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General Abstract 

It was revealed from relevant recent literature that the electrodialysis (ED) desalination 

performance of commercial and laboratory-made ion exchange membranes (IEMs) had been 

studied previously but not in a systematic way so that the planners, designers, and engineers can 

evaluate a trade-off in selecting the suitable IEMs and optimum ED experimental conditions for 

their desired outcomes such as high ion-selectivity, high salinity removal, high water recovery, 

low energy consumption, or low water transport. Furthermore, the existing conventional and 

laboratory-made IEMs reported previously showed various technical and economical limitations 

with respect to permeability, permselectivity, ion-selectivity, electrical resistance, stability 

(mechanical, chemical, and thermal), and production costs. Thus, this research was mainly focused 

on the systematic comparison of ED desalination performances of five well-known commercial 

IEMs and two newly developed IEMs (i.e., bio-inspired and polyethersulfone polymeric) under a 

set of well-controlled experimental conditions. The desalination performance of IEMs was 

evaluated by determining the key ED operational parameters such as the limiting current density 

(LCD), current efficiency (CE), salinity reduction (SR), normalized specific energy consumption 

(nSEC), osmotic water flux (oWF), individual ion concentration reduction rate, and relative ion 

transport ratio (divalent versus monovalent) as a function of feed solution concentration and 

composition, applied stack voltage, and velocity of feed solution. A laboratory-scale single stage 

ED stack was used with five cell-pairs of cationic and anionic membranes with an active cross-

sectional area of 7.84 (2.8 x 2.8) cm2. A programmable power supply, pH/conductivity meter, mass 

balance, pressure gauges, and magnetic stirrers were used for the ED experimental setup. A 

supervisory control and data acquisition (SCADA) system was developed by VIEW 2017 for 

automatic recording of experimental data at five seconds intervals for diluate reservoir mass 
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change, applied voltage and current, pH, temperature, and conductivity. Periodic samples were 

also collected from process streams (diluate and concentrate reservoirs) for post analysis using Ion 

Chromatography. The entire research work was divided into three projects. In first project, ED 

desalination performance difference between five commercial IEMs and a novel bioinspired cation 

exchange membrane (CEM) developed recently at Sandia National Laboratory was compared for 

synthetic sodium chloride (NaCl) feed solutions concentration of 1, 3, 10, 35, and 100 g/L, voltage 

application to ED stack of 0.4, 0.8, and 1.2 volts per cell pair, and superficial feed velocity of feed 

solution of 2, 4, and 8 cm/s. Sandia’s bioinspired CEM performed relatively well compared to the 

commercial membranes. The second project investigated the effects of key ED operational 

parameters on the desalination performance of five pairs of commercial IEMs used in the first 

project for brackish groundwater feed solutions (2.79 and 5.26 g/L TDS), 0.4 and 0.8 volts per cell 

pair stack voltage application, and 4 cm/s superficial feed velocity of feed solution. The 

membranes were ranked according to performance with respect to several figures of merit. The 

results of this work will be helpful for ED process optimization and performance analysis for the 

specific application and expected outcomes. In the third project, a set of novel nanocomposites 

polymeric CEMs was developed from a highly durable and relatively inexpensive material 

polyethersulfone (PES) and the influence of CEM’s microstructure, fabrication method, 

physiochemical properties of polymeric substances, nanofillers, and crosslinkers on ED 

desalination performance were evaluated. The results showed the potential of using sulfonated 

PES with graphene oxide (GO) nanofillers and polyvinylpyrrolidone (PVP) crosslinkers for 

fabricating CEMs using phase inversion methods. 

Keywords: Electrodialysis, desalination, bioinspired, nanocomposite, polyethersulfone, 

graphene oxide, ion exchange membrane, NaCl feed, brackish groundwater. 
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Chapter 1: General Introduction 

1.1.BACKGROUND  

Fresh water is a limited natural resource. Unfortunately, this limited freshwater resource is 

becoming depleted due to overuse. Approximately 748 million people currently live without access 

to fresh water, and over 2.5 billion people have access to meager water supply [1]. According to 

the United Nations, water usage is increasing twice as fast as population growth [1]. As the global 

population is expected to reach nearly 10 billion by 2050, the scarcity of drinking water is expected 

to worsen. Water scarcity, which is caused by natural and anthropogenic activities (e.g., climate 

change, drought, global warming, industrialization, agriculture, and fast population growth), will 

increasingly exacerbate international conflict in years to come.  

Three-fourths of the earth’s surface is covered by water. However, 97.5% of this total water 

is seawater, and the remaining portion i.e., 2.5% is fresh water. Only 0.3% of this fresh water is 

found as surface water (e.g., river, lake, pond, etc.), 30% of the fresh water is available as 

groundwater (out of which 40% is pure and impure groundwater and 60% is brackish 

groundwater), and the rest of the fresh water is in the unusable forms of icecaps and glaciers [2]. 

Since seawater and brackish water are abundant sources of natural water resources, treatment and 

use of this water will be one of the solutions to the freshwater scarcity problem. In order to utilize 

this huge amount of seawater and brackish groundwater resources existing globally, alternative 

technologies and treatment options must be explored [3]. One of the most promising options is 

desalination, which produces potable water from non-traditional sources such as seawater and 

brackish groundwater.  

Around the world, desalination is considered as one of the preferable techniques for 

treating seawater and brackish water. The future of desalination in solving the water scarcity 
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problem looks promising. There are more than 18,000 desalination plants in operation globally 

[4]. The United States and the Middle Eastern countries are the leaders in developing desalination 

technologies in the last couple of decades, and the application of desalination technology is 

expected to grow continuously [5]. Global online desalination capacity increased from 20 million 

m3/day in 1995 to 92.5 million m3/day in 2017 [6]. The global average freshwater consumption is 

around 10 billion tons or 1013 m3 per day [6]. 

The most common methods of modern desalination are thermal processes and membrane 

desalination. Thermal processes, such as multi-stage flash, multi-effect distillation, vapor 

compression, and humidification-dehumidification, usually follow the concept of evaporation and 

condensation of water. Membrane desalination technologies, such as reverse osmosis (RO), 

forward osmosis (FO), electrodialysis (ED), and nanotechnology-based processes use membranes 

as salt rejection barriers to desalinate water. Membrane technologies are advantageous as 

compared to thermal processes because of their substantially lower energy usage [7].  

Reverse osmosis (RO) is the prominent membrane-based desalination process, but it has 

some critical challenges. A significant problem is the limited water recovery ratio (the portion of 

feed water that becomes product water). Water recovery ratio is rarely greater than 75% in brackish 

water reverse osmosis (BWRO) systems without antiscalants, and recovery is rarely greater than 

90% even with antiscalants [8], which means that generation and disposal of waste brine are 

common in RO desalination. For most inland brackish groundwater reverse osmosis (BWRO) 

systems, the concentrate disposal requires the highest cost which is sometimes greater than 50% 

of the entire desalination project capital cost [9]. Electrodialysis (ED) is a technology that may 

overcome the limitations of RO desalination. 
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1.2.OVERVIEW OF ELECTRODIALYSIS PROCESS 

Electrodialysis is an electro-membrane process in which ions are transported through ion 

exchange membranes from one solution compartment to another under the application of electrical 

potential (i.e., voltage). ED has several advantages compared to RO: (i) ED can achieve greater 

product recovery than RO, thus decreasing total brine disposal; (ii) ED is more robust than RO 

with respect to feed turbidity, feed silica concentration, and biological growth (i.e., ion exchange 

membranes can tolerate a mild chlorine dose); and (iii) ED can be used to recover mineral 

resources from RO brine [10]. The main components in ED desalination include (i) the ED stack 

or electrodialyzer, and (ii) the ion exchange membranes. 

1.2.1. Electrodialysis stack 

An ED stack (Electrodialyzer) is built of alternating cation exchange membranes (CEM) 

and anion exchange membranes (AEM) which are separated by flow spacers, and these membranes 

and spacers are placed in between an anode (positively charged electrode) and a cathode 

(negatively charged electrode) as shown in Figure 1.1. A cell-pair is composed of a cation- and an 

anion-exchange membrane including two spacers in between these two adjacent ion exchange 

membranes. The complete collection of membranes and spacers is referred to as a stack. The feed 

solution (e.g., brackish water) enters into each cell, and the electrode rinse solution enters into the 

electrode rinse compartment of the ED stack (usually from the bottom). When a direct-current 

(DC) electrical potential is applied on both electrodes, negatively charged anions move towards 

the positively charged anode through the positively charged anion exchange membrane, whereas 

positively charged cations move towards the negatively charged cathode through the negatively 

charged cation exchange membrane. Cations are passed through the cation exchange membrane 

(moving towards the right-hand direction in Figure 1.1) but retained by the anion exchange 
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membrane. Similarly, anions are passed through the anion exchange membrane (moving towards 

the left-hand direction in Figure 1.1) but retained by the cation exchange membrane. This leads to 

changes in the salt concentration in alternating streams; one resulting in a diluted stream (called 

diluate) where the salt content is less than the feed solution, and another resulting in a concentrated 

stream (called concentrate) where salt content is greater than the feed solution. At the anode, 

oxygen (from water) is oxidized to produce oxygen gas, protons, and electrons; whereas, at the 

cathode, hydrogen (from water) is reduced to produce hydrogen gas and hydroxide ions. Water 

travels through the spacers (e.g., from bottom to upward direction) parallel to the membrane, and 

salt ions pass orthogonally through the membranes. 

 
Source: Adapted from [11] 

Figure 1.1: Schematic diagram of the principle of electrodialysis process 

[CEM: cation exchange membrane, AEM: anion exchange membrane, e = electron] 
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1.2.2. Ion exchange membranes used in electrodialysis 

Ion exchange membranes used in ED are either (i) cation exchange membranes (CEM) or 

(ii) anion exchange membranes (AEM) [12]. CEMs are preferentially permeable to cations, and 

they have negatively charged fixed groups. Most commercial CEMs carry sulfonate (-SO3
-) (as 

strong acid) and carboxyl (-COO-) (as weak acid) as fixed charged groups [12,13]. AEMs are 

preferentially permeable to anions, and they contain positively charged fixed groups. Most 

commercial AEMs have quaternary ammonium (-NR3
+) (as strong base) and tertiary ammonium 

(as weak base) as fixed charged groups [12, 13].  

According to the structure, ion exchange membranes are also classified as (i) homogeneous 

and (ii) heterogeneous membranes [12]. The homogeneous membranes are composed of a 

homogeneous mixture of structural and ion exchange materials, whereas, heterogeneous 

membranes have a structural component (e.g., mesh sheet) with ion exchange material packed 

around it. Heterogeneous ion exchange membranes have generally a higher electrical resistance 

compared to homogeneous membranes because mobile ions need to travel a longer pathway in the 

heterogeneous structure [14]. Permselectivity of heterogeneous membranes is also lower than 

homogeneous membranes because of a leakage of co-ions through water-filled gaps in the 

membrane matrix [12]. During the formation process of ion exchange membranes, different 

parameters are important to consider such as density of the polymer network, hydrophobic or 

hydrophilic character of the polymer matrix, type, and concentration of the fixed charges in the 

polymer, and morphology of the membrane [12]. The most desired properties of ion exchange 

membranes include high permselectivity, high ion permeability, low electrical resistance, cheap, 

high mechanical, chemical, and thermal stability [12]. Several existing ion exchange membranes 

have most of these desired properties, but large differences in the properties exist [14]. The detailed 

description of the development, prospects, applications, and physio-chemical properties of 

different types of ion exchange membranes such as homogeneous, heterogeneous, organic, 
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inorganic, bipolar, amphoteric, mosaic, profiled membranes have been articulated in literature and 

the company’s websites [15,16,17,18]. 

 

1.2.3. Electrical aspects involved in electrodialysis 

Electrical voltage loss at the electrodes is the summation of voltage drop from gas 

equilibrium, electrode over potential loss corresponding to the kinetics of gas production, and 

electrical resistance of the electrode rinse solutions. The amount of electrical voltage loss at the 

electrodes is usually significant compared to the amount of voltage loss across the ED stack in 

laboratory-scale ED. The opposite is true for full-scale ED. On the other hand, the ED stack voltage 

loss is calculated by subtracting electrical voltage loss at the electrodes from the total voltage 

applied in the ED process. Electrical voltage loss across the ED stack essentially drives the 

separation of salt ions from the diluate to the concentrate stream [12].  

Electrical current density (CD) is an important electrical aspect, which is the amount of 

electrical current (or charge flux ~ coulombs per second per square meter) passing through a square 

meter of the membrane active area inside the ED stack. Current density increases with the increase 

in feed solution’s concentration [19] and with the increase in process stream solution’s velocities 

[20]. Current density declines with the decrease in process stream solution’s temperature as the 

effective cell resistance increases [21]. Theoretically, in an ideal ED system, the ions separation 

rate is proportional to the electrical current density through the electrodialyzer.  

Current utilization capacity is also known as current efficiency, charge efficiency, or 

coulombic efficiency (ξ), which is the ratio of the amount of the current used in the electrodialyzer 

to effectively separate salt ions (from the diluate to the concentrate stream) to the amount of the 

total current applied to the electrodialyzer. Typically, current utilization is greater than 90% in the 

ED desalination process [10]. 

A fraction of the effective current that anion carries is called the transport number, which 

is another important aspect in ED. The summation of transport numbers equals to one for both 
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solution phase and membrane phase. For instance, transport numbers of Na+ and Cl- are 

approximately 0.4 and 0.6, respectively in a well-mixed NaCl solution.  

Electrical power consumption by the electrodialyzer is calculated by the multiplication of 

the applied voltage to the electrodialyzer, and the electrical current passing through the 

electrodialyzer. Energy consumption by the electrodialyzer is determined by multiplying the 

consumed electrical power with the experimental period. Energy consumption by the hydraulic 

pumps is calculated from the flow rate and pressure drop. Moreover, specific energy consumption 

(SEC) (expressed as kWh/m3) is the amount of energy consumed by the desalination process to 

produce a given volume of product water. 

 

1.2.4. Hydraulic aspects involved in electrodialysis 

Hydraulic efficiency or recovery ratio is an important hydraulic aspect, which is the ratio 

of the volumetric flow rate of the diluate to the volumetric flow rate of the feed. The typical 

recovery ratio of single-stage ED is around 80-85% [22]. 

The hydraulic flow rate, which is related to the inter-membrane velocity of the solution 

flowing through either the concentrate cell or diluate cell, is another significant hydraulic 

parameter. The hydraulic flow rate influences the performance of the ED system. An increase in 

flow rate through a diluate cell increases the mixing or turbulence of the solution inside the dilute 

cell [23,24]. Higher solution turbulence corresponds to an increase of mass transport through the 

diluate diffusion boundary layer by decreasing the thickness of the diffusion boundary layer 

(Figure 1.2). A decrease in the diluate diffusion boundary layer thickness results in a decrease in 

the electrical resistance of the stack. A decrease in the inter-membrane flow rate or velocity reduces 

the flow distance inside the cell for the same mean hydraulic residence time. 

However, with higher flow, a decrease in the concentrate diffusion boundary layer 

thickness by increasing solution turbulence in the concentrate cell corresponds to a lower salts 
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concentration at the membrane surfaces. A higher flow rate allows the ED system to operate at a 

greater current density and to prevent the precipitation and crystallization of salt ions [25]. 

 

1.2.5. Chemical aspects involved in electrodialysis 

The chemical efficiency or removal ratio is an important chemical aspect in the ED process, 

which is the ratio of the amount of salt concentration reduction in the dilute stream after a certain 

period of experimental time to the initial salt concentration of a feed stream. The typical removal 

ratio of a single-stage ED varies between 50% and 99% depending on source water quality (100-

12,000 mg/L TDS), finished water quality (10-1,000 mg/L), and system design [10].  

Chemical flux or transport of a particular ion through the concentrate and diluate cells is 

another chemical aspect in an ED system, which depends on the gradient of that particular ion in 

electrochemical potential [13,22]. The ion transport within the electrodialyzer is determined by the 

summation of three different types of migration such as diffusion and dispersion, electromigration, 

and advection [13].  

Super-saturation of ions in the concentrate cells causes scaling and fouling problems of the 

membranes (facing towards concentrate cells), which hampers ED operational performance by 

creating precipitation of different salts. The addition of acid (e.g., HCl or CO2(g)) effectively 

prevents CO3
2- and OH– salt precipitation by reducing the pH of the concentrate process stream. 

In order to delay the precipitation of several salts (e.g., CaSO4 and BaSO4), different antiscalants 

such as condensed sodium phosphate, carboxyl methyl cellulose, or poly-acrylic acid are added to 

the concentrate stream in traditional ED systems [25,26]. 

 

1.2.6. Concentration polarization and limiting current density 

Concentration polarization (CP) and limiting current density (LCD) are the two important 

challenges that affect the ED process performance. Concentration polarization is the difference in 

salt ions concentrations at both the surfaces of a membrane inside the dilute and concentrate cells 
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of the ED stack [13,26]. In the ED process, the salt ions concentration decreases at the membrane 

surface compared to the bulk solution inside the dilute cell by removing salt ions from this cell 

through the membrane (Figure 1.2). On the other hand, the salt ions concentration increases at the 

membrane surface compared to the bulk solution inside the concentrate cell by supplying salt ions 

into this cell through the membrane (Figure 1.2). This difference in salt ions concentrations at both 

surfaces of each membrane creates concentration polarization, which is responsible for scaling and 

fouling problems at the membrane surface [13,26]. The concentration gradient within the 

laminar/diffusion boundary layer is approximately proportional to the electrical current density 

flowing through the electrodialyzer. This high salt concentration in the laminar/diffusion boundary 

layer at one side of a membrane surface facing the concentrate cell is problematic because the 

backward diffusive flow of concentrated flux from concentrate cell towards dilute cell may take 

place.  

 
Source Adapted from [22] 

Figure 1.2: Inter-membrane velocity and concentration profiles 

Limiting current density (LCD) is the maximum allowable current density at which salt ion 

concentration at the membrane surface becomes zero inside the dilute cell of the ED stack. Current 

density increases across the electrodialyzer with the increase of the applied voltage at the 
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electrodes. If current density increases beyond the LCD, the linear concentration gradient in the 

diluate diffusion boundary layer becomes steeper (or diluate diffusion boundary layer becomes 

thinner) and the salt ion concentration within the diluate diffusion boundary layer approaches zero 

at the membrane surface (Figure 1.2) [22]. Identification of the LCD helps to determine how much 

voltage application is needed for an efficient ED operation. ED systems should run below the LCD 

in order to prevent water splitting, wastage of power, and damage to ED equipment. LCD is 

affected by ED operating conditions such as feed concentration, velocity, and temperature of 

process streams [19, 21, 27]. LCD increases with the increase in the feed solution’s concentrations 

[19] and with the increase in the process stream solution’s velocities [20]. LCD declines with the 

decrease in the process stream solution’s temperatures as the effective cell resistance increases 

[21,28]. 

1.3.PROBLEM STATEMENT 

The electrodialysis desalination performance of different types of ion exchange membranes 

has been studied by several researchers, but they used their own sets of experimental conditions 

such as feed solution compositions and concentrations, superficial velocities (Reynolds number) 

of the process streams (dilute, concentrate, and electrode rinse), and electrical potential 

application. Because of this problem, it is difficult to compare and recommend which ion exchange 

membranes are suitable for ED in order to achieve a specific desirable outcome (e.g., high 

ion-selectivity, high recovery, low energy consumption).  

In addition, the conventional ion exchange membranes used in ED still have various 

technical and economical limitations with respect to permeability, permselectivity, ion-selectivity, 

electrical resistance, stability (mechanical, chemical, and thermal), and production costs [12,13]. 

In order to overcome the limitations of conventional ion exchange membranes, it is necessary to 

develop novel ion exchange membranes (e.g., bioinspired and nanocomposite polymeric 

membranes) and apply them in ED desalination. Moreover, the use of bioinspired ion exchange 
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membrane in ED has not been reported yet. Therefore, the development and use of novel 

laboratory-scale ion exchange membranes (e.g., bioinspired and nanocomposite polymeric 

membranes) could represent a technological breakthrough by making ED more energy-efficient, 

environmentally friendly, and/or and cost-effective. It can be hypothesized that the bioinspired and 

nanocomposite polymeric ion exchange membranes might be compatible because of the 

advantages they have over conventional membranes, including high ion permeability, specific ion 

selectivity, dense and narrow pores, ultra-thinness, and material robustness [4]. 

 

1.4.GOALS AND OBJECTIVES OF RESEARCH 

In order to compare the ED performance and overcome the drawbacks of conventional ion 

exchange membranes, the overall goal of this research is (i) to develop novel ion exchange 

membranes (e.g., nanocomposite polymeric membranes) and (ii) to quantify the ED desalination 

performance differences between commercial ion exchange membranes and novel laboratory-

scale ion exchange membranes (e.g., bioinspired and nanocomposite polymeric membranes) with 

a similar set of experimental conditions (e.g., superficial velocity of the feed solution, solution 

composition and concentration, and applied electrical potential) to evaluate outcomes such as ion 

permeability, ion selectivity, current density, current efficiency, energy consumption, water 

transport, salt rejection, and water recovery. The specific objectives of this research are as follows: 

1. Evaluate the electrodialysis desalination performance differences between bioinspired ion 

exchange membranes and conventional ion exchange membranes with sodium chloride 

(NaCl) feed solutions (Chapter 2 of this dissertation). 

2. Evaluate the permselectivity differences of conventional ion exchange membranes in an 

electrodialysis system with brackish groundwater feed solutions (Chapter 3 of this 

dissertation). 
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3. Preliminary development of polyethersulfone cation exchange membranes for 

electrodialysis desalination (Chapter 4 of this dissertation). 
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Chapter 2: Evaluation of Electrodialysis Desalination Performance of Novel Bioinspired 

and Conventional Ion Exchange Membranes with Sodium Chloride Feed Solutions2 

Abstract 

Electrodialysis (ED) desalination performance of different conventional and laboratory-

scale ion exchange membranes (IEMs) has been evaluated by many researchers, but most of these 

studies used their own sets of experimental parameters such as feed solution compositions and 

concentrations, superficial velocities of the process streams (diluate, concentrate, and electrode 

rinse), applied electrical voltages, and types of IEMs. Thus, direct comparison of ED desalination 

performance of different IEMs is virtually impossible. While the use of different conventional 

IEMs in ED has been reported, the use of bioinspired ion exchange membranes has not been 

reported yet. The goal of this study was to evaluate the ED desalination performance differences 

between novel laboratory-scale bioinspired IEM and conventional IEMs by determining (i) 

limiting current density, (ii) current density, (iii) current efficiency, (iv) salinity reduction in 

diluate stream, (v) normalized specific energy consumption, and (vi) water flux by osmosis as a 

function of (a) initial concentration of NaCl feed solution (diluate and concentrate streams), (b) 

superficial velocity of the feed solution, and (c) applied stack voltage per cell-pair of membranes. 

A laboratory-scale single-stage batch-recycle electrodialysis experimental apparatus was 

assembled with five cell-pairs of IEMs with an active cross-sectional area of 7.84 cm2. In this 

study, seven combinations of IEMs (commercial and laboratory-made) were compared: (i) 

Neosepta AMX/CMX, (ii) PCA PCSA/PCSK, (iii) Fujifilm Type 1 AEM/CEM, (iv) SUEZ 

AR204SZRA/CR67HMR, (v) Ralex AMH-PES/CMH-PES, (vi) Neosepta AMX/Bare 

Polycarbonate cation exchange membrane (Polycarb), and (vii) Neosepta AMX/Sandia novel 

bioinspired cation exchange membrane (SandiaCEM). ED desalination performance with the 

 
2 Chapter 2 of this dissertation has been published (open access): 
Hyder, A.G.; Morales, B.A.; Cappelle, M.A.; Percival, S.J.; Small, L.J.; Spoerke, E.D.; Rempe, S.B.; Walker, W.S. Evaluation of 

Electrodialysis Desalination Performance of Novel Bioinspired and Conventional Ion Exchange Membranes with Sodium 

Chloride Feed Solutions. Membranes 2021, 11, 217. https://doi.org/10.3390/membranes11030217 
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Sandia novel bioinspired cation exchange membrane (SandiaCEM) was found to be competitive 

with commercial Neosepta CMX cation exchange membrane. 

Keywords: Electrodialysis, desalination, bioinspired, ion-exchange membrane, NaCl feed. 

 

2.1. INTRODUCTION 

2.1.1. Background 

Many studies of electrodialysis (ED) have evaluated the desalination performance of 

commercial and laboratory-scale ion exchange membranes (IEMs), but most of these studies used 

independent sets of experimental parameters or conditions such as feed solution compositions and 

concentrations, superficial velocities of the process streams (diluate, concentrate, and electrode 

rinse), and applied electrical voltages [1-12]. IEMs work by allowing mainly ions to pass through 

them while rejecting the transport of water molecules (i.e., opposite of reverse osmosis or forward 

osmosis membranes). Most studies use only one type of anion exchange membrane (AEM) and 

cation exchange membrane (CEM) [1-7,10], and only a few compare two different types of AEM 

and CEM membranes [9,11-12]. Therefore, it is difficult to assess the desalination performance of 

different commercially available and well-known IEMs and to recommend suitable IEMs for ED 

to achieve a desirable outcome (i.e., high ion-selectivity, high salinity removal, high water 

recovery, low energy consumption, or low osmotic water flux). Moreover, the bioinspired IEM 

developed recently [13,14] has not been reported yet for use in ED. 

 

2.1.2. Objectives 

The goal of the study was to evaluate the ED desalination performance differences between 

novel laboratory-scale bioinspired IEM and conventional IEMs, using a similar set of experimental 

parameters. The ED desalination performance of the IEMs was evaluated by determining 

(i) limiting current density, (ii) current density, (iii) current efficiency, (iv) salinity reduction in 

diluate stream, (v) normalized specific energy consumption, and (vi) water flux by osmosis as a 
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function of (a) initial concentration of NaCl feed solution (diluate and concentrate streams), (b) 

superficial velocity of the feed solution, and (c) applied stack voltage per cell-pair of membranes. 

 

2.2. MATERIALS AND METHODS 

2.2.1. Experimental plan and variables 

The laboratory-scale batch-recycle experimentation was planned to examine the pseudo-

steady-state operation of the electrodialysis system as a function of time, which is equivalent to a 

full-scale single pass operation as a function of distance along the flow path, from inlet to outlet. 

The experimentation was designed, following another study [10], by maintaining dynamic 

similitude between full-scale and batch-recycle operation for (i) the velocity of the feed solution 

flow between AEMs and CEMs, and (ii) the electric potential drop per cell-pair of membranes 

(consequently, the current density and current efficiency).  

Discrete values and ranges of experimental variables are shown in Table 2.1. The feed 

water concentrations were representative of freshwater (1 g/L), brackish water (3-10 g/L), seawater 

(35 g/L), and produced water (100 g/L).  The electrode rinse solution was prepared with a fixed 

concentration of 0.1 molar (14.2 g/L) sodium sulfate (Na2SO4). The range of electrical and 

hydraulic conditions simulated full-scale ED systems. The membranes used in this study were 

commercially available general desalination IEMs, commercial bare polycarbonate CEM 

(Polycarb), and laboratory-made Sandia novel bioinspired CEM (SandiaCEM). The ED 

desalination performances of seven membrane pairs were compared through various experimental 

conditions (e.g., superficial velocity, stack voltage, and feed concentration) in terms of current 

density, current efficiency, salinity reduction in diluate stream, normalized specific energy 

consumption, and water flux. 
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Table 2.1: Experimental variables, value ranges, and combinations 

Variables  Discrete Values/Combinations 

NaCl feed water concentration  1, 3, 10, 35, 100 g/L 

Superficial velocity of diluate 

stream 

2, 4, 8 cm/s (corresponding flow: 15, 30, 60 mL/minute) 

Stack voltage 0.4, 0.8, 1.2 V/cell-pair 

Combination of membranes during 

stack assembly   
i. Neosepta AMX & CMX 

ii. PCA PCSA & PCSK 

iii. Fujifilm Type 1 AEM & CEM  

iv. SUEZ AR204SZRA & CR67HMR 

v. Ralex AMH-PES & CMH-PES 

vi. Neosepta AMX & bare polycarbonate CEM 

(Polycarb) 

vii. Neosepta AMX & Sandia novel bioinspired 

CEM (SandiaCEM)  

 

2.2.2. Experimental system and chemicals  

A batch-recycle electrodialysis experimental system was assembled, and a schematic 

diagram of the process is shown in Figure 2.22.1. A laboratory-scale Master Flex peristaltic 

cartridge pump (Cole-Parmer, USA, Model: 7519-00) was used to circulate the solutions through 

each of the three process streams (i.e., diluate, concentrate, and electrode rinses).  The flow rates 

through each of the process streams were controlled manually and the flow rate was monitored 

manually at 30-minute intervals. The process stream reservoirs were one-liter plastic bottles that 

are stirred by non-heating magnetic stirrers (Fisher Scientific, USA, model: Fisher 14-955-150). 

The electrical conductivity, pH, and temperature of the process stream reservoirs were determined 

using a pH/conductivity meter (Thermo Scientific, USA, model: Orion Star A325). The mass of 

the diluate reservoir was measured continuously to the nearest 0.1 g using a digital mass balance 
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(Meller Toledo, USA, model: XS2002S) to gravimetrically quantify the net mass of water and salt 

transportation across the membranes.  Analog pressure gauges (Grainger low-pressure gauge, 

model: 18C774) were used at the inlet of the diluate, concentrate, and electrode rinse streams to 

observe the head loss through each stream and the average transmembrane pressures. A 

programmable DC Power Supply (B&K Precision, USA, Model: 9123A) was used for monitoring 

and controlling voltage and current through the electrodialysis stack. A photo of the experimental 

setup is shown in Figure 2.22.2.  

Laboratory-grade sodium chloride (NaCl, ACS reagent grade) and sodium sulfate (Na2SO4, 

ACS reagent grade) salts were purchased from Fisher Scientific (USA) to prepare the feed water 

and electrode rinse solutions, respectively. All reagent water was purified and deionized to a 

resistivity of 18.2 MΩ cm. 

 

 
Source: Adapted from 10 

K = Conductivity, T = Temperature; V = Valve, F = Flow Meter, P = Pressure gauge,  

D = Diluate Stream, C = Concentrate Stream, E = Electrode Rinse, An = Anolyte, Ca = Catholyte 

Figure 2.1: A schematic diagram for the batch-recycle electrodialysis process  
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Figure 2.2: Experimental setup 

2.2.3. Experimental Electrodialysis (ED) stack or Electrodialyzer 

A laboratory-scale single-stage electrodialysis stack (model: 08002-001) was purchased 

from PCCell/PCA, GmbH (Germany).  The anode was made of titanium metal with platinum/ 

iridium coating, and the cathode was stainless steel.  The end-plates, surrounding the electrodes 

and compressing the stack, were made of polypropylene. The active cross-sectional area of the 

membrane subjected to the applied electric field was 7.84 cm2 (2.80 cm x 2.80 cm). Polyester mesh 

spacer-gaskets of thickness 0.45 mm physically separated the AEMs and CEMs. In assembling the 

ED stack, the end-plates compressing the stack were tightened until a given flow rate yielded the 

same pressure drops (i.e., 3 kPa) through the stack (i.e., from inlet to outlet of diluate and 

concentrate streams) for each experiment. For a specific combination of membranes, consistency 

across the replicate tests was confirmed by measuring the distance between the end-plates with a 

digital calliper. 
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2.2.4. Experimental Ion exchange membranes (IEMs) 

In this study, seven combinations of IEMs (commercial and laboratory-made) were used:  

i. Neosepta AMX/CMX,  

ii. PCA PCSA/PCSK,  

iii. Fujifilm Type 1 AEM/CEM,  

iv. SUEZ AR204SZRA/ CR67HMR,  

v. Ralex AMH-PES/ CMH-PES,  

vi. Neosepta AMX/Bare Polycarbonate membrane (Polycarb), and  

vii. Neosepta AMX/Sandia novel bioinspired cation exchange membrane (SandiaCEM).  

The Neosepta AMX/CMX membrane pair was considered as the control membrane to 

compare the performances of the other six membrane pairs with the AMX/CMX pair. Bare 

polycarbonate membrane (0.05 μm pore, 90 mm diameter, 6  m thick) was purchased from 

Sterlitech Corporation (USA). The detailed description of the development, prospects, 

applications, and properties of these commercial IEMs have been articulated in literature and the 

company’s websites [15-26]. However, a list of standard properties is summarized in Table 2. 
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Table 2.2: Standard properties of IEMs used in this study  

Membrane Type Thickness 

(mm) 

IEC 

(meq/g) 

Areal 

Resistance  

(Ω cm2) 

Remarks Ref. 

Polycarbonate - 0.006 - - 10.3 Filtering 

air/water 

[22] 

Ralex AMH-PES*  AEM 0.55 Dry 1.8 < 8 ED, EDI [15,20] 

Ralex CMH-PES* CEM 0.45 Dry 2.2 < 9 ED, EDI [15,20] 

PCA PCSA AEM 0.232 1.69 - Standard 

ED 

[19] 

PCA PCSK CEM 0.098 1.25 - Standard 

ED 

[19] 

Neosepta AMX AEM 0.12-0.18 1.4-1.7 2.0-3.5 High 

strength 

[15,17] 

Neosepta CMX CEM 0.14-0.20 1.5-1.8 2.0-3.5 High 

strength 

[15,17] 

Fujifilm Type 1 AEM  AEM 0.125 1.50 1.3 Water 

softening 

[21] 

Fujifilm Type 1 CEM CEM 0.135 1.43 2.7 Water 

softening 

[21] 

SUEZ AR204SZRA AEM 0.48-0.66 2.3-2.7 6.2-9.3 EDR [15,20] 

SUEZ CR67HMR CEM 0.53-0.65 2.1-2.45 7.0-11.0 ED [15,20] 

Sandia CEM* CEM 0.0072 - -18.5 ED, EDR [13] 

Note: *Heterogeneous membranes (others are homogeneous), IEC: Ion-exchange Capacity, 

ED: Electrodialysis, EDR: Electrodialysis Reversal, and EDI: Electro-deionization. 

A bioinspired membrane is a type of membrane that is developed to incorporate structural 

features of biological cellular membranes, specifically, ion channel proteins [27]. Water permeable 

bioinspired desalination membranes using aquaporin (AQPs) water channels are reported for use 

in pressure-driven and osmotically-driven desalination [28-32]. 

However, the use of bioinspired IEM in ED has not been reported yet. To our knowledge, 

this is the first testing of a bioinspired IEM in electrodialysis. The Sandia novel bioinspired cation 

exchange membrane (SandiaCEM) used in this study was fabricated by Percival, et al. [13,14] 

using a layer by layer (LbL) dip coating assembly process of electrolytes (e.g., polyacrylic acid 

(PAA) and polyethylimine (PEI)) with crosslinking reagents (e.g., glutaraldehyde (GA) and N-

dimethylaminopropyl-N0-ethylcarbodimide hydrochloride (EDC)) over a bare polycarbonate 

(Polycarb) support membrane. The SandiaCEM demonstrated ionic selectivity which was 



24 

achieved with the use of LbL deposition of many nanostructured polyelectrolyte layers [13,14]. 

The cation transport selectivity was increased with the increasing number of polyelectrolyte layers 

when the polyelectrolyte or polymer layers were cross-linked with GA [13]. Ionic selectivity was 

independent of ionic conductivity and the ionic conductivity was decreased with the coatings but 

was found to regain a portion of it upon crosslinking the polyelectrolyte [13,14]. Cross-linking the 

membranes also increased the intermolecular integrity of the polyelectrolyte films and inhibited 

the slow surface diffusion and redissolution of the polyelectrolyte films [13]. The SandiaCEM is 

an example of how a controllable and inexpensive method can be tailored to create ion-selective 

and chemically robust bioinspired membranes on porous supports for a wide range of applications. 

 

2.2.5. Experimental procedure 

All membranes used in this study were soaked in 0.01 M NaCl solution for 24 hours prior 

to use. Soaked membranes were trimmed to 6.4 cm x 4.4 cm size, and three holes were punched 

at precise locations along each side. The electrodialysis stack was assembled with five cell-pairs 

of cation- and anion-exchange membranes by arranging them in an alternating pattern between 

two electrodes. Five cell-pairs were built with five anion exchange membranes, five cation 

exchange membranes, and one additional Neosepta CMB membrane was always placed adjacent 

to the end spacer on the cathode side. The Neosepta CMB membrane is a cation exchange 

membrane that has high mechanical strength (burst strength ≥ 0.40 MPa) and alkali resistance 

(electrical areal resistance = 4.5 Ω cm2), and it can resist the effect of high pH occurring as a result 

of reduction of water on the cathode during the electrodialysis experiments [33].  

Synthetic feed water solutions (diluate and concentrate) of 1, 3, 10, 35, and 100 g/L were 

prepared by adding NaCl salt in deionized water in the laboratory. The feed water concentrations 

were representative of freshwater (1 g/L), brackish water (3 and 10 g/L), seawater (35 g/L), and 

produced water (100 g/L). In the study, sodium chloride (NaCl) feed solution was used, but real 

brackish water, seawater, and produced water contains additional ions (e.g., calcium, sulfate, 



25 

nitrate, and fluoride), depending on the sources water types and locations. Since the concentration 

of sodium and chloride ions is relatively abundant among brackish water, seawater, and produced 

water samples, a binary NaCl feed solutions was used in this study [34]. As with this study, many 

other studies also used NaCl feed solution with different concentration ranges such as 3-40 g/L 

[34-36], even for 3-150 g/L [37]. Synthetic electrode rinse solution was also prepared by mixing a 

fixed concentration of 0.1 molar sodium sulfate (14.2 g/L Na2SO4) with deionized water in the 

laboratory.  

The diluate solution was circulated at a flow rate of 15, 30, and 60 mL/minute 

(corresponding to a superficial velocity of 2, 4, and 8 cm/s, respectively through the diluate cells 

inside electrodialysis stack), and the pressure of the diluate cell for the relevant flow rate was 

recorded. The solution flow rate through the concentrate cells and electrode rinse compartments 

was adjusted to maintain the same pressure as diluate cells. The transmembrane pressure difference 

between the diluate, concentrate, and electrode rinse compartments was kept lower than 1.4 kPa 

(0.2 lb/in²), which was recommended by another study [25], to stabilize the electrodialysis system.  

After stabilizing the flows and pressures, the voltage loss at the electrodes (including 

thermodynamic, overpotential, and ohmic contributions) was determined experimentally (see the 

calculation section of this article for more information). Afterward, the applied stack voltage 

(voltage requirement across the electrodialysis stack) was calculated by subtracting the voltage 

loss at the electrodes from the total applied voltage. Every 5s, the experimental LabVIEW 

supervisory control and data acquisition (SCADA) system automatically calculated the voltage 

loss at the electrodes and recalculated the corresponding total applied voltage to maintain a desired 

stack voltage (e.g., 0.4, 0.8, or 1.2 V per cell-pair).  

The experimental data for hydraulic (e.g., diluate reservoir mass change), electrical (e.g., 

applied voltage and current), and chemical (e.g., pH, temperature, conductivity) parameters were 

recorded automatically in excel spreadsheets in the computer by the LabVIEW SCADA system. 

Finally, the acquired data were analyzed to evaluate ED desalination performance of the novel 

laboratory-scale bioinspired and conventional IEMs with respect to (i) current density, (ii) current 
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efficiency, (iii) salinity reduction in diluate stream, (iv) normalized specific energy consumption, 

and (v) water flux by osmosis as a function of (a) initial concentration of NaCl feed solution 

(diluate and concentrate streams), (b) superficial velocity of feed solution, and (c) applied stack 

voltage per cell-pair of membranes. Each of the experiments was conducted in triplicate to check 

the accuracy and consistency of data while maintaining a standard deviation lower than 5%. 

The step-by-step general experimental procedures are summarized below:  

1. Experimental and pre-rinse solutions (same as experimental concentration) were prepared 

for electrodialysis system equilibration. 

2. Pre-rinse solutions from the three process streams were circulated, and the experimental 

DC voltage was applied at the electrodes to approach the equilibration of the membranes 

with the solution. 

3. After evacuating the pre-rinse solution, the electrodialysis apparatus was loaded with the 

experimental solutions. 

4. The experiment was performed with full data acquisition. 

5. Acquired data were analyzed to determine ED desalination performance. 

2.2.6. Data acquisition and control hardware 

A custom supervisory control and data acquisition (SCADA) system was developed in 

LabVIEW 2017 software for controlling and monitoring hardware such as the programmable 

mass-balance, DC Power supply, and pH/conductivity meters at five-second intervals during 

each of the experiment. The experimental data were recorded for hydraulic (e.g., flow rates and 

diluate reservoir mass change), electrical (e.g., applied voltage and current), and chemical (e.g., 

pH, temperature, conductivity) characterization. 
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2.2.7. Data analysis 

Output files generated by the custom LabVIEW SCADA system were saved 

automatically as spreadsheets, which were subsequently analyzed to calculate limiting current 

density, current density, charge efficiency, salinity reduction, electrical power, hydraulic power, 

normalized specific energy consumption, and water flux by osmosis using the calculation 

methods described in the following section. 

2.2.8. Calculation methods 

2.2.8.1.Electrode voltage loss  

The voltage loss at the electrodes (including thermodynamic, overpotential, and ohmic 

contributions) was determined experimentally by measuring the voltage and current density 

relationship of the electrodes and electrode rinse solution of the electrodialysis stack by following 

the experimental and calculation procedures reported by Walker et al. [10]. The electrodialysis 

stack was assembled using a single Neosepta CMB membrane with two end spacers and circulating 

only electrode rinse solution (concentrate and diluate cells were absent). The tests for determining 

the voltage loss at the electrodes were performed by applying the current density up to 3,000 A/m2 

(300 mA/cm2). Each component of the total electrode voltage loss equation was identified from 

the model and those values were: voltage drop from gas equilibrium at the electrodes (Δϕequ) 

≈1.23 V, the distance between the electrode and the first membrane of the stack (w) = 4.1 mm, 

conductivity of electrode rinse solution (κrinse) =15.85 mS/cm, the modified transfer coefficient (α) 

= 0.0458, and exchange current density (io) = 1.069 A/m2. The values of w, α, and io were 

determined simultaneously by non-linear regression. 

 

2.2.8.2.Power and specific energy consumption (SEC) 

Electrical power consumption by the electrodialysis stack was calculated by the 

multiplication of the applied voltage to the electrodialysis stack and the electrical current passing 
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through the electrodialysis stack. Energy consumption by the electrodialysis stack was determined 

by multiplying the consumed electrical power with the experimental period. Energy consumption 

by the hydraulic pumps was calculated from the flow rate and pressure drop. Moreover, specific 

energy consumption (SEC) (expressed as kWh/m3) was the amount of energy consumed by the 

desalination process to produce a given volume of product water. Normalized specific energy 

consumption (nSEC) [expressed as (kWh/m3) / (mol/L removed) or (kWh/m3) per (eq/L-removed)] 

was the amount of energy consumption (kWh) required for the production of one cubic meter (m3) 

product water for per mol/L of salt removal.  

The DC electrical power (Pelectrical) consumed by the electrodialysis stack was calculated 

using the formula as below [10]: 

              Pelectrical = ΔVstack I  (2.1) 

where, ΔVstack is the voltage drop across the electrodialysis stack (V), and I is the 

electrical current measured through the electrodialysis stack (A). 

The hydraulic power (Phydraulic) for pumping the solution through the electrodialysis stack 

was calculated using the formula as below [10]: 

               Phydraulic = ρ g Q ΔH (2.2) 

where, ρ is the solution mass-density, g is the gravitational constant, Q is the volumetric 

flow rate, and ΔH is the hydraulic head loss through the stack. 

The specific energy consumption (SEC) was calculated using the formula below [10]: 

                 𝑆𝐸𝐶 =  
𝑃𝑒lectrical  + 𝑃hydraulic

𝑄d 
 (2.3) 

where, P is the power (kW) and Qd is the flow rate of the diluate stream (m3/hr). 

Normalized SEC was calculated using the formula below [10]: 

               𝑆𝐸𝐶normalized =  
𝑆𝐸𝐶

𝐶f − 𝐶d 
 (2.4) 

where Cf  is the concentration of feed solution at the beginning of the experiment (meq/L) 

and Cd  is the concentration (meq/L) of diluate solution at any time (t) of the experiment. 
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2.2.8.3.Current density 

Electrical current density is the amount of electrical current (or charge flux: Coulombs 

per second per square meter) passing through the per square meter of the membrane’s active area 

inside the electrodialysis stack.  Current density increases with the increase of concentrations in 

feed solution and the increase of solution velocity in the process streams whereas current density 

declines with the decrease of solution temperature in the process streams as the effective cell 

resistance increases [38,39] Theoretically, in an ideal electrodialysis system, the ion separation 

rate is proportional to the electrical current density through the electrodialysis stack. Current 

density (i) was calculated using the following formula [10]: 

𝑖 =
𝐼

A 
 (2.5) 

where, I is the electric current (A) and A is the active transfer area of membrane (m2). 

 

2.2.8.4.Limiting current density (LCD) and limiting polarization parameter (LPP) 

The limiting current density (LCD) is the maximum allowable current density at which the 

concentration of salt ions at the membrane surface becomes zero inside the diluate cell of 

electrodialysis stack. Electrodialysis systems should operate at a current density less than the LCD 

in order to prevent water splitting, wastage of power, and damage to electrodialysis equipment. 

LCD depends on the electrodialysis process parameters such as feed water concentration, and 

velocity and temperature of process streams [38,39]. LCD increases with the increase of 

concentration in feed solution and with the increase of solution velocity in the process streams 

[38,39]. LCD declines with the decrease of solution temperature in the process streams because 

the effective cell resistance increases [38-40]. 

LCD was determined using the voltage and current data that were recorded during the 

experiments. Theoretically, there are different approaches employed to determine and compare the 

LCD [41]; firstly, the “Shoulder” method was used which involves plotting stack voltage on the 

abscissa and current density (i) on the ordinate (Figure 2.3a), and secondly, the “Cowan-Brown” 

method was used which involves plotting inverse of stack’s current density (1/i) on the abscissa 
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and stack’s areal electrical resistance per cell-pair on the ordinate (Figure 2.3b) [39-41]. As shown 

in Figure 2.3a-b, the LCD was the point where two lines (blue and red) intersected in both methods 

[41].  

 

  
 

Figure 2.3: LCD determination using (a) Shoulder plot and (b) Cowan-Brown plot 

The limiting polarization parameter (LPP) is the limiting current density divided by the 

normality of the feed solution [10]: 

            LPP =  
LCD

𝐶f
 (2.6) 

where, Cf is the concentration (meq/L) of the feed solution. A larger LPP value means that 

the LCD is greater for a given feed concentration.  If the LCD is the “speed limit”, then the the 

LPP is a “normalized speed limit” that is associated with the flow conditions in the diluate cells.  

 

2.2.8.5.Current efficiency 

Current utilization capacity, known as the current efficiency, Coulombic efficiency, or 

charge efficiency (ξ), is the ratio between the amount of the current used in the electrodialysis 

stack to effectively separate salt ions (from the diluate to the concentrate stream) and the amount 

of the total current applied to the electrodialysis stack. Typically, current utilization is greater than 

90% in electrodialysis desalination processes [42]. Charge efficiency (ξ) was calculated using the 

formula below [8,25,36]: 
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            ξ =  
(𝐶𝑓 − 𝐶𝑑)  Q  F

I  𝑁𝑐𝑝
 (2.7) 

where, Cf and Cd are the concentrations (mol/L) of feed solution and diluate solution, 

respectively, Q is solution flow rate in diluate and concentrate streams (L/s), F is the Faraday 

constant (96485.3 Coulombs/eq or Amp-s/eq), I is the measured electrodialysis stack current 

(Amp), and Ncp is number of cell-pair in electrodialysis stack. 

 

2.2.8.6.Salinity reduction 

Salinity reduction is the ratio of the amount of salt concentration reduction from the 

initial salt concentration in the diluate stream as a function of experimental time. Typical, salinity 

reduction of a single-stage electrodialysis system varies between 50% and 60% depending on 

source water quality (100-12,000 mg/L TDS), finished water quality (10-1,000 mg/L), and 

system design [42]. 

Salinity reduction (R) was calculated using the formula below [10]: 

             R =  
(𝐶𝑓 − 𝐶𝑑)

𝐶𝑓
 (2.8) 

where, Cf is the concentration (g/L) of feed solution at the beginning of the experiment 

and Cd is the concentration (g/L) of diluate solution at any time (t = 60 minutes in this study) of 

the experiment.  The concentration of sodium chloride was calculated from measured electrical 

conductivity by the following equation: 

𝐶 =  1.224 × 10−9 𝜅4  −  3.243 × 10−7 𝜅3  +  5.135 × 10−5 𝜅2  +  8.869 × 10−5 κ (2.9) 

where κ is electrical conductivity in units of mS/cm.  This equation is an empirical fit of 

CRC [43] and Landolt-Börnstein [44] data with relative error less than 1% from 0.1 mol/L to 

2 mol/L (10.6 mS/cm to 149 mS/cm), relative error less than 5% from 0.02 mol/L to 0.1 mol/L 

(2.3 mS/cm to 10.6 mS/cm), and relative error less than 10% from 0.0005 mol/L to 0.02 mol/L 

(0.062 mS/cm to 2.3 mS/cm). 

2.2.8.7.Water transport 

Water transport through IEMs decreases the efficiency of the ED separation process [3]. 

Water transport can occur in two different ways such as (i) osmosis water transport (free water or 

water molecules only) and (ii) electro-osmosis water transport (water bound to ions). Osmosis 

water transport or flux occurs when only water molecules pass through the membrane due to the 
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larger osmotic pressure differences caused by the difference in concentration of the dilute and 

concentrate channels. Electro-osmosis water transport occurs when water molecules bound to the 

primary hydration sphere of the ions pass through the membrane at the same time when ions pass 

through the membrane [3]. 

Average water flux by osmosis was calculated using the formula [3,8] below: 

             𝐽𝑤 =  
∆𝑚w

(2 𝑁CP 𝐴mem) ∆𝑡𝑒xpt
 (2.10) 

where, Δmw is change of mass of water (kg), Ncp is number of cell-pair in the ED stack 

(each cell-pair contains two membranes), Amem is the active area of each membrane (m2), and Δtexpt 

is the experiment duration (hr). 

2.3. RESULTS 

2.3.1. Evaluation of limiting current density and areal resistance 

The limiting current density (LCD), the areal resistance per cell-pair of the membrane, and 

the limiting polarization parameter were identified for feed solution’s superficial velocity of 2, 4, 

and 8 cm/s at 1, 3, and 10 g/L concentration of NaCl feed solution using the Neosepta AMX-CMX 

ion exchange membrane pair (a well-known commercial membrane) as they were considered as 

the control membranes in this study (Figure 2.4). LCD and areal resistance results were not 

achieved for feed solution concentrations of 35 and 100 g/L because the maximum working 

capacity of the power supply (30 V, 5 A) was reached before observing LCD (thus, results are not 

shown for 35 and 100 g/L feed solutions in Figure 2.4). The LCD ranged from 50 to 600 A/m2, 

increasing with salinity and increasing with superficial velocity (Figure 2.4a and 2.4c), which is 

consistent with other studies [39-41]. The voltage application required to achieve LCD ranged 

from 0.9 to 1.4 Volts per cell pair, the corresponding areal resistance per cell pair at LCD ranged 

from 22 to 183 Ω cm2 (Figure 2.4b and 2.4d) and limiting polarization parameter ranged from 0.66 

to 5.28 A/m2 per meq/L (Figure 2.4e). The ranges of the limiting polarization parameter are shown 

in a quartile box and whisker plot (Figure 2.4f) for feed solution velocities of 2, 4, and 8 cm/s. 

Subsequent experiments were performed with a voltage application less than that observed at LCD. 
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Experimental conditions: 5 Cell-pairs AMX/CMX stack; 2-8 cm/s superficial velocity; constant stack 

voltage application; 0.1 M (14.2 g/L) Na2SO4 electrode rinse solution; and 3 kPa transmembrane 

pressure 

Figure 2.4: Limiting current density (a,c), areal resistance per cell-pair of the membrane (b,d), 

and limiting polarization parameter (e,f) 
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2.3.2. Evaluation of current density and current efficiency 

The average current density and the average current (or charge) efficiency for 60 minutes 

of the experimental period were observed for certain permutations of applied stack voltage per 

cell-pair of membranes, initial concentration of feed solution, and superficial velocity of feed 

solution for seven combinations of membranes (Figure 2.5). Note that the abscissa axis (voltage 

application) is categorical (not linear scale). An increasing trend of average current density was 

observed with increasing feed salinity for all of the membranes (Figure 2.5a, b, and c). The average 

current density for a given membrane and salinity combination increased with increasing stack 

voltage and increasing velocity. Generally, in Figure 2.5 parts (a) and (b), the current density for 

a given feed concentration and voltage application decreased in the following order (i.e., from least 

to greatest electrical resistance): Fujifilm Type 1 AEM/CEM (purple), PCA PCSK/PCSA (green), 

AMX/SandiaCEM (blue), Neosepta AMX/CMX (red), SUEZ AR204/CR67 (orange), Ralex 

CMH-PES/AMH-PES (black), AMX/Polycarb (brown). The current density was generally 

negatively correlated with areal resistance (see Table 2).  

The average current efficiency for most membranes was greater than 80% for feed salinity 

of 35 g/L or less, and a decreasing trend of average current efficiency was observed with increasing 

feed salinity for all of the membranes (Figure 2.5 d, e, and f). The average current efficiency for a 

given membrane and salinity combination increased slightly with increasing stack voltage and 

increasing velocity.  Generally, in Figure 2.5 parts (d) and (e), the current efficiency for a given 

feed concentration and voltage application decreased (i.e., from greatest efficiency to least 

efficiency) in the following order: Fujifilm Type 1 AEM/CEM (purple), PCA PCSK/PCSA 

(green), Neosepta AMX/CMX (red), SUEZ AR204/CR67 (orange), Ralex CMH-PES/AMH-PES 

(black), AMX/SandiaCEM (blue), AMX/Polycarb (brown). As with current density, the current 

efficiency was generally negatively correlated with areal resistance (see Table 2.2). 
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Experimental conditions: 5 Cell-pairs stack;1-100 g/L initial concentration of NaCl feed (diluate and 

concentrate) solutions (500 mL each); 2, 4, and 8 cm/s superficial velocity of feed solution; 0.4, 0.8, and 

1.2 V/cell-pair constant applied stack voltage; 0.1 M (14.2 g/L) Na2SO4 electrode rinse solution; and 0.5 

psi transmembrane pressure. Representation of Membranes, left to right: Brown: AMX/Polycarb, Black: 

Ralex CMH-PES/AMH-PES, Green: PCA PCSK/PCSA, Red: Neosepta AMX/CMX, Purple: Fujifilm Type 

1 AEM/CEM, Orange: SUEZ AR204/CR67, Blue: AMX/SandiaCEM. 

Figure 2.5: Average current density (a-c) and average charge efficiency (d-f) for 60 minutes of 

experiment against applied stack voltage per cell-pair of the membrane. 



36 

2.3.3. Evaluation of salinity reduction and normalized specific energy consumption 

The salinity (NaCl concentration) reduction in the diluate stream after 60 minutes of 

operation was observed for certain permutations of applied stack voltage per cell-pair of 

membrane, initial concentration of feed solution, and superficial velocity of feed solution for seven 

combinations of membranes (Figure 2.6a, b, and c). Note that the abscissa axis (voltage 

application) is categorical (not linear scale). As expected, a decreasing trend of fractional salinity 

reduction was observed with increasing feed salinity for all of the membranes. The salinity 

reduction for a given membrane and salinity combination increased significantly with increasing 

stack voltage and increasing velocity. Generally, in Figure 2.5 parts (a) and (b), for feed 

concentrations of 3 g/L and 35 g/L, the salinity reduction for a given voltage application decreased 

in the following order: Fujifilm Type 1 AEM/CEM (purple), PCA PCSK/PCSA (green), Neosepta 

AMX/CMX (red), AMX/SandiaCEM (blue), SUEZ AR204/CR67 (orange), Ralex CMH-

PES/AMH-PES (black), AMX/Polycarb (brown).  As with current density and current efficiency, 

salinity removal was generally negatively correlated with areal resistance (see Table 2).  

The normalized specific energy consumption (nSEC, energy intensity (kWh/m3) per 

concentration (eq/L) removed) was determined with respect to applied stack voltage per cell-pair 

of membrane, initial concentration of feed solution, and superficial velocity of feed solution for 

seven combinations of membranes (Figure 2.5 part d, e, and f). Note that the abscissa axis (voltage 

application) is categorical (not linear scale). An increasing trend of nSEC was observed with 

increasing feed salinity for all of the membranes. The nSEC for a given membrane and salinity 

combination increased significantly with increasing stack voltage (as expected) and increased 

slightly with increasing velocity (i.e., the increase in hydraulic pumping power with increasing 

velocity outweighs the decrease in resistances of the diffusion boundary layers). Generally, in 

Figure 2.6 parts (d) and (e), the nSEC for a given feed concentration (3 g/L and 35 g/L) and voltage 

application increased in the following order (i.e., from least energy demand to greatest energy 

demand): Ralex CMH-PES/AMH-PES (black), SUEZ AR204/CR67 (orange), Neosepta 
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AMX/CMX (red), PCA PCSK/PCSA (green), Fujifilm Type 1 AEM/CEM (purple), 

AMX/SandiaCEM (blue), and AMX/Polycarb (brown). The nSEC increases with the increase in 

electrical resistance of IEMs. 

For feed concentrations in the range of 3 g/L to 35 g/L, and a voltage application of 0.8 

volts per cell pair, most of the membranes had very similar normalized energy consumption in the 

range of 23 to 27 kWh/m3 per meq/L removed. The Ralex CMH-PES/AMH-PES (black) 

membranes were on the lower end of salinity reduction and normalized energy consumption in 

comparison with the other membranes. The AMX/SandiaCEM (blue) and AMX/Polycarb (brown) 

membranes were generally on the lower end of salinity reduction and higher end of normalized 

energy consumption, which shows opportunities for improving the permselectivity of the 

membranes. 
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Experimental conditions: 5 Cell-pairs stack;1-100 g/L NaCl initial diluate and concentrate solutions (500 

mL each); 2, 4, and 8 cm/s superficial velocity of feed solution; 0.4, 0.8, and 1.2 V/cell-pair constant 

applied stack voltage; 0.1 M (14.2 g/L) Na2SO4 electrode rinse solution; and 0.5 psi transmembrane 

pressure. Representation of Membranes, left to right: Brown: AMX/Polycarb, Black: Ralex CMH-

PES/AMH-PES, Green: PCA PCSK/PCSA, Red: Neosepta AMX/CMX, Purple: Fujifilm Type 1 

AEM/CEM, Orange: SUEZ AR204/CR67, Blue: AMX/SandiaCEM. 

Figure 2.6: Salinity reduction (a-c) and normalized specific energy consumption (nSEC) (d-f) of 

diluate stream after 60 minutes of treatment. 

2.3.4. Evaluation of water flux by osmosis 

The water flux and permeance due to osmosis were measured with respect to the 

concentration differences and the osmotic pressure difference between concentrate and diluate 

streams for six combinations of membranes (Figure 2.7a and b). The osmotic water flux 

experiments were performed at the highest superficial velocity of feed solution of 8 cm/s without 

the application of any stack voltage. (Tests at 2 and 4 cm/s were omitted because greater osmotic 

water flux is achievable at the higher superficial velocity). The initial concentration differences 

between concentrate and diluate were 0.7 g/L (1 g/L vs. 0.3 g/L), 7 g/L (10 g/L vs. 3 g/L), and 65 

g/L (100 g/L vs. 35 g/L), which corresponded to osmotic pressure differences of 0.58 bar, 5.42 

bar, and 56.81 bar, respectively. 

Generally, in Figure 2.7, the osmotic water flux increased in the following order (i.e., from 

least water flux to greatest water flux): Ralex CMH-PES/AMH-PES (black), Fujifilm Type 1 
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AEM/CEM (purple), PCA PCSK/PCSA (green), Neosepta AMX/CMX (red), AMX/SandiaCEM 

(Blue), and SUEZ AR204/CR67 (orange) (Figure 2.7a and b). The Ralex (CMH-PES/AMH-PES) 

membrane pair exhibited a much lower osmotic water flux than the other four membranes, which 

was expected. As a heterogeneous membrane, Ralex (CMH-PES/AMH-PES) carries the non-

uniform distribution of water content, crosslinking reagent, and charge density in its morphological 

structure; these properties consequently cause the higher resistance to permeation compared to the 

other four homogeneous commercial IEMs. Other than the Ralex membranes, osmotic permeance 

was not well correlated with membrane thickness, ion exchange capacity, or areal electrical 

resistance. For comparison, water permeance in ion exchange membranes is also reported in 

Kingsbury et al. [45]. 

 

 
 

 

Experimental conditions: 5 Cell-pairs stack; 0.7, 7, and 65 g/L initial concentration differences 

between NaCl concentrate and diluate streams (500 mL each) corresponding to 0.6, 5.4, and 56.1 atm 

osmotic pressure differences between NaCl concentrate and diluate stream, respectively; 8 cm/s 

superficial velocity of feed solution; no applied stack voltage per cell-pair; 0.1 M (14.2 g/L) Na2SO4 

electrode rinse solution; and 0.5 psi transmembrane pressure.  Representation of Membranes, top to 

bottom: Orange: SUEZ AR204/CR67, Blue: AMX/SandiaCEM, Red: Neosepta AMX/CMX, Green: PCA 

PCSK/PCSA, Purple: Fujifilm Type 1 AEM/CEM, Black: Ralex CMH-PES/AMH-PES.. 

Figure 2.7: Water flux by osmosis versus concentration differences (a) and osmotic permeance 

versus osmotic pressure difference (b). 
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2.4. CONCLUSIONS AND RECOMMENDATIONS 

The Laboratory-scale batch-recycle electrodialysis desalination experiments with aqueous 

sodium chloride solutions ranging from 1 g/L to 100 g/L was performed with permutations of 

voltage application (0.4 V, 0.8 V, and 1.2 V per cell pair) and superficial feed velocity (2 cm/s, 4 

cm/s, and 8 cm/s) to compare five commercial ion exchange membrane sets with a novel 

bioinspired cation exchange membrane developed recently at Sandia National Labs [13,14]. The 

significant conclusions of the study are summarized below:  

1. The limiting current density (LCD) of an ED stack with Neosepta AMX/CMX membranes, 

feed solution of 1 g/L to 10 g/L, and superficial velocity of 2 cm/s to 8 cm/s ranged from 

50 to 600 A/m2, increasing with salinity and increasing with superficial velocity. The 

voltage application required to achieve LCD ranged from 0.9 to 1.4 Volts per cell pair, and 

the corresponding areal resistance per cell pair at LCD ranged from 22 to 183 Ω cm2. The 

limiting polarization parameter ranged from 0.66 to 5.3 A/m2 per meq/L.  

2. Average current efficiency was observed to decrease with increasing feed salinity for all 

of the membranes. The average current efficiency for a given membrane and salinity 

combination increased slightly with increasing stack voltage and increasing velocity. 

Generally, for a given feed concentration and voltage application, the current efficiency 

decreased in the following order (i.e., from greatest efficiency to least efficiency): Fujifilm 

Type 1 AEM/CEM, PCA PCSK/PCSA, Neosepta AMX/CMX, SUEZ AR204/CR67, 

Ralex CMH-PES/AMH-PES, AMX/SandiaCEM, and AMX/Polycarb. 

3. The fractional salinity reduction was observed to decrease with increasing feed salinity for 

all of the membranes, but for a given membrane and feed salinity, the salinity reduction 

increased significantly with increasing stack voltage and increasing velocity. Generally, 

the Ralex CMH-PES/AMH-PES, AMX/SandiaCEM, and AMX/Polycarb membranes 

were on the lower end of salinity reduction and Fujifilm Type 1 AEM/CEM showed the 

greatest salinity reduction for a given feed concentration (3 g/L and 35 g/L) and voltage 
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application. The rest of the membranes showed quite similar performance in salinity 

reduction, with slightly more differentiation at lower feed concentrations. 

4. The normalized specific energy consumption (nSEC, kWh/m3 per eq/L removed) was 

observed to increase with increasing feed salinity for all of the membranes. The nSEC for 

a given membrane and salinity combination increased significantly with increasing stack 

voltage and increased slightly with increasing velocity. Generally, the Ralex CMH-

PES/AMH-PES membranes consumed the least energy, but AMX/SandiaCEM and 

AMX/Polycarb membranes were on the higher end of energy consumption compared to 

the other membranes for a given feed concentration (3 g/L and 35 g/L) and voltage 

application. The rest of the membranes showed quite similar performance from a nSEC 

perspective, with slightly more differentiation at higher feed concentration. 

5. Water flux by osmosis was observed to increase with the increase of concentration 

difference (i.e., osmotic pressure difference for a given IEM and superficial velocity. 

Generally, the osmotic water flux increased in the following order (i.e., from least osmotic 

flux to greatest osmotic flux): Ralex CMH-PES/AMH-PES (black), Fujifilm Type 1 

AEM/CEM (purple), PCA PCSK/PCSA (green), Neosepta AMX/CMX (red), 

AMX/SandiaCEM (Blue), and SUEZ AR204/CR67. 

6. The ED desalination performance of the Sandia novel bioinspired cation exchange 

membrane (SandiaCEM) was observed to be competitive with the commercial cation 

exchange membranes.  
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Table 2.3: Membrane performance comparison. 

Membrane 
Ralex CMH-

PES/AMH-PES 

PCA 

PCSK/PCSA 

Neosepta 

AMX/CMX 

Fujifilm Type 1 

AEM/CEM 

SUEZ 

AR204/CR67 

AMX/ 

Sandia

CEM 

Current 

Density* 
min > med > med max < med > med 

Current 

Efficiency* 
< med > med > med max < med min 

Salinity 

Reduction 
min > med > med max < med < med 

Normalized 

SEC 
min > med > med  > med < med max 

Water 

Permeance 
min < med > med < med max > med 

Notes: * for 0.8 V/cell-pair, 4 cm/s, and 3 to 35 g/L; “min” minimum of the six 
membranes; “< med” less than median; “> med” greater than median; “max” maximum; 
boldface indicates generally preferred attribute.  

For the sake of simplicity, a membrane performance comparison is provided in Table 2.3. 

For most desalination applications in which the total life cycle costs are strongly influenced by 

energy costs, it is desirable to use membranes with a lower areal resistance and higher current 

efficiency; in high-salinity applications, it is very important to select low-resistance membranes, 

but there are some fresh/brackish applications in which the electrical resistance of the diluate cells 

greatly outweighs the membrane resistance.  For desalination applications targeting a very high-

water recovery, a low water permeance is a key membrane selection parameter. 

Future work should investigate the long-term mechanical stability and durability of the 

novel bioinspired membrane.  
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Chapter 3: Evaluation of electrodialysis desalination performance for five commercial ion 

exchange membrane sets with brackish water feed solutions 

Abstract 

Several studies have been performed to evaluate electrodialysis (ED) desalination 

performance of different commercial ion exchange membranes (IEMs), but most of these studies 

used their own sets of experimental parameters such as feed solution compositions and 

concentrations, superficial velocities of the process streams (diluate, concentrate, and electrode 

rinse), applied electrical voltages, and types of IEMs. Therefore, it is difficult to directly compare 

the ED desalination performance of different IEMs. The goal of this study was to evaluate the ED 

desalination performance differences between five commercial IEMs by determining (i) limiting 

current density, (ii) current density, (iii) current efficiency, (iv) diluate conductivity reduction, (v) 

specific energy consumption, (vi) ion separation rate (permselectivity), and (vii) relative transport 

between divalent and monovalent ions as a function of (a) compositions and concentrations of 

brackish ground water feed solutions, (b) superficial velocity of feed solution, and (c) applied stack 

voltage per cell-pair of membranes. A five cell-pairs laboratory-scale single stage batch-recycle 

electrodialysis experimental apparatus was assembled with an active cross-sectional area of 7.84 

cm2. In this study, five combinations of commercial IEMs were compared which include: (i) 

Neosepta AMX/CMX, (ii) PCA PCSA/PCSK, (iii) Fujifilm Type 1 AEM/CEM, (iv) SUEZ 

AR204SZRA/CR67HMR, (v) Ralex AMH-PES/CMH-PES. The PCA and Ralex membranes 

showed the greatest and the least ED performance, respectively, for current density, current 

efficiency, salinity reduction, and permselectivity; however, the rest of the membranes (Neosepta, 

Fujifilm, Suez) exhibited almost similar ED performances. 

Keywords: Electrodialysis, desalination, ion-exchange membrane, brackish water. 
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3.1. INTRODUCTION 

3.1.1. Background 

Brackish groundwater (BW) is an important and abundant natural water resource [1,2], but 

its salinity exceeds acceptable limits for drinking water [1,2]. The principal salt ions in BW include 

sodium, calcium, magnesium, potassium, chloride, sulfate, bicarbonate, silica, fluoride, and nitrate 

[2,3,4] and their standard values for drinking water quality reported by the World Health 

Organization (WHO) [5] are listed in Table 3.1. Reduction of the salinity of BW resources is 

required prior to its use as a source for potable, irrigation, and industrial uses [6,7].  

Reverse osmosis (RO) is the principal membrane desalination technology that has been 

used successfully for separating salt ions from BW [2,3]. However, the primary challenge of the 

RO process is the generation and disposal of concentrated brine [8]. As an alternative option, 

electrodialysis (ED) membrane desalination technology has been successfully utilized for 

desalinating BW to produce potable water [7,9,10,11,12,13]. ED desalination capacity is 

approximately 425,000 m3/day for brackish water having salinity lower than 3,000 mg/L, and this 

accounts for 6% of the total brackish water desalination capacity, whereas RO has a capacity of 

86% [12,13]. ED has recently received growing interest for brackish water desalination as it can 

achieve a higher recovery than RO, which mitigates disposal of concentrated brine [12,13]. 

Moreover, ED can tolerate silica, hardness,  residual chlorine, and organic matter [6] in addition 

to controlling and modifying concentrations and compositions of salt ions in feed streams to meet 

a target water quality requirement through the regulation of the applied stack voltage, feed solution 

flow rate, IEM pairs, and by using several stages of ED [6].  

Typically, an ED stack is built with a series of anion- and cation-exchange membranes in 

an alternating order, which allow some ions to pass through and block other ions depending on the 

https://www.sciencedirect.com/topics/engineering/brackish-water
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/silicon-dioxide
https://www.sciencedirect.com/topics/engineering/applied-voltage
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permselectivity of the ion exchange membranes (IEMs) and the composition of feed solutions 

containing multiple ions. Permselectivity of an IEM is the ratio of the mass flux of a specific 

counter ion to the total mass flux through the membrane and the transport of electric charges by 

the counter ions [14]. Permselectivity of IEMs is determined by the concentrations of counter ions 

and co-ions present in the internal structure of a membrane. The concentration of counter- and co-

ions depends mainly on the ion-exchange capacity of the IEMs and the ion concentration in the 

outside solutions [11]. Permselectivity of an IEM for a specific ion can be controlled in different 

ways, including (i) transport of ions having the same charge can be regulated by their hydrated 

ion size; (ii) transport of certain ions can be regulated by adding a thin surface layer of the same 

charge on the IEM; and (iii) transport of ions can be regulated by functioning the interactions 

between the ion-exchange functional groups inside the membrane’s structure and the mobile 

counter- and co-ions in solutions [15]. Physicochemical properties and morphology of IEMs also 

influence the permselectivity [16].  

Conventional IEMs have different separation rates for the counter ions available in feed 

water solutions because the permselectivity of the IEMs is different for these counter ions. The 

separation rate of a specific counter ion is lower if the permselectivity of an IEM is lower for that 

counter ion. Therefore, the permselectivity of IEMs is important to know to find out the counter 

ions separation rate by the membranes. The permselectivity of IEMs can be identified by the 

relative transport number (RTN) of ions through the membranes. The RTN is also defined by the 

IEMs effectiveness at rejecting one ion while transporting another and is a function of the salt ions 

concentration in the depleting solution stream (diluate solution). For example, the RTNs have been 

reported between chloride and sulfate ions (i.e.,RTNSO4

Cl ≈ 1.0), and sodium and magnesium ions 

(i.e.,RTNMg
Na  ≈ 2.0 𝑡𝑜 5.0), which represents that chloride and sulfate ions selectivity of a 
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membrane is similar, and sodium ion selectivity of a membrane is 2. to 5 times higher than 

magnesium ion [17].  

Several existing studies evaluated the selective separation of monovalent ions (e.g., Na+, 

K+, NH4
+, Cl−, and NO3

−) versus multivalent ions (e.g., Ca2+, Mg2+, SO4
2-, PO4

3-) from the 

multicomponent feed water solutions by using monovalent anion and cation permselective IEMs 

in ED [2,18,19,20]. Bruggen et. al. showed the preferential separation of monovalent cations using 

Neosepta CMS/ACS membranes and little cationic permselectivity using Selemion CMV/AMV 

membranes from a feed solution with mono- and di-valent ions [21]. Another study on selective 

removal of Na+ over Ca2+ and Mg2+ from reclaimed water and groundwater was performed so that 

the ED treated reclaimed water and groundwater can be used in irrigation [22,23]. Some previous 

studies focused on the desalination of synthetic binary [19] and ternary salts in feed solutions with 

salinities between 1 and 10 g/L [19,20] while other studies desalinated real and synthetic brackish 

waters [24,25].  Kabay et. al. observed that potassium ions were removed more efficiently than 

sodium ions, and sulfate ion removal was the least efficient than other ions from a feed solution 

having binary salts [19].  

General observations of the selected studies on ED desalination of multicomponent feed 

solutions are summarized here:  

• Relative transport of ions depends on the physiochemical properties of IEMs [17]. 

• Ions transport rate depends on the applied voltage to the ED stack [26] as well as the 

compositions and concentrations of feed solutions [27].  

• Selective separation of ions is governed by the physiochemical properties of IEMs [16], 

affinity of ions with IEMs, migration rate of ions through IEMs, and ion exchange capacity 

of IEMs [14].  
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In order to evaluate the permselectivity (or selective ion separation) performance of 

commercial and laboratory-scale IEMs, most studies mentioned in previous sections used their 

own independent sets of experimental parameters or conditions such as feed solution 

compositions and concentrations, superficial velocities of feed solution, applied electrical 

voltages, and IEMs combinations [2,3,7-15,18-21,24-27]. However, to our knowledge, there 

is no study that has systematically compared the ion transport of several commercially 

available membranes. Therefore, it is difficult to assess permselectivity as well as overall ED 

desalination performance of different commercially available and well-known IEMs and to 

recommend suitable IEMs for ED to achieve a desirable outcome (i.e., high ion-selectivity, 

high salinity removal, high water recovery, low energy consumption, or low osmotic water 

flux). 

3.1.2. Objectives 

The goal of the study was to evaluate the permselectivity and overall desalination 

performances of five conventional IEM pairs using ED with a similar set of experimental 

parameters. The ED desalination performance of the IEMs was evaluated by determining 

(i) limiting current density, (ii) current density, (iii) current efficiency, (iv) conductivity (or 

salinity) reduction in diluate stream, (v) specific energy consumption, (vi) ion separation rate 

(permselectivity), and (vii) relative transport between divalent and monovalent ions as a function 

of (a) compositions and concentrations of brackish ground water feed solutions (diluate and 

concentrate streams), (b) superficial velocity of feed solution, and (c) applied stack voltage per 

cell-pair of membranes.  
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Table 3.1: Salt ions compositions and concentrations in brackish groundwaters 

Parameters Unit KBH Desal Plant, 

Texas 

(BW) 

BGNDRF Well 2, 

New Mexico 

(BW) 

WHO 

drinking 

limit 

TDS* mg/L 2,787      5,258 1,000 

EC* mS/cm                     4.72                  6.21 - 

pH -                     7.8                  7.8 6.5-8.5 

Na+ mg/L 792 753 200 

Ca2+ mg/L 171 464 < 100 

Mg2+ mg/L                     39 291 50 

K+ mg/L                     16 29 12 

Cl- mg/L 1319 565 250 

SO4
2- mg/L 399 3154 500 

NO3
- mg/L - 51 50 

F- mg/L                     0.9 0.6 1.5 

References 
 

This study This study 5 

*TDS: total dissolved solids concentration, EC: electrical conductivity 

 

3.2. MATERIALS AND METHODS 

3.2.1. Experimental plan, variables, system, and chemicals 

A detailed description of the experimental plan, experimental design, experimental system 

and equipment, and experimental chemicals was reported in previous research performed by Hyder 

et al. [28] (see also in Chapter 2). For laboratory-scale batch-recycle electrodialysis experimental 

design, several experimental variables were considered, and their discrete values are shown in 

Table 3.2. In this study, real brackish water samples were used as the feed water solutions with 

initial concentrations of 2,787 mg/L and 5,258 mg/L TDS. The electrode rinse solution was 

prepared with a fixed concentration of 0.1 mol/L (14.2 g/L) sodium sulfate (Na2SO4). Laboratory-

grade sodium sulfate (Na2SO4, ACS reagent grade) salt was purchased from Fisher Scientific 
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(USA) to prepare the electrode rinse solution. All reagent water was purified and deionized to a 

resistivity of 18.2 MΩ cm. The membranes used in this study were commercially available and 

well-known general desalination IEMs. The ED desalination performance of five membrane-pairs 

was compared through various experimental conditions (e.g., superficial velocity of the feed 

solution, voltage application to ED stack, and concentrations and compositions of feed solutions) 

in terms of limiting current density, current density, current efficiency, conductivity reduction in 

diluate stream, specific energy consumption, individual monovalent and divalent ion separation 

rate, and relative transport rate of divalent ions over monovalent ions.  

 

Table 3.2: Experimental variables, value ranges, and combinations 

Variables  Discrete Values/Combinations 

Brackish water feed solutions 

(concentration & electrical 

conductivity)  

i. KBH: TDS* of 2,787 mg/L (corresponding 

conductivity of 4.72 mS/cm)  

ii. BGNDRF Well 2: TDS of 5,258 mg/L 

(corresponding conductivity of 6.21 mS/cm) 

Superficial velocity of diluate 

stream 

4 cm/s (corresponding flow: 30 mL/minute) 

Stack voltage 0.4 & 0.8 Volts per cell-pair of membrane 

Combination of membranes during 

stack assembly   

i. Neosepta AMX & CMX 

ii. PCA PCSA & PCSK 

iii. Fujifilm Type 1 AEM & CEM  

iv. SUEZ AR204SZRA & CR67HMR 

v. Ralex AMH-PES & CMH-PES 

*TDS: Total Dissolved Solids 
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3.2.2. Experimental feed water solutions 

The real (natural) brackish water samples used in this study were collected from the Kay 

Bailey Hutchison (KBH) desalination plant located in El Paso, Texas, USA, and the Brackish 

Groundwater National Desalination Research Facility (BGNDRF) Well 2 located in Alamogordo, 

New Mexico, USA. The initial concentration of total dissolved solids (TDS) was measured as 

2,787 mg/L in KBH brackish water and was found as 5,258 mg/L in BGNDRF Well 2 brackish 

water with the corresponding conductivity of 4.72 mS/cm and 6.21 mS/cm, respectively. Similar 

values were also reported by Cappelle et al. [29]. The major ion concentrations of the feed water 

solutions are summarized in Table 3.1. 

 

3.2.3. Electrodialysis testing 

A detailed description of the ED experimental testing, including experimental design, 

experimental system and equipment, ED stack and IEMs used, experimental procedure, and 

calculation methods of important ED parameters, was reported in previous research performed by 

Hyder et al. [28] (see also in chapter 2). This chapter focuses on the comparison of ED desalination 

performance differences between five well-known commercial IEMs. The standard 

physiochemical properties of IEMs used in this study are summarized in a previous study [28] 

(also in the second chapter). All of the membranes used in this study were soaked in 0.01 M NaCl 

solution for 24 hours prior to use and then trimmed to 6.4 cm x 4.4 cm size and punched with holes 

at precise locations. 

The performance of the membranes for current density, current efficiency, salinity 

reduction, and energy consumption was tested using a laboratory-scale single stage electrodialysis 

stack (model: 08002-001, PCCell/PCA, GmbH, Germany) with an active cross-sectional area of 

membrane subjected to the applied electric field of 7.84 cm2 (2.80 cm x 2.80 cm). The ED stack 

was assembled with five cell-pairs according to the schematic diagram of the ED process as shown 
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in an earlier study by Hyder et al. [28]. Polyester mesh spacer-gaskets of thickness 0.45 mm 

physically separated the AEMs and CEMs. 

The diluate solution was circulated at a flow rate of 30 mL/minute (corresponding to a 

superficial velocity of 4 cm/s), and the pressure of the diluate cell for the relevant flow rate was 

recorded. The solution flow rate through the concentrate cells and electrode rinse compartments 

were adjusted to maintain the same pressure as diluate cells. A laboratory-scale Master Flex 

peristaltic cartridge pump (Cole-Parmer, USA, Model: 7519-00) was used to circulate the solutions 

through each of the process streams. 

The electrical conductivity, pH, and temperature of the process stream reservoirs were 

determined using a pH/conductivity meter (Thermo Scientific, USA, model: Orion Star A325). 

The mass of the diluate reservoir was measured (Meller Toledo, USA, model: XS2002S) to 

quantify the net mass of water and salt transportation across the membranes. Analog pressure 

gauges (model: 18C774, Grainger, USA) were used at the inlet of the diluate, concentrate, and 

electrode rinse streams to observe the head loss through each stream and the average 

transmembrane pressures. A programmable DC Power Supply (B&K Precision, USA, Model: 

9123A) was used for monitoring and controlling voltage and current through the electrodialysis 

stack.  

Experimental data were recorded automatically at five-second intervals in spreadsheets in 

the computer by the LabVIEW 2017 supervisory control and data acquisition (SCADA) system. 

Finally, the acquired data from LabVIEW were analyzed to evaluate the ED desalination 

performance of the IEMs. 

 

3.2.4. Calculation methods 

The calculation methods of important ED parameters such as voltage loss at electrodes, 

specific energy consumption, limiting current density and polarization parameter, current 
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efficiency, and diluate conductivity reduction was reported in detail in the previous research 

performed by Walker et al. [26] and Hyder et al., [28].  

 

3.2.4.1 Relative transport number (RTN) of salt ions 

The relative transport number for an ion (X) relative to another ion (Y) can be calculated 

following the equation below [17]: 

RTNY
X =

𝑅𝑋

𝑅𝑌
      (3.1) 

 

where, RX and RY indicate the percentage concentration reduction of X- and Y-ion, respectively 

in the diluate stream. 

For example, the RTN for calcium ion relative to sodium ion can be calculated as below: 

RTNNa
Ca =

𝑅𝐶𝑎

𝑅𝑁𝑎
           (3.2) 

where, RCa and RNa indicate percentage concentration reduction of calcium and sodium ions, 

respectively, in the diluate stream.  

The benefit of using this equation is that the RTN values can be calculated from analytical 

data, and the ratio of ion concentrations in the concentrate stream can be predicted from 

experimentally determined RTN values and experimentally measured concentrations in the diluate. 

Since, the RTN depends on the permselectivity of the IEMs, the composition of the concentrate 

solution can be predicted based on the membrane selected and the composition of the diluate 

solution. 

3.3. RESULTS 

3.3.1. Evaluation of limiting current density, areal resistance, and polarization parameter 

As shown in Figure 3.1, the limiting current density (LCD) and the areal resistance per 

cell-pair of five cell-pairs of commercial membranes were determined with a superficial velocity 
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of 4 cm/s for feed solutions of KBH brackish water (4.72 mS/cm and 2,787 mg/L TDS) and 

BGNDRF Well 2 brackish water (6.21 mS/cm and 5,258 mg/L TDS). The LCD values were 

observed to be higher for the BGNDRF Well 2 brackish water feed solution than the KBH brackish 

water for all the given five membrane pairs (Figure 3.1a), due to the greater initial concentration 

of BGNDRF Well 2 brackish water, which is consistent with other studies [29-31]. The LCD 

ranged from 106 to 208 A/m2, and the corresponding limiting polarization parameters ranged from 

1.15 to 1.28 A/m2 per meq/L (feed). The least LCD value of 106 A/m2 was observed at a voltage 

application of 0.9 V/cell-pair for Ralex membranes with KBH brackish water, and the greatest 

LCD value of 208 A/m2 was observed at 1.2 V/cell-pair for Neosepta membranes with BGNDRF 

Well 2 brackish water.  

The stack voltage application required to achieve LCD ranged from 0.9 to 1.4 Volts per 

cell-pair, and the corresponding areal resistance per cell-pair at LCD ranged from 59 to 97 Ω cm2 

(Figure 3.1b). Subsequent experiments were performed with the stack voltage application (i.e., 0.4 

and 0.8 V/cell-pair) less than the least LCD stack voltage (i.e., 0.9 V/cell-pair). 

In Figure 3.1a, the LCD for both given feed solutions (KBH and BGNDRF brackish water) 

decreased in the following order (i.e., from greatest to least LCD): Neosepta AMX/CMX (red), 

Suez AR204/CR67 (orange), PCA PCSK/PCSA (green), Fujifilm Type 1 AEM/CEM (purple), 

and Ralex CMH-PES/AMH-PES (black). In Figure 3.1b, the areal resistance per cell-pair at LCD 

for both given feed solutions (KBH and BGNDRF brackish water) decreased in the following order 

(i.e., from greatest to least areal resistance): Ralex CMH-PES/AMH-PES (black), Fujifilm Type 1 

AEM/CEM (purple), PCA PCSK/PCSA (green), Suez AR204/CR67 (orange), and Neosepta 

AMX/CMX (red). Table 3.3 summarizes the trend in LCD and areal resistance for the five 

membrane sets. 



59 

 

 

  

 
Experimental conditions: 5 cell-pair ED stack; 4 cm/s superficial velocity; constant stack voltage 

application; 1 L batch feed solution; 0.1 M (14.2 g/L) Na2SO4 electrode rinse solution; and <3 kPa 

transmembrane pressure 

Figure 3.1: Limiting current density (a) and areal resistance per cell-pair of membranes at LCD 

(b) against ED stack voltage per cell-pair of membranes.  

3.3.2. Evaluation of current density, and current efficiency 

The current density and current efficiency of the five membrane sets were compared 

against the bulk conductivity reduction in diluate stream (or diluate tank or diluate cell-pair) for 

both applied stack voltages (i.e., 0.4 and 0.8 Volts per cell-pair of membrane), both feed solutions 

(i.e., KBH brackish water and BGNDRF Well 2 brackish water), and a superficial velocity of feed 

solution (i.e., 4 cm/s) (Figure 3.2). As expected, current density decreased with greater 

conductivity reduction, increased with greater voltage application, and increased with greater feed 

salinity (Figure 3.2a and b); similar results are also reported in other studies [26, 28]. Similarly, 

the current efficiency (ranging from 63% to 95%) decreased with greater conductivity reduction 

and increased with greater voltage application; however, the current efficiency decreased with 

greater feed salinity (Figure 3.2c and d), which is consistent with other studies [26,28]. Trends in 

current density and current efficiency are listed in Table 3. 
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Experimental conditions: 5 cell-pair ED stack; 4.72 mS/cm initial conductivity of KBH brackish water 

and 6.21 mS/cm initial conductivity of BGNDRF Well 2 brackish water feed (diluate and concentrate) 

solutions (500 mL each); 4 cm/s superficial velocity of feed solution; 0.4 and 0.8 V/cell-pair constant 

applied stack voltage; 0.1 M (14.2 g/L) Na2SO4 electrode rinse solution; and 0.5 psi transmembrane 

pressure. 

Figure 3.2: Effect of stack voltage and feed solution composition on current density (a,b) and 

current efficiency (c,d) for KBH (a,c) and BGNDRF (b,d) feed solutions. 

3.3.3. Evaluation of conductivity reduction and specific energy consumption 

Conductivity reduction was nearly proportional with time up to conductivity reductions of 

approximately 50%, and diminishing returns were observed for greater conductivity removal 

(Figure 3.3c and d). The rate of conductivity reduction increased with greater voltage application, 

as expected from Nernst-Planck theory [32], which is consistent with other studies [26,32,33,34].  

The specific energy consumption (SEC) increased proportionally with conductivity 

reduction and voltage (Figure 3.3e and 3.3f), with an average of 0.274 kWh/m3 per mS/cm 

reduction per V/cell-pair applied for the KBH feed, and an average of 0.438 kWh/m3 per mS/cm 

reduction per V/cell-pair applied for the BGNDRF feed, which is in agreement with other studies 
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[26,32,34]. With respect to the treatment of these natural brackish waters with conductivity 4.72 

and 6.21 mS/cm, the difference in the SEC due to the membranes was less than 10%. The specific 

energy reported in this study includes only the electrical energy applied to the stack, and it did not 

include the hydraulic energy invested in pumping the solution through the electrodialysis stack (a 

negligible portion). 

 

  

  
Experimental conditions: 5 cell-pairs ED stack; 4.72 mS/cm initial conductivity of KBH brackish water 

and 6.21 mS/cm initial conductivity of BGNDRF Well 2 brackish water feed (diluate and concentrate) 

solutions (500 mL each); 4 cm/s superficial velocity of feed solution; 0.4 and 0.8 V/cell-pair constant 

applied stack voltage; 0.1 M (14.2 g/L) Na2SO4 electrode rinse solution; and 0.5 psi transmembrane 

pressure. 

Figure 3.3: Effect of stack voltage and feed solution composition on conductivity reduction (c,d), 

and specific energy consumption (SEC) (e,f) for two different brackish water feed 

solutions: KBH (a,c,e) and BGNDRF (b,d,f). 
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Table 3.3: Performance trends for five commercial membrane sets  

Parameters Feed 

solution 

Stack voltage 

(V/cell-pair) 

Membranes* (Greatest to least order) 

LCD KBH, 

BGNDRF 

0.9-1.4 Neosepta > Suez > PCA > Fujifilm > Ralex 

Areal resistance 

at LCD 

KBH, 

BGNDRF 

0.9-1.4 Ralex > Fujifilm > PCA > Suez > Neosepta 

Current density KBH 0.4, 0.8  PCA > Neosepta > Fujifilm > Suez > Ralex 

Current density BGNDRF 0.4  Neosepta > Fujifilm > Suez > PCA > Ralex 

Current density BGNDRF 0.8 PCA > Neosepta > Fujifilm > Suez > Ralex 

Current efficiency KBH 0.4, 0.8  PCA > Neosepta > Fujifilm > Suez > Ralex 

Current efficiency BGNDRF 0.4  Neosepta > Fujifilm > Suez > PCA > Ralex 

Current efficiency BGNDRF 0.8 PCA > Neosepta > Fujifilm > Suez > Ralex 

Conductivity 

Reduction 

KBH 0.4, 0.8  PCA > Neosepta > Fujifilm > Suez > Ralex 

Conductivity 

Reduction 

BGNDRF 0.4  Neosepta > Fujifilm > Suez > PCA > Ralex 

Conductivity 

Reduction 

BGNDRF 0.8 PCA > Neosepta > Fujifilm > Suez > Ralex 

SEC KBH 0.4, 0.8  PCA > Neosepta > Fujifilm > Suez > Ralex 

SEC BGNDRF 0.4  Neosepta > Fujifilm > Suez > PCA > Ralex 

SEC BGNDRF 0.8 PCA > Neosepta > Fujifilm > Suez > Ralex 

Na+ Removal KBH, 

BGNDRF 

0.4, 0.8 PCA > Fujifilm > Neosepta > Suez > Ralex 

Ca2+ Removal KBH, 

BGNDRF 

0.4, 0.8 PCA > Neosepta > Fujifilm > Suez > Ralex 

Cl- Removal KBH, 

BGNDRF 

0.4, 0.8 Neosepta > Fujifilm > Suez > PCA > Ralex 

SO4
2- Removal KBH, 

BGNDRF 

0.4, 0.8 Fujifilm > Suez > PCA > Neosepta > Ralex 

Note: *Membranes: Neosepta AMX/CMX (red), PCA PCSK/PCSA (green), Fujifilm Type 1 

AEM/CEM (purple), Suez AR204/CR67 (orange), and Ralex CMH-PES/AMH-PES (black). 

 

3.3.4. Evaluation of concentration reduction of predominant monovalent and divalent ions 

Typically, in brackish ground water, the predominant monovalent salt ions are comprised 

of sodium (Na+) and chloride (Cl-), while the divalent salt ions are calcium (Ca2+) and sulfate 

(SO4
2-), as shown in Table 3.1. That is why the concentration reduction performance of 

predominant salt ions was measured qualitatively against the diluate bulk conductivity reduction 
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as a function of voltages, feed salinities, and feed velocity for five combinations of membranes 

(Figure 3.4).  

The concentrations of individual salt ions (Na+, Cl-, Ca2+, and SO4
2-) were reduced at 

approximately the same rate as the diluate bulk conductivity reduction ratio for all the given 

membrane pairs, applied stack voltages, and feed solutions (Figure 3.4a-h). It is considered that 

the solution conductivity is approximately proportional to the bulk concentration of salt ions [32], 

which is in agreement with the finding of this study. The higher reduction of individual salt ions 

concentration was found at the higher stack voltage of 0.8 V/cell-pair as compared to 0.4 V/cell-

pair for both feed solutions and all the given membrane pairs. This is because higher voltage 

application to the ED stack results in a greater driving force for separating salt ions and 

consequently increases the removal rate of ions [26,28,32,33]. However, the lower reduction of 

individual salt ions was identified, relative to the bulk conductivity reduction, when their initial 

concentrations were higher in feed solutions. The higher concentration of individual salt ions in 

feed solutions results in slower electromigration when there is no rise in the applied stack voltage 

and superficial velocity of the feed solution [26,28,32].  

A higher reduction of salt ions concentration (or separation rate of individual salt ions) was 

generally observed for the ion exchange membranes with lower areal resistance, higher ion 

exchange capacity, and higher ion selectivity (see Table 2.2). The performance of individual salt 

ion concentration reduction order (i.e., from greatest to least) with respect to feed salinity and stack 

voltage application for all the given five membrane pairs is summarized in Table 3.3.  
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Experimental conditions: 5 Cell-pairs ED stack; 4.72 mS/cm initial conductivity of KBH brackish water 

and 6.21 mS/cm initial conductivity of BGNDRF Well 2 brackish water feed (diluate and concentrate) 

solutions (500 mL each); 4 cm3/s superficial velocity of feed solution; 0.4 and 0.8 V/cell-pair constant 

applied stack voltage; 0.1 M (14.2 g/L) Na2SO4 electrode rinse solution; and 0.5 psi transmembrane 

pressure. 

Figure 3.4: Effect of stack voltage and feed solution composition on removal performance of 

predominant monovalent and divalent ions from KBH (a,c,e,g) and BGNDRF 

(b,d,f,h) brackish water feed solutions. 
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3.3.5. Evaluation of relative transport ratio between divalent and monovalent ions 

Based on a comparison of the relative removal of ions shown in Figure 3.4, the relative 

transport of divalent ions (Ca2+ and SO4
2-) against monovalent ions (Na+ and Cl-) was analyzed 

(Figure 3.5). First, the relative transport of divalent ions against monovalent ions (Ca2+ vs Na+ and 

SO4
2- vs Cl-) was generally similar for pair-wise comparisons of the two voltage applications.  

Second, the relative transport of calcium to sodium (i.e., the slope of Ca2+ removal vs. the 

slope of Na+ removal) was observed to be greater than one for all tests and ranged from a factor of 

approximately 2 to 7 at low overall conductivity reduction to a factor less than 1.5 for conductivity 

reduction greater than 60% (Figure 3.5 a and b).  

Third, for the KBH feed solution, the relative transport of SO4
2-/Cl- ranged from 0.8 to 2.1, 

with Neosepta at the lowest end of the range and Ralex at 0.8 V/cell-pair at the highest end of the 

range (Figure 3.5 c). For the BGNDRF feed solution, the relative transport of SO4
2-/Cl- ranged 

from 0.2 to 1.1, with Neosepta at the lowest end of the range and Ralex at 0.4 V/cell-pair at the 

highest end of the range (Figure 3.5 d). 
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Experimental conditions: 5 Cell-pairs ED stack; 4.72 mS/cm initial conductivity of KBH brackish water 

and 6.21 mS/cm initial conductivity of BGNDRF Well 2 brackish water feed (diluate and concentrate) 

solutions (500 mL each); 4 cm/s superficial velocity of feed solution; 0.4 and 0.8 V/cell-pair constant 

applied stack voltage; 0.1 M (14.2 g/L) Na2SO4 electrode rinse solution; and 0.5 psi transmembrane 

pressure. 

Figure 3.5: Effect of stack voltage and feed solution composition on relative transport of divalent 

ions against monovalent ions: Ca2+ vs Na+ (a,b) and SO4
2- vs Cl- (c,d) from KBH 

(a,c) and BGNDRF (b,d) brackish water feed solutions. 

3.4. CONCLUSIONS AND RECOMMENDATIONS 

The electrodialysis desalination performances of five commercial ion exchange membrane 

sets were evaluated for brackish ground water feed solutions using stack voltage application of 0.4 

and 0.8 V/cell-pair) and superficial feed velocity of 4 cm/s. The significant conclusions of the 

study are summarized below:  

1. The limiting current density (LCD) increased with greater feed salinity for all the 

membranes used in the study. LCD ranged from 106 to 208 A/m2 for Ralex and Neosepta 

membranes, respectively. The corresponding areal resistance per cell pair at LCD ranged 
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from 59 to 97 Ω cm2, and the corresponding limiting polarization parameter ranged from 

1.15 to 1.28 A/m2 per meq/L feed. The voltage application required to achieve these LCDs 

ranged from 0.9 to 1.4 Volts per cell pair of membranes. 

2. Current density ranged from 25 to 95 A/m2, and current efficiency ranged from 63 to 95%, 

with the least values for Ralex and the greatest values for PCA membranes. Current density 

decreased with greater diluate conductivity reduction, however, it increased with greater 

voltage application and greater feed salinity. Similarly, current efficiency decreased with 

greater conductivity reduction and increased with greater voltage application; however, the 

current efficiency decreased with greater feed salinity. 

3. The lower conductivity reduction in the diluate was observed with increasing feed salinity, 

but the conductivity reduction increased significantly with increasing stack voltage for a 

given membrane. For a given feed salinity and voltage application, the Ralex and PCA 

showed the least and the greatest diluate conductivity reduction, respectively. 

4. The specific energy consumption (SEC) for a given membrane increased proportionally 

with conductivity reduction, increased significantly with increasing stack voltage, and 

increased slightly with increasing feed salinity. The average SEC of 0.274 and 0.438 

kWh/m3 per mS/cm conductivity reduction per V/cell-pair stack voltage application was 

determined by analyzing the slopes of each of the membranes for the KBH and the 

BGNDRF feed, respectively. 

5. The concentrations of predominant monovalent and divalent salt ions (Na+, Cl-, Ca2+, and 

SO4
2-) were reduced linearly with the diluate bulk conductivity reduction ratio for all the 

given membrane pairs, applied stack voltages, and feed solutions.  

6. The relative transport ratio between divalent and monovalent ions was generally similar 

for pair-wise comparisons of the two voltage applications. The relative transport of calcium 

vs. sodium was observed to be greater than one for all tests; however, the relative transport 

of sulfate vs. chloride ranged from 0.8 to 2.1 for the KBH feed and from 0.2 to 1.1 for the 

BGNDRF feed. 



68 

The key membrane performance parameters are summarized in Table 3.3. For most 

desalination applications, it is desirable to use membranes with a higher range of LCD, LPP, 

current density, current efficiency, salinity reduction, permselectivity, and water recovery; and a 

lower range of areal resistance and energy consumption. For brackish water applications, the 

electrical resistance of the diluate solution greatly outweighs the membrane resistance.  

Future work should investigate the performances of the novel and commercial membranes 

with a wider range of ED operational parameters such as voltage application, feed velocity, and 

feed salinity, in addition to the scaling, fouling, and durability of the membranes.  

 

Table 3.4: Key performance parameters comparison for membranes. 

Membrane 

Ralex CMH-

PES/AMH-

PES 

PCA 

PCSK/PCSA 

Neosepta 

AMX/CMX 

Fujifilm Type 1 

AEM/CEM 

SUEZ 

AR204/CR67 

LCD min > med max < med > med 

Current Density* min max > med > med < med 

Current 

Efficiency* 
min max > med > med < med 

Conductivity 

Reduction* 
min max > med > med < med 

SEC* min max > med > med < med 

 
*For 0.8 V/cell-pair, and KBH and BGNDRF feeds; “min” minimum of the five membranes; 
“< med” less than median; “> med” greater than median; “max” maximum; boldface indicates 
generally preferred attribute.   
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Chapter 4: Preliminary development of polyethersulfone cation exchange membranes for 

electrodialysis desalination 

Abstract 

Due to the lack of fresh water, one of the most significant industrial applications of ion 

exchange membranes (IEMs) is recovering fresh water from brackish groundwater using 

electrodialysis (ED) desalination. Therefore, the advancement and development of cost-effective 

IEMs with good electrochemical properties and physicochemical stability for water desalination 

is highly desired. This study focuses on the preliminary development of polyethersulfone (PES) 

cation exchange membranes (CEMs) using phase inversion and solvent evaporation methods for 

ED desalination. Initially, PES was dissolved in solvent (e.g., chloroform: CHCl3 and 

dichloromethane: CH2Cl2) and then sulfonated using chlorosulfonic acid (CSA: HSO₃Cl). The 

sulfonated PES (sPES) was dissolved in N-Methyl-2-Pyrrolidone (NMP, C5H9NO) to prepare a 

dope solution, and then polyvinylpyrrolidone (PVP) crosslinker and graphene oxide (GO) 

nanomaterial were added to the dope solution to fabricate membranes. The influence of using two 

different solvents, such as chloroform and dichloromethane, was identified during the sulfonation 

of PES with CSA. In addition, the role of adding PVP crosslinking agent and GO nanofiller in the 

main chain of sulfonated polyethersulfone (sPES) polymer was studied. The findings highlight the 

potential for PES materials fabricated using phase inversion methods and warrants further 

investigation of IEM microstructure (e.g., fabrication method, nanofillers, and crosslinking agents) 

as an important strategy for advancing the development of cost-effective IEMs for commercial 

use. Results show that sPES with crosslinkers (PVP) and nanofillers (GO nanoparticles) had the 

highest overall limiting current density, current (charge) efficiency, and salinity reduction despite 

having lower ion exchange capacity (IEC) and sulfonation than sPES and demonstrates the utility 

of adding crosslinkers and nanofillers to improve the performance of IEMs. 

Keywords: Electrodialysis, polyethersulfone, cation exchange membrane, PVP crosslinker, GO 

nanofiller, NaCl feed.  
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4.1.INTRODUCTION 

4.1.1 Background 

Ion-exchange membranes (IEMs) are essential to the field of fuel cells, as well as electro-

driven desalination techniques such as electrodialysis (ED), capacitive deionization (CDI), and 

electro deionization (EDI) [1,2]. ED is an electrical potential driven membrane desalination 

technique that can be used for the demineralization and purification of industrial wastewater brines 

recovered from industries related to chemical processing, food production, and pharmaceutical 

production [3,4]. However, due to lack of fresh water, advancing IEMs for recovering fresh water 

from brackish ground water is one of the most significant industrial applications of IEMs using 

ED [5]. Therefore, the development of cost-effective ion-exchange membranes with good 

electrochemical properties and physicochemical stability for water desalination is highly desired 

[6]. 

Commercial cation exchange membranes are typically made from copolymers styrene and 

divinylbenzene (DVB), followed by sulfonation. The commercial Neosepta AMX (anion 

exchange) and CMX (cation exchange) membranes were used in this study as control membranes 

for comparison purposes. The sulfonation of the styrene/divinylbenzene polymer is typically 

achieved by chlorosulfonic acid and/or concentrated sulfuric acid in dichloroethane using silver 

sulfate as catalyst [7,1]. 

Sulfonated arylene main chain polymers such as sulfonated polyethersulfone (sPES) are 

considered as an attractive material for CEM due to lower cost, ease of processability in low-cost 

solvents, as well as its chemical and thermal stability [8,9]. The sulfonation of PES is difficult due 

to the sulfone linkages, which have an electron withdrawing effect that deactivate adjacent 

aromatic rings for an electrophilic substitution [10]. 

A high degree of sulfonation is required to attain good conductivity, ion exchange capacity 

(IEC), and permselectivity of IEMs. However, there is a trade-off as the high degree of sulfonation 

causes membrane mechanical instability; thus, fine-tuning the degree of sulfonation without 
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compromising the structure of the polymer is essential for developing potential CEM forming 

material. The polymer main chains maintain CEM mechanical stability, and the functional groups 

endow CEMs with good permselectivity [11,12,13]. Thus, the preservation of the polymer main 

chains is of importance to the membrane mechanical stability when sulfonating the aromatic rings 

in polyethersulfone structures. In this study, sulfonation of PES was performed without H2SO4 as 

a solvent or sulfonating agent to decrease the possibility of damaging the main chain structure 

while retaining good degrees of sulfonation.  

The energy losses of IEMs can be reduced by minimizing the permeability of IEMs to 

water and salt. Therefore, it is necessary to consider the limited transport of salt and non-deal water 

(salt diffusion and osmosis) through IEMs when developing an advanced IEM to improve ED 

processes [5]. There are indications that microstructural differences among the IEMs may 

significantly affect permeability [5]. Therefore, further study of IEM microstructure, e.g., 

fabrication method, nanofillers, and crosslinkers, is an important strategy for advancing the 

development of commercial IEMs.  

Due to its high surface area, graphene oxide (GO) is an excellent material to be used as an 

organic filler for membranes to improve thermal and mechanical stability but also provide higher 

ionic conductivity. GO and functionalized GO have been used previously as nanofiller for IEMs 

in ED desalination [14,15,16] and, in general, have been shown to perform well in ED experiments 

to achieve substantial salt removal rates due to the formation of ion conducting channels for ionic 

transport facilitation [17,18,19]. Recently, polyvinylpyrrolidone (PVP) has been used as a 

hydrophilic additive for sPES membranes used in desalination experiments to improve the 

distances between the main chain polymer functional groups and provide extra stability [20]. 

In order to develop laboratory-scale CEMs for improving ED performance, several studies 

had been performed as mentioned in previous sections, but they designed the experiment with their 

own independent sets of experimental parameters such as either solvent evaporation [21] or phase 

inversion [6,22] fabrication methods, either chloroform or dichloroethane as solvent [1,7], either 

sulfuric acid [23] or chlorosulfonic acid for sulfonation of PES [1,7,10], PVP as a hydrophilic 
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additive for sPES [20], and GO as nanofiller for controlled porosity and permselectivity [14,15,16]. 

However, to our knowledge, there is no study that has systematically compared the influence of 

these microstructural properties of CEMs on the ED desalination performances with varying 

concentrations and compositions of feed water solutions.  

 

4.1.2. Objective 

The overall aim of this study is the preliminary development of polyethersulfone (PES) 

cation exchange membranes (CEMs) for ED desalination. The specific objectives are: 

i. To evaluate the ED performance differences between CEMs fabricated by phase inversion 

and solvent evaporation methods. 

ii. To evaluate the influence of using two different solvents such as chloroform and 

dichloromethane (DCM) during the sulfonation of PES with chlorosulfonic acid.  

iii. To evaluate the role of adding polyvinylpyrrolidone (PVP) crosslinker and graphene oxide 

(GO) nanofiller in the main chain of sulfonated polyethersulfone (sPES) polymer. 

 

4.2 MATERIALS AND METHODS 

4.2.1. Chemicals 

PES was purchased from Goodfellow (SU30631114, USA). Chloroform (CHCl3) (HPLC 

grade, JC Baker, USA) and Dichloromethane (DCM, CH2Cl2) (ACS grade, BDH, USA) were used 

as the solvent for PES during sulfonation reactions. Chlorosulfonic acid (CSA, HSO₃Cl) (> 98.0%, 

Fluka, USA) was used as the sulfonating agent and N-Methyl-2-Pyrrolidone (NMP, C5H9NO) 

(ACS grade, Fisher Scientific, USA) was used for the solvent in membrane fabrication. 

Polyvinylpyrrolidone (PVP, (C6H9NO)n,~29,000 mw) was purchased from Sigma Aldrich (USA), 

and Graphene Oxide (GO) nanoparticles were received from GrapheneAll (South Korea).  

Laboratory-grade (ACS reagent grade) sodium chloride (NaCl) and sodium sulfate 

(Na2SO4) salts were purchased from Fisher Scientific (USA) to prepare the feed solutions and the 
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electrode rinse solution, respectively. All reagent water was purified and deionized to a resistivity 

of 18.2 MΩ cm. All the ED tests were performed in triplicate for statistical characterization. 

 

4.2.2. Sulfonated polyethersulfone (sPES) preparation 

Blank PES (used for Membrane-A) was sulfonated using two methods to be compared for 

cationic exchange membranes (CEMs) used in ED.  

In the first method of sulfonation, briefly, PES was dissolved in chloroform (CHCl3) (10% 

wt/v), and the solution was cooled to 0 °C in an ice bath. Chlorosulfonic acid (CSA) (10% v/v) 

was added drop-wise to the PES/CHCl3 solution. After 60 min stirring, the reaction was terminated 

by the addition of a fivefold volume of methanol to the reaction mixture. The precipitate was 

collected, washed thoroughly with methanol, and dried at 50 °C, which resulted in the sPES (sPES 

material A used for Membrane-B and -E) [21]. 

In the second sulfonating method, PES was dissolved in dichloromethane (DCM) (10% 

wt/v), CSA (10% v/v) was added to the PES/DCM solution and stirred for 60 min on ice before 

quenching the reaction following the same procedure as above to produce sPES (sPES material B 

used for Membrane-C and D). The sPES samples were washed in 500 mL of hot water until the 

pH was neutralized and then dried in a vacuum oven at 60 °C for 24 hr [22]. Figure 4.1 illustrates 

the sulfonation reactions and the chemical components of the prepared sPES CEMs. 

 



78 

 
 

Figure 4.1: Chemical structure of PES, sPES, PVP, GO and diagram of sulfonation methods.  

 

4.2.3. Membrane fabrication 

First, dope solutions were prepared by dissolving blank PES (15% w/w) in NMP for 

Membrane-A and sPES (15% w/w) in NMP for Membrane-B, C, D, & E, and stirring at 60 °C in 

a closed flask for 12 hr after a clear solution was obtained.  

For Membrane-D, GO nanoparticles (1 mg/mL) were first dissolved in NMP, and then 

dissolved GO (0.5% wt. GO/sPES) and PVP (30% wt. PVP/sPES) solution were added to the 

sPES/NMP dope solution.  

All the above-mentioned dope solutions were stirred for 12 hr to achieve a homogenous 

solution, then degassed for 15 minutes, then applied to a glass substrate to place in a spin coater, 

and finally cast membrane using phase inversion in DI water [22]. 

Membrane-E was prepared via the solvent evaporation method by dissolving sPES 

(material A) (15% w/w) in NMP, and then PVP (1% wt. PVP/sPES) was mixed with sPES/NMP 

dope solution. Finally, the dope solution was added to petri dish plates and dried at 65 °C for 24 
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hr and then detached the membranes from plates by submerging in DI water [21]. The sPES 

material A was used for fabricating Membrane-B and E, and sPES material B was used for 

fabricating Membrane-C and D. 

The prepared membranes were treated in 1 M HCl for 24 hr, then rinsed with DI water and 

kept in 1 M NaCl solution. All membranes were equilibrated in working solution for at least 6 hr 

before use.  

 

 

4.2.4. Membrane characterization 

4.2.4.1.Degree of sulfonation (DS) measurement 

The degree of sulfonation (DS) is the fraction of the sulfonated monomer units after the 

reaction. It is determined as follows: First, 0.3 g of sPES was stirred in 30 mL of 2 M NaCl solution 

for 24 hr to release the H+ ions. Then the mixture was titrated with standardized 0.1 M NaOH 

solution using phenolphthalein as an indicator. DS is calculated according to the following 

equation [10,21,24]:  

 

𝐷𝑆 =  
244𝑔/𝑚𝑜𝑙 (𝐶 𝑁𝑎𝑂𝐻 . 𝑉 𝑁𝑎𝑂𝐻)

𝑊−81𝑔/𝑚𝑜𝑙 (𝐶 𝑁𝑎𝑂𝐻 .   𝑉 𝑁𝑎𝑂𝐻)
        (4.1)  

 

where CNaOH, VNaOH, and W are the concentration (mol/L) of standard NaOH solution, volume (mL) 

of NaOH solution, and weight (g) of dry sPES, respectively. The molecular weight of PES repeat 

unit is 244 g/mol, and 81 g/mol is the molar mass of the sulfonate SO3H group. 

4.2.4.2.Water content measurement  

Membrane water content was determined by the weight of the membrane in wet and dry 

conditions. The water content was calculated using the following equation [25]:  

 

               𝑊𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =
𝑊𝑤−𝑊𝑑

𝑊𝑑
        (4.2) 
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where Ww and Wd are the weight of the wet and dry membranes, respectively. 

 

4.2.4.3. Ion-exchange capacity (IEC) measurement 

The membranes were soaked for 24 hr in 1 M HCl, followed by rinsing with deionized 

water to remove the acid from the surface, and then immersing the membrane in 2 M NaCl for 24 

hr. Then the solution was titrated with NaOH using phenolphthalein as an indicator. The IEC 

(meq/g) value was obtained using Equation 4.3 [24,25]: 

 

𝐼𝐸𝐶 =  
𝐶 𝑁𝑎𝑂𝐻 .  𝑉 𝑁𝑎𝑂𝐻

𝑊𝑑𝑟𝑦
     (4.3) 

 

where CNaOH is the concentration (mol/L) of NaOH solution, VNaOH is the volume (mL) of NaOH 

solution required for neutralization, and Wdry is the weight (g) of the dry membrane. 

 

4.2.5. Electrodialysis testing 

A detailed description of the ED experimental testing, including experimental design, 

experimental system and equipment, experimental procedure, and calculation methods of 

important ED parameters, was reported in previous research performed by Hyder et al. [26]. This 

paper focuses on the fabrication of novel cation exchange membranes and a comparison of ED 

performance differences between newly developed and commercial IEMs. For laboratory-scale 

batch-recycle electrodialysis experimental design, several experimental variables were considered, 

and their discrete values are shown in Table 4.1.  
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Table 4.1: Experimental variables, value ranges, and combinations 

Variables  Discrete Values/Combinations 

Feed water  3 and 35 g/L NaCl* (corresponding conductivity of 5.62 

and 54.88 mS/cm) 

Electrode rinse solution a fixed concentration of 0.1 mol/L (14.2 g/L) sodium 

sulfate (Na2SO4) 

Superficial velocity of diluate 

stream 

4 cm/s (corresponding flow: 30 mL/minute) 

Stack voltage 0.8 Volts per cell-pair of membrane 

Combination of membranes during 

stack assembly   

i. Neosepta AMX & CMX 

ii. Neosepta AMX & Membrane A 

iii. Neosepta AMX & Membrane B 

iv. Neosepta AMX & Membrane C 

v. Neosepta AMX & Membrane D 

vi. Neosepta AMX & Membrane E 

*Note: 3 and 35 g/L sodium chloride (NaCl) represent the typical concentrations of brackish 

groundwater and seawater, respectively. 

In this study, novel cation exchange membranes were prepared (see detail in Table 4.3) 

and compared to a commercial membrane (Neosepta CMX). The physicochemical property of 

Neosepta AMX/CMX membranes is summarized in a previous study [26]. All the membranes used 

in this study were soaked in 0.01 M NaCl solution for 24 hours prior to use and then trimmed to 

6.4 cm x 4.4 cm size and punched holes at precise locations. 

The performance of the prepared membranes for current density, current efficiency, salinity 

reduction, and energy consumption was tested using a laboratory-scale single stage electrodialysis 

stack (model: 08002-001, PCCell/PCA, GmbH, Germany) with an active cross-sectional area of 

membrane subjected to the applied electric field of 7.84 cm2 (2.80 cm x 2.80 cm). The ED stack 

was assembled with five cell-pairs according to the schematic diagram of the ED process as shown 

in an earlier study by Hyder et al. [26]. Polyester mesh spacer-gaskets of thickness 0.45 mm 

physically separated the AEMs and CEMs. 

The diluate solution was circulated at a flow rate of 30 mL/minute (corresponding to a 

superficial velocity of 4 cm/s), and the pressure of the diluate cell for the relevant flow rate was 

recorded. The solution flow rate through the concentrate cells and electrode rinse compartments 
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were adjusted to maintain the same pressure as diluate cells. A laboratory-scale Master Flex 

peristaltic-cartridge pump (Cole-Parmer, USA, Model: 7519-00) was used to circulate the 

solutions through each of the process streams. 

The electrical conductivity, pH, and temperature of the process stream reservoirs were 

determined using a pH/conductivity meter (Thermo Scientific, USA, model: Orion Star A325). 

The mass of the diluate reservoir was measured (Meller Toledo, USA, model: XS2002S) to 

quantify the net mass of water and salt transportation across the membranes. Analog pressure 

gauges (model: 18C774, Grainger, USA) were used at the inlet of the diluate, concentrate, and 

electrode rinse streams to observe the head loss through each stream and the average 

transmembrane pressures. A programmable DC Power Supply (B&K Precision, USA, Model: 

9123A) was used for monitoring and controlling voltage and current through the electrodialysis 

stack.  

Experimental data were recorded automatically at five-second intervals in spreadsheets in 

the computer by the LabVIEW 2017 supervisory control and data acquisition (SCADA) system. 

Finally, the acquired data from LabVIEW were analyzed to evaluate ED desalination performance 

of the IEMs.  

The calculation methods of important ED parameters such as voltage loss at electrodes, 

normalized specific energy consumption, limiting current density, current efficiency, and diluate 

salinity reduction were reported in detail in the previous research performed by Hyder et al. [26] 

and Walker et al. [27]. 

  

4.3 RESULTS 

4.3.1. Evaluation of limiting current density, areal resistance, and polarization parameter 

The limiting current density (LCD), limiting areal resistance p, and limiting polarization 

parameter (LPP) were determined for five arrangements of a five cell-pair ED stack. In all five 

arrangements, the stack was assembled with Neosepta AMX anion exchange membranes, and each 



83 

of the five arrangements used a different cation exchange membrane: the commercial Neosepta 

CMX (control), and four novel cation exchange membranes developed in this study (compared 

with the CMX). Experiments were performed with a superficial velocity of 4 cm/s using a sodium 

chloride (NaCl) feed solution concentration of 3 g/L (corresponding conductivity of 5.62 mS/cm) 

as shown in Figure 4.2. The LCD, aerial resistance, and LPP results were not achieved for a NaCl 

feed solution concentration of 35 g/L because the maximum working capacity of the power supply 

(30 V, 5 A) was reached before observing LCD.  

The LCD ranged from 147 to 234 A/m2 (Figure 4.2a), and the corresponding areal 

resistance per cell-pair at these LCDs ranged from 78 to 42 Ω cm2, respectively (Figure 4.2b). The 

least LCD value of 147 A/m2 was observed at a voltage application of 0.9 V/cell-pair for AMX-A 

membrane pair (blue), and the greatest LCD value of 234 A/m2 was observed at 1.0 V/cell-pair for 

AMX-D (purple). The LPP ranged from 2.9 to 4.6 A/m2 per meq/L (feed) for LCD values of 147 

to 234 A/m2, respectively (Figure 4.2c). Subsequent experiments were performed with stack 

voltage application (i.e., 0.8 V/cell-pair) less than the least LCD stack voltage (i.e., 0.9 V/cell-

pair). Table 4.2 summarizes the trend in LCD, areal resistance, and LPP for the five membrane 

sets. 

Increasing the degree of sulfonation within the sPES/GO cation exchange membranes 

(CEMs) from A to D increased the LCD and LPP values (i.e., the greatest LCD and LPP were 

achieved for AMX-D membrane pair), and the opposite trend was found for the CEMs in terms of 

areal resistance, which is consistent with other studies [14]. 
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Experimental conditions: 5 cell-pair ED stack; 4 cm/s superficial velocity; constant stack voltage 

application; 1 L batch feed solution; 0.1 M (14.2 g/L) Na2SO4 electrode rinse solution; and <3 kPa 

transmembrane pressure 

 

Figure 4.2: (a) Limiting current density, (b) areal resistance per cell-pair of membranes at LCD, 

and (c) limiting polarization parameter versus ED stack voltage per cell-pair. 

Table 4.2: Performance trends for five membrane sets (each with AMX anion membranes) 

Parameters Membranes* (Greatest to least order) 

LCD & LPP D > C > B > CMX > A 

Areal resistance at LCD A > CMX > B > C > D 

Current density D > C > B > A > CMX 

Current efficiency CMX > D > C > B > A 

Diluate Salinity Reduction CMX > D > C > B > A 

nSEC D > C > B > A > CMX 

Experimental conditions: 3 and 35 g/L NaCl feed solutions, 4 V/cell-pair stack voltage, and 4 cm/s 

(30 mL/min) superficial velocity of feed solution. 
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4.3.2. Evaluation of current density and current efficiency 

The average current density (CD) and average current efficiency (CE) of the five 

membrane sets were compared during ED experiments using NaCl feed solutions (i.e., 3 and 35 

g/L) and an applied stack voltage of 0.8 Volts per cell-pair at 4 cm/s superficial velocity of feed 

solution (Figure 4.3). As expected, the current density increased with greater feed salinity (Figure 

4.3a), and the current efficiency decreased with greater feed salinity (Figure 4.3b). Similar trends 

of current density and current efficiency are also reported in other studies [26, 28]. The current 

density and current efficiency trends of the commercial and developed membranes are listed in 

Table 4.2.  

The current density of the membrane stacks with the developed sPES membranes ranged 

from 135 to 1163 A/m2 which were approximately 40% to 85% greater than the Neosepta 

AMX/CMX membrane stack (97 to 613 A/m2). However, the current efficiency of the stacks with 

the newly developed membranes ranged from 40% to 50%, which was approximately half that of 

the Neosepta AMX/CMX membrane stack (87% to 92%). The sPES membranes had a greater 

water uptake and ion exchange capacity (Table 4.3), leading to higher counter-ion transport and 

lower current efficiency. The higher current density and the lower current efficiency in the 

developed membranes compared to the Neosepta AMX/CMX membranes indicate that the 

permselectivity (or counter ions transport capability) of the developed membranes are very low, 

and both counter ions and co-ions are transported through the newly developed cation exchange 

membranes. It is hypothesized that a greater degree of sulfonation in the sPES membranes might 

improve the permselectivity.  
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Experimental conditions: 5 cell-pair ED stack; 3 and 35 g/L initial concentrations of NaCl feed (diluate 

and concentrate) solutions (500 mL each); 4 cm/s superficial velocity of feed solution; 0.8 V/cell-pair 

constant applied stack voltage; 0.1 M (14.2 g/L) Na2SO4 electrode rinse solution; and 3.4 kPa 

transmembrane pressure. 
 

Figure 4.3: Effect of membranes and feed solution concentrations on (a) current density and (b) 

current efficiency for five membrane sets. 

 

4.3.3. Evaluation of diluate salinity reduction and specific energy consumption 

The salinity reduction (SR) and normalized specific energy consumption (nSEC) of the 

five membrane sets after 60 minutes of ED testing using NaCl feed solutions were compared with 

concentrations of 3 and 35 g/L and an applied stack voltage of 0.8 Volts per cell-pair at 4 cm/s 

superficial velocity of feed solution (Figure 4.4).  

The salinity reduction in diluate stream decreased with greater feed salinity, as expected 

(Figure 4.4a), which is consistent with other studies [26,27]. The salinity reduction of sPES 

membranes (31% to 43%) was half to three-fourths that of the Neosepta AMX/CMX membranes 

(61%) for 3 g/L feed, and was around three-fifths to four-fifths (18% to 24%) that of the Neosepta 

AMX/CMX membranes (29%) for 35 g/L feed. 

The normalized specific energy consumption (nSEC) increased with the increase in feed 

salinity (Figure 4.4b), which is in agreement with other studies [10]. The nSEC of newly developed 

membranes ranged from 44 to 54 kWh/m3 per eq/L-removed, which were almost double those of 
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the Neosepta AMX/CMX membranes (23.9 and 28.7 kWh/m3 per eq/L-removed). The difference 

in the SEC among the experiments with sPEC membranes was less than 10%. The specific energy 

reported in this study includes only the electrical energy applied to the stack; it did not include the 

hydraulic energy invested to pump the solution through the electrodialysis stack. 

 

 

  
 

Experimental conditions: 5 cell-pairs ED stack; 3 and 35 g/L initial concentrations of NaCl feed (diluate 

and concentrate) solutions (500 mL each); 4 cm/s superficial velocity of feed solution; 0.8 V/cell-pair 

constant applied stack voltage; 0.1 M (14.2 g/L) Na2SO4 electrode rinse solution; and 3.4 kPa 

transmembrane pressure. 
 

Figure 4.4: Effect of membranes and feed solution concentrations on (a) salinity reduction, and 

(b) normalized specific energy consumption (nSEC) for five membrane sets. 

 

4.3.4. Evaluation of membrane structure-property relationships 

The different degrees of PES sulfonation have been previously evaluated in IEMs for fuel 

cells [1] and desalination applications [2]; however, these studies involve the use of concentrated 

sulfuric acid. We attempted in this study to compare chlorosulfonic acid (CSA) sulfonating agent 

to PES sulfonated using hydrosulfuric acid, but the mechanical strength was too limited to 

complete the ED experiments as it dissolved. We continued using only CSA for the remainder of 

our efforts to avoid the adverse effects of sulfuric acid. As discussed in the introduction, a high 

degree of sulfonation is necessary to achieve a good IEC and, therefore permselectivity, but fine-
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tuning the sulfonation is necessary to avoid compromising the main chain backbone structure of 

the polymer. Figure 4.5 shows the SEM images (top) and the constituents of the fabricated 

membranes. 

The two competing sulfonation methods used in our study involve just changing the solvent 

for the PES. All membranes were fabricated from the same solvent (NMP), but the two sulfonation 

methods (Membrane-B vs Membrane-C) compared used chloroform and dichloromethane during 

the sulfonation, respectively. We can see from Table 4.3 that the degree of sulfonation in 

Membrane-C is 77% while Membrane-B is 47%. Conversely, Membrane-B has a higher water 

uptake than Membrane-C, which is counterintuitive. IEC and % sulfonation can be well correlated 

as both measurements depend on functional groups present, but water uptake is slightly more 

complicated [3,5]. These findings would indicate that although Membrane-C has a higher degree 

of sulfonation than Membrane-B, the main chain polymer is possibly more intact, contributing to 

higher regions of the hydrophobic polymer where water is not uptaken. While the difference in 

percent sulfonation is very pronounced between these two membranes (B and C), it did not 

translate into dramatic improvements in current efficiency (CE) or salinity reduction (SR). Due to 

the higher sulfonation percentage and the lack of crosslinkers or fillers, Membrane-C had the 

highest overall IEC next to Membrane-B. It would seem to follow that these two membranes would 

perform the best during the ED experiment, but Membrane-D had the best current efficiency and 

salinity reduction, revealing that microstructure effects (adding crosslinkers and/or nanofillers) 

had a higher influence on these two conditions (CE, SR) than just IEC or percent sulfonation.  
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Table 4.3: Physiochemical properties and ED performances of fabricated membranes  

 

Sample Description Fabrication IEC 

(meq/g) 

H2O 

(%) 

SO3 (%) CE (%) 

@3g/L 

SR (%) 

@3g/L 
A: 

Mem-A 

PES Phase 

Inversion 

0.5 47 14 37 31 

B: 

Mem-B 

sPES / CSA / 

CHCl3 

Phase 

Inversion 

1.9 58 47 48 40 

C: 

Mem-C 

sPES / CSA / 

DCM 

Phase 

Inversion 

2.5 57 77 50 42 

D: 

Mem-D 

(sPES / CSA / 

DCM) / PVP 

(30%) / GO 

(5%) 

Phase 

Inversion 

1.3 76 35 51 43 

E: 

Mem-E 

(sPES / CSA / 

CHCl3) / PVP 

(1%)  

Solvent 

Evaporation 

0.8 16 21 38 1 

 

Membrane-E was fabricated using solvent evaporation to control for limiting non-ideal 

water and salt transport (osmosis and salt diffusion) as compared with membranes fabricated using 

phase inversion. Even with sPES (sPES material B) polymer and 1% of hydrophilic crosslinking 

co-polymer PVP, Membrane-E showed very poor results in IEC (0.8 meq/g) and SR (0.8%). These 

findings illustrate the relative significance of permeability as Membrane-E had the lowest water 

uptake (16%) out of all the membranes. Reducing the overall permeability of Membrane-E reduced 

the water transport and, therefore, ion transport. As a result, limiting these factors makes a poor 

membrane. 

Blank PES (Membrane A) does not have any sulfonation functionalization; however, there 

is an inherent sulfone group in the polymer backbone contributing to sulfonation (14%) and a low 

IEC (0.5 meq/g), but a relatively high-water uptake (47%) due to the microstructure created from 

phase inversion.  

The same sPES material B was used to prepare Membrane-B and -E, but their fabrication 

methods were different i.e., phase inversion and solvent evaporation, respectively. Thus, 

Membrane-B, as compared to Membrane-E, has much larger pores and an asymmetric structure 

(Figure 4.5), which are common in membranes fabricated from phase inversion. Membrane-B had 
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almost 40 times the SR than Membrane-E, as well as more than double the IEC (1.9 vs 0.8 meq/g) 

and degree of sulfonation (47 vs. 21%) compared to Membrane-E. These results illustrated the 

importance of fabrication methods (phase inversion versus solvent evaporation) on pore size and 

showed the relative significance of the IEC and degree of sulfonation in IEM performance with 

respect to SR.  

To understand the role of a hydrophilic crosslinker and nanofiller on the CE and SR of 

sulfonated PES, a sPES polymer using PVP and GO was fabricated in an attempt to decrease 

porosity for tuning the ion transport mechanism in matrix materials for ion exchange membranes.  

Results show that the ED stack with Membrane-D had the highest overall CE and SR, despite 

having lower IEC and percent sulfonation than the stacks with Membrane-B and Membrane-C, 

demonstrating the utility of adding crosslinking and nanofillers to improve the CEM. The higher 

CE and SR correlated with a higher overall SEC (Membrane-D showed the highest nSEC, Figure 

4.4) as more ions are passing through the membrane and energy is being used to remove them 

from the solution, as was found by previous authors [4,5,6]. 
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Membrane samples shown here are labeled the same in Table 4.3 

 

Figure 4.5. Scanning Electron Micrographs (SEM) of fabricated membranes (top) and diagram 

showing constituents in membranes (bottom). 

  

4.4  CONCLUSIONS AND FUTURE WORK 

These results highlight the potential of PES materials for CEMs and illustrate how water 

permeability and water transport strongly influence the salt removal performance of a CEM. The 

findings reinforce the need for further study of CEM microstructure (which is a function of the 

fabrication method, nanofillers, and crosslinking) to advance the development of cost-effective 

CEMs for commercial use.  Future work should investigate the synthesis of membranes that are 

non-porous but maintain high moisture content and low electrical resistivity. 

Future work should also consider the exact role of the nanofiller and the crosslinkers used 

in this study independently of each other, and further elucidate the influence of the weight 
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percentage of these constituents within the membrane and its impact on the performance in IEMs 

for ED desalination in terms of salinity reduction, current efficiency, energy consumption, and 

water permeability. In addition, further study can be performed to functionalize these constituents 

and determine if this improves IEM performance. 
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Chapter 5: General Conclusions 

After reviewing relevant current literature, it was revealed that the ED desalination 

performances of commercial and laboratory-made IEMs had been performed previously, but not 

in a systematic way so that the planners, designers, and engineers can evaluate a trade-off in 

selecting the suitable IEMs and optimum ED experimental conditions for their desired outcomes 

such as high ion-selectivity, high salinity removal, high water recovery, low energy consumption, 

or low water transport. In addition to this knowledge gap, the existing conventional and laboratory-

made IEMs reported previously showed various technical and economic limitations with respect 

to permeability, permselectivity, ion-selectivity, electrical resistance, stability (mechanical, 

chemical, and thermal), and production costs. 

Thus, this research work addressed knowledge gaps identified in the published literature. 

The main focus of this research was the systematic comparison of ED desalination performances 

of well-known conventional IEMs and newly developed IEMs under a set of well-controlled 

experimental conditions. To achieve the overall goal, the entire research work was divided into 

three projects.   

The aim of the first project was to evaluate the ED desalination performance of five well-

known and commonly used commercial ion exchange membranes (IEMs) and compare their 

performances with a novel bioinspired cation exchange membrane (CEM) developed recently at 

Sandia National Laboratory for synthetic sodium chloride (NaCl) feed water solutions. In this 

project, laboratory-scale batch-recycle ED desalination experiments were performed with sodium 

chloride feed solution concentrations of 1, 3, 10, 35, and 100 g/L, voltage application to ED stack 

of 0.4, 0.8, and 1.2 volts per cell pair of membranes, and superficial velocity of feed solution of 2, 

4, and 8 cm/s to compare commercial IEMs with Sandia CEM. The desalination performance of 

IEMs was evaluated by determining the significant ED experimental parameters such as the 

limiting current density (LCD), current efficiency (CE), salinity reduction (SR), normalized 

specific energy consumption (nSEC), and osmotic water flux (oWF). Sandia’s bioinspired CEM 
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performed relatively well compared to the commercial membranes. Future work should investigate 

the long-term mechanical stability and durability of the Sandia novel bioinspired CEM.  

The second project investigated the effects of key ED operational parameters on the 

desalination performance of commercial IEMs. In this effort, the ED desalination performance of 

the same five commercial IEMs used in the first project was evaluated by determining the limiting 

current density (LCD), current efficiency (CE), electrical conductivity reduction (CR), specific 

energy consumption (SEC), the separation rate of specific ions (or permselectivity), and relative 

ion transport number with respect to real brackish groundwater feed solutions (4.72 and 6.21 g/L 

TDS), 0.4 and 0.8 volts per cell pair stack voltage application, and 4 cm/s superficial velocity of 

feed solution. The membranes were ranked according to performance with respect to several 

figures of merit. The results of this work will be helpful for ED process optimization and 

performance analysis for the specific application and expected outcomes. In the future, the ED 

desalination performance should be investigated for not only well-known convention IEMs but 

also novel IEMs with respect to a wider range of experimental parameters such as compositions 

and concentrations of the feed solution, voltage application, and velocity of feed solution.   

In the third project, we attempted to develop a set of novel polymeric CEMs from a highly 

durable and relatively inexpensive material (PES), and to evaluate the ED desalination 

performance of the developed CEMs. This study identified the influence of IEM’s microstructure, 

fabrication method, physiochemical properties of polymeric substances, nanofillers, and 

crosslinkers on ED desalination performance. The results showed the potential of using sulfonated 

PES with GO nanofillers and PVP crosslinkers for fabricating CEMs using phase inversion 

methods. Future work should investigate synthesis methods that produce nonporous membranes 

with low electrical resistivity.  

This research contributes to the field of ED by the systematic evaluation methodology, by 

illustrating the importance of evaluation with real feed water, and by investigating the influence 

of IEM microstructural and physicochemical properties on ED desalination performance. 
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