered or tailored to carry out specific tasks i.e., water remediation task or research. Figure 1.6 shows the growing interest in CDI related research published articles while table 1.1 shows the historical background of this technology as reported by Wang et al. [START_REF] Zander | Desalination: A National Perspective[END_REF].

Elimelech et al. [START_REF] Couallier | Usefulness of reverse osmosis in the treatment of condensates arising from the concentration of distillery vinasses[END_REF] did comprehensive studies of the energetics of CDI and RO for brackish water. They found out that for RO system, as feed concentration decreases from 600 mM to 10 mM (approximately potable water), the energy requirements for RO asymptotes to 1 kWhm -3 . Thus, at 10 mM, the RO reversible energy requirement is only a small fraction of the total RO energy requirement, as the irreversible losses from pumping water through the RO membrane dominate. By contrast, CDI energy requirements decreases linearly with feed concentration, and so CDI becomes more energy efficient than RO below feeds concentrations of 41, 56, 86, and 207 mM. CDI is then an attractive desalination technique for a.

b.

brackish water desalination especially in the United States where brackish water constitutes over 80 % of the yearly-desalinated water volume [START_REF] Zander | Desalination: A National Perspective[END_REF]. desalting brackish water at a minimal energy level.

Research objectives

This thesis focuses on the development of novel carbon based electrode materials for the improvement of electrochemical water desalination through capacitive deionization techniques by using commercially available activated carbon. In this thesis, activated carbon is chosen as a candidate of interest above other advanced carbon materials such as carbon aerogel, mesoporous carbon, nanoporous carbons etc., because of its readily and renewable available source (biomass), low cost and ease of production of huge quantity of the material.

These advantages make the author believe in the realistic improvement of this material for industrial application as the cost of developing advanced carbon materials could be expensive and the process might be time consuming. However, commercial activated carbon is not without some challenges such as low hydrophilicity, low electrical conductivity, high resistance, low porosity etc. In the light of this, this thesis focuses on improving some of the challenges of commercial activated carbon by developing strategies necessary for its improvement by employing simple doping method.

Herein, the specific research objectives are outlined below:

The specific objectives of this study are as follows:

 To modify successfully AC by doping strategies. This enabled the author to improve the drawbacks of pristine AC by forming composite electrodes. The upgraded properties of fabricated electrodes were proved by physical as well as electrochemical characterizations.

 To achieve higher desalination efficiency by fabricating a laboratory scale flow capacitive deionization cell in order to overcome the drawbacks of a conventional CDI technique.

 To understand and tackle new challenges towards parameters such as carbon loading, viscosity, ion transport and characterize new materials that will be used as flow electrodes in the fabricated flow capacitive deionization cell (FCDI).

Scope of the dissertation

To attain the above objectives, the following topics were investigated:

In Chapter 2, recent development in material aspect of CDI was described and several models of capacitive deionization systems were analyzed. Material aspect of this technology is instrumental for improvement in desalination efficiency in CDI and so far, most research interest is geared towards different strategies of obtaining carbon materials of hierarchical structure and performance; of which the means of achieving these strategies are limited to laboratory scale and as a result, these limitations (as documented in chapter 2) has made the author to improvise and define precisely the objective of this thesis.

Chapter 3, presents all the materials and method that will be essential for realization of the previously defined objectives. To justify experimental observations and achieve the aim of chapter 4, physico-chemical characterizations such as Scanning electron microscope (SEM) was used to confirm the morphology of the commercial activated carbon and its modified forms. Low temperature nitrogen adsorption-desorption isotherm was used to reveal the textural properties and pore size distribution of the materials. This enabled the author to understand the type of physi-sorption and the region responsible for adsorption within the carbon structure. The influence of surface chemistry on adsorption by carbon materials were also justified by Fourier transform infra-red, FTIR (to ascertain the functional finger prints of the samples) and X-ray photoelectron spectroscopy, XPS (to verify the chemical moieties of the materials). Structural properties were studied by Raman spectroscopy and X-ray diffraction (XRD) was used to study the crystallinity of the materials. UV-VIS spectrophotometry measurement was conducted in order to ascertain the shift in the wavelength of absorption. Also, TGA was done to understand the stability of our carbon materials. Furthermore; electrochemical characterizations such as galvanostatic chargedischarge (GCD), cyclic voltammetry (CV), and electrochemical impedance spectroscopy for potential future research were discussed.

Introduction

Porous carbon electrodes are extensively used as capacitors in many applications, including energy storage (electric double layer, supercapacitors), energy generation, and water desalination [START_REF] Yan | Graphene/Polyaniline nanocomposite as electrode material for membrane capacitive deionization[END_REF][START_REF] Johnson | Desalting by Means of Porous Carbon Electrodes[END_REF]. In desalination applications, charging the electrode pair removes significant amounts of salt ions from a liquid electrolyte (such as brackish water), and energy can be recovered when the ions are released into a brine stream [START_REF] Johnson | Desalting by Means of Porous Carbon Electrodes[END_REF][START_REF] Kotz | Principles and applications of electrochemical capacitors[END_REF].

In porous electrode capacitor systems, the electrode pore structure consists largely of nanoscale pores in order to maximize ion storage capacity [START_REF] Humplik | Nanostructured materials for water desalination[END_REF][START_REF] Porada | Water Desalination using Capacitive Deionization with Microporous Carbon Electrodes[END_REF]. However, such a pore structure can limit charge and discharge kinetics by impeding ion transport [START_REF] Kotz | Principles and applications of electrochemical capacitors[END_REF][START_REF] Humplik | Nanostructured materials for water desalination[END_REF][START_REF] Porada | Water Desalination using Capacitive Deionization with Microporous Carbon Electrodes[END_REF][START_REF] Biesheuvel | Nonlinear dynamics of capacitive charging and desalination by porous electrodes[END_REF]. High impedance to ion transport within the pore structure slows the temporal response, and so reduces device power density or increases time required for desalination. To prevent such transport limitations, several studies have proposed and analyzed electrode materials with a hierarchical pore structure [START_REF] Satterfield | Restricted diffusion in liquid within fine pores[END_REF][START_REF] Tsouris | Mesoporous Carbon for Capacitive Deionization of Saline Water[END_REF]. These electrodes typically contain larger diameter pore network for low-resistance ion transport (typically meso-scale pores). These larger pores connect to smaller diameter pores that provide high specific surface areas used for ion storage (typically micro-or meso-scale pores).

Electrode materials for CDI

One of the key factors influencing the overall efficiency of CDI technology is the electrode material aspect. Undoubtedly, electrode is considered suitable for CDI if conditions such as: high surface area, high porosity, good electrical conductivity, good stability, high capacitance, high hydrophilicity, and must be economically feasible for industrial upscale in terms of availability and cost. In light of this, carbon-based materials fit into all the properties but none of them single handedly possess all the criteria/properties needed as high performance CDI electrodes hence various methods are employed to influence the properties of carbon-based materials. Some of the improvements in the material aspect as found in literature are discussed below.

Carbon Electrodes with Various Morphologies and Porosities

Various forms of carbon have been exploited, some of which are: activated carbon (AC), activated carbon fiber (ACF), carbon aerogel (CA), activated carbon cloth (ACC), carbon nanotubes (CNT), graphene (Gr), carbon nanofibers (CNF) etc., [START_REF] Eikerling | Optimized Structure of Nanoporous Carbon-Based Double-Layer Capacitors[END_REF][START_REF] Liu | Fabrication of graphene/activated carbon nanofiber composites for high performance capacitive deionization[END_REF][START_REF] Hou | Development of multi-walled carbon nanotube/poly (vinyl alcohol) composite as electrode for capacitive deionization[END_REF][START_REF] Park | Development of a carbon sheet electrode for electrosorption desalination[END_REF]. In most cases, carbon-based materials are converted to electrodes by making them into dispersion solution and thereafter get deposited or immobilized on a support (current collector) via many methods such as spray coating [START_REF] Sampo | Behaviour of one-step spraycoated carbon nanotube supercapacitor in ambient light harvester circuit with printed organic solar cell and electrochromic display[END_REF], pressure pressing [START_REF] Hou | Preparation of activated carbon sheet electrode assisted electrosorption process[END_REF], blade coating and or electrophoretic deposition [START_REF] Ajay | Deposition & Electrochemical characterization of Multilayer coated electrode material for super capacitor application[END_REF]. Some major limiting factors for instance in AC are in terms of wettability, low porosity, and electrical conductivity. In graphene for instance, its intrinsic property of restacking possesses a major drawback for its independent usage as electrodes. However, in order to improve their efficiencies and other shortcomings, they are often treated both physically and chemically for an efficient ion adsorption capacity. Physical treatments such as thermal application modifications under inert gases (N2, Ar, CO2, etc.) for pores expansion has been employed. Depending on the operating conditions during the thermal process, pore volume and microporous or mesoporous regions of activated carbon are usually influenced under this method [START_REF] Soffer | The electrical double layer of high surface porous carbon electrode[END_REF]. Under chemical treatment, a lot of modifications exist depending on the property to be improved. For instance, surface area can be improved by treating with KOH or NaOH after which it is subject to further thermal treatment [START_REF] Huang | Significantly increasing porosity of mesoporous carbon by NaNH2 activation for enhanced CO2 adsorption[END_REF][START_REF] Teng | High-porosity carbons prepared from bituminous coal with potassium hydroxide activation[END_REF]. With respect to wettability, the introduction of oxygenated functional groups (OFGs) into the surface of activated carbon (increase of surface hydrophilicity) is done as reported in literature through oxidation by acid (i.e., nitric acid) [START_REF] Huang | Desalination by capacitive deionization process using nitric acid-modified activated carbon as the electrodes[END_REF] or oxidizing agents like potassium permanganate (KMnO4) [START_REF] Mopoung | KMnO4 modified carbon prepared from waste of pineapple leaf fiber production processing for removal of ferric Ion from aqueous solution[END_REF].

Hybrid Carbon-Based Electrodes

Hybrid composites of activated carbon with materials of higher performance have been reported in literature [START_REF] Krishnamoorthy | Graphene oxide nanostructures modified multifunctional cotton fabrics[END_REF][START_REF] Xu | Rational design and fabrication of graphene/carbon nanotubes hybrid sponge for high-performance capacitive deionization[END_REF][START_REF] Myint | Fabrication of zinc oxide nanorods modified activated carbon cloth electrode for desalination of brackish water using capacitive deionization approach[END_REF][START_REF] Gang | Hierarchical activated carbon nanofiber webs with tuned structure fabricated by electrospinning for capacitive deionization[END_REF]. Transition metal oxides (TMOs) for instance have been used by many researchers to enhance carbon-based electrode stability, conductivity, and electrochemical performance. Advanced chemical methods like chemical vapor deposition (CVD), ice segregation isolated self-assembly (ISISA), and electrospinning are also being exploited to make 3D carbon of high porosity and conductivity [START_REF] Feng | Capacitive deionization by ordered mesoporous carbon: electrosorption isotherm, kinetics and the effect of modification[END_REF].

Alternative Carbon Source-Based Electrodes

It is of interest to know that the intrinsic properties of carbon materials are based on their methods of preparation and precursors used. Recently, carbon derived carbide (CDC) [START_REF] Huanlei | characterization and energy-related applications of carbide-derived carbons obtained by the chlorination of boron carbide[END_REF] and metal organic framework (MOF) [START_REF] Jian | From Metal-Organic Framework to nanoporous carbon: Toward a very high surface area and hydrogen uptake[END_REF] as sacrificial precursors as well as carbon monoliths [START_REF] Fan | High electroactivity of polyaniline in supercapacitors by using a hierarchically porous carbon monolith as a support[END_REF] have drawn the attention of researchers in CDI. They possess suitable characteristics needed for carbons to be used as electrodes in CDI i.e., high surface area, porosity, and wettability. The performance of resorcinol-based mesoporous carbon (MC) in comparison to that of carbon aerogel (CA) was studied by Tsouris et al. [START_REF] Tsouris | Mesoporous carbon for capacitive deionization of saline water[END_REF] using feed salinity concentration of 1000 mg L -1 and 35,000 mg L -1 , their findings showed that resorcinol-based MC (adsorption capacity of 15.2 mg g -1 ) has higher adsorption capacity over CA (adsorption capacity of 5.8 mg g -1 ). It was suggested that the polymer precursor and the method of synthesis employed conferred higher porosity on MC hence improving adsorption.

Alternative carbon source of high performance based on sacrificial materials i.e., carbon derived carbide (CDC) has attracted attention. CDC reported by Arulepp et al. [START_REF] Arulepp | The advanced carbide-derived carbon based supercapacitor[END_REF] showed excellent volumetric capacitance of 90 F cm -2 for non-aqueous EDL capacitors over commercial AC. AC derived from Fe-MOF in combination with graphene oxide when investigated by Wenhua et al. [START_REF] Shi | High-Performance Membrane Capacitive Deionization Based on Metal Organic Framework-Derived Hierarchical Carbon Structures[END_REF] generated a highly porous and electrical conducting carbon network enabling higher electrosorption (37.7 mg g -1 at feed salinity of 1000 mg L -1 NaCl).

Precursory sacrificial MOFs for AC synthesis usually yields AC of high porosity and specific surface area though this depends on the crystallinity and porosity of the MOF used [START_REF] Chen | From Bimetallic Metal-Organic Framework to Porous Carbon: High Surface Area and Multicomponent Active Dopants for Excellent Electrocatalysis[END_REF].

Carbon Electrodes Modified by Nitrogen Doping

The introduction of nitrogen into carbon i.e., nitrogen doped graphene (NG) has been reported in literature mainly due to the improvement of electrical conductivity as well as increase in specific surface area [START_REF] Xu | Enhanced capacitive deionization performance of graphene by nitrogen doping[END_REF][START_REF] Jeong | Nitrogen-Doped Graphene for High-Performance Ultracapacitors and the Importance of Nitrogen-Doped Sites at Basal Planes[END_REF][START_REF] Stoller | Graphene-Based Ultracapacitors[END_REF]. As further reported, NG tremendously recorded an improved specific capacitance in the range from 140 to 326 F g -1 , much higher than that of pristine graphene (PG) (135 F g -1 ) [START_REF] Stoller | Graphene-Based Ultracapacitors[END_REF]. Yang et al. [START_REF] Yang | Highly nitrogen doped carbon nanofibers with superior rate capability and cyclability for potassium ion batteries[END_REF] improved the cyclability rate of potassium ion battery by intercalation of nitrogen into carbon nanofibers.

Deriving the best compromise for fabricating suitable composite or hybrid electrodes is one of the challenges in CDI and as such, many hybrid electrodes are fabricated to target a particular obstacles or more in some cases. 

Operation modes

Batch mode vs single-pass mode

The desalination performance of CDI/MCDI is evaluated via monitoring the ion concentration change over time. Batch mode [START_REF] Porada | Review on the science and technology of water desalination by capacitive deionization[END_REF].

CDI adsorption/desorption modes

As it is established that adsorption occurs when a constant voltage is applied to the CDI or MCDI cell. This approach is known as constant voltage (CV). An example is shown in Figure 2.1 (a) [START_REF] Ahmed | Flexible 3D Nanoporous Graphene for Desalination and Bio-decontamination of Brackish Water via Asymmetric Capacitive Deionization[END_REF]. In the case of CV in continuous mode, by applying a certain voltage the ionic species are removed from the bulk stream, therefore, the effluent salt concentration falls. This adsorption also results in a high electrical current passing through the system. [5].

During the desorption period, by dropping the cell voltage to zero, the electrodes desorb the adsorbed ions. The rapid depletion of the adsorbed ions results in a sharp peak in effluent salt concentration and electrical current.

It is noteworthy that constant current (CC) approach has recently gained attention due to the fact that the effluent concentration can be adjusted to the desired level by controlling the flow power supply set at a constant current. As a result of adsorption, the voltage increases and when the set maximum voltage is reached i.e. 1.4 V, desorption takes place. The regeneration step can be accomplished at zero voltage. 

Properties affecting electrosorption in CDI

The three main operating parameters affecting CDI processes are the voltage (or the difference of electrical potential), the hydraulic retention time (HRT), and the hydrodynamics conditions.

Difference of Electrical Potential

In CDI process, the difference of electrical potential represents the driving force that moves ions from the bulk to the surface of the electrode (EDL). Hence, the higher the voltage, the faster the adsorption is. However, high voltage can cause faradaic reactions such as water efficiency (CE). For instance, utilization of voltage above 1.4 V can lead to water splitting and the formation of undesirable by-products which can change the solution pH and leads to electrode oxidation. Basically, salt removal is achieved with increasing potential in the range of 0.8-1.4 V [START_REF] Soffer | The electrical double layer of high surface porous carbon electrode[END_REF].

Hydraulic Retention Time (HRT)

Hydraulic retention time (HRT) is the residence time of feed solution (time spent by the influent inside the cell) which is for a given desalination objective (salt removal and fresh water production) and this is purely related to design aspect (cell sizing). HRT can be calculated by the volume of the cell (exclusively for water circulation) divided by the flow rate. The higher the HRT, the higher the salt removal will be (in conditions that the electrodes are not saturated).

Hydrodynamics

The flow configuration selected for a CDI system and the hydrodynamic condition associated are important parameters affecting the desalination performances due to their impact on ions transport from the bulk to the electrode surface. Mass transfer of ions from the feed solution onto the surface of the electrode is governed by electro-migration, diffusion, and advection phenomena. Considering the liquid/electrode interface with one dimensional analysis, three regions can be identified: the bulk or the middle channel, the porous electrode, and the stagnant diffusion layer (SDL) [START_REF] Peters | Analysis of electrolyte transport through charged nanopores[END_REF]. The thickness of the SDL also called Nernst layer is dependent on the convective mixing and turbulence of the bulk stream which affect the ions transport to/from the electrode surface during the adsorption and desorption phases.

Cell geometries, electrode configurations and structural state in CDI

Cell geometry/configuration is one of the many process factors that cannot be undermined in CDI aspect. In light of this, different geometries have been improvised and the two most conventional types of these geometries are highlighted below:

Flow-by CDI

In the conventional flow-by system, a small planar gap is left in between the electrodes (separated by a separator layer) through which water can flow along the electrodes placed parallel to one another. It affords high energy recovery and low energy consumption. The limitation of this design is that it can only desalinate moderate brackish water and it requires long time of operation. In flow-by system, separator must be carefully optimized to minimize cell electrical resistance and volume while allowing sufficiently large area for efficient fluid flow.

Flow-through CDI

In contrast to flow-by CDI, instead of the feed water flowing in-between the parallel electrodes, it is possible to direct it straight through the porous electrodes and parallel to the applied electric field direction, this cell is named flow-through CDI. In this design the feed water is pumped perpendicular to the layered structure that is; straight through the larger pores in the electrodes. This system design offers increase in the kinetics of adsorption by promoting turbulence inside the pores canals and forcing ions to enter in contact with the charged electrode. Major pros and cons of the two geometries are presented in table 2.1

As reflected in Table 2.1 properties and performance of both flow-through and flow-by CDI geometries are related in part to the development of materials to achieve at the same time high capacity and kinetics for efficient desalination. 

Symmetric electrode configuration

This simply refers to the process in which the same electrode material is used in both anode and cathode. Here, the composition of the electrode material in terms of structure, functionalities, textural properties etc., are the same. For comparison in electrode improvement after some modifications, both electrodes (pristine and modified forms) are used in CDI application. However, this configuration has tendency to lose electrochemical stability over a long period of time and also there is a challenge of co-ion adsorption leading to reduced charge efficiency.

Asymmetric electrode configuration

With this system of configuration, the electrode materials are of different composition in the anode and cathode. The difference could be in the surface chemistry, mass, functionalities etc., The significance of this configuration becomes positively effective over the former because it allows non-identical potential changes at both electrodes (cathode and anode) thus resulting in high ion removal capacity and charge efficiency. With this form of configuration, ion selectivity (another application of CDI) is improved.

Electrode Structural state

Morphology importance of electrode material in CDI has been considered as an important feature affecting the performance of ion transport within carbon structure. Here morphology refers to the shape or structure of the material. Due to this factor, there has been rational design of electrode materials of different shapes i.e., tubular like carbon (Carbon nanotubes), monolithic carbon (carbon aerogel), carbon fibers (fibrous morphology makes them to be very porous and due to their network interconnectivity, ions migration within the structure is enhanced) etc. For instance, carbon nanotubes offer tubular form of carbon (tubular carbon) composing mainly of a rolled graphene like sheets. Depending on the arrangement of the carbon hexagonal rings, they could either be multi-walled or single walled nanotubes. Their structures afford high porosity and good electrical conductivity thus influencing positively the performance of CDI when used as electrodes. Carbon monoliths i.e., carbon aerogel have attracted significant attention as a potential candidate in CDI due to their structured microspheres morphology. They possess high specific surface area, good porosity and excellent electrical properties. The controlled morphology of this carbon material depends on the condition of precursory materials and conditions of operation. It has been recently shown that due to the nature of aerogel morphology, they exhibit higher tendency for ion adsorption for monovalent ions of smaller radii over multi-valent ions because of their pore size and shape.

Alternative to CDI

Membrane Capacitive Deionization (MCDI)

The inherent challenge of CDI (i.e. ion co-adsorption yielding low desalting efficiency) led to 

Flow Capacitive Deionization (FCDI)

The major challenge of CDI lies in its ion co-adsorption. This leads to low charge efficiency and low ion adsorption. By incorporating ion exchange membranes, this challenge was overcome and Membrane Capacitive deionization (MCDI) was developed. Nonetheless, solid electrodes employed in CDI/MCDI allow discontinuous electrosorption process (alternative process of adsorption/desorption phases). Additionally, the static mode of operation (as electrodes are deposited and fixed on a current collector) limits the utilization of availability of pores as electrodes need to be regenerated when saturation level is reached. Additionally, porosity of solid electrode material is compromised as the inclusion of a binder (usually PVDF polymer) drastically reduces available carbon pores and also affects the electrode electrochemical behavior. However, in order to bridge the gap of solid electrode usage and discontinuous mode of operation which apparently cannot be overcome by CDI process hence exploitation in the area of slurry electrodes has been of interest and that led to a new cell design with the name flow capacitive deionization (FCDI).

As invented in 2013, FCDI is based on the slight modification of MCDI by using carbon suspension as flow electrodes [START_REF] Jeon | Desalination via a new membrane capacitive deionization process utilizing flow-electrodes[END_REF]. FCDI enables the major benefit relative to conventional shown in Figure 2.3.

In principle, it entails the flowing of suspended carbon electrode (slurry) in a flow path carved on a current collector that is separated between two ion-exchange membranes (CEM and AEM) with salt water running through a spacer. Basically, the guiding principle of operation is the same as that of CDI.

The higher the carbon loading (slurry), the higher the adsorption rate as the network of interaction is increased within the active material thus promoting better electron transport within the carbon network. In FCDI, electrical field is created by the passage of voltage from an external source which drives the ions in the feed saline solution to migrate through the ionexchange membrane, and is eventually adsorbed onto the pores of the suspended carbon slurry electrode. This method proffers a semi-continuous adsorption phase within the cell while desorption takes place outside of the cell (regeneration of the slurry electrode without short-circuiting the cell) [START_REF] Park | Surfacemodified spherical activated carbon for high carbon loading and its desalting performance in flow-electrode capacitive deionization[END_REF].

Fig 2.3. Schematic representation flow capacitive deionization (FCDI) system

In terms of comparison, a preferable amount of charge efficiency is improved in solid electrode as there is a high transfer of current by the current collector to the immobilized electrode unlike the slurry form. Indeed, the charge is slowly transferred to the flowing carbon slurry due to the limiting major component of the slurry (H2O); although at high carbon loading, the carbon slurry electronic percolation or network can be increased to augment this shortcoming but at the expense of viscosity. The consequential effect of increase in the electrode slurry (at high carbon loading) can lead to increase in pressure loss and could lead to clogging of the carbon slurry and also dissipating pumping energy (mechanical) into thermal energy. Exploitation of carbon particles of low size (2-10 µm) and spherical carbons as application in slurry electrodes has also been reported to enable carbon loading and viscosity reduction [START_REF] Yang | Flow-electrode capacitive deionization using an aqueous electrolyte with a high salt concentration[END_REF][START_REF] Kexin | Optimized desalination performance of high voltage flow-electrode capacitive deionization by adding carbon black in flow-electrode[END_REF][START_REF] Cho | Flowelectrode capacitive deionization with highly enhanced salt removal performance utilizing high-aspect ratio functionalized carbon nanotubes[END_REF]. The highest percentage of the slurry composition is water which is a poor electrolyte; hence to achieve a network of good electrical conductivity within the active material (carbon slurry), a compact interaction of electron percolation in flow electrode is desired. As found so far in literature, electrical improvement has been achieved with addition of NaCl [START_REF] Yang | Flow-electrode capacitive deionization using an aqueous electrolyte with a high salt concentration[END_REF], carbon black (CB) [START_REF] Kexin | Optimized desalination performance of high voltage flow-electrode capacitive deionization by adding carbon black in flow-electrode[END_REF], carbon nanotubes (CNT) and functionalized carbon nanotubes additives (FCNT) [START_REF] Cho | Flowelectrode capacitive deionization with highly enhanced salt removal performance utilizing high-aspect ratio functionalized carbon nanotubes[END_REF].

Low resistance in flow electrode is a contributory factor in achieving better results in FCDI.

Yang et al. [START_REF] Yang | Flow-electrode capacitive deionization using an aqueous electrolyte with a high salt concentration[END_REF] studied feed electrode containing high salt concentration and it was revealed that the high resistance created by water (major feed electrode component) was reduced by the addition of 2.44 wt. % of NaCl to the feed electrode hereby enhancing desalination. Effect of CB dosage on internal resistance and high voltage on charge efficiency was also studied by Peng et al. [START_REF] Kexin | Optimized desalination performance of high voltage flow-electrode capacitive deionization by adding carbon black in flow-electrode[END_REF]. It was observed that at higher voltage (4.8 V), desalination rate 0.208 mg/(min•cm 2 ) was achieved while charge efficiency dropped from 92 % to 69.5 % due to Faradaic occurrence. Additionally, electrochemical impedance spectroscopy (EIS) revealed that the internal resistance of the FCDI decreased with increased CB dosage.

FCDI stacks has also been studied by Cheol et al. [START_REF] Yang | Stack Design and Operation for Scaling Up the Capacity of Flow-Electrode Capacitive Deionization Technology[END_REF] revealing that FCDI with five unit cells shows a higher desalination rate compared to single FCDI unit cell. Using two FCDI modules, Gendel et al. [START_REF] Gendel | Batch mode and continuous desalination of water using flowing carbon deionization (FCDI) technology[END_REF] developed a continuous mode of electrosorption process in which 99 % desalination rate was achieved and 90 % water recovery was reported. A new FCDI without the use of IEMs has been demonstrated by Hatzell et al. [START_REF] Hatzell | Capacitive deionization concept based on suspension electrodes without ion exchange membranes[END_REF] to desalt brackish and seawater.

Most FCDI systems are still in batch mode of operation. Report in the continuous mode is sparse in literature. FCDI continuous module employing two CDI set up offers recyclability of feed electrode. with the voltage which is applied in each of the de-ionization modules. The main aim of the converter is to minimize the losses during the transference of energy between the stages.

Undoubtedly, pumping of slurry in FCDI gives room for possibility of additional energy requirement [START_REF] Hatzell | Effect of oxidation of carbon material on suspension electrodes for flow electrode capacitive deionization[END_REF]. Energy recovery up to 83 % in CDI [START_REF] Długołecki | Energy recovery in membrane capacitive deionization[END_REF] and 20 % in FCDI [START_REF] Jeon | Ion storage and energy recovery of a flow-electrode capacitive deionization process[END_REF] have been reported in literature. However, Rommerkershin et al. [START_REF] Alexandra | Energy recovery and process design in continuous flow-electrode capacitive deionization processes[END_REF] using continuous FCDI system was able to recover up to 36 % of applied energy. Junjun et al. [START_REF] Ma | Energy recovery from the flow-electrode capacitive deionization[END_REF] was able to recover maximum energy ratio of 7.6%. Additionally, Jeon et al. [START_REF] Jeon | Ion storage and energy recovery of a flow-electrode capacitive deionization process[END_REF] incorporated salt to the flow electrode easing ionic resistance and confirmed electrical energy recovery of about 20 %.

Studies by Lim et al. [START_REF] Lim | Energy storage and generation through desalination using flow-electrodes capacitive deionization[END_REF] confirmed that improving energy capacity in FCDI can be achieved by increasing the capacity of electrode slurry container and that the feed solution at high salt concentration (salt water) is advantageous in terms of higher capacity for both energy storage and generation compared with feed solution of low concentration (brackish water).

As found in literature, Table 2.2 summarizes the varied parametric conditions in terms of slurry composition, feed solution composition, and operating conditions in FCDI process. 

CDI and FCDI performance metrics

In order to develop a cost effective CDI process, it is essential to identify and understand the effect of the main parameters affecting the electrochemical separation process. By this means we can improve the design aspect as well as operating conditions in order to reach a given objective of efficiency, best compromise in term of capital cost (CAPEX) and operational cost (OPEX). Also, it is essential to define the performance criteria of a CDI system which is briefly discussed below.

Maximum Salt Adsorption Capacity (mSAC)

The concept of this parameter was firstly introduced in 1972 by Sofer and Folman [START_REF] Ajay | Deposition & Electrochemical characterization of Multilayer coated electrode material for super capacitor application[END_REF]. It is related to the mass of ions adsorbed as a function of adsorbent weight. The value of mSAC is expressed in mg of salt adsorbed per g of electrode material and it is calculated using Equation ( 2):
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Where ᶲv is the flow rate of solution in the CDI circuit, Ci is the initial concentration of the solute, Cf is the final solute concentration, and tads is the duration of the adsorption step. The maximum SAC is typically reported as the ratio of maximum weight of salt removal to the total weight of adsorbent, expressed in mg g -1 of electrodes where mg is the amount of salt adsorbed, g is the weight of the adsorbent. It is important to note that the mSAC depends mainly on the intrinsic electrode properties (pore size, surface area, capacitance, surface physico-chemical properties etc.) but also on design consideration (i.e., electrode thickness) and on the electrochemical conditions (voltage, hydrodynamic, feed salinity, etc.). The mSAC can be determined from the evolution of the conductivity, when its variation in function of time becomes negligible. However, as long as the adsorption phase is running, kinetics of salt adsorption becomes lower until reaching the equilibrium. In other word, in a practical point of view, it is not pertinent to reach the mSAC which will require a hydraulic retention time (HRT) that is too high, making the CDI process not favorable in terms of CAPEX.

In summary, mSAC is related to the storage capacity and represents one of the most important parameters for evaluating the performance of an electrode. Considering that CDI is an intermittent process alternating adsorption and desorption phases, the mSAC will directly determine the frequency of changing phases and will impact both CAPEX and OPEX.

For practicality and a general view of mSAC as an indicator index, we could consider that the typical value of mSAC often used as a reference is the one obtained from the AC electrode and it ranges between 3-5 mg g -1 . Such mSAC value is a bit too low for industrial application. mSAC values above 15 mg/g seems appropriate for CDI application [START_REF] Feng | Capacitive deionization by ordered mesoporous carbon: electrosorption isotherm, kinetics and the effect of modification[END_REF][START_REF] Huanlei | characterization and energy-related applications of carbide-derived carbons obtained by the chlorination of boron carbide[END_REF].

Average Salt Adsorption Rate (ASAR)

Average Salt Adsorption Rate (ASAR) is a parameter related to the kinetics of the adsorption process, in other words, how fast ions can be adsorbed onto the electrode per unit of time of the adsorption process. It is defined as:

(

) 3 
The ASAR is expressed in mg/g/min where "min" is the average time in minute for the adsorption or desorption step. Unlike mSAC, ASAR depends on multiple external factors such as flow rate, applied potential, initial feed water concentration, and the cell architecture.

Depending on the objective of treatment, there is a compromise to find in order to minimize the alternation of the adsorption/desorption phases (mSAC) and the ASAR. The most important parameter affecting ASAR is the driving force (difference of potential) but other parameters such as the physico-chemical properties, electrode design, as well as the operating conditions (hydrodynamics, feed solution salinity, etc.) affect desalination kinetics. There is no general reference value to assign for ASAR as it is dependent on factors like feed salinity, product salinity, etc.

Current Efficiency (CE)

The term charge efficiency or current efficiency (CE) was used the first time by Avraham in 2009 [START_REF] El-Khodary | Preparation and Characterization of Microwave Reduced Graphite Oxide for High-Performance Supercapacitors[END_REF]. The charging efficiency of the system also called faradaic efficiency, is the ratio between the electrical charge that serve specifically to adsorbed ions on the total electrical charge applied between electrodes. In other words, CE corresponds to the fraction of current that was really used for desalination. The other fraction corresponds to the ohmnic losses and the current associated to the possible faradaic reactions if the voltage exceeds the potential of water hydrolysis (~1.4 V). CE is defined as follow:
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Where Imin is the minimum theoretical current necessary to remove a given amount of ions (in Amperes), I is the actual applied current, z is the elementary charge on ions, F is the number of Faraday constant (96485 C), Ci is the initial molar concentration of the solute, Cf is the final solute concentration, Vs is the volume of the solution, M is the molar mass of the solute, while is the recorded integral current with respect to time. Current efficiency is an important parameter for evaluating the performance of the CDI system. The higher charge efficiency leads to lower energy consumption. The maximum possible efficiency is the one which would occur when one ion is removed for each unit of charge deposited on the electrodes. Current efficiencies higher than 80% are desirable in order to minimize energy costs. Low current efficiencies indicate water splitting in the diluent or concentrate streams, or back-diffusion of ions from the concentrate to the diluent.

Specific Energy Consumption (SEC)

Energy consumption is one of the biggest hurdles desalination faces. Nowadays, in a worldwide energy crisis context, it seems not pertinent to talk about desalination performances without taking energy consumption into consideration.

SEC is often used to characterize the energy cost of a desalination process. SEC is expressed in kWhm -3 and corresponds to the energy needed to produce one cubic meter of permeate at a desired water recovery. SEC in electrochemical processes can be expressed as the overall electrical power spent relative to one cubic meter produced.
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Where WCDI is the energy supplied, Ƥ is the applied power, t is the time of treatment, and Vperm. is the volume of desalinated water. The CDI process works usually at constant electrical potential (to avoid parasitic faradaic reaction), letting the current varying over time with the degree of demineralization. Equation ( 5) can then be written as follows:

(6)

Where I(t) is the actual applied current (amperes) at a given time, U is the electrical potential, and t is the time of treatment. SEC is also related to CE, Eq. ( 7)

However, because CDI (as well as ED) are focusing/targeting solute instead of the solvent, it seems more pertinent to expressed energy consumption on kWh/kg of salt removed instead of kWh/m 3 . Indeed, in comparison to the other desalination processes, electro separation processes can modulate the desalination rate in function of the treatment efficiency. Just like ASAR, SEC is also dependent on factors like feed salinity, etc.

Electrode Stability (STAB)

Stable recyclability of a CDI electrode reveals the uncompromised electrode-electrolyte interaction over a long period of time which is critical for salt adsorption capacity.

Electrosorption mechanism has to do with ion adsorption and desorption in which the latter leads to electrode regeneration. Various reports have been found in literature in improving electrode stability by incorporation of transition metal oxides to carbon-based materials [START_REF] Myint | Fabrication of zinc oxide nanorods modified activated carbon cloth electrode for desalination of brackish water using capacitive deionization approach[END_REF] i.e. graphene-doped MnO2 showed excellent recycling stability [START_REF] El-Deen | Graphene wrapped MnO2-nanostructures as effective and stable electrode materials for capacitive deionization desalination technology[END_REF], ZnO doped AC shows stable electrode cyclability [START_REF] Liu | Capacitive desalination of ZnO/activated carbon asymmetric capacitor and mechanism analysis[END_REF] and addition of carbon nanotube to ordered mesoporous carbon exhibited high reversibility and electrochemical stability during the Charge/discharge process [START_REF] Li | A comparative study on electrosorptive behavior of carbon nanotubes and graphene for capacitive deionization[END_REF]. Parameters/variables affect the performance of the process from either design or operating point of view. It is important to understand the way of how these parameters affect the performance criteria and how to contro them in order to develop and operate a cost effective desalination process based on electro-sorption. In a first instance, it is necessary to develop/select a good (performing) electrode material as it is at the heart of this technology then electrodes have to be shaped considering formulation (material, conductive additive, binder etc.), fabrication method, and sizing aspect (thickness, surface area etc.). Finally, in addition to the design aspect, operate the process at its best condition is also essential to satisfy the most the treatment objectives. Treatment objective for water treatment processes refer to performance in terms of productivity (volume or flow rate) and quality (feed and product salinity) as well as investment and operating cost (CAPEX and OPEX). 

Introduction

In this chapter, we intend introducing the basic background of the main instruments used for physico-chemical and electrochemical characterizations of our carbon electrodes and also the chemical reagents used in the modifications of carbon materials. Electrochemical techniques for evaluating the capacitive nature of both the pristine and modified electrode materials as well as the parameters to evaluate the electrodes are introduced. Furthermore, understanding of material properties (physico-chemical and electrochemical) and electro-sorption tests enabled us to better comprehend and interpret the results in relation to desalination application in the subsequent chapters. (Millipore) was used throughout in all the experiments.

Carbon based electrode/flow electrode preparation

To prepare solid based activated carbon (AC) electrodes for CDI, PVDF was first dissolved in NMP at room temperature and stirred for 2 h. Then activated carbon powder was added and the carbon slurry was stirred for 1 h and then sonicated for 45 min. The mass ratio of PVDF to AC was 1:8. The carbon slurry was cast by spray coating on to graphite sheet current collector/solid support with an average thickness of 0.357 mm. The coated electrode was dried in an oven at 80 °C for about 3-4 h. The operation is repeated until a mass difference between 0.75-0.85 g is reached which corresponds to the deposited mass of the electrode (carbon slurry).

Graphene Oxide (GO) was synthesized using Marcano's method. Briefly, a total of 5 g of graphite powder and 18 g of potassium permanganate was slowly added to a mixture of 40 mL of phosphoric acid and 360 mL of sulfuric acid. The solution was stirred for 18 h at room temperature, then 3 mL of H2O2 was added. The solution was then filtered and centrifuged (4000 rpm for 10 min) so the supernatant could be decanted away. The mixture was then washed multiple times with 30% HCl and then with distilled water. The obtained GO was placed in an oven for 4 h at 80 °C and GO electrode was made following the aforementioned procedure for AC electrode fabrication.

Regarding reduced graphene oxide synthesis (RGO), 3.7 g of as-prepared GO was mixed with 60 mL of 8 M KOH and sonicated for 2 h. After sonication, it was washed multiple times with distilled water under centrifugation and later dried in an oven at 80 ° C for 2-4 h. The obtained RGO was converted to an electrode following the aforementioned procedure for AC electrode fabrication.

For flow electrode preparation, activated AC of appropriate mass depending on the carbon loading is dissolved in a calculated volume of distilled water and then made to sonicated for 2-3 h. Thereafter, the slurry electrode is stirred on a magnetic stirrer for 1 h prior to desalination experiment in which it is also being stirred during the course of the experiment to keep the electrode wet.

Carbon electrodes characterization

To achieve the objectives of this thesis, the following physico-chemical and electrochemical characterizations were performed with the aid of the following techniques: 

Thermogravimetric Analysis (TGA)

TGA is a thermal analysis that measures the weight loss of a material as a function of increasing temperature. It also offers a scientific technique of monitoring the thermal stability and decomposition patterns of solid materials. In principle, it includes a sample pan that is hand down and supported by a precision balance, and a programmable furnace that can heat the sample at a controlled rate. The TGA instrument continuously weighs a sample as it is heated under the chosen atmosphere (e.g. air, Ar etc.). For sample analysis under TGA, the samples must be completely dried to avoid any interference of moisture at early stages of the test. Figure 3.1 shows the key units of TGA instrument while 

Nitrogen adsorption-desorption isotherms

Carbon based materials are known to have high surface area and porous structure. BET analysis is the most commonly used technique that determines the external surface area of the particles and provide insight into the open pores (e.g. pore size, pore volume, etc.) The measurement is based on BET theory where the exposed surface area of a material is determined by the amount of physical adsorption of a gas on the surface. In BET analysis, N2

is typically used due to its strong interaction with solids and the availability in high purity.

Before samples are measured, a degas process is necessary to remove the pre-adsorbed gases and vapors reside in the material. BET monitors the pressure change during the adsorption process. Once the surface of the sample is saturated with the adsorbed gas molecules, the sample is removed from N2 and the adsorbed N2 is released and quantified upon heating. The profile of the N2 adsorption-desorption is presented in the form of a BET isotherm where the amount of gas adsorbed is plotted against relative pressure. According to IUPAC standard, pores of materials are classified into micropores (pore size below 2 nm), mesopores (pore size between 2 -50 nm) and macropore (pore size above 50 nm). Also, based on IUPAC classification, profile of N2 adsorption-desorption isotherms is categorized into four types (type I-IV) as shown in Figure 3.2. Briefly, Type I typically refer to microporous material with the exposed surface area almost exclusively inside the pores; Type II are usually observed for materials of little porosity or macroporous solid; Type III refers to non-porous material with weak adsorbent-adsorbate interaction. Types IV with a hysteresis loop commonly associated with mesoporous material. Type V and VI isotherms are similar to Type III with weak adsorbent-adsorbate interaction except that the pores are mostly mesoporous. In this research, adsorption-desorption isotherms and specific surface area measurement was done under N2 by using Brunauer-Emmett-Teller (BET) method (Micromeritics 2020 ASAP, Merignac, France). From the summary report of adsorption/desorption isotherms, the following parameters such as total pore volume (Vt) was calculated from the amount adsorbed at a relative pressure (P/P°) of 0.99, was the mesopore volume (Vmeso) was calculated by the Barrett-Joyner-Halenda (BJH) model and the e specific surface area was obtained from the Brunauer-Emmett-Teller (BET) method at 77 K. 

X-ray Photoelectron Spectroscopy (XPS)

XPS is a surface-sensitive quantitative spectroscopic technique employed to investigate the surface chemical composition of materials. The technique is based on the photoelectric effect where an incident X-ray photon hits the sample, interact with a core electron, and result in the ejection of the electron from the atom as shown in 

X-ray Diffraction (XRD)

XRD is a technique commonly used to identify the crystallinity of materials. It functions by shooting a high energy electron beam to a metal plate to generate X-rays. Then the X-rays pass through a slit and hit the sample from a certain angle. During an XRD test, a series of angles will be tested by changing the X-ray arm and the scattered X-rays from the sample surface further hit a photographic film and get counted. For crystalline materials, some of the rays will pass through the lattice while others hit the atoms and get scattered. The structures of crystals (e.g. lattice spacing) can thus been identified by this machine. X-ray diffractometer (XRD Pan Analytical X'pert Phillips, Lelyweg, EA Almelo Netherlands) with Cu Kα radiation λ = 0.15406 nm at 40 kV and 30 mA) was used to study the crystallinity and graphitic layer development of the materials used in this research.

Raman Spectroscopy

The structural properties and defects detection in the electrode materials were studied by Raman spectroscopy using a 532.4 nm laser (HORIBA Xplora, Minami-ku, Kyoto, Japan).

Briefly for Raman analysis, few milligrams of carbon electrode (in powdered form) were deposited on a glass slide and then gently flattened on the surface using another glass slide. This is thereafter placed under Raman microscope for detection and focusing. After, laser light is passed on to the detected carbon under microscope and thereafter set into Raman mode for defect detection. In all cases, Raman wavelength was fixed between the range of 800-2000 cm -1

Viscosity

Rotational tests for dynamic viscosity of the slurry materials were carried out with rheometer. For this determination, dynamic light scattering technique was used. In principle, it works on the concept that when a beam of light is scattered by a group of particles, the angle of light scattering is inversely proportional to particle size (i.e. the smaller the particle size, the larger the angle of light scattering). For the carbon materials in this research, the average size of their particles was measured by Anton Paar litesizer (Anton Paar GmbH, Graz, Austria).

Zeta Potential

Zeta potential reveals the property of particles in suspension or dispersion in terms of their stability. Also, it is a key parameter that gives information about the level or magnitude of electrostatic repulsion or attraction between particles in suspension or dispersion under electric field. Based on electric double layer theory, charged particles in a suspension will attract a lay of tightly bounded counter-ions and another layer of loosely bounded ions forming the diffuse layer. An example of a negatively charged particle in a suspension is shown in Figure 3.7. The diffuse layer has certain ionic mobility and travels with the particle and those outside remain stationary and the boundary in between is the so called slipping plane. Zeta potential measures the potential difference between the particle surface to the slipping plane. In this research, zeta potential of slurry electrodes is determined in liquid media using Anton Paar litesizer (Anton Paar GmbH, Graz, Austria). Briefly for the zeta potential measurement, few drops of slurry electrode suspension is placed in a cuvette and then inserted inside the machine. After, the machine is programmed to operate under electric field and zeta potential reading is recorded. 

Water Contact Angle (WCA)

Water contact angle was performed to reveal the surface interaction of the solid electrode. For WCA measurement, carbon electrode already deposited on a support was placed under a micro-syringe for water injection or droplet. Few drops of distilled water (DI) was dropped on the surface of the electrode for few seconds and immediately captured by a camera as it spreads. The capture images were treated with a software Image J for WCA reading

Cyclic Voltammetry (CV)

CV is a type of electrochemical technique commonly applied for the investigation of capacitive materials or various electrochemical reactions. In CV test, the potential of working electrode experiences a linear ramp within a certain time, and the ramp is reversed back to the initial potential within the same time period. During the process, the response current is measured and plotted against the applied potential, forming a closed curve as shown in Figure 3.8. In this research, electrochemical performance of the AC and modified AC electrodes was investigated with cyclic voltammetry (CV) using Origalys Potentiostat (OGF01A, Origalys Electrochem SAS, Les Verchères 2, Rillieux-la-Pape, France) in a three electrode system at an operating window from -0.2 to 0.2 V / -0.4 to 0.6 V vs. ref in 0.5/1.0 M NaCl at the scan rate of 2-10mVs -1 . CV was conducted using carbon electrode deposited on graphite supporting sheet (exposed surface area of 1cm 2 ), platinum mesh and 3 M KCl, Ag/AgCl as the working, counter and reference electrodes respectively.

The double-layer capacitance was determined using cyclic voltammetry at different scan rates

by considering the open circuit potential (OCP 0.1 V vs. ref) of the charging and discharging currents. The determined double-layer capacitance of the system is the average of the absolute value of the slope of the linear plot of the charging and discharging regions fitted to the data.

C as the specific capacitance (F g -1 ) was then determined considering the mass (g) of the active material on the electrode surface (1 cm 2 ) using Eq (1

) i = υ CDL. ( 8 
)
For an ideal capacitor Q = CV, thus by differentiation i = C υ, where υ is the scan rate.

The double-layer charging current i is equal to the product of the scan rate υ, and the electrochemical double-layer capacitance CDL. 

Electrochemical Impedance Spectroscopy (EIS)

EIS is an electrochemical tool that reveals the intrinsic resistance of a material when in contact with an electrolyte. Result emanating from EIS consists of a real and an imaginary part. When the real part is plotted as the X-axis and the imaginary part is plotted as the Y-axis of a chart; it is called "Nyquist Plot". An example of a Nyquist plot is shown in GCD is another technique that can be used to determine the capacitive nature of a material and it is also used for cycling stability test. In GCD test, charge and discharge are performed by applying a constant current until a certain set voltage is reached. The capacitive nature of the materials can then be determined from the emanating curves from this process. In this research, GCD was performed at a constant current density of 0.1 A. g -1 within a potential window of 0-2.5 V. It was conducted by a carbon electrode deposited on a graphite sheet (1cm 2 surface area), platinum mesh and 3 M KCl, Ag/AgCl as the working, counter and reference electrodes respectively. It was performed using Origalys Potentiostat (OGF01A, Origalys Electrochem SAS, Les Verchères 2, Rillieux-la-Pape, France)

Four Point Probe Conductivity Measurement (Electron Mobility Measurement)

This is one of the most important techniques to verify the conductivity of semiconducting or conducting materials. The four-point probe method is one of a most efficient and accurate way of measuring the bulk conductivity of materials. As shown in Figure 3.10, the apparatus consists of four equally placed tungsten metal tips as electrodes that made to contact the surface of the sample during the test. A current is then passed through the outer two probes and the voltage across the inner two probes is measured. For measuring the bulk conductivity of the materials used in this research. Hall effect for electron mobility was performed on fourpoint conductivity probes system using Bio-Rad HL5500PC (Hall Polaron, Germany). The four-point probe measurement was done following the procedure: Briefly, the carbon electrode deposited on a graphite sheet with an area of 1 cm 2 was placed on a white plastic sample support. Before this, the difference in thickness of the graphite was measured before and after sample deposition in order to ascertain the thickness of the sample deposited.

Thereafter, the four probes were set and fixed at a particular position to maintain regular contact when placed upon the sample support and the Hall effect software was launched in order to take the resistivity values. After this, electron mobility measurement was carried out by replacing the four probes with hall probe (a giant bar made to focus on the sample support for few seconds approximately 30-40 s) to create magnetic field on the sample. As this is going on, the corresponding current and Hall voltage are recorded by a software after which the electron mobility value is displayed 

FCDI Performance indicators

In general, the performance matrices of FCDI for each experimental run are assessed in terms of the following performance indices:

In FCDI, the salt removal rate (SRR), is defined as the amount of salt adsorbed (in mg) per feed solutionfeed electrode contact area (A in cm 2 ), per unit time (in min), and was calculated by Eq. ( 8):

(

) 8 
Where SRR (mg/min.cm -1 ) is the salt removal rate, and are the initial and final equilibrium conductivity of the feed solution in mg L -1 , is the volume of the feed solution (L), A is the area (cm 2 ), and t is the duration of the FCDI experiment (min).

Desalination efficiency (%) was calculated using Eq. ( 9):

Maximum salt adsorption capacity mSAC, Q (mg g -1 ) is defined by the mass of salt removed or abstracted to the deposited total mass of electrodes including binder (PVDF) and addictive (RGO) and it is expressed by equation [START_REF]Market Insight: GlobalWater Market in[END_REF].

Q = ( 10 
)
Where m is the total mass of the deposited electrode (g).

Charge efficiency (CE) is expressed as the ratio of moles of salt adsorbed to the coulomb of charge that is supplied to the system and was calculated according to Eq. ( 11): [START_REF] Belatoui | Environmental effects of brine discharge from two desalination plants in Algeria (South Western Mediterranean. Desal[END_REF] Where is the equivalent charge of the ions (in our case, it is equal to 1), is the Faradaic constant and is the integrated quantity of charge passed to the system as a function of time.

Energy consumption was calculated using the specific energy consumption (SEC) in kWhm -3 which the energy is used in kWhm -3 of desalinated water. SEC was calculated by Eq. ( 12):

(

) 12 
Where is the energy consumption (J) calculated using the equation E = ʃIVt where is the current (A), is the voltage (V) and is time (s). c is energy conversion constant equals to 2.77778x10 -7 , and is the volume of the feed saline solution in m 3 .

Fluid behavior of our slurry in FCDI was investigated using Reynolds number which is inversely proportional to viscosity and it was calculated using Eq. ( 13)

: e R D    ( 13 
)
Where  is the density of flow-electrode,1.06 gcm -³;  is the velocity of flow-electrode in flow channel, 0.123 ms -1 ; D is the hydraulic diameter of the flow channel, 2.6 mm; η is the coefficient of viscosity of flow-electrode which is a function of shear rate at 25 o C.

Average salt adsorption rate ASAR (mg g -1 min -1 ) is defined as the ratio of maximum salt adsorbed to the time of adsorption. It is related by equation 4 below.

ASAR = (14)

Where Q is in mg g -1 and t is the time in minute

Conclusion

In this chapter, we have shown the various instrumentation for carbon characterizations. The relevant techniques helped us in characterizing the effect of changes on the morphology, textural properties and electrochemical behavior of both the pristine and modified carbon

General Introduction

In this chapter, a well detailed information regarding the physico-chemical properties and electrochemical characterizations of the fabricated activated carbon electrodes and slurry electrodes are discussed.

In the first part of this section, we discussed in details the modifications made to solid based electrodes by improving the wettability and electrical conductivity challenges of commercial AC. To achieve this feat, we synthesized graphene oxide (GO) and reduced graphene oxide (RGO). The synthesized materials were characterized and used to modify pristine AC.

The second part is dedicated to slurry or flow electrodes using FCDI technique. Here, we verify the viability of pristine AC as flow electrode at moderate weight percentage and further tested its modified forms.

Overview of pristine AC modified with graphene oxide (GO)

This section discusses the physico-chemical properties and electrochemical characterizations of the fabricated activated carbon and modified activated carbon electrodes by graphene oxide. Here, various characterization analyses are used to evaluate the specific surface area, pore size distribution, surface functional groups, and specific capacitances of the pristine and modified carbon electrodes. Sequel to the analyses, the author was able to evaluate the properties of the electrodes in comparison to what is reported in literature. Furthermore, most of the knowledge garnered has been used in the subsequent chapter 5.

Some of the results provided in this section have been published in Materials 2020, [START_REF] Sajjad | Electrodialysis desalination for water and wastewater: A review[END_REF] Both AC and its composites are of irregular shapes. 

Nitrogen adsorption-desorption isotherms

Specific surface area was carried out by Brunauer-Emmett-Teller (BET) method to investigate the adsorption nature of the materials under N2, verify the pore size distribution of the

5µm 5µm 5µm 5µm 5µm 5µm a) b) c) f) e) d)
electrodes and the effect of the binder (PVDF) on the specific surface area. Adsorption behavior and pore size distribution of the pristine and modified electrodes were compared as shown in Figure 4.1 (a) and (b). There was a sharp decrease in the specific surface area of the activated carbon (AC) powder possibly due to the incorporation of both PVDF and graphene oxide (GO) as presented in table 4. From Figure 4.1 (a), it is evident that all isotherms are in the shape of typical IUPAC type II [START_REF] Thommes | Physisorption of gases, with special reference to the evaluation of surface area and pore size distribution (IUPAC Technical Report)[END_REF] as the hysteresis loops occurred between 0.4-0.8 P/P° relative pressures for all the materials. Pore size distribution as shown in Figure 4. 1 (b) indicates the volume of pores accessible for a molecule or ions of particular size and shape. The Water Contact Angle (WCA) of the fabricated electrodes (AC and AC/GO-x) was measured to examine their wettability characteristics. Interestingly, all composites have an interesting hydrophilic property over the pristine AC electrode. This is possibly due to the addition of a graphene oxide (GO) that converts the highly hydrophobic PVDF binder (see however, when graphene oxide was added to augment this compromise, the hydrophilic nature of the electrode was improved. It is somewhat difficult to capture all the WCA of the composites, as the water dropped on the surface of the materials spread rapidly when in contact with them, hence limited images were captured. 

Raman analysis and X-ray Diffraction (XRD) investigation

Raman analysis was performed in order to understand the defect that might have occurred on the lattice of pristine AC due to the addition of GO. As shown in Figure 4.1.2 (d), all the electrode materials conformed to the D-band at 1350 cm -1 due to the disordered graphite (out of plane vibration) and the G-band at 1580 cm -1 due to ordered graphite (in-plane vibration) [START_REF] Dong | Electrospun Composites Made of Reduced Graphene Oxide and Activated Carbon Nanofibers for Capacitive Deionization[END_REF]. Intensity ratio (R = ID/IG) in Raman gives us information of the level of defect present in any carbonaceous material. The intensity ratio of our pristine AC was 1.04 while that of GO is 1.25 (this intensity is high due to the effect of exfoliation process involved in making GO while that of AC might be due to industrial method of synthesis). A slight increase of defects was observed in the composite AC/GO-x (x = 5, 10, 15 and 20 wt. % GO) with a range of intensity ratio of 1.02-1.17, indicating a low degree of graphitization (a low level of graphitic domain) in all of the materials [START_REF] El-Khodary | Preparation and Characterization of Microwave Reduced Graphite Oxide for High-Performance Supercapacitors[END_REF]. 
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XRD was used to understand the amorphous or crystalline nature of AC and composite electrodes. For a typical crystalline carbon material, a sharp diffraction peak was observed at 2 θ = 25 and 45 ° corresponding to the 002 and 100/101 planes [START_REF] Konwar | Sustainable synthesis of N and P co-doped porous amorphous carbon using oil seed processing wastes[END_REF], respectively. As evident in Figure 4.1.2 (c), broad and diffuse diffraction peaks were observed for the as prepared AC and its corresponding composite electrodes, indicating a low degree of crystallinity and graphitic structure of the materials which corroborates with Raman analysis. The crystallinity of the AC in the composite was not enhanced by the addition of crystallized GO, which was made evident with a sharp diffraction peak at 10.0 ° (typical diffraction peak of a crystalline GO) [START_REF] Dong | Electrospun Composites Made of Reduced Graphene Oxide and Activated Carbon Nanofibers for Capacitive Deionization[END_REF]. No diffraction peak of GO was observed in all the composites due to its high dispersity [START_REF] Dong | Electrospun Composites Made of Reduced Graphene Oxide and Activated Carbon Nanofibers for Capacitive Deionization[END_REF].

The XRD peak of graphite was observed at 2 θ = 26.6 ° while after oxidation (exfoliation), new peak of GO at 2 θ = 10.0 ° was observed as shown in Figure 4.1.2 (b). Using Bragg's law (nλ = 2dsinθ), where n is 1, λ is X-ray diffraction (0.1541 nm), θ is the angle of diffraction in the degree and d is the inter-planar distance between graphite layers. The inter-planar distance of graphite and GO was calculated to be 0.3 nm and 0.9 nm respectively. This shows that there was an increase in the inter-layer spacing in the graphite layer due to the introduction of oxygenated functional groups via chemical oxidation [START_REF] Shen | One step hydrothermal synthesis of TiO2-reduced graphene oxide sheets[END_REF]. There was no difference in the inter-layer spacing of pristine AC and its composites (d002 = 0.35 nm and d100/101 = 0.21 nm). In a typical carbonaceous material, i.e., graphite, the interlayer distance between two adjacent sheets as calculated was 0.33 nm [START_REF] Shen | One step hydrothermal synthesis of TiO2-reduced graphene oxide sheets[END_REF] but that of our AC and its corresponding composites at 2 θ = 25 ° which corresponds to an interlayer distance (d002) is 0.35 nm suggesting a disordered carbonaceous interlayer graphitic material; a result corroborating Raman analysis. Figure 4.1.2 (a) shows the XRD pattern of pure PVDF binder but when dispersed in NMP (solvent), it became amorphous and could hardly be detected [START_REF] Nishiyama | Effect of solvents on the crystal formation of poly (vinylidene fluoride) film prepared by a spin-coating process[END_REF] (see 

X-ray Photoelectron Spectroscopy (XPS)

Further investigation of GO influence on the surface chemistry of the composites was revealed by XPS analysis. For investigation one of the AC/GO-x was chosen and compared with pristine AC and the additive (GO). 

Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) curves of AC and its composite electrodes are shown in Figure instability of EDL and poor capacitive nature of the electrodes at high scan rate. Clearly, the AC/GO-15 composite electrode had a higher charging rate and faster ion transport than AC and its counter-part electrodes, possibly due to enhanced hydrophilicity that enables easier surface interaction, thus yielding low ion resistance and better reactivity of the electroactive species caused by the addition of GO at this proportion. Using Eq.1 (see chapter 3) and Figure 4.1.4 (d), calculated EDL capacitance and specific capacitance of all the electrodes are shown in Table 4.1. The calculated specific capacitance of the electrode is in the range of similar electrodes reported in literature [START_REF] Bryan | Hydrothermally driven transformation of oxygen functional groups at multiwall carbon nanotubes for improved electrocatalytic applications[END_REF]. rate (mVs -1 ). The determined double-layer capacitance of the system was taken as the average of the absolute value of the slope of the linear fits to the data [START_REF] Bryan | Hydrothermally driven transformation of oxygen functional groups at multiwall carbon nanotubes for improved electrocatalytic applications[END_REF]. 

Conclusion

As earlier discussed, graphene oxide was synthesized and subsequently combined with commercial AC to influence its surface chemistry. Based on our findings and according to XPS, increment in oxygenated functional groups (OFGs) of the modified electrodes was observed and a correlation between this factor and electrochemical properties of the modified electrodes was rationalized. Although, improvement in electrochemical properties was observed due to enhanced wettability that affords higher and easier surface interaction (electrode/electrolyte) thus promoting ions diffusion into the pores of the carbon electrodes but at the expense of porosity and specific surface area reduction.

Overview of pristine AC modified with reduced graphene oxide (RGO)

This section discusses the physico-chemical properties and electrochemical characterizations of the fabricated activated carbon and modified activated carbon electrodes by graphene oxide. Here, we fabricated hybrid of activated carbon composites by direct mechanical mixing with reduced graphene oxide (RGO). The effect of the additives at different combination ratio was verified. Evaluation of the physico-chemical and electrochemical properties of the as synthesized composites enabled the author to understand and rationalize the link of the additive ratios to ion transport within the carbon structure. Sequel to the analyses, the author was able to evaluate the properties of the electrodes in comparison to what is reported in literature. Furthermore, most of the knowledge garnered has been used in the subsequent chapter 5. Using Bragg's law (nλ = 2dsin θ), where n is 1, λ is X-ray diffraction (0.1541 nm), θ is the angle of diffraction in degree and d is the inter-planar or layer spacing between graphite layers. The inter-layer spacing, i.e., the distance between the adjacent sheets or layers was calculated to be 0.9 nm for GO and 0.36 nm for RGO. This shows that after chemical reduction using KOH, there is a decrease in the inter-layer spacing in the graphitic layer of Attempt to identify the functional groups of GO, RGO, AC and its composites were done via FTIR (Fig. 4.2.2 b). The peak at 3700 cm -1 is associated with the -OH stretching of alcohol/phenol [103, 104] which was significantly reduced in RGO on comparison with GO.

The peaks present at 1720 cm -1 is due to C=O of carbonyl group and it's seen to be most pronounced in GO which is abundantly rich in oxygenated functional groups and also more obvious in all the composites than in AC. The peak at 1382 cm -1 is due to C-H stretching.

In 

Thermogravimetric analysis (TGA)

To understand the stability of GO and RGO, thermogravimetric analysis (TGA) was done under nitrogen and GO in Figure 4.2.4 shows a significant weight loss (6.5 %) at 179.6 °C while little weight loss (1.2 %) is observed for RGO at this temperature. There is a probable evaporation of adsorbed water molecules at temperature below 180 °, leading to instability in the nature of GO. The significant weight loss between 179-300 °C is probably as a result of the decomposition of oxygenated functional groups (OFGs) to H2O, CO2 and CO gases [105]. 

X-ray photon spectroscopy (XPS)

Textural properties of electrodes

In the present work, AC and AC/RGO-x (x = 5, 10, 15 and 20 wt. % of RGO) electrodes were synthesized for usage as active phases of CDI, and then there is a great interest to determine and compare their textural properties. Figure 4 

Electrochemical property

Electrochemical behavior of the pristine AC and composite electrodes were carried out using cyclic voltammetry (CV) at potential window of -0.4 -0.6 V (to ensure electrochemical stability of the electrolyte and prevent water splitting i.e. oxygen and hydrogen evolution) and different scan rates in order to investigate the influence of the additive at different ratio. The experiment was conducted in 0.5 M NaCl aqueous solution. CV is an important technique carried out to understand the adsorption behavior and capacitive nature of carbon based materials.

CV curves show symmetrically pseudo-rectangular shapes with no obvious peaks indicating the capacitive behavior (Electrical double layer capacitors) [START_REF] Folaranmi | Comparative Investigation of Activated Carbon Electrode and a Novel Activated Carbon/Graphene Oxide Composite Electrode for an Enhanced Capacitive Deionization[END_REF]. By comparison of the CV curves of the composites with the pristine AC in KCl Ag/AgCl (OCP) is plotted against a range of scan rates (2-10 mV s -1 ). The EDL capacitance (CDL) is taken as the average of the absolute value of the slope of the linear plot of the charging and discharging currents fit to the data according to Eq. ( 1) (see chapter 3).

The calculated EDL capacitance (CDL) of all the electrodes is presented in Table 4.3. From the table, it can be seen that the dominating contribution of RGO at the ratio of 5 wt. % is more prominent in the electrochemical performance (highest CDL) of AC/RGO-5 possibly due to the fact that the dopant level at this ratio offers a synergetic effect by creating a well interconnected network structure within the RGO sheets thus providing conductive bridge for AC that enables faster transport of ions to its pores. Although the specific surface area (SSA)

of AC/RGO-5 is lower in comparison to other composites, yet its capacitance is higher;

showing that SSA is not the only contributing factor for higher electrochemical performance.

Galvanostatic charge-discharge (GCD) was also performed to ascertain the reversibility nature of the electrodes. As shown in Figure 4.2.7 (c), the symmetrical triangular shapes of GCD without any form of deviation show clearly that the storage mechanism is dominantly EDL in nature and that all the electrodes are reversible. Additionally, the largest size of AC/RGO-5 under the curve corresponds or indicates its high specific capacitance [START_REF] Bryan | Hydrothermally driven transformation of oxygen functional groups at multiwall carbon nanotubes for improved electrocatalytic applications[END_REF].

In order to further understand the effect of the additive, electron mobility behavior of the electrodes was studied on a four probe system and in all cases, AC/RGO-5 possessed an overall electron mobility characteristic. The electron mobility values of AC, AC/RGO- synthesis as against the method adopted by our group are found in literature [112][113][114][115].

Undoubtedly, the method of synthesis and thermal pre-treatment affect functionality (functional groups, textural and electrochemical properties) of carbon based materials [START_REF] Tsouris | Mesoporous Carbon for Capacitive Deionization of Saline Water[END_REF].

Using thermally pre-treated AC, Lanshu et al. [112] reported electrochemical studies of free standing AC/RGO composites with an outstanding specific capacitance of 207 F g g -1 . Qiang 

Conclusion

As earlier discussed in this section, reduced graphene oxide (RGO) was synthesized and subsequently combined with commercial AC to influence its electrical properties. Based on the physico-chemical and electrochemical characterizations of the hybrid electrode materials, our findings showed that the conductance and electron mobility of the hybrid electrode at a particular ratio exhibited the most improved electrochemical properties. This behavior accounts for a synergetic effect of the additive in AC structure by creating a well interconnected network providing conductive bridge for AC thus enables faster transport of ions to its pores. However, the RGO tends to agglomerate due to the dense restacking of its sheets and as a result affects AC porosity and specific surface area but its presence nevertheless, offers improved electrical conductivity with AC structure at a certain level.

As earlier explained in chapter 2, the inherent challenge of co-ion adsorption led to the invention of MCDI in which ion exchange membranes are aligned in front of each electrode to prevent undesirable attraction of ions carrying the same charge as the electrode. However, this variant technique did not overcome the fundamental challenge of discontinuous electrosorption process (alternative process of adsorption/desorption phases). Also, limitations of ions adsorption tend to arise as electrodes get easily saturated due to fixed surface area of contact between electrode and electrolyte. In order to overcome this challenges, flow electrode was improved in which carbon electrode is in constant flowing state thus allowing unlimited active sites for adsorption.

Although flow electrode offers unparalleled or exceptional desalination over conventional CDI/MCDI, the challenge of clogging at high carbon feed in the cell is a growing concern. As a result, most FCDI operation is limited to either low or moderate carbon loading. As a way of improving the adsorption capacity/salt removal rate of flow electrode at moderate loading (10 wt.% carbon electrode), we have for the first time verified the effect of ground commercial activated on its physico-chemical properties and tried to make a link on how this effect could improve its electrosorption. Also, we compared these properties with that of normal activated carbon.

Overview of superfine AC as viable flow electrode in FCDI

This section discusses the physico-chemical properties of superfine AC as a potential flow electrode. Here, we modified a bit the particle size of commercial activated carbon by ball milling process. This process enabled the grinding of large particles AC into generation of AC having smaller and finer particles hence the name superfine AC. The effect of mechanical grinding on the morphology, rheology, textural properties and other physical properties are discussed and most importantly, knowledge garnered in this aspect enabled us to evaluate the effect of this process on rheology in relation to desalination application is well detailed in the subsequent chapter 5.

Some of the results provided in this section will soon be been published in desalination journal 2021, as below:

Investigation of superfine activated carbon as a viable flow electrode in capacitive deionization.

Francois gbenro.folaranmi@etu.umontpellier.fr (G.F.) ; philippe.sistat@umontpellier.fr (P.S.) ; marc.cretin@umontpellier.fr (M.C.)

Result and discussion

Physico-chemical properties of superfine AC and pristine or normal AC are discussed; effect of ball milling (grinding) on the particle size, morphology and textural properties of superfine AC in comparison to normal AC as flow electrodes is discussed as shown below:

Characterisation of superfine carbon electrodes in FCDI

Scanning electron microscopy (SEM)

The morphology of AC and superfine (SFAC) were examined by field emission scanning electron microscope (FESEM). As shown below in 

Structural properties

The structural properties of the samples were investigated by Raman and X-ray diffraction spectroscopy. Raman spectroscopy analysis was done to investigate the effect of grinding on the structure of the carbon lattice. All carbon materials have characteristics features at 1350 cm -1 and 1590 -1610 cm -1 corresponding to D and G bands respectively. D band arises from a defect that is based on out of plane vibration structural while G band relates to the ordered structure of graphite crystals [START_REF] Thommes | Physisorption of gases, with special reference to the evaluation of surface area and pore size distribution (IUPAC Technical Report)[END_REF]. No Raman shift was observed in all cases as made evident in Figure 4.3.2 (a). Also, based on the values of intensity ratio (R=ID/IG)) which is used to observe the level of disorder in carbonaceous materials, SFAC showed no significant difference in defect on comparison with normal AC (SFAC, R = 1.2; normal AC, R = 1.0). This shows that grinding does not affect the structural arrangement in our carbon lattice. . The band at 2200 cm -1 can be assigned to N-N stretching [115,116]. The peak at 1450 cm -1 is due to C-H stretching while the peak at 1022 cm -1 is associated with C-O bond from esters and ethers [117]. In all cases, there seem to be no obvious significant peak reduction in the functional groups of all the samples. This shows that the surface chemistry was preserved and grinding has no effect on it.

In the same vein, further probe by XPS showed no band reduction of the functional groups in SFAC on comparison to normal AC. Furthermore, and according to XPS analysis, the atomic percentage of both SFAC and PAC for C1s and O1s is the same (C1s = 94.80 %, O1s = 5.20 %). 

Textural Properties

The textural properties of AC and SFAC were verified and compared as presented in Table 4.4. No significant difference in effect of grinding was observed on the specific surface area of 30 and 60 min SFAC but at 90 min, an increase in the specific surface (SBET) of the material was observed. This could be due to the fact that greater percentage of less aggregated particles are present and making it more available for adsorption. Also, there could be generation of higher porosity at this grinding time. From SFAC increases with increasing grinding. Reduction in particle size is associated with higher particle numbers thus with small particles, there tend to be increase in the number of intraparticle interactions and consequently an increase in resistance to flow; a dominating factor at low shear rate [119]. This effect becomes less significant as shear rate increases; intra-particle interactions become relatively less effective. Also, reducing particle size has a significant positive impact on surface area of contact between liquid and solid phases; resulting in additional energy dissipation due to friction hence increasing viscosity. As for normal AC, its lower viscosity is as a result of its high aggregation due to its large particle size. Also, viscosity decreases with increasing particle size distribution (PSD) [120] and as shown in particles have free space for individual particle to move around with ease and as such, flow easily thus implying lower viscosity.

Zeta potential measurement is related to the charges of particles in dispersion or suspension.

This factor is also associated with electrostatic repulsive forces between particles under the influence of electric field. An increase in this repulsive force (increase in zeta potential) prevents particles aggregation. Dispersion with high magnitude of zeta potential will induce a weak electrostatic attraction between particles and consequently a high viscosity of the slurry.

Slurries prepared with low size particles are expected to have these characteristics as they are loosely bound (inter-particle interaction reduces as repulsive force increases; leading to increase in zeta potential). Furthermore, as the surface charge of particles increases due to increasing zeta potential, the thickness of the electric double layer (EDL) increases hence making room for higher ion adsorption (stable suspension with less aggregation) since the higher the thickness of the EDL, the higher the adsorption (assuming no pores blockage).

Normal AC shows lowest potential due to aggregation as a result of large particle size; a result that is expected as shown in Figure 4. 3.5 (b). For SFAC, as particle size decreases, the dispersion slurries of these materials tend to be more stable due to increasing loosening of the particles thus there is high tendency of resistance to flow of particles and consequently yielding high zeta potential. This effect is predominantly more prevalent at lower shear rate which in turn leads to increase in viscosity.

In general, and from our experimental results, we can conclude that zeta potential increases with decrease in particle size and consequently, dispersion with lower particle size tend to be more stable as they are loosely bound thus leading to increase in viscosity and our result correlates with what is reported in literature [120-123].

. 

Reynolds number

The Reynolds number was calculated using equation ( 13) (see chapter 3) for the different slurry electrodes and the results are given in Table 4.5. The Reynolds number is observed to have been decreasing as from 60 min of grinding time for SFAC; a result that corroborates viscosity observation. From equation ( 6), lowest Reynolds number was calculated for 90 min SFAC, due to its lowest viscosity. In a similar study reported in literature by Peng et al. [START_REF] Yang | Flow-electrode capacitive deionization using an aqueous electrolyte with a high salt concentration[END_REF],

the Reynolds number of their AC slurry at 20 wt. % was 0.122 while in our work, 10 wt. % was used and the Reynolds number is 0.07. Reynolds number relates to the level of flow pattern (turbulence or laminar) in fluid system. The calculated Reynolds numbers in all our carbon slurries as presented in Table 4.5. For a laminar flow, the Reynolds number is usually below 2,300 and when it is within the range of 2,300 and 4000; the pattern of flow is said to

b) a)

be turbulent regardless of the nature of the fluid [START_REF] Kexin | Optimized desalination performance of high voltage flow-electrode capacitive deionization by adding carbon black in flow-electrode[END_REF]. The Reynolds number, calculated using Eq (13, in chapter 3), shows that the prevalent flow pattern in our channel is laminar in nature thus implying that the carbon particles in the slurry flow along with the electrolyte solution in the flow channel of electrode compartment (no turbulence collision between carbon particles and current collector) thus we assume that the prevalent collision occurring in our system is Brownian motion; resulting in low charge transfer within the carbon slurry [START_REF] Kexin | Optimized desalination performance of high voltage flow-electrode capacitive deionization by adding carbon black in flow-electrode[END_REF]. 

Conclusion

In this section, the physico-chemical properties of superfine AC (SFAC) were verified by various characterization techniques. Grinding effect at different interval shows no significant change on the properties of SFAC and normal AC. However, a significant difference was observed in the dynamic viscosity of SFAC in comparison to normal AC. In furtherance for better understanding for this difference, zeta potential was done and a link between zeta potential and dynamic viscosity was established. As a result of this correlation, SFAC could offer a potential viability as a flow electrode but at the expense of viscosity. This is as a result of increase in zeta potential as force of repulsion existing among the particles increases thus making particles to separate further apart and consequently leads to increase in viscosity.

Overview on Activated carbon co-mixed electrospun titanium oxide nanofibers as flow electrode in capacitive deionization.

In this section, we intend verifying the stability of our slurry electrode/electric double layer capacitor (EDLC). For EDLCs and as earlier explained (in chapter 2), ions are stored in the EDL during adsorption phase in which significant amount of salty ions are removed when the electrodes are charged. Maximizing ion storage capacity of flow electrode is a key factor in overcoming resistance to ion transport. High impedance or resistance to ion movement within pore structure impedes or increase desalination time. To upgrade and prevent this limitation, it is necessary to develop hybrid flow electrodes relevant to facilitating ion transport through electrode/electrolyte interface. Here, we propose fabrication of hybrid flow electrodes through simple mixing with high surface charge additive to mitigate high resistance in flow electrode.

These hybrid materials were evaluated through basic material characterizations and electrochemical techniques in order to understand and interpret the results in relation to capacitive improvement of the hybrid flow electrodes. Furthermore, the knowledge garnered from this study enabled the author to evaluate the effect of additive ratio on electrosorption behavior of the flow electrodes in the subsequent chapter 5.

Some of the results provided in this section is under review and will soon be published in materials as below:

Activated carbon co-mixed electrospun titanium oxide nanofibers as flow electrode in capacitive deionization.

Gbenro 

Result and discussion

In investigating the flow nanocomposites, the physico-chemical and electrochemical characterizations of the flow electrodes are discussed; effect of additive ratio on the morphology, dynamic viscosity and surface charge of the carbon electrode was verified and discussed as shown below:

Characterisation of carbon and nanocomposite carbon electrodes in FCDI

Scanning electron microscopy (SEM)

The morphology of as-synthesized titanium oxide nanofibers (TiO2NFs), pristine AC and the composite electrodes ACTiO2NFs-x are shown in Figure 4.4 (a-h) respectively. From Figure 4.4 (a), it is apparent that the electrospun TiO2 showed fiber like morphology with no beads formation. This shows the successful nanofibrous morphology of TiO2 formation by electrospinning process. NFs (b) AC (c-h) ACTiO2NFs-x where (x = 0.5, 1.0, 1.5, 2.0, 2.5 and 5.0 wt. % TiO2NFs) respectively. Furthermore, using Debye-Scherrer equation, (D = Kλ/β, cos Ɵ) where K is the constant value of 0.9, λ is the radiation of the XRD machine (0.1541 nm), β is the full width at half maximum of the diffraction peak in radian and θ is the diffraction angle in radian, no changes were observed in the crystallite size of the as synthesized TiO2 nanofibers, and the nanocomposites (10.21± 0.83 nm). The presence of Fluorine was also detected due to the addition of PVDF (binder) added in the course of electrode fabrication. Also, EDX mapping was further used to investigate the distribution of the additive in the nanocomposite structure. According to EDX mapping (appendix section), it can be seen that the additive distribution at lower concentration (1 wt. %) is homogenous (even dispersion) while at higher concentration (5 wt. %), its distribution is concentrated within a particular region. The results confirm the formation of well dispersed or good distribution of TiO2NFs within the carbon structure at low percentage concentration.

Structural properties

c)

EDX and XPS studies

Further investigation was carried out using X-ray photoelectron spectroscopy analysis in order to verify any change in the chemical composition of the pristine AC and its composites. with ACTiO2NFs; a complementary result with that of EDX. The O1s peak in the composite increased a little bit when compared to pristine AC due to the influence of oxygen content of the additive. According to XPS, the atomic composition of the ACTiO2NFs-1.0 consisted of C1s 90.6±0.11 %, O1s 7.9±0.12 % while that of pristine AC is C1s 94 ±0.84 % and O1s 5±3.84 %. 

Electrochemical Properties

Electrochemical behavior of the pristine AC electrode and ACTiO2NFs composite electrodes were carried out using cyclic voltammetry (CV) at potential window of -0.4 -0.6 V (to ensure electrochemical stability of the electrolyte and prevent water splitting i.e. oxygen and hydrogen evolution) and different scan rates. The experiment was conducted in a solid state in 1 M NaCl aqueous solution to investigate the influence of the additive at different ratios.

ACTiO2NFs ACTiO2NFs

a ) b )

Increase in force of repulsion

Cyclic voltammetry (CV) is an important technique to probe the capacitive nature of EDLCs [START_REF] Folaranmi | Comparative Investigation of Activated Carbon Electrode and a Novel Activated Carbon/Graphene Oxide Composite Electrode for an Enhanced Capacitive Deionization[END_REF]. The CV curves of AC and ACTiO2NFs-1.0 (see appendix for CV of other composites)) at 2 mVs -1 are shown in Figure 4. 4.4 (a). At this scan rate, the composite (ACTiO2NFs-1.0) exhibited obvious rectangular shape with no redox peak indicating ions adsorption phenomenon by electric double layer (EDL) formation. Also, the obvious rectangular shape at low scan rate further indicates the excellent capacitive behavior in which ions have enough time to migrate into the pores of the materials. However, as the additive content increases, (x ≥ 2.0 wt. % TiO2NFs), there seem to be formation of pseudo-rectangular shape that is similar to that of pristine AC (as shown in appendix). This shows the poor capacitive nature of these composites even at low scan rate thus no significant improvement on the electrochemical behavior of the composites at high additive content. The effect of TiO2NFs can also be seen in 4.6. Furthermore, electrochemical impedance spectroscopy (EIS). was used to understand the interfacial resistance (impedance) that is developed during adsorption phase between the electrode and electrolyte. In EIS, solution resistance or ohmic resistance (Rs) is the beginning of the semicircle line at Z i (at high frequency, intercept at real axis) and it is the resistance of the solution or electrolyte in use. The internal or intrinsic resistance (charge transfer resistance) of the electrode marks the end or termination of the semicircle (low frequency, intercept at Zi real axis). Warburg diffusion at middle frequency region relates to the ease of diffusion of ions into the pores of the electrode or material while the capacitive behavior of the material is represented at low frequency range [START_REF] Bryan | Hydrothermally driven transformation of oxygen functional groups at multiwall carbon nanotubes for improved electrocatalytic applications[END_REF]. As seen in Figure 4.4.4 (c), the lower ohmic resistance was observed for the nanocomposite to be 1.3. ± 0.31 Ω while pristine AC has 1.5 ± 0.20 Ω. Also, the nanocomposite possessed a smaller semi-circle diameter (interfacial 100 charge transfer) which reveals its lower interfacial resistance and consequently, leading to an efficient ions transport and faster diffusion into its pores thus its high capacitive behavior which is represented by its almost straight line in low frequency region. The EIS parameters obtained from constant phase element (CPE) equivalent circuit fitting of the Nyquist plot which is presented in table 4.6 shows that our materials do not exhibit the behavior of a pure capacitor due to its low phase change values (Q2) unlike pure capacitor with a phase value of 

Conclusion

In this section, the physico-chemical and electrochemical properties of pristine AC and its hybrid nanocomposite electrodes were fabricated and characterized. From the characterizations of the materials, the presence of nanofibers at a low level on the surface of AC offers a network structure that reduces nanofibers particle agglomeration thus fasttracking ion migration and impeding resistance in the carbon pores according to EIS characterization. Also, the high surface charge of the nanocomposites leads to high repulsion of the nanocomposite particle and consequently, leads to increased viscosity.

General Conclusion and Summary

Regarding the morphology of the commercial activated carbon, SEM observation shows that its pores is of no defined shape (neither rod like, cylindrical or bead shape) with a characteristic rough surface and from SEM evolution, its porosity cannot be ascertained.

However, its textural properties such as the BET surface area of the carbon material, pore size distribution and total pore volumes were obtained through N2 adsorption-desorption isotherms. From this investigation, it was observed that the material is mesoporous in nature and this portion mainly accounts for the EDL development that is necessary for the temporary storage of ions in carbon pores. Also, a significant change in the BET surface area of the pristine AC was observed upon PVDF addition. A mass ratio of 1:8 (12.5 wt. % PVDF) of PVDF to AC was used in the CDI aspect of this work. Furthermore, the surface functional groups of the carbon and its hybrid forms were identified and the consequent of this is further elaborated in the following page (chapter 5).

A well detailed data collection regarding its structural properties were elucidated via RAMAN and XRD and in all cases, the carbon is of high level of defect and amorphous in nature with low graphitic development. Although, exhibit of micro-crystallinity is observed in commercial carbon (AC DARCO) that is used as electrodes in FCDI.

Cyclic voltammetry (CV) measurements at OCP (ref 0.1 V) region using aqueous electrolyte enabled us to calculate the specific and double layer capacitance of the carbon electrode and ascertained the reversibility of the non-Faradaic adsorption process. Also, electrochemical impedance spectroscopy (EIS) revealed the ohmnic and intrinsic resistance of our materials.

The outcome of the electrochemical parameters is better explained in chapter 5.

To further improve the desalination performance of the carbon, FCDI architecture using flow electrode was employed. Reynolds numbers of the slurry electrodes were also calculated. It is believed that slurry electrode dispersion within the FCDI flow channel allows unlimited surface area of contact and positively affects desalination due to non-saturation of carbon pores for adsorption.

In summary, solid and flow carbon electrodes were fabricated and characterized by physicochemical and electrochemical techniques. For solid electrodes, to overcome some challenges of low wettability in AC, it was combined with graphene oxide (GO). Regarding the properties of this composite electrode i.e., through low temperature N2 adsorption desorption isotherms, the specific surface area of the carbon materials, pore size distribution and pore volumes were obtained and evaluated to show that GO addition has a profound effect on the specific surface area of AC (reduction in specific surface area) but through XPS, we verified that the attachment of oxygenated functional groups (OFGs) conferred on AC enabled easy transport of ions to the pores of AC and consequently offer stable and better EDL formation;

this claim was ascertained through CV. More so, it was observed through XRD that the pristine AC is amorphous in nature and its crystallinity was not improved by addition of crystalline GO. Also, the high wettability of the composites was verified through WCA measurement.

Furthermore, hybrid composites of AC combined with reduced graphene oxide (RGO) were fabricated and characterized. Pristine AC was combined with RGO in order to influence its electrical conductivity. RGO was used as an additive due to its high electrical conductivity.

We synthesized the RGO through a simple reductive green method using KOH and it was thereafter characterized. It was observed through SEM and N2 adsorption desorption isotherms that the synthesized RGO was of low porosity (low pore volume and specific surface area) and highly compacted in structure (agglomerated) possibly due to the dense restacking of GO sheets as a result of van der Waal force between the layers and this factor consequently have negative effect on the effective surface area of RGO. Comprehensive material characterizations i.e., FTIR and XRD of the composite electrodes revealed successful incorporation of RGO into AC. Also four-point probe data collection on the resistivity, conductance and electron mobility of the composites showed the influence of RGO on pristine AC in which the resistivity of the hybrid composites was reduced (conductance improvement)

and electron mobility increased.

Regarding the prototype of CDI, we have designed a novel CDI cell called FCDI in which slurry carbon is used as flow electrodes. The properties of these flow electrodes are well studied and thereafter applied in desalination application. First, we validate a novel carbon material as flow electrode. This novel material called superfine AC (SFAC) was made by simple ball milling (grinding) of AC. Reduction in particle sizes of the superfine carbons were verified through dynamic light scattering technique (DLS particle analyzer) and the effect of particle size reduction on dynamic viscosity of these new materials was also confirmed.

Furthermore, a link between dynamic viscosity and zeta potential was established. Also, SFAC flows as much as possible as pristine AC at moderate weight percentage. Physical characterizations such as XRD, Raman, XPS of this novel materials shown no significant change in comparison with pristine AC but according to SEM, surface of SFAC is smoother.

Lastly through electrospinning process, we synthesized titanium nanofibers (TiNFs) and mixed it with AC to fabricate hybrid flow electrode of high surface charge. TiNFs was comixed with pristine AC to influence ion mobility into its pores by reducing resistance. Water being a major component of flow electrode constitutes to its high resistivity and as such, we tried to reduce this phenomenon by TiNFs incorporation into AC network. Result by SEM the mechanism of ions capture in solid based electrodes by using CDI device to follow the progress of electrosorption behavior between commercial AC and its modified form. By correlating electrochemical measurements of the capacitance with measurements of electrode electrosorption, we hope to elucidate the relationship between the wettability nature of the electrode and its potential propensity for capacitive deionization.

Some of the results provided in this section have been published in Materials 2020, [START_REF] Sajjad | Electrodialysis desalination for water and wastewater: A review[END_REF] gbenro.folaranmi@etu.umontpellier.fr (G.F.); philippe.sistat@umontpellier.fr (P.S.); marc.cretin@umontpellier.fr (M.C.)

Abstract

Capacitive deionization is an emerging brackish water desalination technology whose principle lies in the utilization of porous electrodes (activated carbon materials) to temporarily store ions. Improving the properties of carbon material used as electrodes have been the focus of recent research, as this is beneficial for overall efficiency of this technology. Herein, we have synthesized a composite of activated carbon/graphene oxide electrodes by using a simple blending process in order to improve the hydrophilic property of activated carbon. Graphene oxide (GO) of different weight ratios was blended with commercial Activated carbon (AC)

and out of all the composites, AC/GO-15 (15 wt. % of GO) exhibited the best electrochemical and salt adsorption performance in all operating conditions. The as prepared AC and AC/GOx (x = 5, 10, 15 and 20 wt. % GO) were characterized by cyclic voltammetry and their physical properties were also studied (as shown in chapter 4). The salt adsorption capacity (SAC) of AC/GO-15 at an operating window of 1.0 V is 5.70 mg g -1 with an average salt adsorption rate (ASAR) of 0.34 mg. g -1 min -1 at a 400 mg L -1 salt initial concentration and has a capacitance of 75 F g -1 in comparison to AC with 3.74 mg g -1 of SAC. This approach could pave a new way to produce a highly hydrophilic carbon based electrode material in CDI.

Introduction

As known, one of the major factors governing the performance of the CDI is the electrode materials used for the process [125, 126] therefore a great deal of effort is focused on improving this material aspect. Research in this area has focused on improvements in terms of carbon precursors through processes such as composite formation (hybridization), oxidation (for surface chemistry improvement), etc.

Hybrid composites of activated carbon offering higher performance (electrosorption)

outcomes have been reported in literature [127-132] but herein, as a matter of diversification, we have successfully combined the properties of AC and graphene oxide (GO) to form hybrid composites in order to improve electrode wettability and consequently studied the electrochemical and electrosorption effects of this process. We note here that there are limited reports focusing on this area, as most wettability processes involving CDI focus on carbon oxidation [START_REF] Teng | High-porosity carbons prepared from bituminous coal with potassium hydroxide activation[END_REF][START_REF] Huang | Desalination by capacitive deionization process using nitric acid-modified activated carbon as the electrodes[END_REF].

GO has been used for improving the hydrophilicity of many materials such as a zeolitic Motivated by this, we have prepared a highly hydrophilic activated carbon doped graphene oxide by using a simple blending process to improve the wettability of AC. To reach the best compromise, (Here, the compromise is between reduction in specific surface area and ease of pores accessibility by solvated ions) activated carbon doped graphene oxides of different compositions were synthesized and labeled as AC/GO-x, where x represents the weight percentage of GO in the composite (x = 5, 10, 15 and 20). The electrochemical properties of the prepared electrodes (AC, AC/GO-x) were analyzed by using cyclic voltammetry as shown in Chapter 4; afterwards, the most efficient electrode was tested in comparison with pristine AC in the home made CDI cell.

Simulated Feed solutions containing different concentrations

To probe the comparative ion adsorption efficiency of the pristine and modified carbon electrodes, 400 and 1200 mg L -1 solutions of simulated NaCl were fed to the CDI cell in a batch mode phase. g -1 at 400 mg L -1 NaCl under an operating voltage of 1.0 V. As found in literature, Table 5 gives detailed information of the adsorption capacity of a modified hydrophilic AC electrode/doped GO electrode in CDI operation.

Other CDI operating performance matrices of these experiments under all operating conditions are presented in Table 5.1. In all cases, the AC/GO-15 showed an overall performance increase over AC. 

Conclusion

In summary, AC and series of AC/GO-x composite electrodes (AC/GO-5, AC/GO-10, AC/GO-15 and AC/GO-20) were fabricated and characterized (as explained in chapter 4).

Among the composite materials, AC/GO-15 possessed the best electrochemical properties and thereafter was utilized as an electrode of interest in comparison with a pristine AC electrode in order to elucidate this behavior on electrosorption. In all conditions, AC/GO-15 exhibited a higher electro-sorption capacity than pristine AC electrode. We believe that the incorporation of GO into AC electrode matrix increases the overall wettability (hydrophilicity) of the material and thus improves surface interaction of saline solution on the electrode; hence, the consequent effect is made manifest on the higher electro-migration and electro-sorption properties of this material. The electro-sorption capacity of AC/GO-15 was 5.70 mg g -1 in comparison to 3.74 mg g -1 for AC electrode.

Overview on desalination performance of solid electrode using pristine AC modified with reduced graphene oxide (RGO) in CDI

To understand the effect of the level of the additive (RGO) on the electrical properties of commercial pristine AC and electrosorption, we have in this section tried to understand the mechanism of ions capture in the modified electrodes by using CDI device to follow the progress of electrosorption behavior between commercial pristine AC and its modified form.

By correlating electrical properties with measurements of electrodes electrosorption, we hope to understand the effect of this factor on capacitive deionization. respect to the aforementioned properties; thus, there have been relentless approaches towards improving this aspect [START_REF] Couallier | Usefulness of reverse osmosis in the treatment of condensates arising from the concentration of distillery vinasses[END_REF][START_REF] Choules | Update on large scale ocean desalination plants[END_REF][START_REF] Lopez | Energy consumption optimization in a large seawater desalination plant (Aguilas, 210,000 m 3 /day)[END_REF][START_REF]Market Insight: GlobalWater Market in[END_REF].

Activated carbon has attracted attention as electrodes in the field of CDI because of its cheap cost and the fact that it can be easily prepared from readily available biomass has made it a focal point of main electrode material in CDI. However, this cheap material is not without some challenges such as: low hydrophilicity, low electronic conductivity, reduced porosity etc., thus in order to overcome its challenges, AC surface chemistry is usually modified by various methods such as oxidation with oxidizing agents [START_REF] Belatoui | Environmental effects of brine discharge from two desalination plants in Algeria (South Western Mediterranean. Desal[END_REF] or combined with additives to prepare hybrid electrode materials of high performance [5].

Reduced The composites were synthesized and labeled as AC/RGO-x where x represents the percentage weight composition of RGO in the composite. (x= 5, 10, 15 and 20 wt. % RGO).

Performance on Simulated Feed solution

It is well known that electrosorption performance does not only depend on the specific surface area of carbon electrode but on some other properties such as the electrical properties of the electrode material etc., [START_REF] Helmholtz | Theory of the double electric layer[END_REF]. It has been shown previously that the addition of a small amount of RGO with conventional AC improve significantly the electrochemical properties of the electrode in terms of capacitance, (74 F g -1 ), and electron mobility (electrical properties). In order to confirm this improvement, desalination experiments were performed in a closed loop system with saline solution of 1200 mg L -1 NaCl at a constant flow rate of 25 mL min -1 and at a cell potential ∆E=1.4 V for 30 min per cycle using the different AC/RGO electrode ratio.

At the end of each charging cycle (adsorption), the cell is maintained at its OCV for the same As presented in table 5.3 AC/RGO composites of high specific capacitance using different approaches of RGO synthesis as against the method adopted by our group is found in 

Conclusion

In summary, a series of AC/RGO-x composite electrodes were made by simple blending process without any pretreatment step and thereafter characterized (as explained n chapter 4).

RGO was synthesized by GO dispersion in solution of KOH. The resulting RGO was combined with commercial AC at different weight ratio and tested for desalination. Among all the composites, the electrode with 5 wt. % of RGO (AC/RGO-5) exhibited the highest maximum salt adsorption of 8.10 mg g -1 at operating potential window of E = 1.4 V in 30 min in comparison with pristine AC with maximum salt adsorption of 3.20 mg g -1 at the same condition. Additionally, electrosorption performance and charge efficiency results of AC/RGO-5 show that the addition of RGO at this ratio is beneficial for a conducting network structure within AC, thus giving rise to electroactive species that improves the capacitive nature of the composite electrode. In conclusion, this simple approach of material improvement can pave a new way of fabricating potential electrodes of high performance in CDI technique

Introduction

As earlier explained in chapter 4, transition from solid based electrodes to flow electrodes using a flow device (FCDI) was improvised to overcome some challenges of CDI i.e., limited adsorption sites, discontinuous mode of operation etc., For this purpose, we have fabricated a flow device (see chapter 3) and dedicate this section to elaborate on the viability of a new form of activated carbon and modified activated carbon as flow electrodes in our device. We also hope to show that working at this condition provides an improved condition for electrosorption behavior of commercially available activated carbon with that of normal activated carbon.

Overview of superfine AC as viable flow electrode in FCDI

This section documents the viability of a new form of activated carbon (superfine AC) as flow electrode in FCDI. Here, we try correlating the physico-chemical properties of the superfine AC with its electro-sorption measurements as flow electrode. By so doing, we intend elucidating how reduction in particle size of AC affects its potential as flow electrode and effectiveness for FCDI.

Some of the results provided in this section is under review and will soon be published in chemical engineering journal as below:

Investigation of superfine activated carbon as a viable flow electrode in capacitive deionization.

Francois approach was adopted in reducing the particle size of the carbon used as flow electrode by dry milling method at different time intervals. The particle size and hydrodynamic diameter of the ground activated carbon (superfine activated carbon SFAC) was reduced after milling in comparison with pristine activated carbon (PAC) but an increase in viscosity was observed in SFAC. Increase in viscosity stems from increase in particles loosening which correlates to more stability of the slurry due to higher zeta potential with consequent less particles agglomeration effect and greater force of repulsion.

Physico-chemical analysis such as scanning electron microscopy (SEM) and particle size analyzer confirmed the reduction in size of the particles (a shown in chapter 4). On verification as flow electrode at 10 wt. % (carbon loading), superfine activated carbon exhibited a significant increase in desalination over pristine activated carbon. The improvement is linked to lower particles aggregation that enables higher ions migration and contact to the carbon pores; thus this simple method shows that superfine activated carbon at can be a viable flow electrode in FCDI. However, studies in verifying the importance of activated carbon particle size to further progress FCDI applications and its electrochemical and rheological effects should be investigated. As known, FCDI performance indices can be easily influenced by various factors such as operating condition, nature of materials etc., thus understanding the correlation of carbon based particle size to FCDI performance and working parameters under non Faradaic condition call for extensive investigation.

Keywords

repulsion and higher particle size distribution) making the particle pores not easily accessible thus causing long ion diffusion pathway (between membrane and carbon slurry) to the carbon pores of the flow electrodes. This consequently leads to lower performance metrics of these flow electrodes.

Our strategy involves a very simple physical method of maximizing commercially made activated carbon particle size and through this method, a tremendous improvement in desalination was observed. With our strategy, we believe that ions in the saline solution can diffuse faster into the pores of the flow electrode due to greater area of contact created as a result of low particle size thus allowing better area of contact within the carbon network.

Also, we compared our results to performance of some flow-electrode capacitive deionization (FCDI) cells recently reported in literature as presented in Table 5.4

Furthermore, the specific energy consumption (SEC) for each experiment using different flow electrodes (normal or pristine AC and superfine AC 30, 60 and 90 min) at constant voltage of operation was calculated according to Eq. ( 12) in chapter 3. The energy consumption for the normal or pristine AC and SFAC slurry electrodes is shown in Figure 5.3, it is obvious that the energy consumption increases with increasing grinding time and this could possibly due to the effect of viscosity.

Reports concerning energy consumption in FCDI are limited in literature. As recently reported, Seungyeon et al.

[175] reported energy calculations using a 10, 000 mgL -1 NaCl showed that the energy consumption of FCDI coupled with nano-filtration unit (FCDI-NF) was 0.460 kWhm -3 using activated carbon. Using conventional CDI, Qin et al. [START_REF] Qin | Comparison of energy consumption in desalination by capacitive deionization and reverse osmosis[END_REF] calculated the energy required to treat feed salinity of 2000 mg L -1 NaCl to be 0.85 KWhm -3 . In comparison, using brackish water reverse osmosis (BWRO), the energy consumed for the same treatment of salinity concentration was 0.550 kWh m -3 . 0.35 kWh m -3 was reported by Qiang et al. [176] for a feed salinity of 9000 mg L -1 NaCl at 10 wt. % carbon loading and here we have reported low energy consumption (< 0.1 kWh m -3 ) for feed salinity of 5000 mg L -1 NaCl using super fine AC and shows that energy consumption in desalination increases as particle size of activated carbon electrode reduces. T W: This work

Conclusion

In summary, flow electrodes were made by simple grinding of powdered AC at different time interval (30, 60 and 90 min) and tested in comparison with pristine AC for desalination application by FCDI process. In all conditions, all the superfine AC (SFAC) flow just as much as pristine AC at 10 wt. % without clogging in the FCDI cell. On the basis of our findings (experimental analyses in chapter 4), particle size reduction has direct effect on viscosity but the textural, structural properties and chemical moieties of SFAC remain unchanged in comparison with pristine AC. Interestingly, the desalting performance of SFAC outperforms that of pristine AC due to improved contact area within carbon network caused as a result of reduction in particle size. As particle size reduces, the particles tend to move further apart and consequently generates stronger repulsive forces, higher viscosity and higher zeta potential. In addition, we verified that 90 min of ball milling is enough to improve the performance of AC as flow electrode at moderate weight percent of carbon loading.

Overview of Activated carbon co-mixed electrospun titanium oxide nanofibers as flow electrode in in FCDI

This section discusses the effect of physico-chemical and electrochemical properties of AC co mixed with titanium oxide nanofibers on the electro-sorption behavior of the resulting nanocomposite flow electrodes. Here, we intend understanding the effect of the additive (titanium oxide nanofibers) on the mechanism of ion transport to the pores of the flow electrodes. Correlating this factor with measurement of flow electrode electrosorption, we enable us understand the relationship between additive effect to easiness of ion transport and its direct consequence on capacitive deionization of the flow electrodes.

Some of the results provided in this section is under review and will soon be published in materials as below: were used to characterize the morphology, crystal structure and chemical moieties of the assynthesized composites (as shown in chapter 4). Interestingly and out of all the composites, the flow electrode containing 1 wt. % TiO2NFs (ACTiO2NFs-1.0) exhibited the best the highest salt removal rate of 0.033 mg/min.cm 2 . Improvement in cell performance at this ratio shows that the nanofibers are well intercalated and homogeneously dispersed on the surface of the electrode thus avoiding electrode passivation and nanofibers agglomeration that could limit the flow of ions to the pores of flow electrode. This study shows that nanocomposite could be a potential flow electrode material in capacitive deionization.

Keywords: Flow electrode capacitive deionization, electrospinning, activated carbon, nanocomposite and desalination.

Result and discussion

Electrosorption behavior of titanium/AC nanocomposite flow electrode in comparison with normal AC is discussed. The effect of titanium nanofibers on the surface of AC is elucidated and rationalized as shown below: Graphitic carbon materials such as activated carbon are often employed as flow electrodes because of their advantageous properties such as high surface area, porosity, adsorption capacity, availability, low cost and excellent electrochemical property [START_REF] Lee | Enhanced Capacitive Deionization by Dispersion of CNTs in Activated Carbon Electrode[END_REF]184] however the polarization of AC electrodes leading to ions storage or accumulation reduction on the EDL is a growing concern hence the need for surface tailoring or modification of AC to achieve hybrid composites.

To achieve this feat, metal oxides such as zinc oxide (ZnO), tin oxide (SnO), zirconium oxide (ZrO) and titanium oxide (TiO2) have been utilized in carbon modification [START_REF] Ahmed | TiO2 nanorod-intercalated reduced graphene oxide as high performance electrode material for membrane capacitive deionization[END_REF]185,186].

Among all these oxides, TiO2 is an eco-friendly compound with excellent charged surface that have been exploited in reducing AC electrode interfacial resistance but its challenge of aggregation (agglomeration of TiO2 could lead to pores blockage of AC) reduces its performance when doped with AC. To overcome this dilemma, TiO2 nanofibers are utilized as it possesses morphology leading to reduction of intra-aggregation and inter-agglomeration in TiO2 nanofibers; also, its large axial ratio (large surface to volume ratio) causes low charge transfer resistance (interfacial resistance) [186].

Motivated by this, we have synthesized TiO2 nanofibers by electrospinning process and mixed it with AC to form hybrid nanocomposites. The proposed nanocomposite electrodes which consisted of different weight percentage of TiO2NFs were labelled ACTiO2NF-x where x represent the weight percentage of TiO2NFs in the composite (x = 0.5, 1.0, 1.5, 2.0, 2.5 and 5.0 wt. % ACTiO2NFs). To the best of our knowledge, it is noteworthy to state that there is little or no report in literature concerning TiO2 nanofibers-AC as flow electrode.

Comparative Electrosorption Capacities of AC and AC nanocomposites

As reported in literature, the electrosorption performance of carbon based materials is linked to their electrochemical properties [START_REF] Thorogood | Identifying quinonelike species on the surface of graphitic carbon and multi-walled carbon nanotubes using reactions with 2,4-dinitrophenylhydrazine to provide a voltammetric fingerprint[END_REF]. As explained earlier, TiO2NFs was added at different wt. % to influence the concentration polarization of pristine AC and this factor was verified through the electrochemical characteristics of the nanocomposites. Furthermore, in order to confirm the link between electrosorption and electrochemical properties improvement, desalination experiments were carried out under a continuous system in a flow channel.

Desalination was conducted at an operational cell potential E=1.2 V for 30 min using 5 000 Low desalination behavior of ACTiO2NFs-x (x ≥ 2.0 wt. % TiO2NFs) at high percentage could be due to the fact that at this ratio, the nanofibers tend to agglomerate among themselves (not well dispersed or less uniform) and as such, making the pores of the electrode (surface hindrance) not easily accessible for ions adsorption. Also, electrode passivation is likely to occur due to the high presence of the nanofibers [187]. This will make the electrode surface not easily permeable for ions (impermeable layer formation on electrode surface) thus significantly affecting the electrosorption performance of the electrodes as observed in our materials (whitish layers on the surface of our flow electrodes).

Due to the limited report on the electrosorption behavior of activated carbon-titanium oxide nanocomposites in flowing state, we have made a comparison report as presented in table 5.5

showing recent advances in fabrication methods of titanium nanocomposite and their electrosorption behavior in different systems. removal rate and charge efficiency of AC and ACTiO2NFs-x where (x = 0.5, 1.0, 1.5, 2.0, 2.5 and 5.0 wt. % TiO2NFs) respectively.

Conclusion

In summary, titanium oxide nanofibers were synthesized by electrospinning process (see chapter 4). The as-spun nanofibers were rationally combined with AC through simple agitation process to form hybrid composites of ACTiO2NFs-x (x = 0.5, 1.0, 1.5, 2.0, 2.5 and 5.0 wt. % ACTi02NFs) without any further post-treatment. The composites were then characterized (chapter 4) and tested as electrodes in FCDI for the first time. Interestingly, intercalation or incorporation of TiO2 nanofibers led to an improved performance of the nanocomposite electrodes especially with ACTiO2NFs-1.0 exhibiting distinguishable and outstanding desalination behavior. Nanofibrous morphology of the composites affords better anchorage within AC network thus offering better ion transport and migration to its pores. In conclusion, the demonstrated method shows a potential in achieving carbon based flow electrodes of improved morphology and desalination performance in FCDI technique

General Conclusion

In this chapter, activated carbon and its hybrid derivatives (in solid and flow state) were prepared and used as electrodes to desalinate saline solution containing NaCl (monovalent salt electrolyte) in both home-made CDI and FCDI cells.

In solid electrodes, presence of co-ion adsorption limits salt extraction and lowers charge efficiency; although improvement in properties of AC such as wettability, electrical conductivity etc., affords better performance in terms of electro-sorption.

In flow electrodes, results show that electrosorption and charge efficiency were significantly higher than in solid electrodes. These advantages could be attributed to the unlimited accessibility of ions into the pores of carbon electrodes when operated in a continuous charging phase while in liquid state. Also, FCDI affords the utilization of membranes which prevents co-ion adsorption challenge that could limit diffusion of ions. More importantly, the author believes that despite the challenges of using flow electrode (clogging, low conductivity etc.) yet, slight improvement in one of carbon properties such as particle size reduction could improve the surface area of contact among carbon-carbon network thus reducing ion diffusion path length. This, among many factors adds to the advantage of FCDI over CDI in fresh water production.

Thesis Summary

This dissertation is devoted to the improvement of commercial activated carbon as a cheap source of potential electrode at industrial scale for electro-sorption (brackish water desalination) application using capacitive deionization technology. Water desalination technologies such as reverse osmosis (RO), multi-stage flash distillation (MSFD) etc., makes use of membrane based processes for generating fresh water from salt solution. Basically, most of these processes operate by extracting solvent from solutes hence requiring a lot of energy input and also, cost of operation is usually high. To circumvent these challenges, electrochemical desalination techniques such as battery desalination, capacitive deionization etc., which operates in direct opposite to the aforementioned technologies by extracting solutes from solvent under electric field were improvised.

Capacitive deionization (CDI) which is the main focus of this thesis is an electrochemical technique that makes use of porous materials as electrode to temporarily separate and store salt ions under the application of potential difference. Electric field generated by the application of certain potential difference creates a situation in which the ions in solution gets separated and migrated towards oppositely charged electrodes (poles) where they are stored.

Storage takes place at the electric double layer (EDL) formed inside the pores of the electrode material. EDL is an interface generated between the electrode/electrolyte solution. The spatially and temporal storage of ions depend on the formation and stability of EDL.

Materials used as electrodes in CDI usually possess some features such as high porosity, high surface area, hydrophilicity, good electrical conductivity and above all, the materials must be Commercial activated carbon (AC) serves as an alternative as a good option to overcome the above aforementioned challenges of some rationally designed carbons because of its cheap and readily available source from biomass (banana peels, coconut shell etc.) and can also be produced in huge quantity. Nonetheless, AC is not without some intrinsic challenges such as low hydrophilicity, low electrical conductivity, low porosity etc., and as such, this thesis focuses on improving its properties. To achieve this, two possible ways exist in literature which is either modification under acidic/highly oxidizing agents or forming a composite/hybrid material by combining/doping with other high performing materials. In this thesis, attention is focused on modifying activated carbon to hybrid electrode materials by simple chemistry. The generated hybrid electrodes are then evaluated and used in CDI operation. Herein, the major contributions of this thesis is summarized below:

Characterization of a novel AC/GO composite electrodes

As earlier stated, AC is of low hydrophilicity and for a good electrode material, the ease of surface interaction of the electrolyte on the solid electrode is of utmost importance in CDI.

Research in this aspect focuses mainly on surface chemistry improvement of AC by using oxidizing agents such as hydrogen peroxide (H2O2), (KMnO4), nitric acid (HNO3) etc. As a way of diversification, we verified a new method by simple combination of AC with graphene oxide (GO). The author believes that GO, being highly rich in oxygenated functional groups (OFGs) could influence the surface chemistry of AC when combined together at a certain ratio hence the development of a novel composite electrode. Characterizations such water contact angle (WCA), shows improvement in wettability of the hybrid material and demonstration by cyclic voltammetry (CV) shows the contribution of this improvement to achieved outstanding capacitance. Result from XPS also show that incorporating GO through simple mixing with AC improved the surface properties of AC due to increase in band intensity of different OFGs of the hybrid material. This simple process resolves the fundamental hydrophilic challenge associated with AC by using a non-corrosive means as against the known methods usually reported in literature.

Resolved studies on electrical property of AC through simple experimental design

Due to low electrical property of AC, reports have shown that combining AC with additives of high electrical properties have influenced positively its desalination efficiency. Additives such as reduced graphene oxide/graphene (RGO/Gr), carbon black (CB), carbon nanotubes (CNT) etc., are usually used. However, RGO used in most of these reports are synthesized under tedious treatment steps. The synthesis approaches take time (time consuming) and the chemicals used in the reduction process are often hazardous. Thus, a novel means to resolve this challenge was developed by simple experimental design. The experimental method requires less expensive and environmental friendly route for RGO synthesis by using KOH for GO reduction. The obtained RGO is then directly combined with activated carbon through simple chemical agitation without any further treatment. Through this approach, the obtained RGO was able to have better influence on the electrical property of activated carbon and as such yields higher desalination capacity when tested as electrode in CDI compared to other reports found in the literature

Flow capacitive deionization

The many challenges (co-ion adsorption, discontinuous mode of operation and limited surface area of adsorption) of solid based electrodes led to improvising alternative form of design in which the state of electrode is slurry (this allows unlimited active sites for adsorption) rather than solid. As a result, the aforementioned challenges were overcome. The device is designed in such a way that offers constant flow by recycling slurry electrode thus overcoming discontinuous mode of operation as electrode regeneration takes place immediately carbon slurry exits the cell compartments and get charged the moment they recycled into the cell.

Flow capacitive deionization (FCDI) offers outstanding desalination capacity over conventional CDI but the challenges that comes with slurry electrode utilization is another growing concern. Challenges such as carbon clogging inside the cell, low carbon loading of the cell, low electrical conductivity, high resistance and high viscosity of carbon at higher mass have offer limitations to this variant 2 nd generation technology. Here, the author focuses on improving some of the challenges of the material aspect necessary for the upscale of the technology. Key contributions emanating from this process are summarized below:

 Development of a simple form of activated carbon by simple ball milling method. The generated AC termed superfine AC (SFAC) from this method was used as flow electrodes to capture salt ions from a relatively high brackish water while operating at a semi-continuous phase. The desalination of this material was significantly effective at a shorter time when compared with pristine or normal AC. Observations from physico-chemical characterizations of this material in comparison with pristine AC offers no significant changes i.e., in defects, surface chemistry, crystallinity but significant changes were observed in their morphology and viscosity. As ball milling time progresses (grinding time), the morphology of the SFAC becomes attenuated with finer particles and the dynamic viscosity of the material also increases. Attempts in understanding this latter behavior was rationalized by performing zeta potential of the new the materials (SFAC) and pristine AC. Observation from zeta potential shows that SFAC exhibits higher electrostatic repulsion (higher zeta potential) over pristine AC possibly due to the reason that as grinding increases, the particles become finer and more loosely bound thus moving apart from each other and consequently leads to increase in viscosity unlike particles that are tightly bound together. Also, SFAC demonstrates excellent flowing property rivalling that of pristine AC at the same level of carbon loading into FCDI cell. This feature allows SFAC to outperform pristine AC (higher desalination at a lower time) as it affords better intra-particle contact within its carbon network thus promoting faster ion transport into its pores.

 Lastly, resolution of high resistance in flow electrode was studied by using electrospun titanium nanofibers. The development and fabrication of nanocomposite flow electrode as potential materials for improving ion transport into carbon pores was rationally designed and through experimental characterizations, reduction in charge transfer resistance (electrode/electrolyte resistance or interfacial resistance) and increase in EDL capacitance were observed. This observation shows that nanocomposite flow electrodes are well suited for electro-sorption application as their carbon structure allows efficient transport of ions due to nanofibers anchorage within their carbon stricture.

In this thesis, the author was able to show the feasibility of improving electro-sorption process for industrial application by using commercial AC. Simple methods for improving the challenges or drawbacks of AC were itemized by composite or hybrid formation and from the physico-chemical and electrochemical characterizations of these hybrid materials, improvement in electro-sorption feasibility for desalination were achieved.

Inquest into a new way to overcome the challenges of solid based electrodes and open up new way to produce fresh water from a relatively high brackish water led to innovation of FCDI. This is a promising 2 nd generation technology offering high upscale in desalination.

Also, it opens up understanding into new parameters such as carbon loading, viscosity and especially mechanism of ion transport in slurry electrodes.

Furthermore, the author believes that this PhD thesis will bridge a gap having proposed simple and different ways of improving AC for electro-sorption development.

Recommendations for future research

Various elaborate research projects have been performed on developing hybrid carbon materials as electrodes in CDI/FCDI process. The performance of these carbon based electrodes depend majorly on the physico-chemical properties of these materials. Attempts to make carbon electrodes of high porosity and tuned pore arrangement and investigate their electrochemical properties in relation to CDI application are still on-going [190].

Having ascertained the link between the properties of carbon electrodes and electro-sorption, the author believes that exploitation of intensive research adventures in development of microporous-mesoporous carbon material of high porosity can maximize adsorption sites as micropores offer short pathways (ions diffusion distance) for ions while mesopores provide low resistance for ions movement [191]. However, the cost of developing this such of material could be expensive and the process might be time consuming thus compromise has to been reached between advanced novel electrode development and cost. An alternative to this, is to improve and intensify research approaches in advancing the properties of cheap commercial activated carbon to function as a super hybrid electrode material (Electrode materials possessing long term stability, high electrical conductivity characteristics, and good regeneration rates). By so doing, cost reduction can be effected and this factor will be of great importance in desalting and treating water as a cheap marketable product.

Also, conducting research in the area of permeability media (IEMs) in FCDI through computational or experimental CDI (thermodynamic models) models could help predict or give more information about the diffusivity coefficients of various ions when considering multivalent ions in saline solution. Through this, sorption data and other optimized variables of these ions can be easily provided to ascertain values for a wide range of experimental conditions. [190][191][192][193] In CDI, alternative to the usage of poly(vinyldifluoride) PVDF conductive binder during electrode preparation can be beneficial for carbon porosity and resistance reduction. Although reduced graphene oxide has been reportedly used for this purpose but its challenge of agglomeration serves a setback in reducing carbon porosity [131][132]194].

In FCDI, an important research area should be geared towards scaling up of net production of fresh water. Although, continuous flow of operation has been introduced to tackle this challenge yet, it is still difficult to achieve mass production of fresh water because of limited influent (feed solution) flow rate. Charge transfer in FCDI is practically low in comparison to CDI due to the water component (weak electrolyte) of the feed electrode thus impeding fast charge transfer from the current collector to the slurry. This is a major challenge; hence introduction of coupling nano-pillars such as Cu or Ni nano-pillars to graphite current collector and alternate dissolving medium instead of water could improve contact area and offer good electrical conductivity [195,196].

Membrane incorporation in FCDI increases interfacial resistance although, as a proof of concept, Hatzell et al. [197] introduced FCDI without the use of membrane. Additionally, porous ceramic spacer has been recently introduced as IEMs replacement [198] although most FCDI related desalination process still use membrane. Utilization of electro-conductive membranes to improve ion permeation and reduction in resistance can also be a good innovative means of achieving high practicality in FCDI [199].

Progress in FCDI process and cell configurations have improved its performance, thus yielding better results; though still very new, this technology could pave a new dimension as an alternative future of desalination when considering vital aspects like application (for both brackish and sea water), cost, and energy recovery, thus innovation in new architectural FCDI cells and its system performance study can be a future study as the flow electrode system has inherent challenges of clogging.

Many challenges still exist (electrode selection compromise.) and the journey to CDI/FCDI aim actualization is still far-fetched albeit, predictor designs (experimental design through statistical approaches) and molecular dynamics models can be introduced i.e., for optimal material design in predicting ion transport in porous materials and parametric performance. 
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 11 Figure 1.1, a unit of ED is made of an arrangement of CEM and AEM defining the concentrate and the dilute compartments.

Fig 1 . 1

 11 Fig 1.1 A schematic diagram of electrodialysis (ED) where C is the concentrate compartment and D is the dilute compartment.
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 212 Fig 1.2 Synopsis of super-capacitor[START_REF] Conway | The role and utilization of pseudocapacitance for energy storage by supercapacitors[END_REF] 
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 1313 Fig 1.3. Distribution of charges as described by Gouy-Chapman

Figure 1 .

 1 Figure 1.4 (a) shows a schematic laboratory CDI set up in which the potentiostat powers the cell. The current response in relation to electrosorption is made evident by the monitor of a computer that is connected to the potentiostat. The influent solution is fed in by a peristatic pump at a constant flow rate and the ionic conductivity change is monitored and recorded by a conductimeter. Figure 1.4 (b) shows the schematic representation of a laboratory CDI cell; it consisted of two parallel electrode sheets separated by a non-electrically conductive spacer of about 500 to 1200 microns thick. This prevents an electrical shortage and allows liquid to flow [17, 18].
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 14 Fig 1.4. Schematic diagram of capacitive deionization (CDI) set-up

Fig 1 . 5 .

 15 Fig 1.5. Schematic representation of CDI during (a) adsorption and (b) desorption process at zero volt.

Fig 1 . 6 .

 16 Fig 1.6. Percentage of research papers published per technology (electrochemical water desalination) [3]
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 2 a) and (b) shows the different modes of operation. In the continuous mode (a), water is pumped from a feed vessel and the ion concentration of the effluent is measured. Here, there is a drop in effluent salinity after applying the cell voltage and then increases steadily as the electrodes reach their adsorption capacity. The total amount of salt removed is then calculated by integrating the hatched area as shown in Figure2(a). In the batch mode, Figure 2 (b), there is effluent recycling and the ion concentration of the recycle reservoir is monitored. The difference between the initial and final concentrations determines the salt removal.
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 2 Fig 2. Schematic diagram of CDI/MCDI operational modes (a) Continuous mode, and (b)

Fig 2 . 1 .

 21 Fig 2.1. Cycle analysis of (a) Constant Voltage and (b) Constant current[START_REF] Porada | Review on the science and technology of water desalination by capacitive deionization[END_REF] 

  MCDI development. Here, co-ion adsorption refers to ions carrying the same charge as the electrode. In CDI, co-ions moved towards the corresponding electrodes, i.e. cations towards the positive electrode and anions towards the negative electrode, which then need to be repulsed. The consequent effect of this is low charge efficiency leading to low desalination and high energy consumption. Conventionally, capacitive deionization techniques (CDI, MCDI and flow capacitive deionization FCDI) operate via similar principle. The major difference comes in the cell configuration/set up. In the case of MCDI, introduction of ion exchange membranes (IEMs) intersect the migration of co-ions towards wrong electrodes i.e., cation-exchange membrane (CEM) and an anion-exchange membrane (AEM) are placed in front of the cathode and anode respectively as shown in Figure 2.2. IEM provides screening shield to the exclusion of undesired ions towards the electrodes thereby limiting co-ion adsorption to a great extent. MCDI significantly increases the efficiency of CDI by improving parameters such as charge efficiency, ion adsorption etc.

Fig 2 . 2 .

 22 Fig 2.2. Schematic representation of membrane capacitive deionization (MCDI) system.
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 2 4 (a) and (b) shows a typical module of FCDI in a continuous mode as developed by our group.Figure 2.4(a) offers the possibility of continuous operation in which FCDI cell is coupled with ultrafiltration technique. The feed electrode ions are recycled by ultrafiltration technique while in Figure 2.4 (b), two FCDI cells are present in which one serve as a desalination reactor while the other serves as concentrate generator. The possibility of continuous module could offer an upscale in desalination rate with the possibility of energy recovery as present in semi-continuous mode.
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 2426 Fig 2.4. Schematic diagrams of FCDI in continuous mode via (a) FCDI coupled with ultrafiltration and (b) two FCDI cells.
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 2 Figure 2.5 summarizes the performance indicators related to a typical CDI process. Several
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 25 Fig 2.5. Schematic diagram of CDI performance indices
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 41 Scanning electron microscope (SEM)SEM was done in order to understand the topographical features (surface morphology) of the pristine and modified AC electrodes. Briefly, SEM operates by using a focused electron beam under high vacuum to raster on the surface of the specimen line by line. The signals scattered from the surface of the sample are captured by electron detectors and the information is transferred to a computer for digitizing the image. In this research, all the electrode samples were first spray sputtered prior to imaging. This allows the materials to be conductive for image capturing. For SEM, a small amount of samples in a dried powder form are loaded onto one side of the double-sided carbon tape with the other side already taped on top of the sample stub. Then the sample stub is mounted onto the sample holder plate and introduced inside the vacuum chamber for further imaging. SEM images of the electrodes were obtained using Hitachi S4800 scanning electron microscope and the instrument was operated at 15 kV at a working distance of 10 mm. Figure3(a) shows the schematic representation of the working principle of a SEM machine while Figure 3 (b) shows the top view of a scanned AC material by SEM.
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 3 Fig 3 (a) SEM layout and working principle (b) Top view morphology of AC
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 31 Fig 3.1 (a) Photo of TGA instrument showing the core units (b) Example of TGA curve of a carbon based material derived from polymer.
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 32 Fig 3.2. IUPAC classification of isotherms

Fig 3 . 3 .

 33 Fig 3.3. (a) Four types of electronic transitions in a molecule (b) Typical UV spectrum of a material undergoing two forms of transitions.

  photoelectrons will be collected by the electron analyzer. Kinetic energy of the emitted electron is dependent on the incident dependent on the incident X-ray and binding energy of the atomic orbital from which it originated. XPS spectrum is usually given by intensity

Fig 3 . 4 Fig 3 . 5 .

 3435 Fig 3.4 (a) Schematic representation of photoelectric effect (b) typical configuration of XPS instrument (c) XPS spectrum of a typical carbon based material

First, applied velocity

  was presented via rotational speed or shear rate. This simulates processes that are dependent on flow velocity. Then dynamic viscosity which reveals the the flow behavior of the slurry materials under shear rate at constant temperature is presented as a Non-Newtonian fluid in which the viscosity decreases as a function of increasing shear rate (shear thinning behavior) as shown in Figure 3.6. The rheometry property (dynamic viscosity) was studied by Anton Paar rheometer France. Dynamic viscosity of the flow electrodes was measured using Anton Paar Rheometer Physica MCR 301 (Anton Paar GmbH, Graz, Austria).
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 36 Fig 3.6. Dynamic viscosity measurement of a typical carbon slurry
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 37 Fig 3.7. Schematic diagram showing zeta potential of a negatively charged particle in suspension (Source: Anton Paar zeta potential user manual)
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 38 Fig 3.8. Cyclic voltammetry curve of a typical carbon based material at the scan rate
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 339 Fig 3.9 (a) Typical shape of Nyquist plot from EIS test and (b) Equivalent circuit fitting from EIS simulation
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 310311 Fig 3.10. Schematic diagram of a four-point probe conductivity measurement
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 314312 Figure 3.12 shows the laboratory setup while Figure3.13 shows the constructed CDI cell; it consisted of two parallel electrode sheets separated by a non-electrically conductive spacer (0.99 mm thick), as displayed in Figure3.13. The electrode materials were directly attached to the current collector, which was subsequently connected to an external power source (potentiostat). The CDI electrodes have an area of 6 × 10 cm 2 and brine solution (400 and 1200 mg L -1 NaCl) was continually pumped into the CDI cell at a constant rate of 25 mL min -1 . The conductivity changes of the brine solution (feed solution) was monitored at room temperature. The CDI tests were conducted at potential differences of 1.0 V and 1.4 V.Current response (chrono-amperometry profile) as a function of time of the CDI experiment is shown in Figure3.[START_REF] Fernandez-Gonzalez | Sustainability assessment of electrodialysis powered by photovoltaic solar energy for freshwater production[END_REF] 
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 313314352315 Figure 3.13. CDI, (a) Open cell with a current collector, (b) current collector with electrode, (c) solid electrode with a separator, (d) closed cell
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 316 Fig 3.16 Picture of laboratory scale of FCDI in a semi-continuous mode.
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 317318319 Fig 3.17. Different parts of FCDI electrochemical cell
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 4 Figure 4. (a-c) shows the SEM images of the commercial AC electrodes fabricated through the procedure described in Section 3.3. As shown in Figure. 4. (a), carbon electrode deposited on a graphite sheet shows non uniform morphology with rough surfaces. Also, the composite electrodes show no significant difference in morphology when compared with that of pristine AC electrode probably due to the homogenous dispersion of the GO in the activated carbon.
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 4 Fig 4. SEM of: a) AC (b) AC/GO-5 (c) AC/GO-10 (d) AC/GO-15 (e) AC/GO-20 and (f) GOelectrode.

From 4 .

 4 1.1 (b), it is clear that the available pores that were accessible for adsorption in our materials are within the mesopore region (greater than 20 Å). Parameters including the total pore volume, BET specific surface area, mesopore volume and average pore diameter of AC, and GO/AC-x are summarized in Table4. It should be noted that there are no significant changes in the parameters Vt, and VMESO the addition of GO.
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 41 Fig 4.1: Nitrogen adsorption-desorption isotherm of (a) AC and AC/GO-x (b) Pore width distribution of AC and AC/GO-x.
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 411 Figure 4.1.1 a and b) into a less hydrophobic form that can be seen in Figure 4.1.1 (c-f), hence enabling more penetration of solvated ions into the pores of activated carbon. The addition of PVDF as an additive binder in AC electrode compromised its hydrophilicity;
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 411 Fig 4.1.1: Water Contact Angle of (a,b) PVDF (c,d) AC electrode and (d,f) AC/GO-5 electrode.

Figure 4 .

 4 Figure 4.1.2.2 b for further details), hence its peak was not observed in the diffractogram of the electrode, as shown in Figure 4.1.2 (c).
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 412 Figure 4.1.2 X-ray diffraction (XRD) of (a) Pure PVDF powder (b) PVDF dispersed in NMP solvent containing GO and graphite. (c) AC, GO and AC/GO-x electrodes. Raman spectroscopy of (d) AC, GO and AC/GO-x electrode
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 4 Figure 4.1.3 (a)) shows the whole XPS spectra of AC, GO and AC/GO-15. From the spectra, it is obvious that the peak intensity of O element present in AC/GO-15 increased with addition of GO when compared with pristine AC. The oxygen content of the total element is 5.15 % in AC while for AC/GO-15 it is 9.51 % indicating that some oxygen containing functional groups have been added to the composite. Presence of oxygenated functional groups (OFGs) i.e. (C=O, COOH etc.) is beneficial for aiding electrochemical properties in
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 413 Fig 4.1.3: Whole XPS spectra of (a) AC, GO and AC/GO-x (where x is 15 wt. % GO). XPS spectra of C 1s peak of (b) GO (c) AC and (d) AC/GO-15.
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 14 a-c). At a low scan rate (2 mVs -1 ), an almost rectangular shape was observed in both electrodes, indicating the capacitive nature of the electrodes (stable Electrical Double Layer formation at low scan rate)[START_REF] Folaranmi | Comparative Investigation of Activated Carbon Electrode and a Novel Activated Carbon/Graphene Oxide Composite Electrode for an Enhanced Capacitive Deionization[END_REF]. At a high scan rate of 200 mVs -1 , (Figure4.1.4 c), an oval like or pseudo-rectangular shape is observed, which implies a high
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 414 Fig 4.1.4: Cyclic voltammetry curve of (a) AC, GO and AC/GO-x composite electrodes at the scan rates of 2 mVs -1 ; (b) AC/GO-x electrodes at scan rate of 2 mVs -1 ; (c) AC, GO and AC/GO-x composite electrodes at the scan rate of 200 mVs -1 ; (d) Double-layer capacitance measurements for AC, GO and AC/GO-x composite electrodes. Currents were measured in a non-Faradaic region of the voltammogram obtained in 0.5 M NaCl at low scan rates of 2-10 mVs -1 . The charging (ref current density above 0 mA.cm -2 ) and discharging currents (ref current density below 0 mA.cm -2 ) plotted as a function of scan

Fig 4 . 2

 42 Fig 4.2 field emission scanning electron microscope (FESEM) images of (a) AC (b) AC/RGO-5 (c) AC/RGO-10 (d) AC/RGO-15 (e) AC/RGO-20 and (f) RGO electrodes

RGO due to the

  removal of most oxygenated functional groups in GO [100]. No significant difference was observed in the inter-layer spacing of pristine AC and its composites (d002 of 0.36 nm). The XRD pattern of AC/RGO-x composites exhibited combined characteristics with broad peaks at 2θ = 23.5-25.9 ° (002 plane) and 44.5 ° (10/101 plane). The 002 planes correspond to the graphitization of the organic component and nano-crystalline structure of the matrix, while the 10/101 plane reveals the formation of a 2D graphitic-like structure [101].

Fig 4 . 2 . 1 :Fig 4 . 2 . 2

 421422 Fig 4.2.1: XRD patterns of AC, GO, RGO and AC/RGO-x (where x = 5, 10, 15 and 20 wt. % RGO)

Figure 4 . 2 . 3 ,

 423 the reduction of GO and RGO is further confirmed by UV-Vis absorption spectroscopy with GO having an absorption maximum at 205 nm while after reduction to RGO this absorption maximum is red shifted to 214 nm owing to the restoration of sp 2 carbon atoms [104].

Fig 4 . 2 . 3 :

 423 Fig 4.2.3: UV-Vis absorption spectroscopy shift of GO and RGO.

Fig 4 . 2 . 4 :

 424 Fig 4.2.4: Thermogravimetric curves of GO and RGO.

Figure 4 .

 4 Figure 4.2.5 (a) and (b) shows the deconvoluted XPS spectra of RGO and GO respectively. Binding energies of 284.5, 286.7, 287 and 288.5 eV present in the distribution of the peaks correspond to C=C, C-O, C=O and COO-functions respectively [106]. After chemical reduction of GO, there is peak reduction in the binding energies of the oxygenated functional groups of RGO as made obvious in Figure 4.2.5 (b).Figure 4.2.5 (c) shows the XPS spectra

Figure 4 .Fig 4 . 2 . 5 :

 4425 Fig 4.2.5: XPS spectra of C 1s peaks of (a) GO and (b) RGO (c) Whole spectra of GO and RGO

Figure 4 .

 4 2.7 (a), it is obvious that AC/RGO-5 exhibited largest area and current response. This shows that a little proportion of RGO (5 wt. %) is enough to improve the capacitive behavior of AC. The double layer capacitance was calculated from CV curves at different scan rates (2-10 mVs -1 ) by taking into consideration open circuit potential at 0.1 V vs. 3M KCl Ag/AgCl while specific capacitance of the materials was calculated by dividing the calculated double layer capacitance by the deposited mass of the electrode (Eq. 1, see chapter 3).

Figure 4 .

 4 2.7 (b) shows the linear plot of AC and the composites in which the positive and negative capacitive currents taken at 0.1 V vs. 3M

Fig 4 . 2 . 7 :

 427 Fig 4.2.7: Cyclic voltammogram of (a) AC and AC/RGO-x at 2 mVs -1 (b) Plots of charging current (ref above 0 A.cm -2 ) and discharging currents (ref below 0 A.cm -2 ) against the scan rate (Vs -1 ) for CDL determination (c) Galvanostat charge-discharge (GCD) of AC and AC/RGO-x at 0.1 A. g -1

  et al. [113] synthesized a composite of ACF/RGO by electrospinning method and obtained specific capacitance of 193 F g -1 at the scan rate of 5 mV s -1 . Similar reports have been made by Haibo et al. [114] and Xin et al. [115].

Figure 4 .

 4 3 (a-d), the commercial AC is of no definite shape with presence of rough surfaces. Interestingly, there seem to be changes in the particle size of SFAC as its surface of SFAC becomes dominated with smoother particles as evident in Figure4.3 (b) and (d). According to SEM, no significant observation can be seen concerning the texture of the materials.

Fig 4 . 3 :

 43 Fig 4.3: Field emission scanning electron microscope (FESEM) top view images of (a), (c) normal or pristine AC and (b), (d) superfine AC ground at 90 min.

Figure 4 . 3 . 1 :

 431 Figure 4.3.1: Particle size of AC and SFAC at 30, 60 and 90 min grinding respectively.

  XRD patterns of normal AC and superfine AC at all conditions do not show any significant change or shift in the interlayer spacing as shown in Figure 4.3.2 (b). They all demonstrated diffraction peaks of graphitic carbon at 2 Ɵ = 23 ° and 44 ° corresponding to 002 and 100 or 101 planes of graphite respectively. The sharp diffraction peaks at 002 indicates the presence of graphite microcrystalline structure [113]. No change was observed in the inter-planar distance of the materials; indicating that the integrity of the normal AC was preserved.

Fig 4 . 3 . 2 :

 432 Fig 4.3.2: (a) Raman spectra and (b) XRD of AC and superfine AC at 30, 60 and 90 min respectively.

  Figure 4.3.3 (a) shows the FTIR spectra of both normal AC and SFAC. The peak at 2925 cm -1 is associated with CH3 bands [104] and the peak at 1490 cm -1 is due to the stretching of benzene ring [103]

Figure 4 .Fig 4 . 3 . 3 :

 4433 Fig 4.3.3: FT-IR spectra of (a) normal or pristine AC and superfine AC, (b) XPS whole survey of pristine AC and superfine AC (c) and (d) Deconvoluted XPS spectra of C1s of normal AC and superfine AC respectively.

Figure 4 .

 4 Figure 4.3.4 (a), the isotherm curves of normal AC and SFAC are similar to each other with a sharp rise at above 0.1 and 0.8 relative pressure (P/P°); indicating a large presence of mesopores and typical type II isotherm based on IUPAC classification [90].
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 434 Fig 4.3.4: Nitrogen adsorption-desorption isotherm of (a) Normal AC and SFAC (b) Pore width distribution of normal AC and SFAC

Figure 4 . 3 .

 43 Figure 4.3.1 normal AC exhibited the highest particle size distribution; this could account for its lower viscosity as grinding effect becomes more prominent. Particles possessing large distribution (high polydispersity) have high tendency to aggregate (pack) easily over the narrowly dispersed ones. This shows that suspension or dispersion with high poly-dispersed

Fig 4 . 3 . 5 :

 435 Fig 4.3.5: Rheological properties of AC and SF AC (b) Zeta potential of AC and SFAC

Figure 4 .Fig 4 . 4 :

 444 Fig 4.4: Field emission scanning electron microscope (FESEM) top view images of (a) TiO2

Figure 4 .

 4 Figure 4.4.1 (a) and (b) shows the Raman and XRD spectra of the TiO2NFs, pristine AC and its composites respectively. The Raman spectra of the pristine AC and its nanocomposites in

Figure 4 .

 4 Figure 4.1.2.9 (a) conform to a typical graphitic carbon with distinguishable peaks at 1350 cm -1 and 1590 -1610 cm -1 corresponding to D and G bands respectively [100]. D band arises from a defect that is based on out of plane vibration while G band relates to the ordered structure of graphite crystals [116]. For the as synthesized TiO2NFs, Figure 4.1.2.9 (a), major peaks are observed at 142, 388, 516 and 638 cm -1 indicating anatase phase characteristics [124]. Distinguishable peaks of TiO2NFs were observed in some of the composites especially for those with high percentage of TiO2NFs as shown in Figure 4.1.2.9 (a). This indicates the successful intercalation of the nanofibers.

Figure

  

4. 4

 4 .1 (b) shows the XRD spectra of pure TiO2NFs, pristine AC and its composites. The TiO2NF crystals are predominantly dominated with definite and sharp diffraction peaks at 2 Ɵ = 25 ° 39 ° and 43.5 ° relating to 101, 004 and 200 planes of anatase phase respectively with presence of rutile phase at 2 Ɵ = 27.5 °, 36 ° and 41 ° relating to 110, 101 and 111 planes respectively [124]. Typical diffraction peaks of all graphite material is observed for pristine AC and its nanocomposites at 2 Ɵ = 26 ° and 43.5 ° corresponding to 002 and 100 or 101 planes of graphite respectively. The sharp diffraction peaks observed at 002 planes indicates the presence of graphite microcrystalline structure in the AC [116]. On comparison with pristine AC, peaks of TiO2NFs were detected at 25 °, 27.5 ° and 48 ° diffraction peaks of TiO2NFs in all the composites thus showing successful doping of the nanofibers in the AC.
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 441 Fig 4.4.1: Raman spectra of a) Titanium oxide nanofibers TiO2NFs and AC and its composites (ACTiO2NFs-x) and X-ray Diffraction (XRD) of b) AC and its composites (ACTiO2NFs-x)

Figure 4 .

 4 Figure 4.4.2 (a) and (b) shows the energy dispersive X-ray spectroscopy (EDX) that was performed in order to identify the composition of the pristine AC and the composite electrode. Evidently from EDX, the elements detected at highest percentage in our materials are C and O. Titanium was detected among other elements in little quantity in the composite as shown in Figure 4.4.2 (b). The presence of Fluorine was also detected due to the addition of PVDF

Figure 4 .

 4 Figure 4.4.2 (c) shows two prominent peaks at 458.69 and 464.44 eV belonging to to Ti 2P3/2 and Ti 2P1/2 respectively [125, 126]. From Figure 4.1.3 (c), it is shown that Ti (IV) is present in normal state in the composites due to the observed spin orbital splitting corresponding to 5.76 eV that is obtained between Ti 2p1/2 and Ti 2p3/2. [126] As shown in Figure 4.1.3.3 (d), no Titanium was detected in the XPS spectra survey scan of the pristine AC on comparison

Fig 4 . 4 . 2 :Figure 4 . 4 . 3 (

 442443 Fig 4.4.2: Energy Dispersive X-ray spectra of a) Pristine AC b) ACTiO2NFs-x and X-ray photon electron spectroscopy of c) Ti 2p spectra of TiO2NFs d) Spectra survey of the composite pristine AC and ACTiO2NFs-.x where x = 1.0

Fig 4 . 4 . 3

 443 Fig 4.4.3 (a) Dynamic viscosities of pristine and nanocomposite flow-electrodes (b) schematic representation of effect of repulsive forces on the nanocomposite particles.

Figure 4 .

 4 Figure 4.4.4 (a) in which ACTiO2NFs-1.0 electrode demonstrated the largest area (charging and discharging area) under CV curve hence indicative of its outstanding electrochemical behavior. The CV results demonstrated an excellent reversibility in ion adsorption-desorption process. From the evolution of CV results, the optimum ratio of TiO2NFs for AC doping is 1.0 %. From CV, it is observed that incorporating TiO2NFs in low quantity into our carbon material enhances its double layer capacitance due to formation of uniform network distribution of TiO2 nanofibers between AC particles. However, as the presence of TiO2NFs increases in the composite, there seem to be exhibition of poor electrochemical behavior possibly due to increase in resistance to easy flow of ions into the pores of the electrode due to TiO2NFs agglomeration. Our result correlate to the findings reported in literature [125-127]. Based on the average of the absolute value of the slopes of Figure 4.4.4 (b), the calculated EDL capacitance of the electrodes is shown in table 4.6. Furthermore,

1 . 0 Table 4 . 6 .Fig 4 . 4 . 4 :

 1046444 Fig 4.4.4: (a) Cyclic voltammetry curve of AC and ACTiO2NFs-x composite electrodes at the scan rates of 2 mVs -1 (b) Double-layer capacitance voltammetry measurements for AC and ACTiO2NFs-1.0 composite electrode. Cyclic voltammetry was measured in a non-Faradaic region (0.1 V) of the voltammogram at low scan rates of 2 mVs -1 . The charging current (ref current density above 0 A) and discharging currents (ref current density below 0 A) plotted as a function of scan rate (Vs -1 ). The determined double-layer capacitance of the system was taken as the average of the absolute value of the slope of the linear fits to the data [97, 98] (c) Nyquist plot of AC and nanocomposite ACTiO2NFs-1.0 in 1 M NaCl aqueous electrolyte.

Figure 5 (

 5 a) shows the concentration variation over three cycles in CDI.Close inspection of Figure5(a) reveals a sharp decrease at the beginning of each adsorption step, and as regeneration steps occur (desorption phase) at zero voltage, there is release of the stored ions (brine generation). Consequently, when the cell voltage is re-applied during the subsequent adsorption step, the congruent cycle is repeated.Electrosorption test was verified by supplying NaCl solution of 400 and 1200 mg L -1 at a constant flow rate of 25 mL.min -1 after applying a cell potential of 1.0 and 1.4 V for few minutes per cycle to the CDI cell as mentioned above. Three symmetrical cycles of adsorption/desorption were obtained, as shown in Figure5 (a, b). The adsorption capacity of the composite AC/GO-15 was measured under the same conditions (400 and 1200 mg L-1 NaCl at the operating voltage of 1.0 and 1.4 V) with that of the pristine AC electrode. As shown in Chapter 4, AC/GO-15 possessed an outstanding electrochemical property when compared to its counterparts thus it was chosen as the electrode of interest, and its propensity for salt adsorption capacity was determined in comparison to pristine AC electrode. The introduction of GO into AC undoubtedly improved its hydrophilicity, resulting in an enhanced surface interaction of solvated ions into the pores of the composites, thus yielding a faster rate of salt adsorption (Figure5 c) and a better charge transfer, as shown in Figure5 (d). The salt adsorption capacity of AC/GO-15 was 5.70 mg g -1 while that of the AC electrode was 3.4 mg

Fig 5 Table 5 . 1

 551 Fig 5 (a,b) Electrosorption curves of AC and AC/GO-15 electrodes at 400 and 1200 mg L -1 NaCl solution. (c) Salt adsorption capacity of AC and AC/GO-15 electrodes at different NaCl concentrations and operating voltage (d) Current efficiency of AC and AC/GO-15 electrodes at different NaCl concentrations and operating voltage.

  figure 5.1 (c) (The fast electron mobility leading to quick salt extraction in AC/RGO-5 accounts for its highest charge efficiency). The CDI performance indicators (as summarized in table 5.2) calculated from the evolution of Figure 5.1 (a) and (b) proved that our strategy

Fig 5 . 1

 51 Fig 5.1 (a) Electrosorption curves of AC and AC/RGO-x at 1200 mg L -1 NaCl solution under applied voltage of 1.4 V (b) Current response of AC and AC/RGO-x (where x = 5 wt. % RGO) at 1.4 V (c) Maximum salt adsorption (mSAC) and Charge efficiency of AC and AC/RGO-x electrodes.

:

  Flow electrode capacitive deionization, superfine AC, viscosity and desalination. Introduction High carbon loading in FCDI favors good connectivity network among carbon particles (favoring electron transport) but this tremendously lead to high viscosity of the slurry hence clogging is observed inside the flowing channel [166].As found in literature, reports in FCDI using spherical or hollow carbons of regular shape and size (commercial or tailored made carbons from polymeric precursors) have shown higher desalination performance because they can afford higher carbon loading and relatively low viscosity due to the existence of corner-less and edge-less particles unlike carbons of irregular shape and size which offer corners and edges.[START_REF] Park | Surfacemodified spherical activated carbon for high carbon loading and its desalting performance in flow-electrode capacitive deionization[END_REF] 167]. Recent approaches in improving FCDI desalination performance through different parameters such as cell potential, cell architecture to improve carbon loading and additives utilization to mitigate internal electrode resistance of carbon slurry have been reported in literature [167-169]. Aranzazu et al. [170], using activated carbon (average diameter of 10 µm) slurry at different weight suspensions to understand the performance of different slurries in relation to their electrochemical behavior. Using commercially made activated carbon (average diameter of 5.6 µm) of indefinite shape and size, Kuo et al., [171] made carbon slurries of different mass loadings (5, 10 and 15 wt. %) and tested their mobility (static, semi flow and flow modes) in relation to desalination performance and energy consumption.

Fig 5 . 2 Fig 5 . 3

 5253 Fig 5.2 Desalination conductivity curve (a) AC and SFAC at different time (b) Salt removal rate and desalination efficiency and (c) charge efficiency of normal AC and SFAC at different time interval respectively.

5. 10 . 1

 101 Activated carbon co-mixed electrospun titanium oxide nanofibers as flow electrode in capacitive deionization. Introduction One of the challenges of carbon based materials used as electrodes is high resistance. concentration polarization [174]. This process leads to ions depletion at the electrode interface due to high impedance to ion transport [183] thus finding means of reducing this phenomenon is important in achieving better stability and capacitive performance of electrical double layer capacitors (EDLCs).

mg L - 1

 1 NaCl as the feed solution. Difference in conductivity was monitored and recorded during the course of the experiment. Difference in conductivity was monitored and recorded during the course of the experiment. FCDI performance matrices such as salt removal efficiency (SRE, Figure 5.4 (b)), salt removal rate (SRR) and charge efficiency (CE) in Figure 5.4 (c) were used to evaluate the performance of the flow electrodes. Obvious sharp drop of initial concentration noticed in Figure 5.4 (a) is as a result of electrostatic attraction of ions into different mobilized charged flow electrodes due to electric field creation. Notably, the nanocomposites show sharper drops than pristine AC and among all the nanocomposites, ACTiO2NFs-1.0 exhibited the sharpest concentration drop; an expected behavior due to its excellent capacitive nature (rapid ions adsorption on the electrode surface, lower interfacial resistance, stable EDL formation that enabling better ions migration). Its highest charge efficiency (CE) implies fast ions mobility to the pores of the flow electrode thus leading to quick salt removal; a consequent effect on salt removal efficiency (SRE) and salt removal rate (SRR). Hence our strategy through this simple nanocomposites synthesis showed the obtained condition necessary for improvement of flow electrodes for desalination.

Fig 5 . 4 :

 54 Fig 5.4: Conductivity curve (a) AC and ACTiO2NFs-x (b) Salt removal efficiency and (c) salt

  of low cost, readily available and of renewable source. Material such as carbon possess virtually all these characteristics and has been the choice of candidate in CDI research. Recent research projects in CDI has focused on development of advanced carbon materials to achieve high desalination capacity. However, realistic development of these fancy materials (carbons) into industrial scale is shallow as the processes involved in their synthesis or modification is either time consuming, expensive or the synthesized materials are usually of low quantity for only laboratory scale experiments.

FE

  différents OFG du matériau hybride. Ce procédé simple résout le problème fondamental d'hydrophilie associé à l'AC en utilisant un moyen non corrosif, contrairement aux méthodes connues habituellement rapportées dans la littérature.Études résolues sur la propriété électrique de l'AC par le biais d'une conception expérimentale simple.En raison de la faible conductance électrique du CA, des rapports ont montré que la combinaison de l'AC avec des additifs de propriétés électriques élevées peut influencé positivement son efficacité de dessalement. Des additifs tels que l'oxyde de graphène réduit/graphène (RGO/Gr), le noir de carbone (CB), les nanotubes de carbone (CNT), etc. sont généralement utilisés. Cependant, les RGO utilisés dans la plupart de ces rapports sont synthétisés selon des étapes de traitement fastidieuses. Les approches de synthèse prennent du temps (chronophages) et les produits chimiques utilisés dans le processus de réduction sont souvent dangereux. Ainsi, un nouveau moyen de résoudre ce défi a été développé par une conception expérimentale simple. La méthode expérimentale requiert une voie moins coûteuse et plus respectueuse de l'environnement pour la synthèse du RGO en utilisant le KOH pour la réduction du GO. Le RGO obtenu est ensuite directement combiné au charbon actif par simple agitation chimique, sans autre traitement. Grâce à cette approche, le RGO obtenu est capable d'avoir une meilleure influence sur les propriétés électriques du charbon actif et, en tant que tel, donne une plus grande capacité de dessalement lorsqu'il est testé comme électrode dans le CDI par rapport à d'autres rapports trouvés dans la littérature.Déionisation capacitive à électrodes liquides (flow electrode capacitive deionisation FCDI)Les nombreux défis (adsorption des co-ions, mode de fonctionnement discontinu et surface d'adsorption limitée) des électrodes à base solide ont conduit à la conception d'une nouvelle configuration de cellule d'electrosorption dans laquelle l'état de l'électrode n'est plus solide (phase continu) mais dispersée dans une solution électrolytique, appelée suspension (ce qui permet un nombre illimité de sites actifs pour l'adsorption). En conséquence, les défis susmentionnés ont été surmontés permettant un fonctionnement continu et simultanée des processus de dessalement et de régénération des électrodes (décharge). Le dispositif est conçu de manière à offrir un débit constant en recyclant la suspension d'électrode, ce qui permet de surmonter le mode de fonctionnement discontinu puisque la régénération de l'électrode a lieu dès que la boue de carbone sort des compartiments de la cellule et se charge au moment où elle est recyclée dans la cellule. La déionisation capacitive à électrode liquide (FCDI) offre une capacité de dessalement exceptionnelle par rapport à la CDI conventionnelle, mais les défis liés à l'utilisation des électrodes en suspension sont une autre préoccupation croissante.Des problèmes tels que le colmatage du carbone à l'intérieur de la cellule, la faible charge en carbone de la cellule (concentration massique maximum limitée), la faible conductivité électrique, et la viscosité élevée du carbone à une masse plus importante ont limité cette variante de la technologie de deuxième génération. Ici, il s'agit de se concentrer sur l'optimisation de cette technologie en améliorant certains des défis liés aux électrodes liquide.Les principales contributions émanant de ce processus sont résumées ci-dessous :Développement d'une forme simple de charbon actif par une simple méthode de broyage à bille (broyeur planétaire). Le charbon actif généré par cette méthode, appelé charbon actif superficiel (SFAC), a été utilisé comme électrodes liquide pour capturer les ions d'une eau saumâtre relativement élevée tout en fonctionnant en phase semicontinue. Les performances de dessalement de ce matériau se sont avérées nettement supérieures par rapport au CA commercial normale. Les observations issues des caractérisations physico-chimiques de ce matériau en comparaison avec le CA vierge n'offrent aucun changement significatif au niveau des propriétés physico-chimiques (défauts, chimie de surface, cristallinité…) mais des changements significatifs ont été observés dans leur morphologie et leur viscosité. Au fur et à mesure que le temps de broyage à billes augmente (temps de broyage), la morphologie du SFAC s'atténue avec des particules plus fines aboutissant à une viscosité dynamique du matériau plus grande. Les tentatives de compréhension de ce dernier comportement ont été rationalisées en réalisant des mesures du potentiel zêta des nouveaux matériaux (SFAC) et du CA vierge. Les résultats issus des mesures du potentiel zêta montre que le SFAC présente une répulsion électrostatique plus élevée (potentiel zêta plus élevé) par rapport au CA vierge, ce qui peut s'expliquer par le fait qu'à mesure que le broyage augmente, les particules deviennent plus fines et plus lâches, s'éloignant ainsi les unes des autres, ce qui entraîne une augmentation de la viscosité, contrairement aux particules qui sont étroitement liées entre elles. Le SFAC démontre ainsi une meilleure stabilité de la suspension ainsi qu'une plus grande facilité de préparation comparé au CA commerciale et à charge équivalente en carbone dans la cellule FCDI. Le SFAC a montré des peformances de dessalement supérieure au CA vierge (dessalement plus élevé à un temps plus court) car cela permet outre l'augmentation de la surface Electrode material

  

  

  

  

  

  

  

  

  

Table E4 :

 E4 Flow Electrode composition of AC co-mixed electrospun titanium nanofibers 1
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Table 1 .

 1 time thus chemical pretreatments are used to mitigate membrane fouling in order to remove some organic material. However, this challenge still persists as a dominant issue. Due to these limitations, there was a need to develop a simple and environmentally friendly technology that could overcome some of the challenges of RO and can operate in smaller, portable units with lower pressures. This led to the invention of electrochemical water desalination (Capacitive deionization, CDI). CDI, in contrast to these known technologies leverage electric fields to desalinate water by extracting solutes from solvent. However, CDI cannot still effectively compete with established membrane based desalination techniques but it augments the drawbacks of known technologies by effectively

	Electrochemical Technology	Innovators	Year
	Flow-by CDI	Bair and Murphy	1960
	Flow through CDI	Johnson	1970
	MCDI	Lee	2006
	Battery desalination	Pasta	2012
	Flow electrode CDI	Jeon	2013
	Hybrid CDI	Lee	2014
	Inverted CDI	Gao	2015
	Cation intercalated desalination Smith and Dimello 2016
	In summary, membrane based desalination technologies such as RO are commonly used as
	water desalination techniques to obtain potable water for human consumption. Though RO is

1: Progress in innovation in electrochemical water desalination

[START_REF] Zander | Desalination: A National Perspective[END_REF] 

widely used yet it is not without some challenges. For instance, large pressure is needed to desalt seawater and this have a large footprint and high capital costs. Furthermore, biofouling is one the primary major challenges of reverse osmosis plants. Fouling greatly decreases membrane permeability over

Table 2

 2 

	below shows a good understanding of the problem

Table 2 .

 2 Some recent advances in electrode modifications for capacitive desalination.

Electrode Material Purpose Compromise Water Salinity (ppm NaCl) Capacity (mg/g) Operation Voltage (V) Ref.

  

		Electrical Wettability	Wettability Porosity				
	3D Graphene	conductivity and	challenges challenges				
	modified with SWCNT GO-CNT/AC	improvement conductivity and porosity electrical		300 800	48.73 21.3	2.0 0.3-1.5	[61] [68]
	GO/resorcinol	Wettability improvement	Electrical				
	formaldehyde microsphere	and porosity improvement	conductivity challenges	800	35.52	1.8	[62]
	(GORFM)						
		Wettability	Challenge of				
		and	passivation				
	rGO/TiO2	electrical	and porosity	300	9.1	0.8	[63]
		conductivity					
		improvement					
		Wettability	Porosity and				
		and stability	electrical				
	ZrO2/GO	improvement	conductivity	50	4.55	0.8-1.2	[64]
			challenges				
		Capacitance	Porosity				
	PANI/AC	and stability	challenges	250	3.15	1.2	[65]
		improvement					
	Flexible Graphene	Electrical conductivity	Between electrical	300	18.43	1.4	[66]
	NG-CNFs 3D Graphene	improvement Wettability,	conductivity Agglomeration	1000	14.79	1.2	[59]
	grafted with	porosity and	and porosity challenges				
	amine-sulfonic	Electrical electrical conductivity	Porosity	500	13.72	1.4	[67]
	Graphene gel functional	conductivity improvement	challenges	500	49.34	2.0	[60]
	group	improvement					

Table 2 .

 2 

	1 Mains advantages and drawbacks of flow-by and flow-through CDI cells
	for desalination.	
	CDI Geometry	Advantages	Drawbacks
			-Moderate water flow rate
		-Easy to design with low cost plate	due to low electrodes
	Flow-by	dense electrodes -High energy recovery	interspace -Long times required for
		-Low energy consumption	desalination due to quite low
			kinetics
		-High ASAR due to high kinetics	
		promoted by turbulence inside the	
	Flow-	pores of electrodes	-Higher CAPEX due to the
	through	-High mSAC of the porous electrodes	cost of porous electrodes
		-High water flow rate due to low	
		fluidic resistance of aerogel electrodes	

Table 2 .
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	Slurry Electrodes			Feed Solution			
	AC (Wt %)	[NaCl] (mM)	Additive (Wt %)	Flow Rate (mLmi n -1 )	[NaCl]in Effluent (mM)	Flow ) Rate (mLmi n -1	Volta ge (V)	Ref.
	0-16	60	-	0-175	60	2-13	1.2	[73]
	20	11.1	CB 0.5-1.5	4	-	11	0.6-4.8	[74]
	5	2.5	FCNT 0.25	25	-	3	1.2	[75]
	10	0.016	CNT 1.5 15	9.01	15	-	[76]
	5-35	2.5	-	25	3.5	3	1.2	[77]
	5	-	-	60	17.1-256.4	9	1.2	[78]
	5	1.7	-	1	3.42-598.3	1	1.2	[79]

2. Summary of some recent advances in operating parameters for flow capacitive deionization systems as found in literature.

3.1 Materials and method 3.2 Chemicals reagents

  

	Absolute ethanol (CAS no: 64-17-5, 99.8 %) and hydrogen peroxide (CAS no 7722-84-1,
	7732-18-5 30 %) were purchased from VWR chemicals (Fontenay-sous-Bois, France). All
	chemicals were used as supplied.
	Cationic and anionic exchange membranes were purchased from Membranes International
	Inc. (Ringwood, New Jersey, USA). Deionized water with electrical resistance of 1 MΩ cm -1

Activated carbon, Supelco Analytical (CAS no: 7440-44-0, France) and graphite powder (CAS no: 7782-42-5) were supplied by Sigma Aldrich (Steinheim, Germany). Carbon black (CAS no: 1333-86-4) was supplied by Alfa Aesar (Steinheim, Germany. Graphite foil (0.35 mm thick) was supplied by RMC Remacon (Bad Säckingen, Germany).

Polyvinylidenefluoride (PVDF) (CAS no: 24937-79-9), N-methyl-2-pyrrolidone (NMP) (CAS no 872-50-4, 99.7 %, M.W 99.13 g mol -1 ), hydrochloric acid (HCl) (CAS no: 7647-01-0, 37 %), phosphoric acid (H3PO4 CAS no: 7664-38-2, 85 %) and potassium permanganate (KMnO4) (CAS no: 7722-64-7, 98 %) were purchased from Alfa Aesar (Erlenbachweg 2, Germany). Sulfuric acid (H2SO4) was purchased from ACS Reagent (Belmont, CO, USA).
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4.1.

1 Result and discussion

  Physico-chemical and electrochemical characterizations of the pristine and modified carbon electrodes are discussed; effect of GO addition in relation to surface chemistry and electrochemical properties of pristine AC is discussed as shown below:

	4.1.2 Characterisation of carbon based electrodes in CDI using GO
	4.1.2.1 Scanning electron microscopy (SEM)

Table 4

 4 Textural parameters of Pure AC, AC electrode, GO and AC/GO-x

	Sample	Vt (cm 3 g -1 ) SBET (m 2 g -1 )	VMESO (cm 3 g -1 )
	Pure AC	0.82	1031±0.20	0.55
	AC	0.33	467.05±0.15	0.35

Table 4 . 1

 41 Electrical double layer capacitance (CEDL) and specific capacitance (CSpecific)

	for AC and AC/GO-x electrodes.				
	Sample	AC GO	AC/GO-5	AC/GO-10 AC/GO-15 AC/GO-20
	CEDL(F.cm -2 )	0.92 0.58	0.62	0.94	1.61	0.47
	Cspecific (F.g -1 ) 56 157	43	66	75	33

Table 4 . 2 :

 42 Textural parameters of pure AC, AC electrode and AC/RGO-x (where x = 5, 10, 15, and 20 wt. % RGO) electrodes and the additive

	Sample	Vt (cm 3 •g -1 )	SBET (m 2 •g -1 )	VMESO (cm 3 •g -1 )
	Pure AC	0.82	1031.03±0.20	0.55
	AC electrode	0.46	474.6±0.20	0.40
	GO	0.01	05.5±0.30	0.01
	RGO	0.03	16.4±0.30	0.06
	AC/RGO-5	0.41	374.4±0.20	0.30
	AC/RGO-10	0.43	473.4±0.10	0.38
	AC/RGO-15	0.40	434.1±0.20	0.33
	AC/RGO-20	0.45	480.7±0.10	0.39

Table 4 . 3 :

 43 Calculated double layer capacitance (CDL) and specific capacitance (CSpecific) for

	5,

Table 4 . 4 .

 44 Textural parameters of AC and Superfine AC

	Materiale	Vt (cm 3 •g -1 )	SBET (m 2 •g -1 )	VMESO (cm 3 •g -1 )
	Normal AC	0.67	839.3±0.40	0.47
	30min SF AC	0.68	826.2±0.10	0.46
	60min SF AC	0.66	817.3±0.10	0.47
	90min SF AC	0.68	850.0±0.10	0.49

Table 4 . 5 .

 45 Reynolds number of different feed electrode composition

	Material	Reynold no
	Normal AC	116.45
	30min SF AC	84.59
	60min SF AC	50.01
	90min SF AC	47.99

Table 4 .

 4 

	6. EIS parameters from Nyquist plots		
	Electrode	R1 (Ω)	R2 (Ω)	W (mS)	Q2 (mS)
	material				
	AC	1.7±0.21	4.1±0.11	228.07±0.27 0.25±2.80
	ACTiO2NFs-1.0 1.5±0.17	2.60±0.22	255±0.18	0.38±1.10

R1: Ohmic resistance, R2: Charge transfer resistance, W: Warburg diffusion, Q2: Phase change.
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Table 5 :

 5 Electrosorption behavior of oxidized carbon based electrode in CDI as found in the literature.

		Adsorption				
	Material	capacity	Efficiency Capacitance Voltage References
		(mg.g -1 ) (%)	(F.g -1 )	(V)	
	OAC	-	15.00	73	"	40
	GO/ZrO2	4.55	-	-	1.20	63
	N-Doped Ti/G 9.20	98	157	"	127
	OAC	-	36.10	9	2.00	140
	OAC	_	55.00	_	1.00	141
	OAC	5.30	-	-	"	142
	GO/PVA	35.00	_-	_	"	143
	AC/GO	5.70	20.10	75	1.00	This work

Activated Carbon blended with Reduced Graphene Oxide Nanoflakes for Capacitive Deionization.

  

	Some of the results provided in this section have been published in Nanomaterials 2021, 13,
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  graphene oxide (RGO) is made of single or more layers of graphite sheets of high electrical conductivity and as found application as super-capacitor due to its high capacitance, surface area and superior electrical conductivity [144]. Since its discovery, RGO has been independently used as a promising electrode material candidate or as an additive with other carbon based materials in CDI [144]. As recently reported, advances in RGO nanoflakes has shown that methods of graphene oxide (GO) reduction to yield RGO nanoflakes could affect its textural properties. RGO synthesized by Li et al [145] using hydrazine reductive method Chuanyin et al. [152] through hydrothermal and CVD processes synthesized 3D flexible nitrogen doped RGO (NRGO) and thereafter combined with carbon nanotubes to fabricate a flexibly hybrid super-capacitor of high specific capacitance and retention.thus, in the same way, we propose here a series of hybrid AC/RGO-x made by combining commercial AC with RGO nanoflakes produced by KOH reduction of graphene oxide (GO).

	on GO, yielded RGO possessing 222.01 m 2 g -1 specific surface area with electrosorptive
	performance of 1.35 mg g -1 . Since desalination performance of carbon based electrodes is
	dependent on properties such as electroactive surface area, microstructure, porosity etc.,
	several attempts have been made to fabricate electrodes of well accentuated carbon network in
	order to forestall the challenges posed by RGO method of synthesis [146] However, RGO
	reportedly used for this purpose (as an additive) usually undergo the use of toxic chemicals
	for synthesis and the need of pre-treatment steps in order to improve its performance. Such
	pre-treatments for instance involve thermal treatment which is often time consuming. As a
	matter of diversity, we propose in this paper a simple and non-toxic reductive method of RGO
	synthesis by GO reduction using potassium hydroxide (KOH) and then subsequently used an
	additive to influence the electronic conductivity of commercial activated carbon (AC). The as
	prepared RGO was combined with commercial AC without any pre-treatment step for
	desalination application using CDI technique.
	In the field of super-capacitors, RGO nanoflakes have found application as an additive to
	improve the electronic conductivity of electrochemically active double-layer materials [147-
	153].

Table 5 . 2 :

 52 Using thermally pre-treated AC, Lanshu et al. [155] reported electrochemical studies of free standing AC/RGO composites with an outstanding specific capacitance of 207 F g -1 . Qiang et al. [156] synthesized a composite of ACF/RGO by electrospinning method and obtained specific capacitance of 193 F g -1 at the scan rate of 5 mV s -1 . Similar reports have been made by Haibo et al. [157] and Xin et al. [158]. Interestingly, Xin et al. [158] reported a low electrosorption of 2.99 mg g -1 which is lower than the electrosorption reported for our composites thus showing the efficacy of our method which afforded a simple, cheap and less corrosive means of obtaining RGO as a dopant for commercial AC without any pretreatment to obtain a potential EDL hybrid electrode material. CDI operating performance matrices of this experiment at all operating conditions

	literature [155-158]. Undoubtedly, the method of synthesis and thermal pre-treatment affect

Table 5 . 3 :

 53 Advances in electrosorption of AC/RGO composite electrodes in CDI.

	Electro de material	Synthesis method	Applied Voltage E (V)	[NaCl]° (mg L -1 )	CSpecifi c (F g -1 )	mSA g -1 ) C (mg	Ref
	AC/RG O	Vacuum filtration under N2 process & *Th.T	-		207	-	155
	CNFs/R GO	Electrospinning & *Th.T under CO2	0.4-1.60	400	256	7.20	156
	OAC/R GO	Oxidation/simple doping & *Th.T	1-2-2.0	25	181	0.81	157

  Flow capacitive deionization is a variant of capacitive deionization. It offers continuous/semicontinuous desalination that is made possible via constant movement of polarized flow electrodes on conducting channels that also stand as electrode support. Performance of electrode is linked to factors such as applied voltage, feed electrode hydrophilicity, carbon loading, conductivity of the feed electrolyte, particle size, viscosity etc. In this paper, a new

	Zaviska
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	marc.cretin@umontpellier.fr (M.C.)
	Abstract:

Table 5 . 4 :

 54 Recent advances in FCDI cell performance.

	Electrode material Electrolyte	Voltag e (V)	Carbon Loadin g (wt. %)	FS [NaCl] (g L -1 )	SRE (%)	SRR ) (mg. min -1 .cm 2	CE (%)	Re f
	AC		H2O	1.2	5	35	68	0.34 -
	Spherical AC	NaCl+H2O 1.2	10	35	17	-	-
	AC+CB		Na2SO4+ H2O	4.8	20	0.65	-	0.20 8	69.5 0
	Spherical AC+CNT		NaCl+H2O	1.6	7.41	11.70	-	8.32 mg.s -1 m -2	93.3 0
				1.2	1			0.42	
	AC DARCO	H2Q/Q			2		µg.m in -1 .c	-
								m 2	
	AC Norrit		H2O	1.2	5	5.85	80	-	100
				1.2	10		-	0.70	
	AC Darco +CB	H2O			2		7 µg.s -	98
								1 .cm 2	
	AC MSC-30	NaCl+H2O	1.2	5	35	62.9 0	-	89.7 0
	AC	BEADS		1.2	35		27.2	5.5	
	Modified VBTAC	with and	NaCl+H2O			5	0	mm. s -1 .m	85.6 0
	S4VBS							2	
	SFAC DARCO	H2O	1.2	10	5	47.6 1	0.03 9	90.8 3	T W

Activated carbon co-mixed electrospun titanium oxide nanofibers as flow electrode in capacitive deionization.
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	Abstract:
	Flow capacitive deionization is a water desalination technique that utilizes carbon based
	electrodes in liquid state to obtain fresh water from brackish or seawater. This is a promising
	second generation water desalination technique but its performance is affected by factors such
	as electro-conductivity of feed electrode, concentration polarization, viscosity etc. In this
	study, titanium oxide nanofibers (TiO2NFs) was synthesized via electrospinning method and
	subsequently mixed with commercial activated carbon (AC) to obtain a well dispersed flow
	electrode. Scanning electron microscope (SEM), X-ray diffraction (XRD), Raman
	spectroscopy, X-ray photoelectron spectroscopy (XPS) and energy dispersive x-ray (EDX)
	126
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Table 5 . 5 :

 55 Recent advances in electrosorption behavior of activated carbon-titanium

	nanofiber composites							
	Electrod e material	Synthesis method	Technique	Applied Voltage (V)	E	[NaCl] (mg L -1 )	SRE (%)	mSA -1 ) C (mg.g	Ref
	AC/TiN F	High speed mixing	MCDI	1.2		292	89.60	17.70	
	AC/TiZ rNF	Hydrothermal Tr*	CDI	1.2		100	53.08	-	
	NACTZ NF	Hydrothermal Tr*	CDI	1.2		100	71.19	3.98	
	ACTiN F	Hydrothermal Tr*	CDI	1.2		500		2.70	
	ACTiN F	Simple mixing	FCDI	1.2		5000	37.30	16.72	T

W T W: This Work, Tr*: Treatment

). The determined double-layer capacitance of the system was taken as the average of the absolute value of the slope of the linear fits to the data 156

Appendix C2 Table of electrical double layer capacitance (CDL) of ACTiO2NFs-x (where x = 0.5, 1.5, 2.0, 2.5 and 5.0 wt.% TiNFs) electrodes. 157
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Result and discussion

Physico-chemical and electrochemical characterizations of the pristine and hybrid carbon electrodes are discussed; effect of RGO addition on the porosity, morphological and textural properties of the hybrid electrodes in relation to their electrochemical properties is discussed as shown below:

Characterisation of carbon based electrodes in CDI using RGO

Scanning electron microscopy (SEM)

The morphology of AC and the composites containing RGO was examined by field emission scanning electron microscope (FESEM). The images are given in Figure 4.2 (a-f).

Commercial AC shows an indefinite shape with no smooth surface (hill like surface). RGO observations prove that the rough surface of the RGO sheet tend to stack or agglomerate together showing very limited porosity and compacted structure. On the other hand, all the composites containing RGO show no significant difference in their morphology when compared to that of the pristine AC and no significant evolution concerning the texture of the materials can be ascertained by SEM.

due to the dense restacking of GO sheets as a result of van der Waal force between the layers and this factor consequently have negative effect on the effective surface area of RGO [106] From Figure 4.2.6, AC and AC/RGO-x isotherms are similar to each other with a characteristic mesoporous property due to the sharp adsorption uptake between 0.1 and 1.0 relative pressure (P/P°) indicating a type II isotherm based on IUPAC classification [START_REF] Thommes | Physisorption of gases, with special reference to the evaluation of surface area and pore size distribution (IUPAC Technical Report)[END_REF]107].

Also, based on the isotherm curves of the samples, a non-mutual curve arrangement was observed as shown in Figure 4.2.6; this could be due to additive effect on the textural properties of AC and this effect is independent on additive ratio. revealed successful presence of the additive in AC. We further extend our investigation into the transport properties of these hybrid flow electrodes using CV and EIS. From be obtained results, it was observed that high affinity of ion permeability and diffusion into the pores of the hybrid flow electrodes increased for hybrid flow electrode with low percentage of TiNFs (at 1 wt. %).

In the subsequent chapter (chapter 5), we comprehensively elucidated the effect of the properties of both solid and flow electrodes on their application as desalination electrodes. in the pore surface.

In this chapter and for CDI experiments, the cell architecture of the CDI used is a flow-by architecture (see chapter 3, Figure 3.0) in which feed water (brackish solution) flows between the two charging porous electrodes and through the separator.

In this chapter, the desalination performance of Capacitive Deionization (CDI) and Flow

Capacitive Deionization (FCDI) was studied for a wide range of salt compositions. The detailed data collection for simulated sodium chloride solution employed in this project enables the author to understand the electrosorption behavior of the state of the carbon electrodes (pristine and modified) in the different techniques (set-up). As expected, the modified electrodes showed salt adsorption improvement and charge efficiency in both CDI and more enhancement in FCDI. More so, the enhancement in the modified carbons and through FCDI shows significant importance of surface modification and effect of change of state of the electrodes with respect to ion transport. In all cases, a sharper drop in ion concentration curve is always observed during desalination process and this phenomenon can be attributed to the ease of transport of ions to the stable EDL formation in the carbon pores thus enabling better temporary storage of ions.

The first section of this chapter discusses the desalination performance of modified solid based electrodes in comparison to the pristine AC while the second section discusses a new form of AC as a viable flow electrode.

Overview on desalination performance of solid electrode using pristine AC modified with graphene oxide (GO) in CDI

To understand the effect of GO on AC and draw a link between its outstanding electrochemical performance and electrosorption, we have in this section tried to understand

Abstract:

Capacitive deionization is a second-generation water desalination technology in which porous electrodes (activated carbon materials) are used to temporarily store ions. In this technology, porous carbon used as electrodes have inherent limitations, such as low electrical conductivity, low capacitance, etc., and as such, improvement of electrode materials by rational design to obtain hybrid electrodes is key towards upscale in desalination performance.

In this work, different compositions of mixture of reduced graphene oxide (RGO) and activated carbon have been prepared and tested as electrodes for brackish water desalination.

The physico-chemical and electrochemical properties of the activated carbon (AC), reduced graphene oxide (RGO), and as-prepared electrodes (AC/RGO-x where x = 5, 10, 15 and 20 wt. % RGO) were characterized by low-temperature nitrogen adsorption measurement, scanning electron microscope (SEM), X-ray diffraction (XRD), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), Fourier transform infra-red (FT-IR), cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS) (as shown in chapter 4). Among all the composite electrodes, AC/RGO-5 possessed the highest maximum salt adsorption capacity (mSAC) of 8.10 mg g -1 at an operating voltage ∆E = 1.4 V and fastest electron mobility of 55.50 cm 2 / (V.s). This shows that this simple approach could offer a potential way of fabricating electrodes of accentuated carbon network of an improved electrical conductivity that's much coveted in CDI technology.

Keywords: desalination; activated carbon electrode; reduced graphene oxide; composite electrodes

Result and discussion

Electrosorption behavior of AC and modified AC using RGO is discussed. The effect of additive is elucidated and rationalized as shown below:

Comparative Electrosorption Capacities of AC and hybrid AC/RGO-x

Introduction

Carbonaceous materials have always been the focus of attention as electrode materials in CDI because of their high surface area, porosity, conductivity, hydrophilicity, cheap source and biodegradability [START_REF] Qin | Comparison of energy consumption in desalination by capacitive deionization and reverse osmosis[END_REF]. Material aspect of this technology is of utmost importance for improvement in order to achieve suitable or hybrid electrodes of high performance with

To reveal and understand the relationship and condition of operation between the aforementioned above and system performance, the design of activated carbon flow electrodes based on fine particles was explored for the first time in this paper. 

Comparative Electrosorption Capacities of AC and superfine AC

For the desalination experiments, feed solution, saline solution of 5000 mg L -1 (86.5mM, 70