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Abstract 

 

 Capacitive deionization (CDI) is an incipient desalination technology based on the 

principle of electrical double layer capacitors. When a constant voltage is applied to high surface 

area and electrically conductive electrodes, electrodes become oppositely charged and ions are 

adsorbed onto the electrode surfaces under the presence of the electric field, thereby producing a 

purified stream of water. When the electrodes are saturated with ions, the applied voltage is 

removed or the polarity is reversed to desorb the ions and generate a stream of waste concentrate.  

 For brackish water with intermediate salinities, CDI technology has advantages over 

conventional desalination technologies because of operation at ambient temperatures and pressures, 

high water recovery, and no chemical usage. However, there are issues with translating CDI 

technology from laboratory to practice because of the lack of experience with its operation and 

uncertainties about its robustness and durability. To address these challenges, this thesis 

investigated a laboratory-scale CDI cell with the aim to holistically evaluate its desalination 

performance and efficiency using desalination metrics, kinetic models, and circuit models. The 

activated carbon electrodes used in the CDI cell were purchased commercially as well as fabricated 

in-house, and were analyzed with cyclic voltammetry, scanning electron microscopy and energy-

dispersive X-ray spectroscopy. Operating parameters including applied voltage, NaCl 

concentration, and flow rate were varied to study their effects. Lastly, the effect of including ion-

exchange membranes was examined and preliminary tests were performed to explore the long-

term desalination performance and efficiency of CDI technology. 

 Commercial electrodes were found to be superior to the in-house fabricated electrodes. For 

operating parameters, higher applied voltages were found to increase the salt adsorption and 

capacitance but decrease the energy efficiency. Increasing NaCl concentration also increased salt 

adsorption but did not affect capacitance or energy efficiency. No trends were observed for flow 

rate and kinetic parameters. Ion-exchange membranes boosted the electrode performance 

considerably, with salt adsorption improving by 1.70 – 1.94 times and energy efficiency by 1.11 – 

1.35 times. Long-term tests showed that electrode performance degraded steadily and reached half 

its original performance at 40 cycles but could be regenerated with NaOH washing. 



iv 

 

Lay Summary 

 

 In light of the issues of water scarcity around the world, there is a need for alternative 

supplies of drinking water to be found. Desalination, the process in which salt water is converted 

to drinking water, is an attractive option for the supply of drinking water because of the vast 

quantity of salt water resources on Earth. Capacitive deionization (CDI) is an emerging technology 

for desalination that uses electricity to induce a charge onto high surface area, electrically 

conductive electrodes, thereby causing salt ions in water to adsorb onto the electrode surfaces. As 

a result, purified drinking water can be produced. This research investigates the performance and 

efficiency of capacitive deionization technology with cost-effective activated carbon electrodes 

for desalination of low concentration, synthetic salt waters. The results have implications for 

assessing and evaluating the feasibility of capacitive deionization when compared to already 

existing desalination technologies. 
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Chapter 1: Introduction 

1.1. Drinking Water Treatment 

 Drinking water of sufficient quantity and quality is necessary for life. According to the 

United Nations Sustainable Development Goals, currently more than 40% of the world faces water 

scarcity and around 1.8 billion of the population drinks from a contaminated water source [1]. On 

a local level, even developed countries can face challenges with providing safe, accessible drinking 

water for communities. In the province of British Columbia, Canada, there were 528 boil water 

advisories in effect in 2011 [2]. In particular, small communities in Canada face numerous 

challenges with their drinking water because of remoteness, which leads to inadequate monitoring 

and treatment, inexperienced operators, poor infrastructure, and lack of funding [3].  

  Treatment of water is needed to provide safe and accessible drinking water for the human 

population. According to the World Health Organization drinking water quality standards, 

drinking water must meet the criteria of microbial, radiological, inorganic and organic chemical 

aspects, as well as be acceptable to consumers in taste, odor, and appearance [4]. Natural source 

waters can contain many species which are harmful to human health, from disease-causing 

microorganisms to toxic metals and chemicals. Furthermore, with climate change and heightened 

industrial activity in the past few decades, water quality standards are constantly being updated to 

account for emerging contaminants such as algal bloom toxins or pharmaceutical pollutants [5]. 

To separate these harmful elements and compounds, drinking water treatment typically involves a 

series of stages depending on the source water quality and the size scale of the water treatment 

system. A general scheme of a drinking water treatment system includes screening, coagulation 

and flocculation, sedimentation or dissolved air flotation, filtration, and disinfection [6].  
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Figure 1.1. Process diagram of typical drinking water treatment system. 

 

Extra stages may be required if the source water quality warrants additional treatment, or stages 

may be omitted if the source water does not contain certain contaminants. Additional treatment 

processes include pH adjustment, softening and ion removal, membrane processes such as 

ultrafiltration and nanofiltration, and adsorption processes such as activated carbon among many 

others [7].  

1.2. Current State of Desalination 

 Water treatment technology must evolve through innovation to meet the goal of providing 

safe and accessible drinking water for everyone. Desalination has emerged as an attractive solution 

because over 97% of the total volume of water resources on the Earth is salt water, mostly as sea 

water in the oceans but also in saline lakes, estuaries, mangroves, and marshes [8]. Salt water can 

be categorized based on the concentration of total dissolved solids (TDS). Freshwater is classified 

as having TDS concentrations of 500 ppm and below, brackish water has TDS concentrations 

ranging between 500 – 15,000 ppm, and sea water has TDS concentrations of over 15,000 ppm 
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[9]. For drinking water quality, the Canadian Drinking Water Guidelines sets as an aesthetic 

objective less than 500 ppm TDS, although even lower TDS levels may be more palatable to 

consumers [4], [10]. Different separation processes are cost-effective for treating the various 

salinities of salt water resources in the world. 

Separation Process Cost-Effective Range of TDS 

Concentrations [ppm] 

Distillation 20,000 – 100,000 

Reverse Osmosis  50 – 46,000  

Electrodialysis 200 – 3000  

Ion-Exchange 1 – 800  

Table 1.1. Desalination separation processes and TDS range for cost-effective application, 

adapted from [9]. 

 

Conventional desalination technologies are energy-intensive because they depend on high 

temperatures or pressures for the removal of ions from water. Traditional distillation-based 

processes such as Multi-Stage Flash Distillation (MSF), Multi-Effect Distillation (MED) and 

Vapor Compression (VC) can require up to 15.0 kWh/m3 of total energy if waste heat is not utilized, 

corresponding to a cost of 4 $USD/m3. Reverse Osmosis (RO), the predominant membrane-based 

process used for desalination, also suffers from high total energy requirements of up to 4.0 kWh/m3, 

or 3 $USD/m3, because of high pressures needed to drive water through the semi-permeable 

membrane [9]. The energy and cost of desalination also varies considerably because it is heavily 

dependent on the size of the plant. Large plants that can benefit from economies of scale and 

spreading overhead costs can have water production costs as cheap as 0.50 $USD/m3 for 

desalination of sea water, whereas smaller plants generally cost more than 1.30 $USD/m3 [11]. 
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 MED MSF VC RO 

(Brackish 

Water) 

RO  

(Sea Water) 

Steam Pressure [ata] 0.2 – 0.4  2.5 – 3.5 n/a n/a n/a 

Electrical Energy 

Equivalent [kWh/m3] 

4.5 – 6.0 9.5 – 11.0 n/a n/a n/a 

Electricity 

Consumption 

[kWh/m3] 

1.2 – 1.8 3.2 – 4.0 8.0 – 12.0 0.3 – 2.8  2.5 – 4.0 

Total Energy Use 

[kWh/m3] 

5.7 – 7.8 12.7 – 15.0 8.0 – 12.0 0.3 – 2.8 2.5 – 4.0 

Water Production 

Costs [$USD/m3] 

0.7 – 3.5 0.9 – 4.0 1.0 – 3.5  0.2 – 1.8 0.5 – 3.0 

Table 1.2. Energy requirements and costs of conventional desalination technologies, adapted 

from [9]. 

 

For the operation and maintenance of conventional desalination technologies, chemicals are also 

required for cleaning and conditioning of the source water, and are therefore another cost that 

should be accounted for. For RO, operation and maintenance can be especially expensive because 

the membranes tend to foul easily and thus warrant frequent chemical cleaning and replacements 

that can be costly because of material and manufacturing costs [11].  

Despite these weaknesses, desalination is dominated by RO with a global capacity share of 

64%, followed by MSF with 23%, MED with 8%, and electrochemical and other technologies with 

a 5% share [12]. According to the International Desalination Association, as of 2015, there were 

18,426 desalination plants worldwide treating a capacity of 86.8 million m3/day of water for more 

than 300 million people in 150 countries [13]. 
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1.3. Capacitive Deionization as an Alternative Desalination Technology 

 Capacitive Deionization (CDI) is an incipient technology which has shown promise to be 

cost-effective for the desalination of brackish water with TDS concentrations between 200 – 5,000 

ppm [14]. In CDI, a direct current (DC) voltage is applied to a cell consisting of a pair of electrodes, 

like a capacitor (hence the name). Saline water is passed through the cell via an insulating spacer 

to prevent short circuiting and ions are adsorbed onto the charged electrode surfaces; this process 

is coined as electrosorption to describe the applied voltage as the driving force for adsorption. 

Once the electrode surfaces are saturated with ions, the applied voltage can be removed or reversed 

in polarity to desorb the ions. The adsorption (charge) and desorption (discharge) steps can then 

be alternated to generate purified water and concentrated brine, respectively. Multiple CDI cells 

can be placed on top of each other in a stack to increase the capacity [15].  

 

Figure 1.2. Schematic representation of the basic principle of CDI separation. 
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The higher the applied voltage, the higher the ion electrosorption and consequential removal. 

However, low applied voltages below 1.23 V are usually used to prevent electrochemical reactions 

such as the electrolysis of water which decreases the charge efficiency (the total charge of the 

adsorbed salt divided by the total charge supplied to the CDI system) of the desalination process 

[16]. The ion electrosorption phenomenon can be described by the formation of electrical double 

layers (EDLs) at the interface of an electrolyte solution and a charged surface. In the simplest EDL 

model, the Helmholtz model, counter-ions (ions with an opposite charge to that of the surface) are 

attracted to, and adsorb onto the surface to compensate for the charge [15]. 

 

Figure 1.3. EDL model showing surface and solution interfacial interactions. 

 

More complex EDL models such as the Gouy-Chapman-Stern model and the modified Donnan 

model have also been extensively researched. These EDL models are typically combined with 

models describing ion transport through pores to predict the desalination performance of CDI 

systems [17]. For optimal desalination performance in CDI, it is essential that electrodes have large 
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surface areas, high electrical conductivity, excellent wettability, high  mechanically stability, 

chemical and biological inertness, and low cost [18]. Carbon materials meet many of these criteria, 

and thus studies have been performed for activated carbons, activated carbon cloths, activated 

carbon fibers, carbon aerogels, mesoporous carbons, carbon nanofibers, carbon nanotubes, 

graphene and etc. [19].  

Compared to RO, the present dominating desalination technology, CDI does not use high 

pressures, instead it uses low applied voltages to separate ions from water. Moreover, it is possible 

to recover energy from CDI systems during the discharge step since the CDI cell essentially 

behaves as a capacitor. For salinities below 2000 ppm TDS, it was found that less than 0.5 kWh/m3 

was needed to produce 1 ppm TDS of purified water. Feasibility studies have shown that CDI can 

be competitive with RO at concentrations below 5000 ppm TDS at energy efficiencies of 60-70%, 

and can even be competitive for sea water desalination at energy efficiencies above 85% [11]. 

Therefore, CDI can potentially consume less energy for desalination compared to RO systems, 

leading to cost savings [20]. One of the major reasons CDI has shown potential over RO is that 

higher water recoveries can be attained. RO systems generally have water recoveries of less than 

50%, whereas CDI systems can have water recoveries upwards of 90%. As a result, less 

concentrate is generated as waste and it can be more easily disposed of through brine disposal 

methods such as evaporation ponds [14].  

The other main competing technology for CDI desalination of brackish water is 

Electrodialysis (ED), which is cost-effective in a similar TDS concentration range as CDI. ED is 

an electrochemical technology for desalination that also applies a voltage across electrodes in a 

cell; however, ions migrate toward the opposite charged electrode through cation and anion 

exchange membranes into concentrate streams to separate them from the purified water stream, 
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instead of being directly electrosorbed onto the electrodes [21]. There are many limitations which 

ED faces as a desalination technology which may not apply to CDI. Firstly, ED is unsuitable for 

low salinities below 400 ppm TDS due to low electrical conductivity, unless large electrode and 

membrane areas are used. Also, low molecular weight charged species are preferentially separated, 

leaving a larger fraction of the high molecular weight charged species in the purified water. Ion 

exchange membranes can also foul and pretreatment of the influent water is required to remove 

species which precipitate onto or form coatings on the membranes [11]. Lastly, CDI has slightly 

better water recoveries, although both can reach over 90% [22]. 

 Despite considerable research in CDI, there has been difficulty transforming research 

findings into real-world applications. In recent years, there have been some developments and 

applications of CDI in the industry as a water solution. In the 2000s, several companies 

commercializing CDI emerged but some have abandoned the market or went bankrupt because of 

lack of market identification and technical challenges [14]. Nonetheless, there are companies 

which remain or have appeared in the current decade that supply CDI technology, most still in the 

research or start-up phase. A few of these companies directly sell water purification products with 

CDI technology to consumers. As of 2017, Pureechem supplies the Ecomite series, a line of three 

CDI products ranging from a single cell with a capacity of 0.03 L/min and 1000 ppm TDS to a 

system with multiple stacks capable of handling 2 L/min and 3000 ppm TDS [23]. Aqua EWP also 

supplies products with CDI technology for household use as well as small systems with a 

maximum treatable level of 3000 ppm TDS [24]. Other companies commission the design of their 

CDI technology. Atlantis Technologies provides a system called Radial Deionization that can 

process high salinity influents by allowing water to flow across up to 10 m of continuous electrode 

material [25]. Enpar Technologies calls its CDI technology Electro-Static Deionization and has 
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stated that they are commencing the design and procurement phase of a large desalination plant 

for Chemsbro in Saudi Arabia [26]. They have also had experience with ammonia, nitrate, hardness 

and TDS removal from industrially contaminated ground waters, surface waters and mining waste 

waters from countries in the Middle East and the Canadian provinces of Ontario and Quebec [27]. 

Lastly, Voltea’s CapDI technology can be commissioned for industrial, commercial and residential 

applications, and can deliver up to 537 m3/day of purified water [28]. 

Name Location Website References 

Enpar 

Technologies 

Guelph, Ontario 

Canada 

http://www.enpar-tech.com/  [29] 

Aqua EWP San Antonio, Texas 

U.S.A. 

http://aquaewp.com/ [30]–[32] 

Atlantis 

Technologies 

Dana Point, California 

U.S.A. 

http://www.atlantis-water.com/ - 

Pureleau North Saanich, British 

Columbia 

Canada 

http://www.pureleau.ca/ - 

Pureechem Cheongju, Chungcheong 

South Korea 

http://www.pureechem.com/en/ [33] 

Siontech Yuseong, Daejon 

South Korea 

http://www.siontech.co.kr/eng/ - 

Voltea Sassenheim 

Netherlands 

Farmers Branch, Texas 

U.S.A. 

http://voltea.com/en/ - 

Idropan Milan 

Italy 

http://www.idropan.com/en/ - 

Table 1.3. List of active vendors for CDI technology. 

 

 CDI pilot plants have been tested in the field in previous studies, although there is a strong 

demand for more pilot and field studies to evaluate their feasibility. AlMarzooqi et al. claimed in 

2014 that there have only been five demonstrations of CDI plants with the largest capacity being 

3,785 m3/day compared to that of a typical RO plant with capacity 100,000 m3/day, and highlighted 

http://www.enpar-tech.com/
http://aquaewp.com/
http://www.atlantis-water.com/
http://www.pureleau.ca/
http://www.pureechem.com/en/
http://www.siontech.co.kr/eng/
http://voltea.com/en/
http://www.idropan.com/en/
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the need for more studies outside the laboratory [12]. For the successful transition of CDI 

technology from laboratory to the field, the robustness to source water of various qualities, and the 

stability of its performance over time must be determined and improved upon. Also, a stronger 

understanding of how to design and operate CDI systems to optimize performance and efficiency 

holistically must be realized and communicated for CDI to bridge the gap from research to practice. 

1.4. Research Objectives 

 To contribute to the advancement of CDI as a practical and viable desalination technology, 

this research project focused on studying the design and operation of a laboratory scale CDI cell 

with activated carbon electrodes using synthetic NaCl solution. The results would serve as a 

preliminary step and baseline for further research and development of CDI technology for point-

of-use water systems or small water systems. Although there have been studies on the effect of 

operating parameters [16], [30], [34], electrode properties, and fabrication procedures [35], [36], 

the results are sometimes contrary and cannot be compared with one another because of differences 

in electrode materials, CDI experimental setups, and methodologies. Moreover, there are only a 

few studies on the inefficiencies of the CDI process and how they relate to desalination 

performance degradation [31], [37]. Therefore, with the aim to provide a holistic approach to 

investigating CDI systems, the following research objectives were formulated: 

1. Characterize the properties and evaluate the desalination performance and efficiency of 

activated carbon electrodes in a laboratory scale CDI cell using synthetic NaCl solution. 

2. Assess the effect of operating parameters on CDI desalination performance and efficiency 

using a range of metrics and models. 

3. Analyze for inefficiencies and degradation of performance in CDI systems by operating 

continuously for multiple cycles. 
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Chapter 2: Literature Review 

2.1. Defining Desalination Performance and Efficiency 

 To evaluate the feasibility of CDI technology, reliable metrics or indicators must be 

developed for desalination performance and efficiency. This section describes and comments on 

the various metric definitions of desalination performance and efficiency. 

2.1.1. Salt Removal Efficiency and Water Recovery 

Traditionally, salt removal efficiency (SRE) has been utilized to assess desalination 

technologies, which is defined as: 

𝑆𝑅𝐸 [%] =  
𝐶𝑖− 𝐶𝑓

𝐶𝑖
 𝑥 100%       (1) 

where Ci [mg/l] is the initial or influent concentration and Cf [mg/L] is the final or effluent 

concentration. Another metric that is common to all desalination technologies is water recovery 

(WR), which is a measure of the volume of purified water as a percentage of volume of feed water 

inputted into the system. Mathematically, this is described as: 

 𝑊𝑅 [%] =  
𝑉𝑓

𝑉𝑖
 𝑥 100%        (2) 

where Vi [L] is the volume of feed water and Vf [L] is the volume of purified water. In desalination, 

concentrate is generated as waste, and it is beneficial to increase the WR of the system to improve 

the water production efficiency, particularly in water scarce areas. Indeed, although membrane-

based technologies can have high SRE, their WR is typically in the range of 40 – 55%, which means 

that approximately for each cup of water produced, another cup is wasted. Therefore, there has 

been a demand for emerging desalination technologies with high WR such as CDI with reports of 
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over 90% recovery [38]. SRE and WR are valuable in comparing CDI technology to other 

desalination technologies because they are simple and use the same variables for their calculation. 

However, the size and scale of the desalination systems must be similar for proper comparison 

using SRE and WR, since larger and more sophisticated systems have higher SRE and WR [39].  

2.1.2. Specific Capacitance 

 Because of the limited insight of SRE and WR into the desalination performance of CDI 

systems, further metrics have been developed and implemented. Since a major component of CDI 

systems is the electrode, many of these metrics pertain to the electrode performance. CDI shares 

many commonalities with supercapacitors, and thus performance metrics from the supercapacitor 

field have been utilized for CDI electrodes. A universal metric for supercapacitors is specific 

capacitance (c), which is an indicator of the charge storage capacity normalized by the mass of the 

electrode. This can be measured with electrochemical techniques such as galvanostatic charge-

discharge cycles, cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS). 

Galvanostatic charge-discharge cycles involve charging a two-electrode setup (working electrode 

and counter electrode) to a desired voltage, and then discharging at a constant current. Using the 

obtained data, c can be calculated from equation (3), or equation (4) if the change in potential vs. 

the change in time is treated linearly. 

 𝑐 [𝐹/𝑔] =  
𝐼

𝑚 
𝑑𝐸

𝑑𝑡
 
         (3) 

 𝑐 [𝐹/𝑔] =  
𝐼 ∆𝑡

𝑚 ∆𝐸
=  

𝑄

𝑚 ∆𝐸
        (4) 

Here, I [A] is the discharge current dE/dt [V/s] is the slope of the discharge curve, Q [C] is the 

overall charge released during discharge, ∆E [V] is the decrease in potential during discharge, ∆t 
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[s] is the time of the discharge period and m [g] is the mass of a single electrode [40]. In CV, the 

current is recorded while linearly sweeping the cell voltage over a range for multiple cycles in a 

three-electrode setup (working electrode, counter electrode, and reference electrode). Equation (5) 

can then be used to find c, assuming the working electrode is an ideal capacitor. 

 𝑐 [𝐹/𝑔] =  
𝐼𝑖𝑛𝑠𝑡

𝑚 
𝑑𝐸

𝑑𝑡

=  
𝐼𝑖𝑛𝑠𝑡

𝑚 𝑠
        (5) 

Here, Iinst [A] is the instantaneous current and s [V/s] is the scan rate. Since Iinst requires ideal 

capacitor behavior which is rarely seen in real world systems, the average current is generally used 

instead in the following equation: 

𝑐 [𝐹/𝑔] =  
1

𝑚 𝑠 ∆𝐸 
 ∫ 𝐼 𝑑𝐸        (6) 

where I [A] is the current as a function of potential and ∆E [V] is the change in potential of the 

half cycle [40], [41]. The integral is either taken over the half cycle, or over the full cycle and 

multiplied by ½ if the graph is asymmetrical over the potential axis. Lastly, EIS can also measure 

specific capacitance and moreover, indicate whether the electrodes behave like an ideal capacitor. 

In EIS, a small perturbation is caused by imposing an alternating current (AC) signal, and the 

voltage and current response of the system is measured. From the obtained data, the impedance, 

which is a complex representation of the ability of a circuit to resist the flow of current from an 

applied voltage, can be found. Further modelling with equivalent circuits can then yield 

information on the capacitance, as well as inductance and resistance, of the system. Nyquist plots 

are usually used to graphically present the real and imaginary components of the impedance, with 

the real component corresponding to circuit elements like resistors and the imaginary component 
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corresponding to circuit elements like capacitors and inductors. By making certain assumptions in 

EIS, the calculation to find c can be simplified to equation (7): 

 𝑐 [𝐹/𝑔] =  
1

𝑚 𝜔 |𝑍′′|
        (7) 

where Z’’ [Ω] is the imaginary part of the impedance and ω [s-1] is the angular frequency [40], 

[42]–[44]. The three electrochemical techniques can produce different results, and thus their 

respective assumptions must be taken into careful consideration. 

2.1.3. Salt Adsorption Capacity 

 Salt adsorption capacity (SAC) is a widespread metric specifically for CDI and has become 

nearly universal for studies of CDI electrodes. In sum, SAC describes the mass of salt adsorbed 

normalized by the mass of electrode. For CDI experiments, the amount of salt adsorbed can be 

calculated from the decrease in salt concentration and the volume: 

 𝑆𝐴𝐶 [𝑚𝑔/𝑔] =  
𝑣 ∫(𝐶𝑖 − 𝐶𝑓) 𝑑𝑡

𝑚
 =  

𝑉(𝐶𝑖 − 𝐶𝑓) 

𝑚
      (8) 

where v is the volumetric flow rate [L/min], V [L] is the volume of salt solution, Ci [mg/L] is the 

initial salt concentration and Cf [mg/L] is the final salt concentration. The integral form of the 

equation must be used if the volume of salt solution in the CDI system is not constant with time, 

such as in single pass experimental setups. The valid measurement of SAC requires that the charge 

step is long enough for the final salt concentration to reach equilibrium. Moreover, to standardize 

the SAC metric, it is proposed that synthetic NaCl solution is used for the CDI experiment, and the 

quantity used for electrode mass is the combined mass of both electrodes including the binder and 

additives, but without the spacer [39]. If other salt solutions are tested, it is recommended to 

express SAC in units of mmol/g to account for the differences in molar mass [45]. SAC is an 
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indicator of the propensity of the material for electrosorption because it is irrespective of the mass 

and is thus convenient for comparing the desalination performance of different electrode materials. 

It is also effective for evaluating the cost-effectiveness of materials, particularly because materials 

are often priced based on their mass. 

2.1.4. Charge Efficiency 

 To shed light on the energy efficiency, charge efficiency (Λ) has been created as a 

performance metric unique to CDI systems. Λ is mathematically defined as: 

 𝛬 [%] =  
𝑧 𝐹 𝑣 ∫(𝐶𝑖 − 𝐶𝑓) 𝑑𝑡

𝑀 ∫ 𝐼 𝑑𝑡
 𝑥 100% =  

𝑧 𝐹 𝑉 (𝐶𝑖 − 𝐶𝑓) 

𝑀 ∫ 𝐼 𝑑𝑡
 𝑥 100% (9) 

where z is the charge number of the ions in the salt, M [g/mol] is the molar mass of the salt, F is 

the Faraday constant and equal to 96,485 C mol-1 and I [A] is the current supplied to the CDI cell 

[16]. In an ideal CDI process, for each unit of charge supplied to the CDI cell, one unit of 

equivalent charge of salt is adsorbed, leading to a Λ of 100%. In practice, however, inefficiencies 

such as co-ion desorption, resistive heating, and parasitic electrochemical reactions can occur, 

resulting in Λ of less than 100%. Energy consumption is strongly affected by Λ, and CDI systems 

are therefore operated at low voltages, despite increased SAC with increased voltages, to maximize 

Λ [46].  

2.1.5. Specific Energy Consumption 

To compare the energy requirements of CDI with pre-existing desalination technologies, 

the specific energy consumption (η) is used to describe the amount of energy needed to remove an 

amount of salt from the saline water. For CDI systems, this is mathematically expressed as 
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 𝜂 [𝑘𝑊ℎ/𝑔] =  
𝐸𝑐𝑒𝑙𝑙  ∫ 𝐼𝑑𝑡

𝑣 ∫(𝐶𝑖 − 𝐶𝑓) 𝑑𝑡
=  

𝐸𝑐𝑒𝑙𝑙  ∫ 𝐼𝑑𝑡

𝑉 (𝐶𝑖 − 𝐶𝑓)
    (10) 

where Ecell [V] is the voltage applied to the CDI cell and the other variables are as defined 

previously. η can also be described on the basis of purified water volume produced by using 

purified water volume instead of amount of salt in the denominator of equation (10) [47].  

2.1.6. Model Parameters 

 Desalination performance and efficiency metrics can also be derived from model 

parameters that provide insight into the principles and mechanisms of the CDI system. Modelling 

of electrosorption for CDI systems is discussed in detail in Section 2.5. 

 2.2. Electrode Materials and Processing 

 Electrode materials for CDI technology have been researched extensively in the past 

decades, and there have even been multiple review papers dedicated solely to evaluating the 

properties and characteristics of novel electrode materials [18], [19], [48].  

2.2.1. Ideal Electrode Properties for Electrosorption 

Carbon materials have displayed excellent applicability as CDI electrodes because of large 

surface areas due to their porosity, high electrical conductivities, and potentially low material and 

processing costs [15]. A larger surface area means that there are potentially more adsorption sites 

for ions to adsorb and EDLs to form. The most widely used metric for surface area of porous 

materials is the Brunauer-Emmett-Teller (BET) theory. In the BET theory, it is assumed that the 

adsorbate (the adsorbed species) can either be adsorbed onto the adsorbent (the species the 

adsorbate adsorbs onto) or onto other adsorbates. Using noble gas adsorption isotherms and 
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making further assumptions about adsorbate interactions, the BET surface area can be calculated 

in units of m2/g [49]. 

Surface area cannot fully describe the electrosorption efficiency because pores may be 

inaccessible to ions or unsuitable for EDL formation. Indeed, it has been found that BET surface 

area does not always have a direct relationship with salt adsorption capacity [17]. Carbon materials 

can have a variety of pore sizes and structures which can facilitate ion transport and formation of 

EDLs. According to the International Union of Pure and Applied Chemistry (IUPAC), pore sizes 

can be roughly divided into three categories. By definition, macropores are pores with diameters 

greater than 50 nm, mesopores are between 2 to 50 nm, and micropores are less than 2 nm [50]. 

Pore size and structure are crucial to electrosorption because they affect ion transport and the 

formation of EDLs. On one hand, smaller pores produce a greater surface area because of the 

surface area to volume ratio. On the other hand, if the pore sizes begin to approach the size of the 

ion diameters in solution, there is the possibility for EDL overlap and thus reduction in 

electrosorption efficiency [51]. In a study based on activated carbons with various BET surface 

areas and pore characteristics, it was found that mesopores had the greatest contribution to 

electrosorption efficiency because of the accessibility of ions to the surface adsorption sites [52]. 

On the contrary, there have also been theoretical and experimental studies that show the correlation 

between micropores and electrosorption is greater than that of mesopores [17]. It is likely, therefore, 

that pore structure, such as whether they are open or closed or connected, is also an important 

factor and a combination of mesopores and micropores is the optimal structure. Pore structure, 

however, is rarely studied because it requires 3D nano-scale imaging, which is currently an 

unestablished technique. 

 



18 

 

2.2.2. Activated Carbon Powder Electrodes 

2.2.2.1. Activated Carbon Powder 

Activated carbon powder (ACP) is arguably the most cost-efficient material for electrodes 

because it is readily available and inexpensive. With BET surface areas of around 1000 – 2000 

m2/g, ACP is commonly mixed with a polymeric binder in a solvent to form a slurry and placed 

onto a current collector to form CDI electrodes [53]. ACP is produced by subjecting carbon 

resources such as coal, peal, lignite, wood, sawdust, bamboo, and coconut shells to either physical 

activation at high temperatures of above 500 ˚C with steam or other gases, or chemical activation 

with reagents such as acids, bases, or salts [54]. Due to the multiple possible raw materials and 

activation methods, ACPs can vary in quality, and therefore suitable ACPs should be chosen based 

on their surface area, pore size and structure, and other relevant properties. ACP electrodes can be 

treated to increase their electrosorption efficiency by modifying their properties. By physical 

activation under flowing CO2, the surface area of the ACP could be increased at the expense of 

increased hydrophobicity, translating to an improved specific capacitance and salt adsorption 

capacity of the electrode [55]. Also, physical activation with H2 at 400 ˚C increased the surface 

area and specific capacitance of ACP electrodes, whereas an atmosphere of N2 decreased the 

surface area and specific capacitance [56]. Another study found that treating ACP with HNO3 at 

90 ˚C resulted in more oxygen containing functional groups on the electrode surface, leading to 

increased salt removal efficiency and electrosorption kinetics because of more adsorption sites and 

improved hydrophilicity [57]. Chemical activation of ACP with KOH at temperatures over 100 ˚C 

increased the number of –OH groups and therefore the wettability of the electrodes by decreasing 

the contact angle between water droplets and the electrode surface. Furthermore, KOH activation 

could affect the pore size and structure by tuning the mesopore and micropore ratios of the ACP. 
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Overall, this amounts to increases of salt removal efficiency by 13 – 20% and salt adsorption 

capacity of up to 9.72 mg/g [58], [59].  

2.2.2.2. Polymeric Binders, Conductive Additives, and Current Collectors 

The polymeric binder serves to give structural integrity to the ACP and adhere it onto the 

current collector. Common binders are polytetrafluoroethylene (PTFE) or polyvinylidene fluoride 

(PVDF). Since large amounts of binder can decrease the surface area by blocking access to the 

pores, the minimum amount that provides enough mechanical strength to the electrode is generally 

used. This is around 5 wt. % (dry weight, not including the solvent) for PTFE and 10 wt. % for 

PVDF [36], [60]. PTFE and PVDF have the drawback of being hydrophobic and can therefore 

reduce wettability, a desired property because water needs to have close contact with the surfaces. 

Also, other weaknesses are that organic solvents must be used to dissolve the binder and their 

rigidness can generate cracks on the electrodes [61]. New binders have been studied because of 

the limitations of PTFE and PVDF. Polyvinyl alcohol (PVA) is hydrophilic because of the 

presence of multiple –OH groups and it has been found that water droplets are completely 

immersed in ACP electrodes made with PVA, as opposed to PTFE and PVDF bound electrodes in 

which a contact angle is formed between the water droplet and the surface [62]. However, 

hydrophilic binders tend to swell and can dissolve in aqueous solutions. Other binders that have 

been tested in CDI systems include carboxymethyl cellulose (CMC), phenolic resin (PF), and 

polyurethane (PU) [61]–[63].  
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Binder Advantages Disadvantages References 

PTFE Thermal stability, chemical 

resistance, uniform dispersion in 

water as a solvent and on the 

electrode 

Blocks access to pores, defects can 

occur on electrode 

[62] 

PVDF High mechanical strength, thermal 

stability, chemical resistance 

Some blocking of pores, increases 

electrical resistance, cracks can 

form on electrode, requires organic 

solvent to dissolve 

[62] 

PVA Excellent wettability, soluble in 

water as a solvent 

Weak thermal stability and 

chemical resistance, swelling of 

electrode 

[62] 

CMC Mechanical strength, good 

wettability, soluble in water as a 

solvent 

Requires additive and reaction for 

crosslinking, some degradation of 

electrode 

[64] 

PF High mechanical strength, good 

wettability 

Requires high temperature and 

pressure to make electrode, blocks 

access to pores, increases electrical 

resistance 

[62] 

PU High adhesion strength, flexible 

electrode structure, low electrical 

resistance, stable desalination 

performance 

Some blocking of pores, poor 

wettability, complex synthesis 

[61] 

Table 2.1. Advantages and disadvantages of different binders for CDI electrodes. 

 

Additionally, conductive additives like carbon black and graphite powder may also be added to 

improve the electrical conductivity of the AC electrode. Empirical studies have found that 12 wt. 

% of carbon black is the optimal amount for highest specific capacitance [60]. Other studies have 

found that there was no statistically significant difference for the salt adsorption capacity of ACP 

electrodes prepared with varying amounts of carbon black [16]. It is likely that the type of carbon 

black used determines the effect on the desalination performance of the CDI system. This is 

supported by a study displaying that mesoporous conductive carbon black, which contain a higher 

fraction of mesopores, increased the specific capacitance of the electrode by over three times [65]. 

Polyaniline, a highly researched conducting polymer, has also been tested as a conductive additive 



21 

 

for CDI electrodes, and it was found that the conductivity (the inverse of the resistivity) was 

increased by more than four times [66]. The current collector is an electrically conductive material 

selected such that it is electrochemically stable in the working applied voltage range of the CDI 

system. Graphite foil, sheet, or paper is known to be resistant to corrosion and is thus a normally 

used current collector for ACP electrodes [67], [68]. Other current collectors include stainless steel 

plate or meshes, carbon fiber paper, Ti foils, and Ni foam or meshes [35], [61], [69]–[72]. 

2.2.2.3. Fabrication Procedures 

  After making the slurry of ACP, binder, and/or conductive additive in a suitable solvent, 

the electrode is fabricated by casting or coating onto the current collector. Common coating 

methods include roll coating and spray coating. In roll coating, the slurry is added to the current 

collector and passed between two rollers to produce compressed electrodes with a uniform 

thickness. In spray coating, the slurry is filled into a nozzle and sprayed onto the current collector 

at a specified pressure. Another simple method, called evaporative casting, is to place the current 

collector on a heated glass plate, drop a certain amount of the slurry onto the current collector, and 

allow the solvent to evaporate. The casting or coating method can affect the characteristics and 

properties of the CDI electrode. According to Lu et al. [35], electrodes fabricated by roll coating 

and spray coating had denser, more compact structures which made the materials fall off more 

easily. However, they found that the evaporative casting method resulted in a loose structure and 

many cracks on the electrode surface which reduced surface stresses, improved durability, and 

increased electrode surface area and wettability. A similar method to evaporative casting is doctor 

blade or film applicator casting, which uses a tool to cast the slurry at a specified wet thickness, 

usually around 200 – 300 µm [72]. After casting or coating, the electrode is dried at a temperature 

near the boiling point of the solvent, sometimes under vacuum, until all the solvent is evaporated 
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[45]. For the thickness of the electrode, it has been shown that increasing thickness slows down 

the rate at which maximum desalination is reached, i.e. when the electrodes are saturated [17]. 

Furthermore, it has been found that the desalination performance can be improved significantly by 

varying the electrode thickness asymmetrically, such as by doubling or tripling the anode [73]. 

There have also been some contrary results which show that salt removal kinetics were not affected 

by changes in electrode thickness, and the amount of salt removed does not increase linearly [16]. 

All in all, optimal electrode thickness requires balancing of salt adsorption capacity, 

electrosorption kinetics, and material costs. 

2.2.3. Other Materials and Nanotechnology 

 An assortment of other materials has also been applied as CDI electrodes. To name a few, 

activated carbon cloth (ACC), activated carbon paper, carbon felt, carbon veil, carbon foam and 

carbon aerogel (CA) are all commercially available and have been evaluated as CDI electrodes. 

Nonetheless, ACP electrodes have exhibited superior properties for salt adsorption capacity, 

specific capacitance, conductivity, and wettability [16], [60]. Activated carbon fiber (ACF), which 

is known for its high mechanical strength and thermal stability, is another prospective CDI 

electrode material which can be prepared via electrospinning of carbon precursors. If the fibers are 

made such that their size is at the nano-scale, they are commonly called carbon nanofibers (CNFs) 

[19]. Both ACFs and CNFs have been successfully tested for CDI electrodes, although their 

applications are limited by production costs [48]. Since desalination performance has been known 

to be affected by the pore size distribution of the electrosorption material, mesoporous carbon (MC) 

has been synthesized and prepared as CDI electrodes. MCs are produced by either the hard-

template method, where the carbon precursors are attached to templates with 3D pores structures 

and the template is removed after carbonization, or the soft-template method, where organic 
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surfactants or block copolymer templates are directly assembled with the carbon precursors. In 

both methods, the synthesis and preparation can be costly, time-consuming and thus impractical 

for CDI systems [74]. With the advent of nanotechnology, CDI researchers have also studied 

incorporating nanomaterials into CDI electrodes either as is or as a composite for ACP. Carbon 

nanotubes (CNTs) are typically produced through chemical vapor deposition (CVD) and are 

composed of mostly mesopores with large surface area and excellent electrical conductivity. 

However, they are hydrophobic and tend to agglomerate, which can block access to surface 

adsorption sites [75]. Graphene (GR) is another nanomaterial, which can also be produced through 

CVD, that theoretically has large surface areas of 2630 m2/g and electrical conductivities of 7200 

S/m [76]. The challenge with nanotechnology is that the material and production costs are too great 

to justify their use in CDI electrodes, unless they are composited in small amounts with ACP. 

Moreover, it is difficult to produce nanomaterials with reliable quality in terms of being uniform 

and defect-free [77]. Nevertheless, the maturation of novel materials and nanotechnology may 

bring about exciting opportunities for CDI systems in the future. An overview of the various 

electrode materials and their performances are presented in Table 2.2. 

A major part of the development of electrodes for CDI is based on and reflects research in 

the field of electrical double layer capacitors (EDLCs), or supercapacitors, because of the many 

similarities of the technologies. Electrodes with high energy storage capacity generally also have 

high desalination performances. However, CDI systems desalinate water as their primary goal as 

opposed to storing energy in EDLCs, and therefore also require excellent wettability and ion 

transport [39]. Furthermore, since there are water flows, systems must be designed to optimize 

solution transport to the electrodes in the CDI cell.  
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Material Salt 

Concentration 

(mg/L) 

Applied Voltage 

(V) 

SAC (mg/g) Reference 

ACP 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ACP / MnO2 

ACP / TiO2 

 

ACP / GR 

59 

200 

200 

292 

25 

292 

292 

292 

1170 

25 

50 

100 

200 

500 

1000 

1500 

2000 

25 

100 

584 

500 

1.2 

1.5 

1.5 

1.2 

1.4 

1.2 

1.4 

1.2 

1.4 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

2.6 

3.7 

5.3 (membrane) 

10.5 

6.1 

6.9 

8.4 

10.9 

13.0 

0.25 

0.27 

6.10 

8.00 

9.72 

10.80 

11.00 

11.76 

0.99 

8.05 

17 

2.94 

[36] 

[78] 

 

[79] 

[80] 

 

 

[81] 

 

[82] 

[83] 

[84] 

 

 

 

 

 

[85] 

[86] 

[87] 

[88] 

ACC 

 

 

ACC / TiO2 

 

ACC / ZnO 

550 

5500 

5.85 

5.844 

5844 

100 

1.1 

1.1 

1.0 

1.0 

1.0 

1.2 

10.0 

7.7 

1.75 

4.68 

4.3 

8.5 

[89] 

 

[90] 

 

[91] 

[92] 

ACF 

 

 

ACF / CNF 

CNF 

 

 

CNF / CNT 

60 

500 

1000 

25 

90 

95 

45 

10 

50 

100 

1.2 

1.2 

1.2 

1.2 

1.6 

1.6 

1.2 

1.2 

1.2 

1.2 

1.7 

2.57 

3.71 

17.19 

9.13 

4.6 

1.91 

3.32 

1.61 

3.87 

[93] 

 

 

[94] 

[95] 

[96] 

[97] 

[98] 

[99] 
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Material Salt 

Concentration 

(mg/L) 

Applied Voltage 

(V) 

SAC (mg/g) Reference 

CA 50 

500 

2922 

58.5 

140 

50 

50.8 

50.8 

2000 

1.2 

1.2 

1.5 

1.2 

1.2 

1.2 

1.5 

1.7 

1.3 

1.4 

2.9 

9.6 

1.34 

4.51 

3.33 

2.81 

3.76 

7.0 

[100] 

 

[101] 

[102] 

 

[103] 

 

[104] 

[105] 

MC 

 

MC / CNT 

 

MC / GR 

25 

50 

40 

40 

45 

34 

1.2 

0.8 

1.2 

1.2 

2.0 

1.6 

0.68 

0.93 

0.63 

0.69 

0.73 

2.3 

[82] 

[83] 

[106] 

 

[107] 

[108] 

CNT 

 

 

 

 

 

 

CNT / GR 

3000 

23 

60 

500 

1000 

1500 

2000 

27 

50 

770 

1.2 

1.2 

1.2 

2.0 

1.2 

1.2 

1.2 

2.0 

1.6 

2.0 

1.7 

1.3 

0.7 

2.57 

3.71 

4.76 

5.24 

1.41 

0.88 

26.42 

[109] 

[76] 

[93] 

 

[110] 

 

 

[111] 

[112] 

[113] 

GR 

 

 

 

 

 

 

GR / TiO2 

25 

25 

250 

65 

30 

53 

25 

500 

6000 

2.0 

2.0 

2.0 

2.0 

1.6 

1.6 

1.2 

1.2 

1.2 

1.8 

1.36 

8.6 

3.23 

2.26 

2.9 

6.18 

15.1 

24.2 

[114] 

[115] 

[116] 

[117] 

[118] 

[119] 

[120] 

[121] 

Table 2.2. Summary of operating parameters and desalination performance of materials for CDI 

electrodes. Slashes indicate composite materials. Compiled from sources: [15], [18], [74]. 
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2.3. Cell Architecture 

2.3.1. Flow-by and Flow-through Geometries 

 The most prevalent cell architectures for CDI technology are planar electrodes with flow-

by and flow-through geometries. In both these geometries, electrodes are placed parallel with a 

gap in between, usually formed by an insulating spacer to prevent short circuiting. The gap is 

around 100 – 300 µm if a spacer is used or greater than 1 mm if left as an open channel. In the 

flow-by geometry, water flows into the planar gap which acts as a channel between the electrodes. 

On the other hand, in the flow-through geometry, water flows straight through the planar gap and 

the electrodes, which must be permeable to water [15]. There are advantages and disadvantages 

for both geometries. Flow-through geometries have faster rates of desalination because the water 

comes into intimate contact with the electrodes and allows the spacer thickness to be minimized, 

leading to increased c and reduction of cell volume [101]. However, there may be the problem of 

resistance to the solution flow which may lead to lower flow rates and hence smaller capacities for 

water treatment [122]. Additionally, flow-by geometries have been found to be more stable over 

time than flow-through geometries, likely due to the lower diffusion rate of dissolved O2 into the 

electrodes, resulting in less oxidation of the carbon functional groups [37].  
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Figure 2.1. Flow-by (a) and flow-through (b) geometries for CDI systems. 

 

2.3.2. Membrane Capacitive Deionization 

 Ideally, the CDI electrosorption process involves only counter-ions adsorbing onto the 

electrode. In reality, other phenomenon can also occur when a voltage is applied. Co-ions, ions 

with the same charge as that of the electrode surface, can also be expelled to balance out the charge 

from the applied voltage. Consequently, the charge efficiency of the electrosorption process is 

compromised because each unit of charge transported is not directly converted to one unit of ions 

adsorbed onto the electrode [123]. To mitigate co-ion expulsion and reduced charge efficiencies, 

it was found that an ion-exchange layer could be incorporated on the electrode; this modified 

process is called Membrane Capacitive Deionization (MCDI). The ion-exchange layer serves to 

selectively allow only counter-ion transport while blocking co-ion transport [124]. Most 

commonly, the ion-exchange layer is applied as an ion-exchange membrane (IEM) which is 

stacked between the electrodes and the spacer [78]. However, another method is to coat the 

electrode with a polymer containing ion-exchange functional groups to act as the ion-exchange 

layer, resulting in a lower contact resistance between the ion-exchange layer and the electrode 



28 

 

[125]. Ion-exchange layers are generally used only for flow-by CDI systems because water flows 

through one electrode at a time in flow-through systems. Experimental studies have shown that 

compared to CDI cells, MCDI cells can greatly enhance the desalination performance by 

increasing salt adsorption capacity by 27 – 56% and charge efficiency by 69 – 95%, depending on 

the operating conditions of the system [68], [78]. 

 

Figure 2.2. Prevention of co-ion expulsion with an anion-exchange membrane (AEM) and 

cation-exchange membrane (CEM) in MCDI. 

 

2.3.3. Flow-Electrode Capacitive Deionization and Inverted Capacitive Deionization 

Innovative cell architectures have also been proposed and studied. One interesting study 

displayed that CDI desalination can be achieved with rigid carbon wire electrodes [58]. The wire 

electrodes can be movable to allow for separation of purified water and concentrated water in a 

CDI cell without the need for charge and discharge cycles [126]. Another creative cell architecture 

that has received considerable attention is flow-electrode capacitive deionization (FCDI). Instead 

of using rigid electrodes, a suspension of carbon materials in an electrolyte solution is used as the 
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electrodes. The electrodes can be flowed through the CDI cell, constantly replacing the saturated 

carbon materials for continuous electrosorption and removal of ions, and therefore no discharge 

step is needed [127]. Results have shown that the flow electrode CDI process is able to effectively 

desalinate high salinity feeds, which may bring in applications of CDI technology for sea water 

desalination [128]. However, FCDI systems can be significantly more complex to design and 

operate, and is currently in its infancy as a technology since there have been no pilot or field studies 

and commercialization attempts to the best of the author’s knowledge. Another inventive CDI cell 

architecture is inverted capacitive deionization (i-CDI). In i-CDI, the electrodes are chemically 

modified by introducing negative functional groups to the anode through acid treatment or 

sulfonation, and positive functional groups to the cathode through amination [129]. Resultantly, 

the anode has a net negative surface charge while the cathode has a net positive surface charge, 

causing EDLs to spontaneously form without an applied voltage. This results in an inverted 

operation where ions desorb during the charge step and adsorb during the discharge step. The 

advantage of i-CDI is that it counteracts performance degradation due to anode oxidation, and thus 

has better long-term stability. Nevertheless, more research work is necessary to increase the 

working range and assess the desalination performance of i-CDI systems [130]. 

2.4. System Operation 

 Conventional CDI systems have a charge step, where a voltage is applied and ions are 

adsorbed in the cell, and a discharge step, where the voltage is reversed in polarity or short circuited 

to desorb the ions from the saturated electrodes. This occurs while salt water is passed through the 

CDI cell. The operation of conventional CDI systems is affected by many parameters such as 

applied voltage, salt concentrations, flow rate, temperature, and etc. These operating parameters 

which affect the CDI system change depending on the water treatment application and can 
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sometimes be varied to achieve the desired desalination performance or optimize water production 

costs. Additionally, there are novel operation modes, such as applying a constant current instead 

of a constant voltage, which have emerged to make CDI a diverse desalination technology. 

2.4.1. Process Flows 

Experimental setups for CDI can be broadly classified into three types of process flows: 

batch, recirculating batch, and single pass. The simplest setup is the batch process well-known to 

chemical engineers. In the CDI batch process, a single vessel is used to house the entire system, 

including the CDI cell, mixer, measurement probes, and saline water. The vessel is then capped to 

prevent influences from the surroundings on the system. In a typical CDI batch process experiment, 

the electrodes are attached to a mechanically rigid current collector or support and suspended on 

the cap of the vessel. The cap also has slots for electrical connections to the current collector, as 

well as ports for the measurement probes [71]. The limitation of the batch process is that there is 

a volume of water outside the CDI cell (i.e. not in the channel between the electrodes) where the 

measurement probes are located. Since electrosorption only occurs in the channel between the 

electrodes, there is the possibility of poor ion and solution transport in the system. Furthermore, 

the gap between the electrodes is generally larger which leads to smaller capacitances because of 

their inverse relationship. Lastly, the batch process is unrepresentative of the real world because 

water treatment systems usually involve water flows. Next, the recirculation batch process is 

probably the most frequently studied and reported CDI experimental setup. A fixed volume of 

saline water is pumped from a recycling tank or reservoir into the CDI cell and back. The 

measurement probes are placed in the recycling tank or inline measurement probes are used [131], 

[132]. Finally, in the single pass process, saline water is pumped from the inlet tank into the CDI 

cell and then into the outlet tank. Measurements are taken from the water before and after passing 
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through the CDI cell. Most CDI systems in the real world are designed and operated as single pass 

systems because of the need for continuous water treatment. However, single pass processes can 

be impractical for research and laboratory studies because larger quantities of water is required, 

particularly for long term experiments and when sources of saline water are scarce [31]. 

 

 

Figure 2.3. Process flow diagrams of batch (a), recirculating batch (b) and single pass (c) 

processes for CDI experimental setups; sources: [133]–[135]. 
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2.4.2. Applied Voltage 

 As predicted by EDL theory, increasing the voltage applied to the CDI cell increases the 

salt adsorption capacity because it increases the charge at the electrode-solution interface. Salt 

adsorption capacity does not increase linearly with increased applied voltage but rather increases 

exponentially from 0.6 V to 1.2 V. However, above 1.2 V the salt adsorption capacity does not 

increase as significantly, likely due to parasitic electrochemical reactions [133]. This is supported 

by the water electrolysis standard reduction potential (SRP) at 1.23 V and evidence showing that 

charge efficiency decreases and specific energy consumption increases with increasing applied 

voltage [44]. To optimize the various desalination metrics such as salt adsorption capacity, charge 

efficiency, specific energy consumption, and electrosorption rate, different applied voltages have 

been reported. Zornitta et al. (2016) claimed based on their results that 1.2 V, just slightly below 

the SRP for water electrolysis, is the optimal point when accounting for all the aforementioned 

metrics [16]. On the other hand, Zhao et al. (2014) conducted a study using response surface 

methodology that found that 1.57 V was best for maximum salt adsorption capacity [44]. Still more 

studies reported that 1.8 V yielded the fastest electrosorption rate [34] and 2.0 V produced the 

lowest specific energy consumption [136]. All in all, an applied voltage of 1.0 – 2.0 V is 

appropriate for most CDI systems. 

2.4.3. Flow Rate 

 In single pass experimental setups, flow rate has a critical role because it determines the 

time period which the salt can interact with the electrodes. At slower flow rates, the effluent 

concentration is more purified because the saline water has a longer time period of contact with 

the electrodes, thus resulting in higher salt removal efficiencies. However, this must be balanced 

as flow rate also has a positive relationship with salt adsorption capacity and charge efficiency, 
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and an inverse relationship with energy consumption [30], [34], [46], [47]. For a single pass CDI 

system with 200 sheets of activated carbon electrodes and dimensions of 158 x 174 x 0.3 mm3 for 

each electrode, a flow rate of 7 L/min was recommended for optimal salt removal efficiency and 

energy consumption [32]. However, this optimal value of 7 L/min is inapplicable to other CDI 

systems because of differences in size, scale, and design. Resultantly, it has been proposed that 

retention time, which is the time period in which the saline water is in contact with the electrode, 

be used in place of flow rate as an operating parameter. Generally, if the electrodes are not yet 

saturated, it is beneficial for salt removal efficiency to increase the retention time either by 

reducing flow rate or adding more CDI cells [133]. In batch recirculation experimental setups, 

flow rate has a less consequential effect because the same volume of water is in contact with the 

electrodes. Nevertheless, there is still some effect because of mixing in the CDI cell and the 

recycling tank. Salt adsorption capacity in batch recirculation systems increases with flow rate up 

to a certain point and then begins to decrease, suggesting an optimal value [44], [137]. 

2.4.4. Salt Concentration 

 CDI technology is competitive at brackish water salinities are therefore usually tested 

below 3,000 ppm TDS with synthetic NaCl solution to simplify the water matrix. As the influent 

salt concentration increases, salt adsorption capacity also increases as predicted by adsorption 

isotherm models. For a detailed discussion of adsorption isotherm models and their application to 

CDI systems, refer to Section 2.6.1. The charge efficiency tends to decrease as NaCl concentration 

increases, suggesting that low salinity water is preferable for CDI technology [47]. However, the 

effect of NaCl concentration on charge efficiency is slight and studies have even found it to be 

insignificant [46]. From EDLC theory, it is expected that higher salt concentrations increase the 

amount of ions between the electrodes and thus the capacitance. Higher influent NaCl 
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concentration also has a positive effect on certain desalination metrics such as energy consumption 

and electrosorption kinetics, likely because of the greater conductivity of the water [32], [138]. 

The ion species also matters because source water matrices generally have salts other than NaCl. 

Determining the selectivity of ion electrosorption based on theory is quite complicated and has 

often yielded contradicting results. A simplified explanation is ions with higher charge numbers 

have stronger electrostatic interactions and therefore are more selective for electrosorption. For 

ions with the same charge number, the size of the ion as defined by the hydrated radius determines 

selectivity, with smaller ions being preferential to electrosorption. The electrode’s pore size and 

structure is also considered to have a significant effect on the electrosorption selectivity of ions 

[30], [139]. When ions have different molar concentrations, the ion with the highest concentration 

is usually most competitive for electrosorption [45]. Another study argued that hydration ratio, 

which is the ratio of hydrated radius to ion radius, is a stronger indicator for electrosorption 

selectivity than hydrated radius alone [140]. Finally, kinetics and thermodynamics both play roles 

in ion electrosorption, and competition and substitution of adsorbed ions can occur over time [141].  

2.4.5. Environmental Factors 

Environmental factors can also influence the desalination performance and efficiency of 

CDI systems. In practice, saline water temperatures for desalination systems hover around room 

temperature (25 ºC or 298 K) but can reach cold extremes near the freezing point of water (0 ºC 

or 273 K) and hot extremes of over 35 ºC [142]. Temperature can affect CDI systems in numerous 

ways. As temperature increases from 15 – 27 ºC, the maximum salt adsorption capacity, which is 

an adsorption isotherm model parameter, decreases [143]. However, increased temperature 

resulted in faster kinetics of electrosorption [144]. Salt removal efficiencies followed a decreasing 
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trend as temperature increased from 20 – 50 ºC [30]. The pH of saline water has been found to 

have no significant effect on the salt adsorption capacity or charge efficiency [145]. However, 

dissolved gases can have considerable influence on CDI systems, especially the long-term stability. 

An in-depth discussion of the effect of dissolved gases on long-term stability can be found in 

Section 2.7.2. As a result, the saline water is sometimes purged with an inert gas such as N2 prior 

to conducting desalination experiments with CDI systems [136]. However, purging saline water 

with inert gas can be expensive and complicated because of the transport and use of compressed 

gases. To the best of the author’s knowledge, the practicality of inert gas purging CDI systems 

remains to be seen and may be an important study for the future. 

2.4.6. Modes of Operation 

There have been innovative operation modes which have been researched to improve CDI 

desalination performance and efficiency. Using a constant current, as opposed to a constant voltage, 

to operate the CDI system has been investigated in previous studies. The advantage of constant 

current operation is that it produces a steady effluent salt concentration that does not vary with 

time for single pass systems, and by tuning the current supplied to the CDI system, the effluent 

salt concentration can be adjusted and controlled [123], [146]. Moreover, the charge efficiency and 

energy consumption was found to be lower for constant current operation when compared with 

constant voltage operation [67]. Hybrid constant current and constant voltage operation has also 

been developed and studied for CDI technology. Constant voltage operation results in an abrupt 

decrease in the effluent salt concentration at the beginning of the charge step but starts increasing 

once the lowest point is reached. In contrast, constant current operation reaches the lowest point 

later in time but can maintain the effluent salt concentration at the lowest point. Therefore, it was 

shown that a CDI system could be successfully operated with constant voltage at the beginning of 
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the charge step and constant current near the end of the charge step [147]. Another study showed 

that energy efficiency can be optimized by operating at constant current during the charge step and 

including a buffer step at constant voltage before the discharge step [69]. Operation modes which 

optimize the cycle (i.e. charge and discharge step) times have also been researched. Demirer et al. 

(2013) used steady cycle tests to find characteristic times of minimum effluent salt concentration, 

maximum specific energy consumption, and maximum electrosorption rate. With these 

characteristic times, the CDI system was operated with transient cycles to optimize its efficiency 

[138]. This practice may be limited in real world application because it results in long cycle times. 

For the discharge step in the CDI process, the CDI cell can either be short circuited or 

reversed in polarity to desorb the ions. Applying a voltage with reverse polarity can only be 

performed with MCDI because it is possible for the ions to desorb from the electrode and adsorb 

onto the opposite electrode, which now has an opposite charge to the ions, without the IEM acting 

as a barrier. The benefit of reversing the polarity of the applied voltage is that there is more rapid 

desorption kinetics, charge efficiency is enhanced, and energy consumption is overall reduced 

[148]. On the other hand, short circuiting allows for the possibility of recovering the energy stored 

in the CDI cell during the charge step. Energy recovery can be accomplished directly through a 

buck-boost convertor to control the energy transfer from the CDI cell to the supercapacitor [149]. 

Another method is via an external load which stores the discharge current as energy. It has been 

demonstrated that up to 83% of the energy can be recovered during the discharge step for MCDI 

systems when using constant current operation [150]. For single pass systems, the discharge step 

can be performed with no flow of saline water to reduce the volume of concentrate produced, 

although desorption kinetics may be negatively affected [151]. Lastly, a new operation mode has 

been investigated where the discharge step is performed with brine, which has higher conductivity. 
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After the charge step, the CDI cell is drained and brine is fed into the CDI cell under a negative 

applied current and significant improvements in energy efficiency were discovered [152]. 

2.5. Electrosorption Modelling 

Several research studies have been dedicated to modelling the electrosorption process, with 

different levels of mathematical complexity, to provide tools for the design and operation of CDI 

systems [15]. Basic, simplistic models include adsorption isotherms and Lagergren adsorption 

kinetics which are used to model the adsorption phenomenon. More complex models focus on 

EDL coupled with ion transport theory through porous materials. 

2.5.1. Adsorption Isotherms 

Adsorption isotherm models thermodynamically describe the retention and mobility of the 

adsorbate from gaseous or aqueous media onto the adsorbent at constant conditions. Generally, 

they are used for equilibrium calculations of the adsorbent and thus can reveal information about 

the capacity of absorbent systems [153]. For CDI systems, the Langmuir model and Freundlich 

model for adsorption isotherms have commonly been used to describe the salt adsorption capacity 

as a function of the salt concentration [15]. The Langmuir isotherm model is an empirical model 

of adsorption that assumes monolayer adsorption onto a homogeneous surface with no interactions 

between the adsorbates in the media or on the adsorbent. On the other hand, the Freundlich 

isotherm model assumes adsorbate multilayer adsorption over the heterogeneous adsorbent surface. 

Both these isotherm models require the estimation of two parameters using the experimental data 

[153]. The Langmuir isotherm model and Freundlich isotherm model as applied to CDI systems 

are shown below in equations (11) and (12) respectively as: 
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𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
 (11) 

𝑞𝑒 = 𝐾𝐹𝐶𝑒

1
𝑛 (12) 

where qe [mg/g] is the salt adsorption per electrode mass at equilibrium, Ce [mg/L] is the salt 

concentration at equilibrium, qm [mg/g] is the maximum salt adsorption per electrode mass 

corresponding to monolayer coverage, KL is the Langmuir constant related to the heat of adsorption, 

KF is the Freundlich constant related to the adsorption capacity of the adsorbent, and 1/n is the 

tendency of the adsorbate to be adsorbed [47]. In general, the Langmuir isotherm model has been 

shown to have better fit for NaCl solutions compared to the Freundlich isotherm model, which is 

indicative of monolayer adsorption onto a homogeneous surface [32], [34], [47], [52], [84], [133], 

[144], [154]. However, studies have also shown that the Freundlich isotherm model is a better fit 

for certain ions [155]. Adsorption isotherm models illustrate the relationship between desalination 

performance, as described by the salt adsorption per electrode mass at equilibrium (i.e. salt 

adsorption capacity) and the salt concentration. One of its uses is that the selectivity of different 

ions in solution can be compared using adsorption isotherms [45]. This is particularly useful in the 

water treatment field because the source water quality is often variable and subject to complex 

water matrices and uncontrollable environmental factors.  

2.5.2. Lagergren Adsorption Kinetics 

The kinetics of adsorption is considered to be governed by two phenomena: 1) the diffusion 

of the adsorbate in the media to the absorbent and 2) the surface interactions between the adsorbate 

and the adsorbent. The Lagergren adsorption kinetic model is a lumped description of adsorption 
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systems close to equilibrium that uses experimental data of the adsorbate concentration in the 

media and the absorbent capacity [156]. Lagergren adsorption kinetics is largely empirical and 

includes a pseudo-first order equation and pseudo-second order equation, with each equation 

having better applicability for different adsorption systems. The pseudo-first order equation works 

best when adsorbate interactions are negligible, such as for protein on silica systems, while the 

pseudo-second order equation is a better fit for adsorption systems with adsorbate interactions, 

such as for heavy metals or dyes on various materials [157]. For CDI systems, the differential 

equations and their corresponding solutions are shown in equations (13) and (14) for the Lagergren 

pseudo-first order equation and (15) and (16) for the Lagergren pseudo-second order equation.  

𝑑𝑞

𝑑𝑡
= 𝑘1(𝑞𝑒 − 𝑞) (13) 

𝑙𝑜𝑔(𝑞𝑒 − 𝑞) = 𝑙𝑜𝑔 𝑞𝑒  −  
𝑘1𝑡

2.303
 (14) 

𝑑𝑞

𝑑𝑡
=  𝑘2(𝑞𝑒 − 𝑞)2 (15) 

𝑡

𝑞
 =  

1

𝑘2𝑞𝑒
2

 +  
𝑡

𝑞𝑒
 (16) 

Here, t [min] is time, q [mg/g] is salt adsorption per electrode mass at time t, qe [mg/g] is salt 

adsorption at equilibrium, k1 [min-1] is the pseudo-first order rate constant, and k2 [g mg-1 min-1] is 

the pseudo-second order rate constant [144]. The experimental data used for the estimation of 

parameters should be recorded until the electrode reaches equilibrium (i.e. electrode saturation) 
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for the most accurate results. Some studies have reported that the pseudo first-order equation 

provided a closer fit than the pseudo second-order equation [52], [84], [158], while others have 

found the opposite to be true [47], [144]. The major reason for using the Lagergren adsorption 

kinetic model is that the kinetics of the electrosorption process can be quantified with the rate 

constant as a parameter. This allows for the prediction of salt removal as a function of time and 

the comparison of electrosorption kinetics as a desalination performance metric across different 

operating conditions, electrodes, and CDI systems. 

 The major drawback of adsorption isotherms and Lagergren adsorption kinetics is that they 

are an incomplete description of the electrosorption process and do not include crucial operating 

parameters and environmental factors as variables or parameters. Therefore, the model is only 

applicable at specific conditions (i.e. applied voltage, flow rate, salt concentration, temperature, 

and etc.) that the CDI system has been tested at. Adsorption isotherms and Lagergren adsorption 

kinetics are inherently derived from results from the phenomenon of physical adsorption, and 

therefore do not include the impact of the applied electric potential and the resulting ion EDL 

formation. The typical CDI electrode is also porous and therefore ion transport theory through  

porous materials should also be applied when considering electrosorption kinetics [15]. Lastly, 

adsorption isotherms and Lagergren adsorption kinetics only account for a few aspects of the 

desalination performance and efficiency of the CDI system, and therefore a more holistic model 

needs to be established. Because of these limitations, models based on EDL coupled with ion 

transport theory have been developed and represent the next advances to CDI modelling. 

2.5.3. Electrical Double Layer and Ion Transport 

 The Helmholtz model is the most elementary electrosorption model based on EDL theory, 

and it assumes that on the solution side of the interface, the ions form an EDL on a fixed plane to 
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counter the charge on the electrode side. The Gouy-Chapman-Stern (GCS) model is a step further 

in complexity and divides the EDL into the inner Stern layer and the outer diffuse layer. The Stern 

layer is a thin and compact layer composed of ions adsorbed onto the electrode, and the diffuse 

layer is the layer between the Stern layer and the bulk solution with decaying ion concentration as 

it gets closer to the bulk solution [39]. The issue with the Helmholtz model and GCS model is that 

they fail to account for EDL overlapping when the electrode pore dimensions are similar in 

magnitude to the Debye length, which is an indicator of the thickness of the EDL. To compensate, 

the modified Donnan (mD) model has been developed with the assumption of strongly overlapping 

EDLs in the micropores so that electric potentials are constant [15]. Further adjustments are made 

by classifying the pores as macropores, where ions are transported, and mesopores and micropores, 

where EDLs form [80]. EDL models are coupled with ion transport models through porous 

materials to arrive at a more complete mathematical description of CDI systems [39].  

 

Figure 2.4. EDL structure according to the GCS model (a) and the mD model (b); source: [15]. 

 

The mD model has been implemented in many studies and has yielded profitable results 

that have been verified by experimental data. Desalination performance of CDI systems can be 
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predicted with metrics like salt adsorption capacity, charge transfer, and kinetics by using a 2D 

mD model [17]. Additionally, the mD model has been used by discretizing the flow channel 

between the electrodes into ideally-stirred volume cells to determine the lowest effluent 

concentration [159], and optimal operating parameters for average salt adsorption rate and water 

recovery [160]. Modelling results have also shown that charge efficiency and energy consumption 

can be predicted under different charging and discharging conditions [123], [148]. The effect of 

electrode modifications has also been investigated with electrosorption modelling, including the 

effect of thickness [73], [161] and the enhancement from incorporating chemical surface charges 

[162]. Membranes can be accounted for by including the interparticle porosity, transport resistance 

and stagnant diffuse layer [79], [124]. Finally, ion selectivity and pH changes have also been 

studied with electrosorption models [141], [163]. Electrosorption models based on EDL coupled 

with ion transport theory requires the non-trivial solving of a series of differential equations and 

algebraic equations, which is generally completed through numerical analysis. Research to validate 

current models and develop new models for electrosorption is currently a trending topic. 

2.6. Degradation and Long-Term Stability 

2.6.1. Fouling and Scaling 

 Fouling is defined as the settling of solids on a surface to create a layer of electrical, thermal, 

or physical resistance. In contrast, scaling is defined as a physico-chemical change that causes 

crystallization, precipitation, or solidification of components from the solution onto the surface 

[12]. Organics has been identified as one of the main sources of fouling and degradation for CDI 

systems. Zhang, Mossad & Zou (2013) compared two brackish groundwaters, one with hardness 

and one with total organic carbon (TOC). Hardness was found to have a limited effect on the long-

term performance and efficiency of the CDI system, while a TOC level of just 2 mg/L caused rapid 
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degradation, with the salt removal efficiency decreasing from 86% to 55% after 15 days of 

operation [164]. Mossad & Zou (2013) further discovered that synthetic solutions of humic acid 

with a TOC level of 3.1 mg/L drastically reduced the salt removal efficiency and flow rate. They 

also found that Fe3+ ions contributed significantly to scaling, and resulted in falling salt removal 

efficiencies and flow rates [31]. Wang et al. (2015) studied the effect on CDI systems of a bio-

treated wastewater effluent with at TOC of 7 mg/L. They observed that the CDI system adsorbed 

less and less salt per cycle, and electrical resistance and salt removal efficiency rapidly decreased. 

Additionally, by using a 3D fluorescence technique, they deduced that protein-like and humic acid-

like substances were the major reason for fouling [34]. Lado et al. (2015) noticed that ions can 

either be removed by electrosorption or physical adsorption. From their study, they found that 

SO4
2- interacted mostly through physical adsorption and thus was the main cause of poor 

regenerability, whereas Na+, Ca2+, and Cl- interacted mostly through electrosorption [135]. To 

recover the desalination performance and efficiency of CDI systems, it has been shown that 

alkaline cleaning could remove organic fouling while acid cleaning could reverse inorganic scaling 

[31]. It should be noted that biofouling, the accumulation of micro-organisms, plants and algae on 

surfaces, has been rarely investigated for CDI systems [12]. There is a general lack of research on 

fouling and scaling of CDI systems, and the implementation of CDI technology will likely be 

obstructed unless further research is performed to answer questions of practicality. 

2.6.2. Parasitic Electrochemical Reactions 

 In addition to fouling and scaling from the source water matrix, the long-term stability of 

CDI systems can be degraded even in synthetic solutions by electrochemical, or Faradaic, reactions. 

Haro et al. (2011) observed that ACC and ACP electrodes underwent decreases in BET surface 

area and regeneration efficiency over 30 cycles with 1500 ppm TDS solution and an applied 
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voltage of 1.2 V [165]. Furthermore, Cohen et al. (2013) discovered that the degradation of long-

term stability for CDI systems was because of oxidation of the anode, or the positive electrode. 

This anode oxidation resulted in the system becoming asymmetric and an inversion effect where 

desorption of co-ions occurred during charging and re-adsorption occurred during discharging 

[166]. In another study, Cohen et al. (2015) further expanded on the results by showing evidence 

and suggesting that faster diffusion rates of dissolved O2 and a local basic environment at the 

cathode, or the negative electrode, compromised the long-term stability [37]. By conducting CDI 

experiments with 500 ppm NaCl at 1.2 V for 50 continuous cycles, Duan et al. (2015) found similar 

results where performance degradation of ordered MC electrodes was because of increases in 

oxygen functional groups and reductions of BET surface area [167].  

The possible oxidation half reactions that can occur at the anode is shown below. All SRPs 

are given versus the standard hydrogen electrode (SHE). 

 2H2O →  O2 +  4H+ +  4e−     E0 = 1.229 V   (17) 

 H2O2  →  O2 + 2H+ + 2e−    E0 = 0.69 V   (18) 

 C + 2H2O →  CO2 +  4H+ +  4e−    E0 = 0.7 – 0.9 V  (19) 

 2Cl−  →  Cl2 +  2e−     E0 = 1.36 V   (20) 

Reactions (18) and (19) are the most probable electrochemical reactions to occur because their 

SRP is below 1.2 V, the typical applied voltage a CDI system is operated at. This is supported by 

experimental evidence from He et al. (2016) that showed that oxidation of Cl-  was negligible, 

whereas H2O2 was generated and pH variations occurred [168]. Anode oxidation of the carbon 

electrode has also been widely known to occur, leading to asymmetry and destabilization of the 

performance of the CDI system [169].  
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For the cathode, multiple reduction half reactions may occur based on the species present 

in the CDI system. 

 O2 +  2H2O +  4e−  → 4OH−    E0 = 0.401 V   (21) 

 O2 + 4H+  +  4e−  → 2H2O    E0 = 1.229 V   (22) 

 O2 + 2H+ +  2e−  →  H2O2    E0 = 0.69 V   (23) 

 H2O2 + 2H+ +  2e−  → 2H2O    E0 = 1.78 V   (24) 

 2H+ + e−  →  H2     E0 = 0 V   (25) 

H2O2 can be produced via reaction (23), where it can then undergo reduction through reaction (18), 

further oxidation through reaction (24), or disproportionation to H2O and O2. Tang et al. (2017) 

found experimentally that during charging, H2O2 increased rapidly and then decreased in CDI cells, 

whereas no H2O2 was generated in MCDI cells [170]. Aside from reactions (21) to (23), dissolved 

O2 can also undergo a peroxide pathway in both acidic and alkaline solutions where a cascade of 

electrochemical and disproportionation reactions occur [171]. Since these electrochemical 

reactions contain H+ and OH- ions, variations in pH are caused during the CDI process. Variations 

in pH are also caused by the different mobility of H+ and OH- ions, and chemical surface charge 

groups in the micropores of the electrodes, although electrochemical reactions arguably play the 

biggest role [163]. The pH variations can be localized near the electrode, which may be 

problematic since the cell potential is affected by the pH according to the Nernst equation [172]. 

The electrochemical reactions can be somewhat prevented by either purging the saline water with 

an inert gas such as N2 or applying a smaller voltage [173].  
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SRP only describes the thermodynamics of the electrochemical reactions at standard state. 

According to the Nernst equation, localized conditions such as the ion concentrations, pH, and 

temperature determine the actual electrode potential and thus also govern whether the 

electrochemical reaction has the potential to occur. Kinetically, an overpotential is also typically 

required for an electrochemical reaction and is usually experimentally determined [174]. As can 

also be seen, predicting electrochemical reactions is a difficult process because there are many half 

reactions which may happen, even for ideal, synthetic solutions. In real world CDI systems, there 

is also a source water matrix which further complicates the analysis. 
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Chapter 3: Methodology 

3.1. Activated Carbon Electrodes 

3.1.1. Materials 

 Activated carbon powder (ACP) electrodes were obtained from Pureechem (Cheongju, 

South Korea). The ACP used for the electrodes had an approximate BET surface area of 550 m2/g. 

Aside from the ACP, the electrodes consisted of sodium carboxymethyl cellulose (CMC) as the 

polymeric binder and graphite foil as the support or current collector. The specifications of the 

graphite foil are described in Appendix A.1. The coating layer (ACP and CMC) of the electrodes 

had dimensions of 10.0 x 10.0 cm2 with a 1 cm diameter circular hole cut in the center for water 

to flow out. The average thickness and average density was 414 µm and 0.73 g/cm3 respectively. 

The whole electrode had dimensions of 15.0 x 10.0 cm2
 with a 5.0 x 10.0 cm2 section of uncoated 

graphite foil to serve as a pathway for the electrical connection. The uncoated section of graphite 

foil was covered with plastic tape to prevent tearing and had three circular holes of 1 cm diameter 

for the screws. A diagram of the Pureechem ACP electrodes with its dimensions can be found in 

Figure 3.1. According to the vendor, the simplified fabrication procedure for the electrodes 

included mixing, coating, drying, pressing, and cutting performed sequentially. No other details 

were provided by the supplier. 
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Figure 3.1. 3D drawing of Pureechem ACP electrode with dimensions. 

 

 ACP electrodes were also fabricated in-house for comparison with the Pureechem ACP 

electrodes. An activated carbon called WPC was obtained from Calgon Carbon (Moon Township, 

PA, U.S.A.) and another called YEC-8A was obtained from Yihuan Carbon (Fuzhou, China). Both 

ACPs were derived from coconut shells and their specifications are displayed in Table 3.1. The 

binder used for in-house fabrication of ACP electrodes was polyvinylidene fluoride (PVDF) in 

powder form with an average molecular mass of 534,000 Da. Other binders such as PTFE and 

CMC were not used because of issues of structural integrity, namely problems with inadequate 

adhesion to the support, resulting in material losses when rubbed with a gloved finger or when 

placed in flowing water. To dissolve the PVDF, anhydrous N,N-dimethylacetamide (DMA) was 

used as the solvent. Both PVDF and DMA were purchased from Sigma-Aldrich (Oakville, ON, 

Canada). Graphite foil with a thickness of 250 µm was used as the current collector or support and 

was supplied as Flexible Graphite 2010A by Mineral Seal Corporation (Tuscon, AZ, U.S.A.). 

More detailed specifications of the graphite foil can be found in Appendix A.2. Additionally, Toray 
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carbon paper with 190 µm thickness was also tested as the support for the ACP electrode and was 

supplied by Fuel Cell Store (College Station, TX, U.S.A.). 

 WPC YEC-8A Pureechem ACP 

Electrode 

BET Surface area [m2/g] ~ 850 ≥ 2000 ~ 550 

Specific pore volume [mL/g] - ≥ 1.2 - 

Average particle size [µm] - ≤ 10 ≤ 10 

Moisture content [wt. %] ≤ 8 ≤ 5 - 

Ash content [wt. %] ≤ 18 ≤ 0.5 - 

Iron concentration [ppm] - ≤ 50 - 

pH - 6 - 

Bulk density [g/mL] - 0.38 – 0.40 ~ 0.73 

Specific capacitance [F/g] - 260 (aqueous 

electrolyte) 

- 

Table 3.1. Specifications of ACPs from Pureechem, Calgon Carbon and Yihuan Carbon. 

 

For the synthetic salt solutions used in the desalination experiments, analytical-grade NaCl 

crystals was purchased from Sigma-Aldrich and deionized water was obtained from a Purelab 

Option-Q water purification system by Elga LabWater capable of delivering water with an 

inorganic purity of < 18.2 MΩ cm. Solutions of 500 ppm, 1000 ppm, 2000 ppm, and 3000 ppm 

NaCl were prepared by measuring NaCl crystals on an analytical balance and diluting in a 

volumetric flask. 

3.1.2. Fabrication procedures 

 Slurries with ACP-to-PVDF solids ratios of 85:15, 90:10, and 95:5 were prepared in glass 

vials. First, binder solutions were prepared by dissolving PVDF in DMA. Then, ACP was added 
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to the binder solution slowly and the mixture was stirred for 4 h at 900 rpm to form the slurry. To 

determine the amount of solvent required to form a slurry with a suitable viscosity for casting, 

solvent-to-solids mass ratios of 1.5:1 to 5:1 were tested. The slurry was cast onto a 15.0 x 10.0 cm2 

sheet of graphite foil with a 5.0 x 10.0 cm2 section covered with plastic tape to form a coating layer 

with an area of 10.0 x 10.0 cm2. The coating layer thickness was controlled through either of two 

methods: by applying a predetermined mass of slurry as the coating, or by using a manual doctor 

blade to make a coating with a uniform wet thickness. In the first method, which is referred to as 

evaporative casting (EC), the slurry was spread as evenly as possible onto the coating layer area 

with a spatula using wet mass loadings of 23.4 – 46.8 mg/cm2. In the latter method, which is 

referred to as doctor blade casting (DBC), a 100 mm doctor blade with adjustable thickness from 

MTI Corporation was used to apply the slurry to the coating layer area at uniform wet thicknesses 

of 50 – 700 µm. After casting, the electrode was left standing at ambient conditions for 1 h and 

then placed in an oven held at 80 ºC to dry for 18 h. After drying, the electrode was placed in 

ambient conditions for 1 h to cool to room temperature and 1 cm holes were cut in the electrodes 

according to the same design as the Pureechem ACP electrodes. For electrodes with carbon paper, 

fully-coated 10.0 x 10.0 cm2 electrodes were prepared in a similar manner to the electrodes with 

graphite foil. However, the carbon paper electrodes were taped to 5.0 x 10.0 cm2 sheets of graphite 

foil to prevent water leaking in the CDI cell since carbon paper is permeable to water. Fully-coated 

8 x 8 cm2 electrodes were also prepared and cut into small, approximately 5 x 5 mm2 pieces for 

other measurements and characterization. The mass of the graphite foil or carbon paper support 

and fabricated electrode was measured to determine the dry mass loading. 
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Figure 3.2. In-house ACP electrode fabrication procedure and completed 8 x 8 cm2 electrode (a) 

and 15 x 10 cm2 electrode (b). 

 

3.1.3. Characterization 

 Scanning electron microscopy (SEM) and energy-dispersive x-ray spectroscopy (EDS) 

were used to analyze the surface characteristics and morphologies, and elemental compositions of 

the pristine ACP electrodes. The instrument used for the analysis was a Philips XL30 SEM with a 

Bruker Quantax 200 EDS. Cyclic voltammetry (CV) with a three-electrode setup was performed 

on the ACP electrodes to investigate their voltage, current, and capacitance relationships. Two 2.5 

x 6.0 cm2 pieces of the electrodes were pressed onto Ni mesh and taped with Kapton on the back. 

Then, the electrodes were placed in a glass sample holder with a separation distance of 15 mm and 

filled to a height of 5.0 cm (2.5 x 5.0 cm2 wet area) with 1000 ppm NaCl. A Hg/Hg2SO4 reference 

electrode was placed in between the two electrodes. A Bio-Logic VMP3 potentiostat was 

connected via electrical wires to the electrodes, and the scan rate was set to 5 mV/s with a voltage 

range of -0.050 V to 0.650 V. Data was recorded and processed with EC-Lab software. 

Mixing Casting 

Drying and 

Cutting 



52 

 

3.2. Capacitive Deionization Experimental Setup 

 3.2.1. Capacitive Deionization Cell 

A bench-scale CDI cell was purchased from Pureechem (Cheongju, South Korea). The 

CDI cell consisted of a pair of activated carbon electrodes as described in Section 3.1.1., a cation-

exchange membrane and anion-exchange membrane, and a nylon mesh as the insulating spacer. 

These components were stacked and screwed tightly between a pair of acrylic plates with clear 

rubber gaskets for lining and sealing. The CDI cell was designed with a flow-by geometry where 

the water enters from two corners of the electrode and leaves through a hole in the center.  

 

Figure 3.3. Schematic of stack in CDI cell (left) and picture of CDI cell (right). 

 

3.2.2. Process Flow Setup 

 A recirculating batch process flow was used to conduct desalination experiments. The 

inlets and outlet of the CDI cell were connected to the reservoir via Tygon plastic tubing with 3/16 

inch outer diameter and 1/16 inch inner diameter. The total length of the tubing in the setup was 

122 cm. A Masterflex peristaltic pump connected to a Cole-Parmer solid-state speed controller 



53 

 

was used to recirculate a constant volume of 250 mL of synthetic NaCl solution from the reservoir 

through the CDI cell and back into the reservoir. The NaCl solution to be treated was recirculated 

throughout the CDI system for 30 min prior to each desalination experiment so start-up effects 

could be neglected. The total volume displaced by the tubing and the CDI cell was approximately 

21 mL. 

3.2.3. Electrical Circuit and Measurement Setup 

 A BK Precision (Yorba Linda, CA, U.S.A.) 1688B DC power supply provided the applied 

voltage to the CDI cell. The power supply was connected to a ProXR USB relay from National 

Control Devices (Osceola, MO, U.S.A.) to switch between the charge and discharge stages. The 

relay was connected to a computer and controlled with Relay Pros Quick Timer software. For a 

detailed circuit describing how the relay works, see Appendix B. An Amprobe (Everett, WA, 

U.S.A.) 38XR-A digital multimeter was connected in series with the power supply, relay, and CDI 

cell to measure current continuously over time. To measure the conductivity and pH of the 

synthetic NaCl solution in the reservoir continuously over time, a Hanna Instruments (Laval, QC, 

Canada) HI5522 meter with a conductivity probe, pH probe, and temperature probe for automatic 

temperature correction of conductivity and pH was used. The electrode potential of the electrodes 

in the CDI cell was also measured for some of the desalination experiments using a Hg/HgO 

reference electrode placed in the reservoir and connected to the digital multimeter. The 

conductivity and pH data was logged over time with HI92000 software from Hanna Instruments, 

and the current and voltage data was logged with 38SW-A software from Amprobe. All data was 

logged with 10 s time intervals in between measurements. A process diagram and picture of the 

setup can be found in Figure 3.4. and 3.5., respectively. 
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Figure 3.4. Process diagram of CDI desalination experimental setup showing process flow, 

electric circuit, and measurement instrumentation. 

 

 

Figure 3.5. Picture of CDI desalination experimental setup. 
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3.3. Desalination Experiments 

3.3.1. Comparison of Activated Carbon Electrodes 

In-house fabricated and commercially obtained ACP electrodes were placed in the CDI cell 

without ion-exchange membranes and desalination experiments were performed with operating 

parameters of 1.2 V applied voltage, 1000 ppm NaCl concentration, and 20 mL/min flow rate as 

the baseline condition. Cycle times were 60 min for the charge/adsorption stage and 60 min for 

the discharge/desorption stage, and at least 3 complete cycles were performed for each experiment. 

In total, the desalination performance of four ACP electrodes was tested based on structural 

integrity observations and the SEM and EDS analysis: commercially obtained Pureechem 

electrodes, WPC/PVDF on graphite foil, YEC-8A/PVDF on graphite foil, and YEC-8A/PVDF on 

carbon paper. Details of the tested in-house fabricated ACP electrodes can be found in Table 3.2. 

Electrode Fabrication 

Method 

Dry Mass Loading 

(mg/cm2) 

ACP-to-PVDF 

solids ratio 

Solvent-to-solids 

mass ratio 

WPC/PVDF on 

graphite foil 

EC 13.75 85:15 1.5:1 

YEC-8A/PVDF on 

graphite foil 

DBC 1.94 85:15 3:1 

YEC-8A/PVDF on 

carbon paper 

DBC 2.30 85:15 3:1 

Table 3.2. Key specifications and parameters for in-house fabricated ACP electrodes. 

 

 3.3.2. Varying of Operating Parameters 

 Using the baseline conditions of 1.2 V, 1000 ppm NaCl, and 20 mL/min, one of the 

operating parameters of applied voltage, NaCl concentration, and flow rate were sequentially 

varied. The applied voltage was varied to 0.8 V, 1.0 V, 1.2 V, and 1.5 V by adjusting the setting 
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on the power supply. Solutions of 500 ppm, 1000 ppm, 2000 ppm, and 3000 pmm NaCl were 

tested in desalination experiments with the CDI experimental setup separately to determine the 

effect of NaCl concentration on desalination performance and efficiency. Finally, the flow rate 

was set to either 20 mL/min, 40 mL/min, or 60 mL/min with the solid-state speed controller. 

Moreover, the flow rate was measured to confirm the controller setting using a stopwatch and 

graduated cylinder. All experiments for determining the effect of operating parameters were 

conducted using Pureechem ACP electrodes without ion-exchange membranes with cycle times 

of 60 min. Also, a 3 x 3 matrix of experiments with applied voltages of 0.8 V, 1.0 V, and 1.2 V, 

and NaCl concentrations of 500 ppm, 1000 ppm, and 2000 ppm were performed to further 

investigate the combined effects of these operating parameters. The range of operating parameters 

chosen was based on the size and scale of the CDI cell and experimental setup, and the application 

that it was to be used for (i.e. brackish water desalination at low applied voltages). 

 Experiments were also performed with the ion-exchange membranes on the Pureechem 

ACP electrodes in the CDI cell. For these experiments, the NaCl concentration and flow rate was 

kept constant at 1000 ppm and 20 mL/min respectively, while the applied voltage was varied to 

0.8 V, 1.0 V, 1.2 V, or 1.5 V. 

3.3.3. Long-Term and Regeneration Tests 

Long-term desalination experiments were performed for the CDI cell with Pureechem ACP 

electrodes without ion-exchange membranes at the baseline condition of 1.2 V applied voltage, 

1000 ppm NaCl concentration, and 20 mL/min flow rate. The experiments were run for a total of 

70 cycles of 60 min charge and 60 min discharge. SEM and EDS analyses were performed for the 

pristine electrode before the desalination experiments and for the degraded electrodes after. 
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Degraded electrodes were then soaked in either 0.01 M citric acid or 0.01 M NaOH solution 

for 18 h. After soaking, the electrodes were further washed with deionized water until the pH of 

the wash water was between 6 and 8, followed by drying in an oven held at 80 ºC for 4 h. The 

chemically regenerated electrode was then re-tested in the CDI system under the same baseline 

conditions mentioned previously. Also, a blank electrode was prepared by soaking a degraded 

electrode in deionized water for 18 h. SEM and EDS measurements were performed on the blank 

electrode and the regenerated electrodes. 

Additionally, two experiments were conducted with the Hg/HgO reference electrode 

connected to the digital multimeter and either the anode or cathode of the CDI cell under the same 

baseline conditions. This was to determine the standard electrode potentials and explore the 

possibility of electrochemical reactions. 

3.4. Desalination Metrics and Modelling 

 To provide a holistic evaluation of the desalination performance and efficiency of the CDI 

system, salt adsorption capacity (SAC), charge efficiency (Λ), and specific energy consumption (η) 

was utilized and are defined as follows: 

𝑆𝐴𝐶 [𝑚𝑔/𝑔] =  
𝑉(𝐶𝑖 − 𝐶𝑓) 

𝑚
        (8) 

 𝛬 [%] =  
𝑧 𝐹 𝑉 (𝐶𝑖 − 𝐶𝑓) 

𝑀 ∫ 𝐼 𝑑𝑡
 𝑥 100%       (9) 

𝜂 [𝑘𝑊ℎ/𝑔] =  
𝐸𝑐𝑒𝑙𝑙  ∫ 𝐼𝑑𝑡

𝑉 (𝐶𝑖 − 𝐶𝑓)
        (10) 
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Here, V [L] is the volume of the water, Ci and Cf [mg/L] are the initial and final TDS concentrations 

of the water respectively, m [g] is the mass of the electrode, z is the charge number of the ions in 

the salt, M is the molar mass of the salt [g/mol], F [96,485 C/mol] is the Faraday constant, Ecell [V] 

is the voltage applied, and I [A] is the current supplied to the CDI cell. For more details regarding 

these desalination metrics, please refer to Section 2.1. 

 Modelling can offer a deeper understanding of the phenomenon in the CDI process through 

quantifiable parameters, and therefore should also be considered in the evaluation of desalination 

performance and efficiency. In this research project, adsorption isotherms, Lagergren adsorption 

kinetics, and equivalent electrical circuit models and their parameters are considered. 

3.4.1. Adsorption Isotherms 

 Langmuir and Freundlich adsorption isotherms were applied to explore the effect of NaCl 

concentration on SAC. The equations describing the Langmuir adsorption isotherm and its 

linearized form are shown below. 

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
          (11) 

1

𝑞𝑒
=

1

𝑞𝑚𝐾𝐿𝐶𝑒
+

1

𝑞𝑚
         (26) 

Similarly, the equations describing the Freundlich adsorption isotherm and its linearized form is 

as follows: 
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𝑞𝑒 = 𝐾𝐹𝐶𝑒

1

𝑛          (12) 

𝑙𝑛(𝑞𝑒) = 𝑙𝑛(𝐾𝐹) +
1

𝑛
𝑙𝑛(𝐶𝑒)       (27) 

Adsorption isotherm model parameters qm, KL, n, and KF were calculated from the slopes and y-

intercepts of the linearized equations. The correlation coefficient (r2) value was utilized to assess 

the goodness of fit of the model (see Appendix C.1). Further details of adsorption isotherms can 

be found in Section 2.6.1. 

3.4.2. Lagergren Adsorption Kinetics 

 Lagergren pseudo-first order and pseudo-second order adsorption kinetics were applied to 

investigate the electrosorption kinetics. The two equations describing Lagergren adsorption 

kinetics are displayed below. 

𝑙𝑜𝑔(𝑞𝑒 − 𝑞) = 𝑙𝑜𝑔 𝑞𝑒  −  
𝑘1𝑡

2.303
       (14) 

𝑡

𝑞
 =  

1

𝑘2𝑞𝑒
2  +  

𝑡

𝑞𝑒
         (16) 

The parameters qe, k1, and k2 were estimated using the Goal Seek function in Microsoft Excel. The 

goodness of fit for the model was assessed with the root-mean-square error (RMSE), which is 

defined in Appendix C.2. 

3.4.3. Equivalent Electrical Circuit 

 Equivalent electrical circuit models provide helpful information by simplifying the system 

into circuit elements with quantifiable parameter values. For the CDI cell, the current vs. time data 
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during the charge stage was modelled with two equivalent electrical circuits: the modified RC 

series circuit with constant leakage current and the Randles circuit.  

        

Figure 3.6. Electrical circuit diagrams of the RC series circuit (a) and Randles circuit (b). 

 

The modified RC series circuit has the power supply (Es) connected to a resistor (Rs) and capacitor 

(σ) in series, while the Randles circuit is identical except for an additional resistor (Rp) in parallel 

with the capacitor. Since a leakage current is common to electrical systems, the RC series circuit 

model was modified to include a constant leakage current term (Ileak). For the modified RC series 

circuit with constant leakage current, the mathematical equation describing the equivalent circuit’s 

current has been analytically derived as 

 𝐼(𝑡) =  
𝐸𝑠

𝑅𝑠
 𝑒−𝑡 𝜎𝑅𝑠⁄ + 𝐼𝑙𝑒𝑎𝑘        (28) 

where I is the current, t is time, and the circuit elements are as defined above [175]. Likewise, the 

mathematical equation for the current of the Randles circuit has been solved to be 

 𝐼(𝑡) =  
𝐸𝑠

𝑅𝑠 + 𝑅𝑝
+ 

𝐸𝑠𝑅𝑝

𝑅𝑠(𝑅𝑠 + 𝑅𝑝)
 𝑒((−𝑡(𝑅𝑠 + 𝑅𝑝)) (𝜎𝑅𝑠𝑅𝑝))⁄

    (29) 

(a) (b) 

Es 

Rs 

σ 

σ 

 Es 

Rs 

Rp 

Ileak 
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where the variables and parameters are as defined previously [176]. The equivalent circuit model 

parameters Rs and Rp were calculated using the following boundary conditions. 

 𝑡 → 0:   𝐼(0) =  
𝐸𝑠

𝑅𝑠
         (30) 

 𝑡 → ∞:   𝐼(∞) =  
𝐸𝑠

𝑅𝑠 + 𝑅𝑝
        (31) 

Goal Seek from Microsoft Excel was then used to find σ. To assess goodness of fit, RMSE was 

used (see Appendix C.2.). 
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Chapter 4: Results and Discussion 

4.1. Electrode Fabrication 

4.1.1. Structural Integrity and Mass Loading 

 Activated carbon powder (ACP) electrodes are required to have structural integrity for 

them to be used in CDI cells. More specifically, electrodes must be able to withstand the shear 

stress of flowing salt water as well as be indissolvable in the salt water [62]. The effect of different 

types of ACPs and fabrication methods on electrode structural integrity was observed. Also, the 

structural integrity of ACP electrodes with varying ACP-to-PVDF solids ratio, solvent-to-solids 

mass ratio, and slurry mass loading was investigated.  

 First, it was found that a higher PVDF binder content generally resulted in stronger 

structural integrities. Pictures of ACP electrodes with ACP-to-PVDF solids ratios of 85:15, 90:10, 

and 95:5 are shown in Figure 4.1. 

 

Figure 4.1. YEC-8A/PVDF electrodes with ACP-to-PVDF ratios of 85:15 (left), 90:10 (middle), 

and 95:5 (right). Electrodes were fabricated using the EC method with a wet mass loading of 

31.3 mg/cm2 and a solvent-to-solids ratio of 5:1. 
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As seen in Figure 4.1., electrodes with an ACP-to-PVDF ratio of 90:10 exhibited minor cracking 

while the 95:5 ratio electrode showed large cracks. Additionally, slight material loss when rubbing 

with a gloved finger was observed for the 90:10 ratio electrode, while considerable material loss 

was observed for the 95:5 ratio electrode. On the other hand, the electrode with an 85:15 ratio had 

a relatively smooth, uniform surface with no material loss when rubbed with a gloved finger. Since 

the role of PVDF was to provide rigidity to the electrode, it was expected that increased PVDF 

content also improved the structural integrity of the electrode [61]. On the other hand, too high a 

PVDF content could decrease the accessible surface area, double layer capacitance, and 

electrosorption efficiency and therefore it must also be balanced. Most studies have found that an 

ACP-to-PVDF ratio of around 90:10 produces the optimal desalination performance without 

sacrificing structural integrity [36]. 

 The solvent-to-solids mass ratio mainly affected the viscosity of the slurry, which could 

also influence the structural integrity of the electrode for both the evaporative casting (EC) method 

and the doctor blade casting (DBC) method. Pictures of ACP electrodes fabricated using the EC 

method with two solvent-to-solids mass ratios are shown in Figure 4.2. 
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Figure 4.2. YEC-8A/PVDF electrodes with solvent-to-solids ratios of 4:1 (left) and 5:1 (right). 

Electrodes were fabricated with the EC method with an ACP-to-PVDF ratio of 85:15 and a wet 

mass loading of 31.3 mg/cm2. 

 

In the EC method of electrode fabrication, a viscous slurry was detrimental to the uniformity of 

the electrode surface because there was no tool to ensure a uniform wet thickness. The fabricated 

ACP electrode with a solvent-to-solids ratio of 5:1 had a well-formed surface with no cracks or 

bald spots, whereas the 4:1 ratio electrode had a non-uniform surface with cracks and bald spots.  
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Figure 4.3. YEC-8A/PVDF electrodes fabricated with the DBC method using a solvent-to-solids 

mass ratio of 3:1 (left) and 4:1 (right). The wet thickness was set to 200 µm and the ACP-to-

PVDF ratio was 85:15. 

 

On the other hand, in the DBC method, the doctor blade served to provide a uniform wet thickness 

and therefore more viscous slurries could be used without sacrificing surface uniformity. Both 3:1 

and 4:1 solvent-to-solids ratio slurries could be utilized to fabricate ACP electrodes with uniform 

surfaces using the DBC method as evident in Figure 4.3. Finally, another factor which was 

observed to influence the surface uniformity through the slurry viscosity was the characteristics of 

the ACP. When slurry with WPC was made, it was noticed that the slurry was substantially less 

viscous compared to YEC-8A when the solvent-to-solids ratio was identical. With WPC as the 

ACP, uniform electrodes could be fabricated using the EC method at a solvent-to-solids ratio of 

1.5:1 compared to 5:1 for YEC-8A.  
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Figure 4.4. WPC/PVDF electrodes fabricated with the EC method using ACP-to-PVDF ratios of 

85:15 (left), 90:10 (middle), and 95:5 (right). The solvent-to-solids ratio was 1.5:1 and the wet 

mass loading was 31.25 mg/cm2. 

 

The reason for the lower viscosity could be explained by the particle sizes and bulk density of the 

ACP. The YEC-8A was a fine powder with reported particle sizes of 10 µm. On the other hand, 

WPC was a coarse powder and thus had a considerably higher bulk density than YEC-8A. As a 

result, for the same mass of ACP, there was a larger volume of YEC-8A and therefore a more 

viscous slurry. Moreover, since WPC was a coarser powder, the WPC/PVDF electrodes held 

together easier. Even at a low ACP-to-PVDF ratio of 95:5, barely any cracks were observed and 

no materials loss occurred when rubbing with a gloved finger as seen in Figure 4.4. 

Lastly, the slurry mass loading and its effect on structural integrity was explored for both 

the EC and DBC methods. For the EC method, the slurry mass loading was controlled using the 

wet mass loading, which was defined as the mass of wet slurry casted per area of the support. On 

the other hand, the slurry mass loading was controlled in the DBC method by changing the height 

of the opening to adjust the wet thickness. The two methods could be compared using the dry mass 

loading, which was calculated by subtracting the mass of the support from the mass of the 

fabricated electrode and dividing by the area of the coating layer. The correlation between wet 
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mass loading in the EC method and dry mass loading can be visualized graphically as in Figure 

4.5. 

 

Figure 4.5. Relationship between dry mass loading and wet mass loading for WPC/PVDF and 

YEC-8A/PVDF electrodes fabricated with the EC method. WPC/PVDF electrodes were 

fabricated with a solvent-to-solids ratio of 1.5:1 and YEC-8A/PVDF electrodes with 5:1.  

 

For the fabricated electrodes, results suggested that dry mass loading was positively and linearly 

correlated with wet mass loading. However, the strength of the correlation differed depending on 

the slurry characteristics. For the YEC-8A/PVDF slurry, there was a high solvent-to-solids ratio 

and therefore a weaker correlation because the slurry consisted mostly of solvent which 

evaporated. There was no observed difference for the relationship between dry mass loading and 

wet mass loading at various ACP-to-PVDF ratios for both the WPC/PVDF and YEC-8A/PVDF 

electrodes. Similarly, the relationship between dry mass loading and wet thickness in the DBC 

method can be illustrated as in Figure 4.6. 
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Figure 4.6. Relationship between dry mass loading and wet thickness for YEC-8A/PVDF 

electrodes fabricated with the DBC method. Conditions were kept constant with an ACP-to-

PVDF ratio of 85:15 and a solvent-to-solids ratio of 5:1.  

 

As expected, dry mass loading was positively correlated and had a mostly linear relationship with 

wet thickness. From the results, it was found that a wet thickness of 700 µm in the DBC method 

is comparable in dry mass loading to a wet mass loading of 31.25 mg/cm2 in the EC method. 

 As dry mass loading increased, the structural integrity worsened. YEC-8A/PVDF 

electrodes fabricated with the DBC method using wet thicknesses of 50 µm to 700 µm (dry mass 

loadings below around 6.5 mg/cm2) all had intact and robust surfaces, although the ones with low 

wet thicknesses were slightly inhomogeneous because of the lack of material to coat the entire area 

of the support. On the other hand, as seen in Figure 4.7., YEC-8A electrodes with dry mass 

loadings above around 6.5 mg/cm2 had uneven and cracked surfaces. 
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Figure 4.7. YEC-8A/PVDF electrodes fabricated using the EC method with dry mass loadings 

of 39.1 mg/cm2 (left) and 46.9 mg/cm2. ACP-to-PVDF ratio was 85:15 and solvent-to-solids 

ratio was 5:1. 

 

Contrarily, WPC/PVDF electrodes were able to hold higher dry mass loadings without 

compromising surface structure. This was possibly due to the coarser nature of the WPC particles 

making it easier for PVDF to hold together the coating layer as well as adhere it to the support. 

However, slight cracking could be observed at exceptionally high dry mass loadings at and above 

28 mg/cm2 as evident in Figure 4.8. 

 

Figure 4.8. WPC/PVDF electrodes fabricated using the EC method with dry mass loadings of 14 

mg/cm2 (left), 28 mg/cm2 (middle) and 40 mg/cm2. ACP-to-PVDF ratio was 85:15 and solvent-

to-solids ratio was 1.5:1. 
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 Lastly, the YEC-8A/PVDF electrodes fabricated on carbon paper support had noticeably 

better structural integrities than those fabricated on graphite foil supports. An explanation is that 

since carbon paper was permeable to liquid, the slurry was in much more intimate contact with the 

support, resulting in stronger adhesion. This was supported by dry mass loading results which 

showed higher material retention in carbon paper electrodes (2.30 mg/cm2) compared to graphite 

foil electrodes (1.94 mg/cm2) at the same wet thickness of 200 µm. A picture of a YEC-8A/PVDF 

electrode on carbon paper is shown in Figure 4.9. 

 

Figure 4.9. YEC-8A/PVDF electrode on carbon paper with a dry mass loading of 2.30 mg/cm2, 

ACP-to-PVDF ratio of 85:15 and solvent-to-solids ratio of 3:1. Graphite foil was taped onto the 

10 x 10 cm2 electrode to prevent leaking when placed in the CDI unit. 

 

 The results of structural integrity and mass loading were significant because they provide 

experimental evidence and limitations. Studies often expressed electrode mass loading in terms of 

electrode thickness and density. A comprehensive study of electrode thickness found that although 

thicker electrodes had higher salt removals, thinner electrodes had higher salt adsorption capacities 

which suggest they were more efficient in their use of the electrode mass [16]. Therefore, the 

thickness of the electrode must be optimized to balance salt removal with salt adsorption capacity. 
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Furthermore, the electrode cannot be increased in thickness without limit lest there be a breakdown 

in the surface structure. The results presented in this section suggest that higher amounts of PVDF 

and solvent, and lower mass loadings provided electrodes with improved structural integrity. 

However, the results can be dependant on materials and fabrication procedures and therefore 

cannot be generalized to all cases of ACP electrodes. 

4.1.2. Scanning Electron Microscopy and Energy Dispersive X-Ray Spectroscopy 

 Scanning Electron Microscopy (SEM) images provided a qualitative view of the surface 

morphology of the electrodes. From the SEM images in Figure 4.10., the Pureechem electrodes 

had the finest ACP particles when compared to the fabricated WPC/PVDF and YEC-8A/PVDF 

electrodes. The YEC-8A ACP particles had comparable sizes below 10 µm as described by the 

specifications, although still noticeably larger than the ACP particles from the Pureechem 

electrode. The WPC ACP particles, on the other hand, were coarser and contained impurities as 

evident by the brighter specks on the surface. This agrees with the WPC specifications which 

claimed a maximum ash content of 18 wt. % compared to YEC-8A at 0.5 wt. %. Also, the 

WPC/PVDF and YEC-8A/PVDF electrodes differed from the Pureechem electrode in that there 

were specks and strands of PVDF binder throughout the electrode surface holding the ACP 

particles together. The Pureechem electrode, on the other hand, used CMC as the binder which 

functioned to thicken the ACP electrode [177]. Lastly, the SEM images show that the Pureechem 

electrode had a more flat and compact structure, likely because of the pressing step in the electrode 

fabrication procedure. 
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Figure 4.10. SEM images of graphite foil (a), Pureechem electrode (b), WPC/PVDF electrode 

(c) and YEC-8A/PVDF electrode (d) with ACP-to-PVDF ratios of 85:15. 

 

 The SEM and EDS analyses also confirmed higher PVDF contents for electrodes with 

lower ACP-to-PVDF ratios. Figure 4.11. displays the EDS spectra and SEM images of the 

fabricated YEC-8A/PVDF electrodes with varying ACP-to-PVDF ratios. The electrode with the 

lowest ratio at 85:15 also had the largest fluorine peak in the EDS spectra, and more specks and 

strands of PVDF were observed in the SEM image. In contrast, the 95:5 electrode had a small 

fluorine peak in the EDS spectra, and the SEM image displayed mostly ACP particles with little 

amounts of PVDF specks and strands. 

(a) (b) 

(c) (d) 
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Figure 4.11. EDS spectra and SEM images of YEC-8A/PVDF electrodes with ACP-to-PVDF 

ratios of 85:15 (top), 90:10 (middle), and 95:5 (bottom). Solvent-to-solids ratio was 5:1 and dry 

mass loading was 5 mg/cm2. 
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  Figure 4.11. also reveals that YEC-8A/PVDF electrodes had carbon and oxygen elements 

as expected. Moreover, the absence of other peaks showed that the amount of impurities from other 

elements were untraceable. In comparison, the WPC/PVDF electrode had many impurities with 

considerably large peaks for silicon and potassium, and small peaks for sodium, magnesium, 

aluminum and sulfur as seen in Figure 4.12. The WPC ACP was of lower quality than the YEC-

8A ACP with a higher ash content of 18 wt. % compared to 0.5 wt. %. The higher ash content, 

which could be constituted of many different elements, was probably the reason for the increased 

amount of impurities observed in the EDS spectra. The EDS spectra of the Pureechem electrode 

did not have a fluorine peak because PVDF was not used as the binder. However, small chlorine, 

silicon, and sulfur peaks could be observed, which suggested some impurities were also present. 
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Figure 4.12. EDS spectra of WPC/PVDF electrode (top) and Pureechem electrode (bottom). The 

WPC/PVDF electrode had an ACP-to-PVDF ratio of 85:15, solvent-to-solids ratio of 1.5:1 and 

dry mass loading of 13.75 mg/cm2. 
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 Finally, SEM and EDS analysis were also performed for the YEC-8A/PVDF electrode on 

carbon paper as shown in Figure 4.13. As expected, the surface morphology and elemental 

composition of the electrode on carbon paper was similar to the same electrode on graphite foil 

since there was no change in the ACP and binder materials or ratios used. 

 

 

Figure 4.13. SEM image of carbon paper (a) and YEC-8A/PVDF electrode on carbon paper (b) 

with ACP-to-PVDF ratio of 85:15, solvent-to-solid ratio of 3:1, and dry mass loading of 2.30 

mg/cm2. Below is the EDS spectrum of the YEC-8A/PVDF electrode on carbon paper (c). 

 

(a) (b) 

(c) 
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The carbon paper consisted of fibers randomly interwoven between each other with some empty 

spaces in between as displayed in Figure 4.13a. In comparison, the graphite foil in Figure 4.10a. 

was mostly smooth and compact with some flakes. Cross-sectional SEM images of the Pureechem 

electrode, the YEC-8A electrode on graphite foil, and the YEC-8A electrode on carbon paper are 

shown in Figure 4.14. 

 

Figure 4.14. Cross-sectional SEM images of the YEC-8A/PVDF electrode on graphite foil (a), 

YEC-8A/PVDF electrode on carbon paper (b), and Pureechem electrode (c). 

 

 

 

(a) (b) 

(c) 
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The cross-sectional SEM images showed that the Pureechem electrode had the largest electrode 

thickness, followed by the YEC-8A/PVDF electrode on carbon paper and the YEC-8A/PVDF 

electrode on graphite foil. It can be estimated from the scaling of the SEM images that the electrode 

thicknesses were 250 µm, 120 µm, and 100 µm for the Pureechem, YEC-8A/PVDF on graphite 

foil, and YEC-8A/PVDF on carbon paper electrodes, respectively. Qualitatively, the YEC-

8A/PVDF electrode on graphite foil also had a looser and more uneven structure. The Pureechem 

electrode, in contrast, had a compact and uniform structure. Lastly, it can be observed that graphite 

foil consisted of many flakes or layers stacked on each other, while carbon paper consisted of 

fibers of random length and orientation tangled together. 

4.1.3. Cyclic Voltammetry 

 CV tests were performed to confirm and compare the capacitive behavior of the 

commercially obtained Pureechem electrode and the in-house fabricated YEC-8A/PVDF electrode 

on graphite foil. Figure 4.15. shows the cyclic voltammograms with the electrode potential 

converted from vs. Hg/Hg2SO4 to vs. SHE (Hg/Hg2SO4 vs. SHE = 0.68 V [174]). 
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Figure 4.15. Cyclic voltammograms of the ACP electrodes at a scan rate of 5 mV/s and an 

electrolyte concentration of 1000 ppm NaCl. 

 

Both the Pureechem electrode and the YEC-8A/PVDF electrode on graphite foil displayed 

capacitive behavior with an absence of peaks, denoting that no electrochemical reactions occurred. 

Additionally, the Pureechem electrode reached higher current densities at the same electrode 

potential compared to the YEC-8A/PVDF electrode on graphite foil, suggesting that the 

Pureechem electrode had a lower resistance.  

4.2. Desalination Experiments 

4.2.1. Processing of Raw Data 

 The CDI desalination experiments yielded data for conductivity, pH, and current vs. time. 

Also, the temperature vs. time data was logged and used to automatically correct for the effects of 

temperature via linear compensation. Furthermore, pH corrections were made to the measured 

conductivities (see Appendix D.1.) and a calibration curve for conductivity and NaCl concentration 

was made (see Appendix D.2.).  
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Figure 4.16. Example of raw data generated from desalination experiments. Data shown is from 

desalination experiment with Pureechem ACP electrodes without membrane at baseline 

conditions of 1.2 V, 1000 ppm NaCl, 20 mL/min, and 60 min cycle time. Conductivity and pH 

vs. time (top) and current vs. time (bottom) data were logged in 10 s intervals. 
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 From the conductivity and pH vs. time and current vs. time data, salt adsorption capacity 

(SAC) was calculated from the maximum and minimum NaCl concentrations of each cycle. 

Furthermore, the charge efficiency (Λ) and specific energy consumption (η) was calculated by 

integrating the current for each cycle. In-depth descriptions of how these calculations were 

performed can be found in Appendix D.3. 

 4.2.2. Charge Efficiency and Specific Energy Consumption vs. Cycle Time 

 Desalination experiments were conducted at long cycle times of 60 min to ensure that the 

electrodes were at their full capacity and equilibrium was reached. However, the electrodes were 

saturated, i.e. the conductivity reached its minimum, in considerably less time than 60 min. Once 

the electrodes were saturated, current still moved through the system because of leakage currents, 

i.e. electrochemical reactions, resistive losses, or other pathways. Thus, when the charge efficiency 

and specific energy consumption was calculated at the end of the cycle time, worse values were 

obtained. To illustrate this, a graph of the charge efficiency and specific energy consumption 

plotted against cycle time is displayed in Figure 4.17. 
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Figure 4.17. Charge efficiency (top) and specific energy consumption (bottom) vs. cycle time of 

desalination experiments with Pureechem electrodes at baseline condition. 
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steadily declined as ions could not be adsorbed onto the electrode anymore, but current was still 

supplied to the system. In the discharge stage, ions took a while to begin desorbing from the 

electrode as the system was short-circuited. After all the ions were desorbed, the charge efficiency 

similarly reached a maximum and steadily declined because of leakage currents. The specific 

energy consumption graph showed that a minimum is reached at approximately 15 min (900 s) 

and then slowly increased because energy is wasted on the leakage currents. 

 Overall, the charge efficiency and specific energy consumption results suggested that 

energy efficiency can be optimized by running the CDI system between 15 – 20 min. Moreover, it 

was more practical to compare charge efficiency and specific energy consumption values at their 

optimal values instead of at the end of the cycle time. Therefore, charge efficiency and specific 

energy consumption values were compared at 20 min instead of 60 min for the desalination 

experiments. 

 4.2.3. Adsorption Kinetics and Electrical Circuit Modelling 

 Model parameters were estimated with the Goal Seek function in Microsoft Excel, which 

used an iterative linear search method to converge upon a solution [178]. For the Lagergren 

pseudo-first order equation, the equilibrium salt adsorption (qe) and pseudo-first order rate constant 

(k1) were varied to minimize the RMSE. Similarly, qe and the pseudo-second order rate constant 

(k2) were varied to minimize the RMSE for the Lagergren pseudo-second order equation. Figure 

4.18. shows a graph of the theoretical results calculated from the Lagergren adsorption kinetics 

model beside the experimental results. 
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Figure 4.18. Theoretical results from the Lagergren adsorption kinetics model and experimental 

results of the desalination experiments with Pureechem electrodes at baseline conditions. 

 

With the Pureechem electrodes at the baseline experiment conditions, the pseudo-first order 

equation RMSE was 0.064, whereas the pseudo-second order RMSE was 0.165. However, as seen 

from the graph, both equations described the experimental data excellently. This suggested that 

the electrosorption of ions had negligible interactions between adsorbates [157]. 
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Then, the resistance (Rs) and capacitance (σ) were varied to minimize the RMSE. For the Randles 

circuit model, the series resistance (Rs) and parallel resistance (Rp) was found from the boundary 

conditions at the beginning and end of the cycle. Then, the capacitance (σ) was found by varying 

the parameter to minimize the RMSE. The fit of the two equivalent electrical circuit models with 

the experimental data is shown in Figure 4.19. 
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Figure 4.19. Theoretical results from the equivalent electrical circuit models and experimental 

results of the desalination experiments with Pureechem electrodes at baseline conditions. 

 

Both models agreed reasonably with the experimental data. However, there were some instances 

where the models were off with their predictions. For the modified RC series with constant leakage 
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series model had a RMSE of 0.00256 and the Randles model had a RMSE of 0.00353. Therefore, 

this suggested the leakage current is better described by a constant current term than a resistor in 

parallel. 
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 Pureechem YEC-8A/PVDF 

on carbon paper 

YEC-8A/PVDF 

on graphite foil 

WPC/PVDF on 

graphite foil 

SAC [mg/g] 2.43 ± 0.09 0.91 ± 0.08 0.24 ± 0.02 0.16 ± 0.01 

Λ (20 min) 65 ± 2 % 25 ± 1 % 48 ± 1 % 5 ± 1 % 

η (20 min) 

[kWh/kg] 

1.07 ± 0.06 3.23 ± 0.08 5.56 ± 0.09 34.3 ± 0.4 

Table 4.1. Desalination metrics of the ACP electrodes at baseline conditions. 

 

For salt adsorption capacity, charge efficiency, and specific energy consumption, the Pureechem 

electrode had exceptionally better values. The best in-house fabricated electrode was the YEC-

8A/PVDF electrode on carbon paper, but it still performed more than two times worse than the 

Pureechem electrode for all desalination metrics measured. Since the Pureechem electrode was 

from a commercial vendor, the materials, such as type of activated carbon and polymeric binder, 

and fabrication processes were already optimized to yield maximum desalination performance and 

efficiency. The in-house fabricated electrodes, on the other hand, performed poorly for the 

desalination metrics measured, and further experimentation and optimization of the electrode 

materials and fabrication procedures is necessary to make electrodes that are on par with 

commercially available ones. 

 The salt adsorption capacity of the Pureechem electrode was 2.43 mg/g, a value that was 

consistent with previous results with activated carbon powder electrodes [36], although other 

results have shown higher values [84]. The specific energy consumption of the Pureechem 

electrode was 1.07 kWh/kg, which could be converted to a value of 0.86 kWh/m3 for treating 1000 

ppm NaCl to a target concentration of 200 ppm NaCl. However, this disregarded the energy 

consumption of other equipment such as the pump. In comparison, RO for brackish water in real-

world systems can have a total energy use between 0.3 – 2.8 kWh/m3 as seen from Table 1.2. [9]. 

Therefore, CDI has the potential to be competitive with RO for brackish water desalination, 
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especially at lower TDS concentrations. Further optimization of CDI technology may even lead to 

reduced total energy use and application to higher TDS concentrations. 

Since the Pureechem electrode had vastly superior desalination performance and efficiency, 

further desalination experiments were performed with the Pureechem electrodes to yield useful 

research results for practical applications. 

4.3. Effect of Operating Parameters 

 To improve the understanding of operation of CDI systems, operating parameters were 

investigated which include applied voltage, ion-exchange membranes, NaCl concentration, and 

flow rate. Additionally, a 3 x 3 matrix of desalination experiments was performed for applied 

voltage and NaCl concentration to explore combined effects. 

4.3.1. Effect of Applied Voltage and Ion-Exchange Membranes 

 The graphs of the desalination metrics at incremental applied voltages, and with and 

without ion-exchange membranes is shown in Figure 4.20. 
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Figure 4.20. Column graphs of salt adsorption capacity (a), charge efficiency (b), and specific 

energy consumption (c) for CDI and MCDI systems with varying applied voltages. Experiments 

were performed with 1000 ppm NaCl concentration and 20 mL/min flow rate. Error bars are 

shown for n = 3 trials. 
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losses were more abundant at higher voltages, and not only for applied voltages above 1.23 V, the 

SRP of water. Overall, the results obtained confirmed the findings from past studies for salt 

adsorption capacity [133]. On the other hand, for charge efficiency, past studies showed differing 

results. Mossad & Zou (2013) found that charge efficiency increased when applied voltage 

increased for their study, which contradicts the obtained results. However, their findings concluded 

that only a small change was observed from 65.5 % to 70.0 % when applied voltage was varied 

from 0.8 V to 1.6 V, and some of the changes were likely insignificant. Interestingly, they also 

found that specific energy consumption increased with higher voltages which agreed with the 

obtained results [47]. Huyskens et al. (2013), on the other hand, found that there was a reduction 

in charge efficiency with increasing voltage, which agreed with the obtained results [46].  

 MCDI, which includes ion-exchange membranes on the electrodes, was found to be 

superior to CDI for desalination performance and efficiency. Salt adsorption capacity was 

improved by 1.70 – 1.94 times and charge efficiency by 1.11 – 1.24 times for MCDI when 

compared with CDI. Moreover, specific energy consumption was higher in CDI systems by 1.21 

– 1.35 times. By including ion-exchange membranes, co-ion expulsion was prevented so more ions 

could be retained in the electrodes and the electrosorption process became more energy efficient 

[124]. In comparison, Kim & Choi (2010) also observed improvements in salt adsorption capacity 

at 1.3 – 1.6 times and current efficiency at 2.1 – 2.4 times with ion-exchange membranes[179]. 

Therefore, ion-exchange membranes were extremely beneficial, and arguably indispensable, for 

boosting the performance and efficiency of CDI systems. 

 Table 4.2. shows the adsorption kinetics and electrical circuit model parameters at varying 

applied voltages for CDI and MCDI systems. 
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CDI 

 0.8 V 1.0 V 1.2 V 1.5 V 

Pseudo-first 

order kinetics 

qe = 1.81 mg/g 

k1 = 0.00102 

RMSE = 0.075 

qe = 2.14 mg/g 

k1 = 0.00096 

RMSE = 0.144 

qe = 2.39 mg/g 

k1 = 0.00140 

RMSE = 0.064 

qe = 3.28 mg/g 

k1 = 0.00142 

RMSE = 0.138 

Pseudo-second 

order kinetics 

qe = 1.99 mg/g 

k2 = 0.000866 

RMSE = 0.117 

qe = 2.13 mg/g 

k2 = 0.000968 

RMSE = 0.189 

qe = 2.55 mg/g 

k2 = 0.000905 

RMSE = 0.165 

qe = 3.51 mg/g 

k2 = 0.000811 

RMSE = 0.296 

Modified RC 

series circuit 

σ = 32.9 F 

Rs = 16.2 Ω 

Ileak = 6.05 mA 

RMSE = 0.0007 

σ =28.3 F 

Rs = 19.6 Ω 

Ileak = 9.55 mA 

RMSE = 0.0005 

σ = 32.0 F 

Rs = 17.8 Ω 

Ileak = 13.2 mA 

RMSE = 0.0015 

σ = 30.6 F 

Rs = 17.5 Ω 

Ileak = 21.5 mA 

RMSE = 0.0058 

Randles circuit σ = 42.6 F 

Rs = 13.3 Ω 

Rp = 119.9 Ω 

RMSE = 0.0009 

σ = 41.6 Ω 

Rs = 16.6 Ω 

Rp = 88.1 Ω 

RMSE = 0.0006 

σ = 44.6 F 

Rs = 12.4 Ω 

Rp = 78.6 Ω 

RMSE = 0.0027 

σ = 45.4 F 

Rs = 9.2 Ω 

Rp = 60.7 Ω 

RMSE = 0.0079 

 

MCDI 

 0.8 V 1.0 V 1.2 V 1.5 V 

Pseudo-first 

order kinetics 

qe = 2.78 mg/g 

k1 =0.00103 

RMSE = 0.122 

qe = 3.23 mg/g 

k1 = 0.00115 

RMSE = 0.063 

qe = 4.46 mg/g 

k1 = 0.00112 

RMSE = 0.054 

qe = 5.16 mg/g 

k1 = 0.00106 

RMSE = 0.098 

Pseudo-second 

order kinetics 

qe = 3.56 mg/g 

k2 = 0.000274 

RMSE = 0.054 

qe = 4.34 mg/g 

k2 = 0.000212 

RMSE = 0.113 

qe = 5.56 mg/g 

k2 = 0.000212 

RMSE = 0.094 

qe = 6.61 mg/g 

k2 = 0.000160 

RMSE = 0.130 

Modified RC 

series circuit 

σ = 50.2 F 

Rs = 17.6 Ω 

Ileak = 2.51 mA 

RMSE = 0.0025 

σ = 51.6 F 

Rs = 13.2 Ω 

Ileak = 4.78 mA 

RMSE = 0.0036 

σ = 44.9 F 

Rs = 18.2 Ω 

Ileak = 10.7 mA 

RMSE = 0.0052 

σ = 45.1 F 

Rs = 15.9 Ω 

Ileak = 14.0 mA 

RMSE = 0.0065 

Randles circuit σ = 54.71 F 

Rs = 12.7 Ω 

Rp = 305.6 Ω 

RMSE = 0.0027 

σ = 58.1 F 

Rs = 7.6 Ω 

Rp = 201.6 Ω 

RMSE = 0.0088 

σ = 50.9 F 

Rs = 8.5 Ω 

Rp = 145.4 Ω 

RMSE = 0.010 

σ = 55.3 F 

Rs = 7.7 Ω 

Rp = 99.3 Ω 

RMSE = 0.015 

Table 4.2. Lagergren adsorption kinetics and equivalent electrical circuit model parameters for 

CDI (top) and MCDI (bottom) systems with varying applied voltage. 

 

As expected, the equilibrium salt adsorption (qe) predicted by both adsorption kinetics models 

increased when applied voltage was increased and when ion-exchange membranes were included, 
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which confirms the salt adsorption capacity results. The salt adsorption rate, as quantified by the 

rate constants k1 and k2, was found to be independent of the applied voltage. A previous study by 

Mossad & Zou (2013) using Lagergren adsorption kinetics models found that the rate constants 

increased when applied voltage was increased between 0.8 V and 1.6 V [47]. However, most of 

the other studies which used the same equations found no correlation between applied voltage and 

the rate constants, which suggested that different CDI systems may behave differently [34], [84], 

[180]. Although k1 values were comparable for MCDI and CDI, k2 values were lower for the MCDI 

experiments. This suggested that the salt adsorption rate was slower for MCDI systems, which is 

plausible because ions also must take time to diffuse across the membrane. The pseudo-first order 

equation was overall a better fit for the salt adsorption data with lower RMSE values in most cases. 

In the research literature, the verdict on which equation is a better fit is split with some claiming 

pseudo-first order [84], [143], [158] while others claim pseudo-second order [47], [144]. 

 For the equivalent electrical circuit models, the modified RC series circuit with constant 

leakage current model was a better fit than the Randles circuit model from the RMSE values. This 

suggests that a constant leakage current term was a better descriptor of the circuit process than the 

parallel resistance term. Furthermore, some trends were deduced from the results. As voltage 

increased, the leakage current (Ileak) increased and parallel resistance (Rp) decreased, thus showing 

that more energy was wasted at higher voltages. No trend was observed for capacitance (σ) and 

series resistance (Rs) with higher voltages; however, the MCDI experiments had noticeably higher 

capacitances as well as lower leakage currents and higher parallel resistance compared to the CDI 

experiments. It should be noted that the electrical circuit models were imperfect since the model 

parameters did not remain constant with changing applied voltages even though voltage was 

included as a variable. Further work can be done to develop more accurate electrical circuit models. 
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4.3.2. Effect of NaCl Concentration 

 The desalination metrics results for NaCl concentrations ranging from 500 – 3000 ppm is 

shown in Figure 4.21.  

 

 

Figure 4.21. Column graphs of salt adsorption capacity (a), charge efficiency (b), and specific 

energy consumption (c) at varying NaCl concentrations. Experiments were performed with 1.2 V 

applied voltage and 20 mL/min flow rate. Error bars are shown for n = 3 trials. 
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charge efficiency was also not concrete, with some results that claimed lower NaCl concentrations 

have higher charge efficiencies [47] and others that found no effect [46]. Although errors were 

high, the graphs show that specific energy consumption decreased when going from 500 ppm to 

1000 ppm but increased for 3000 ppm. For CDI, it has been established that the technology is more 

suitable for brackish water concentrations, which is lower than sea water concentrations. However, 

the results suggested that, at brackish water concentrations between 500 – 3000 ppm, there was a 

point around 2000 ppm where a minimum was reached for specific energy consumption. This was 

in line with experimental results from other researchers and electrical double layer model 

predictions [47]. 

 The salt adsorption capacity at different NaCl concentrations can be expressed with 

adsorption isotherm models as shown in Figure 4.22. 

  

Figure 4.22. Graph of adsorption isotherms and experimental data (left) and table of model 

parameters (right).  
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The linearized plot of the equations and the calculation of model parameters is described in 

Appendix D.4. Both the Langmuir and Freundlich model predicted the experimental data quite 

accurately, with the Freundlich model having a better fit with a r2 value closer to unity. This was 

indicative of multilayer adsorption and adsorbate interactions, which seems plausible given that 

ions had electrostatic interactions in electrical double layers. Although most studies have found 

the opposite where the Langmuir model was a better fit, there have been a couple of results that 

have shown the Freundlich model was more appropriate [155]. 

 The adsorption kinetics and electrical circuit model parameters while varying NaCl 

concentration is displayed in Table 4.3. 

 500 ppm 1000 ppm 2000 ppm 3000 ppm 

Pseudo-first 

order kinetics 

qe = 2.14 mg/g 

k1 = 0.00108 

RMSE = 0.083 

qe = 2.39 mg/g 

k1 = 0.00140 

RMSE = 0.064 

qe = 2.78 mg/g 

k1 = 0.00071 

RMSE = 0.080 

qe = 2.89 mg/g 

k1 = 0.00125 

RMSE = 0.118 

Pseudo-second 

order kinetics 

qe = 2.38 mg/g 

k2 = 0.000859 

RMSE = 0.162 

qe = 2.55 mg/g 

k2 = 0.000905 

RMSE = 0.165 

qe = 3.14 mg/g 

k2 = 0.000898 

RMSE = 0.184 

qe = 3.41 mg/g 

k2 = 0.000886 

RMSE = 0.193 

Modified RC 

series circuit 

σ = 29.1 F 

Rs = 29.45 Ω 

Ileak = 12.1 mA 

RMSE = 0.0014 

σ = 32.0 F 

Rs = 17.8 Ω 

Ileak = 13.2 mA 

RMSE = 0.0015 

σ = 32.0 F 

Rs = 26.4 Ω 

Ileak = 11.9 mA 

RMSE = 0.0003 

σ = 31.1 F 

Rs = 25.0 Ω 

Ileak = 11.8 mA 

RMSE = 0.0004 

Randles circuit σ = 38.4 F 

Rs = 19.5 Ω 

Rp = 79.5 Ω 

RMSE = 0.0008 

σ = 44.6 F 

Rs = 12.4 Ω 

Rp = 78.6 Ω 

RMSE = 0.0027 

σ = 43.4 F 

Rs = 21.0 Ω 

Rp = 80.1 Ω 

RMSE = 0.0002 

σ = 43.4 F 

Rs = 21.8 Ω 

Rp = 79.6 Ω 

RMSE = 0.0002 

Table 4.3. Lagergren adsorption kinetics and equivalent electrical circuit model parameters for 

different NaCl concentrations. 

 

As NaCl concentration increased, the equilibrium salt adsorption (qe) also increased as expected 

from the salt adsorption capacity results. No other trends in the model parameters were observed. 

In the context of the research literature, both rate constants have been found to increase with higher 
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NaCl concentrations [59], [180]. On the flip side, there have also been cases where no trends were 

observed for both the rate constants with varying NaCl concentrations [143], [158]. 

4.3.3. Effect of Flow Rate 

 The desalination metrics for the set of experiments investigating the effect of flow rate is 

displayed in Figure 4.23. 

 

  

Figure 4.23. Column graphs of salt adsorption capacity (a), charge efficiency (b), and specific 

energy consumption (c) at varying flow rates. Experiments were performed with 1.2 V applied 

voltage and 1000 ppm NaCl concentration. Error bars are shown for n = 3 trials. 
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Flow rate in batch recirculation systems have a lesser effect than in single-pass systems because 

the same volume of water is treated. There was no significant effect of flow rate found for the 

desalination metrics. Theoretical models have found that salt removal was larger at higher flow 

rates for batch recirculation systems because of improved mixing [137], but this was not observed 

in the obtained results. A possible reason is that the model results were not applicable at the range 

of flow rates tested, which were quite high given the size of the CDI cell. The adsorption kinetics 

and electrical circuit model parameters are displayed in Table 4.4. Again, no significant correlation 

was found for the effect of flow rate on the model parameters, but there was noticeable variation 

between the results. 

 20 mL/min 40 mL/min 60 mL/min 

Pseudo-first 

order kinetics 

qe = 2.39 mg/g 

k1 = 0.00140 

RMSE = 0.064 

qe = 2.50 mg/g 

k1 = 0.00104 

RMSE = 0.107 

qe = 2.33 mg/g 

k1 = 0.00172 

RMSE = 0.099 

Pseudo-second 

order kinetics 

qe = 2.55 mg/g 

k2 = 0.000905 

RMSE = 0.165 

qe = 2.85 mg/g 

k2 = 0.000778 

RMSE = 0.189 

qe = 2.84 mg/g 

k2 = 0.000811 

RMSE = 0.215 

Modified RC 

series circuit 

σ = 32.0 F 

Rs = 17.8 Ω 

Ileak = 13.2 mA 

RMSE = 0.0015 

σ = 32.6 F 

Rs = 16.7 Ω 

Ileak = 14.2 mA 

RMSE = 0.0022 

σ = 27.9 F 

Rs = 21.6 Ω 

Ileak = 16.2 mA 

RMSE = 0.0005 

Randles circuit σ = 44.6 F 

Rs = 12.4 Ω 

Rp = 78.6 Ω 

RMSE = 0.0027 

σ = 45.6 F 

Rs = 11.1 Ω 

Rp = 73.3 Ω 

RMSE = 0.0033 

σ = 42.4 F 

Rs = 16.8 Ω 

Rp = 57.3 Ω 

RMSE = 0.0005 

Table 4.4. Lagergren adsorption kinetics and equivalent electrical circuit model parameters for 

different flow rates. 

 

For further desalination experiments, a flow rate of 20 mL/min was chosen because lower flow 

rates were less variable and reduced the risk of clogging. 
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4.3.4. Combined Effects of Applied Voltage and NaCl Concentration 

 A 3 x 3 matrix of experiments was performed for applied voltages of 0.8 V, 1.0 V, 1.2 V 

and NaCl concentrations of 500 ppm, 1000 ppm, 2000 ppm. The desalination metrics results are 

tabulated in Table 4.5. 

Salt Adsorption Capacity [mg/g] 

 Applied Voltage (V) 

NaCl Concentration 

[ppm] 

0.8 1.0 1.2 

500 1.21±0.15 1.37±0.1 2.23±0.02 

1000 1.68±0.01 1.85±0.07 2.42±0.06 

2000 1.70±0.10 1.82±0.18 2.64±0.17 

 

Charge Efficiency [%] 

 Applied Voltage (V) 

NaCl Concentration 

[ppm] 

0.8 1.0 1.2 

500 54.0±1.0 52.2±1.5 46.3±1.6 

1000 69.1±1.7 68.3±1.9 64.8±1.4 

2000 75.8±1.0 67.9±1.1 62.1±1.3 

 

Specific Energy Consumption [kWh/kg] 

 Applied Voltage (V) 

NaCl Concentration 

[ppm] 

0.8 1.0 1.2 

500 0.68±0.06 0.88±0.06 1.22±0.09 

1000 0.90±0.04 0.95±0.04 1.07±0.06 

2000 0.91±0.03 0.92±0.04 0.94±0.08 

Table 4.5. Salt adsorption capacity (top), charge efficiency (middle), and specific energy 

consumption (bottom) results for 3 x 3 matrix of experiments with varying applied voltage and 

NaCl concentration at a flow rate of 20 mL/min. 

 

Since errors were high, some of the values overlapped and thus were not significantly 

different. Nonetheless, some information could still be extrapolated from the data. Salt adsorption 

capacity generally increased as applied voltage and NaCl concentration increased. The only 
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exception is at 1.0 V going from 1000 ppm to 2000 ppm NaCl, which was likely affected by high 

errors. Charge efficiency decreased as applied voltage increased, which was unsurprising because 

electrochemical reactions and resistive losses were more prominent at higher voltages. However, 

again, there was no trend between charge efficiency and NaCl concentration. Finally, specific 

energy consumption was like charge efficiency in that an increasing trend was observed for higher 

voltages, but no trend was observed for NaCl concentrations. At 0.8 V, it was noted that specific 

energy consumption decreased at lower NaCl concentrations, which agrees with trends found in 

previous studies [47]. It is possible that trends in desalination metrics are delicately dependant on 

the other operating parameters, which explains why contradicting results were often found between 

studies. 

The results shed some light on the combined effects of operating parameters. Generally, 

combined effects are difficult to investigate experimentally because of the large number of 

experiments required to deduce effects. Liu et al. (2015) conducted 189 CDI desalination 

experiments and used a multiplicative power-law relationship to model electrosorption as a 

function of applied voltage, spacer thickness, and retention time. Their findings revealed that 

applied voltage was the most important factor for electrosorption, and they could reproduce data 

with their model at r2 values above 0.85 [133]. Another approach is to use theoretical models to 

derive the combined effect of operating parameters, as was done by Zhao et al. (2013) in their 

study to optimize the salt adsorption rate [160]. The results obtained in this section add on to the 

body of research by providing experimental evidence that some individual trends stayed constant 

while others changed when operating parameters were varied in a matrix format. 
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4.4. Degradation and Regeneration 

 4.4.1. Long-Term Experiments 

 Long-term experiments were performed with pristine Pureechem electrodes at the baseline 

condition for 70 cycles. After 70 cycles, the Pureechem electrode was washed with either deionized 

water, 0.01 M citric acid, or 0.01 M NaOH to see if regeneration of the electrode’s desalination 

performance was possible. Figure 4.24. shows the salt adsorption capacities plotted against cycle 

number and the regenerated electrode results. 

 

Figure 4.24. Salt adsorption capacity as a function of cycle number using Pureechem electrodes 

at baseline conditions. Regenerated electrode salt adsorption capacities are also displayed.  

 

Salt adsorption capacity started out at 3.01 mg/g but fell rapidly to around 2.00 mg/g in 

approximately 10 cycles. Then, it started decreasing steadily and quite linearly up to the 

experimental limit of 70 cycles. Electrodes regenerated with deionized water and citric acid did 
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not recover their desalination performance and maintained the downward trend of salt adsorption 

capacity. On the other hand, NaOH regenerated the electrode salt adsorption capacity to 2.35 mg/g 

where it remained relatively stable for at least 5 cycles. 

 The degradation of electrode performance has been attributed to oxidation of the anode 

(positive electrode) because of electrochemical reactions. Anode oxidation can lead to pore 

damage and loss of symmetry of the CDI cell [166]. One of the proposed electrochemical reactions 

for anode oxidation is as follows [168]: 

C + 2H2O →  CO2 +  4H+ +  4e−    E0 = 0.7 – 0.9 V  (19) 

The exact SRP of the reaction depends on the activated carbon molecular structures, which can 

vary widely. Furthermore, oxidation of organic carbon molecules can also produce functional 

groups such as alcohols, aldehydes, ketones, and carboxylic acids. However, organic 

electrochemistry is complex and not well-studied, so no detailed reactions and SRPs could be 

found. As seen from reaction (19), H+ ions are produced, which makes the solution more acidic. 

This was also observed experimentally, as the pH fluctuated in phase with the charge and discharge 

steps, and tended to become acidic over time. Cohen et al. (2013) also observed the same pH drift 

and fluctuation in accordance with the cycling [166]. 
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Figure 4.25. Snapshot of long-term desalination experiment showing pH fluctuations and 

tendency toward acidity. 

 

The mechanism by which NaOH reverses the anode oxidation was hypothesized to be 

neutralization of the surface carboxylic acid functional groups and recovery of symmetry. 

Carboxylic acids and NaOH react to form water and a Na-carboxylic acid salt. The Na-carboxylic 

acid salt is soluble and therefore dissolves in the wash solution, reversing the pore damage and 

recovering the symmetry. For electrode regeneration, it has also been established that acid cleaning 

was effective in reversing inorganic scaling, while alkaline cleaning could remove organic fouling 

[31]. It is possible that the mechanism for removing organic fouling is similar to the mechanism 

for regenerating degraded electrodes. Humic acid is one of the main components of organic matter 

and has been investigated as a foulant for CDI electrodes. Wang et al. (2015) conducted electrode 

regeneration tests and discovered that humic-like substances were mostly found in alkaline wash 

waters [34]. This lended credibility to the hypothesis of oxidation as the electrode degradation and 

regeneration mechanism. However, there has also been contradictory evidence that showed that 

oxidation of electrodes before desalination increased the performance and efficiency [57]. 
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Therefore, loss of symmetry probably also played a large role and the mechanisms may be more 

complex than what was hypothesized. 

 4.4.2. Electrode Potential vs. Reference Electrode 

 Electrode potential against a Hg/HgO reference electrode was measured at baseline 

conditions to determine whether electrochemical reactions were thermodynamically possible. 

Figure 4.26. displays the plot of electrode potential over the course of a desalination experiment. 

 

Figure 4.26. Electrode potential of the anode and cathode in the CDI cell over time at baseline 

conditions. 

 

Electrode potential was converted to vs. SHE for easier analysis of the results. The original plot 

vs. Hg/HgO can be found in Appendix F. The electrode potential for the anode ranged from around 

0.2 – 0.8 V, while the cathode ranged from -0.4 – 0.2 V. Additionally, the electrode potential was 

below the SRP of water electrolysis at 1.23 V and did not drift for the three cycles. The electrode 
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potential of the anode could reach up to 0.8 V, and therefore it was likely that carbon oxidation as 

described in equation (19) could thermodynamically occur. 

 4.4.2. SEM Images and EDS Spectra 

 To further explore the electrode degradation mechanism, SEM and EDS analysis was 

performed on the regenerated electrodes. The deionized water and citric acid washed electrodes 

had indistinguishable results with the pristine electrodes, and are shown in Appendix E. The SEM 

and EDS results for the NaOH washed electrode is shown in Figure 4.27. 

 

Figure 4.27. SEM image and EDS spectra of 0.01 M NaOH washed Pureechem electrode after 

degradation. 

 

No observable differences were seen in the SEM images, meaning that surface morphology 

changes did not occur at the micron scale. For the EDS spectra, on the other hand, a large Na peak 

was seen which was not present for the pristine electrode. The presence of Na could be because 
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they were retained on the carboxylic acid groups on the activated carbon particles. It is possible 

that only certain Na-carboxylic acids could dissolve in water, such as those with lower molecular 

weight and were thus more polar. Overall, the SEM and EDS results supported the possible 

hypothesis for oxidation as the electrode degradation and regeneration mechanism; nevertheless, 

more concrete evidence is required to further cement the hypothesis. 
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Chapter 5: Conclusion and Recommendations 

 5.1. Summary of Work 

 The results of this research project contribute to the body of knowledge in the literature for 

conventional CDI desalination using activated carbon electrodes. Also, the findings represent the 

preliminary step toward more advanced research such as using electrodes with novel materials, 

innovative cell designs, and new operation modes.  

 The conclusions that were drawn can be summarized in the following points. 

• Structural integrity of activated carbon powder electrodes could be improved by including 

more polymeric binder, using coarser activated carbon powders, and lowering the mass 

loading. However, coarse particles also had lower surface areas and low mass loadings 

which limited the amount of adsorbent material. Therefore, a balance must be struck. 

• Commercially obtained Pureechem electrodes had superior desalination performance to 

even the best in-house fabricated YEC-8A/PVDF electrodes on carbon paper. According 

to the SEM and CV results, the Pureechem electrode had smaller particle sizes, more 

compact structure, and lower electrical resistance. 

• Including ion-exchange membranes greatly improved the desalination performance and 

efficiency of the CDI process. Increasing applied voltage increased the salt adsorption 

capacity but decreased the charge efficiency and increased the specific energy consumption. 

Salt adsorption capacity also increased when NaCl concentration increased, but there was 

no effect on charge efficiency and specific energy consumption. No effect on the 

desalination metrics was observed for flow rate. 
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• Lagergren adsorption kinetics and equivalent electrical circuit models theoretically and 

mathematically described the electrosorption process. In general, model parameters varied 

greatly, and no conclusions could be reliably drawn for trends. 

• An experimental matrix with applied voltage and NaCl concentration revealed that 

individual trends could be observed such as increased salt adsorption capacity at higher 

applied voltages and NaCl concentrations, and increased charge efficiency and decreased 

specific energy consumption at lower applied voltages. 

• It was discovered through long-term experiments that electrode degradation happened 

mostly at a steady rate, reaching half of its original performance at approximately 50 cycles. 

The degradation mechanism was hypothesized to be anode oxidation based on pH 

fluctuations and reference electrode measurements.  

• Degraded electrodes could be regenerated to an acceptable desalination performance by 

washing with NaOH solution, as opposed to citric acid solution or deionized water. It was 

further hypothesized based on pH data, SEM and EDS results that regeneration occurred 

because NaOH neutralized the carboxylic acid functional groups on the electrode, which 

then dissolved into solution, reversed pore damage and recovered symmetry in the 

electrodes.  

5.2. Future Development and Recommendations 

 Further research can build upon the preliminary findings in this project. A list of the areas 

of the research project that could be considered incomplete is shown and described below. 

• The in-house fabricated electrodes performed poorly compared to the commercially 

purchased ones. It is prudent to make more careful selection of the activated carbon powder, 
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polymeric binder, and current collector to fabricate electrodes with excellent desalination 

performance and efficiencies. Activated carbon with large mesopore volumes, which are 

ideal for electrical double layer formation, can be used. Also, hydrophilicity, which is a 

desired quality for CDI electrodes, can be improved by using a water-stable hydrophilic 

binder. Analytical techniques such as SEM, EDS, and CV can yield valuable insight on the 

selection of these materials. Furthermore, fabrication processes can also be optimized by 

exploring the use of sophisticated equipment such as automatic film applicators. 

• More work can be done by testing more operating parameter values in a larger range with 

further trials to clarify the effects and extend the applicability. In the research literature, 

there are often contradictory results where some studies find significant effects while others 

find no effects. In addition, the matrix of experiments with different operating parameters 

can be better investigated with improved experimental design and statistical methods. 

• The degradation results are preliminary and more evidence to support the claims about the 

electrode degradation and regeneration mechanism is needed. Investigating the mechanism 

should then give insight on how to delay or prevent degradation. Also, the electrode 

regeneration should be further explored with the goal to establish a practical regeneration 

procedure, so maintenance plans can be developed once the CDI system is in application. 

Real-world CDI systems must be able to operate for as long as possible, and therefore there 

is much needed work to improve the long-term desalination performance efficiency for 

practical applications. 

Additionally, potential directions and recommendations for the research and development 

of CDI as a desalination technology is listed below. 



108 

 

• There have been a wide variety of novel materials which have been explored for CDI 

desalination. As nanomaterials and nanotechnology becomes more practical and common 

in the real-world, it is likely they will start finding applications in electrodes for CDI since 

they have excellent surface area, pore size distribution, and conductivity properties. Other 

materials that are promising is biochar, which is renewable and low in cost. Biochar 

materials have exhibited exceptional electrical double layer properties in previous studies 

and thus are a strong candidate for application as CDI electrodes [181]. 

• The Lagergren adsorption kinetics and equivalent electrical circuit models are relatively 

crude descriptions of the electrosorption process. Both have assumptions that do not 

necessary apply to electrosorption, and therefore its accuracy suffers accordingly. Even 

though applied voltage was included as a variable in the equivalent electrical circuit models, 

the model parameters were still changed when applied voltage was varied. This suggests 

that the electrosorption process was more complex, and more rigorous models based on 

electrical double layer and porous media transport theory could potentially improve the 

prediction of results. 

• Practical CDI systems will operate in salt water with complex matrices of inorganic ions 

and organic matter. Thus, an issue that arises is fouling and scaling of the electrode in the 

water matrix. Future studies can focus on the predominant species which are present in 

brackish or sea water, and the mechanisms by which electrode fouling and scaling occur. 

Further studies can then investigate prevention of degradation or regeneration of electrodes, 

or pretreatment steps to eliminate species that are particularly damaging.  

• Lastly, pilot and field demonstrations of CDI technology is scarce, and therefore CDI as a 

desalination technology is extremely inexperienced even though there is a wealth of 
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laboratory studies in the research literature. Through pilot and field studies, essential 

information can be revealed about the scalability, costs, and limitations of the technology 

in the real-world [12].  
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Appendices 

 

Appendix A. Graphite Foil Specifications 

 

A.1. Pureechem Electrode Graphite Foil Specifications 

 

Specification Value 

Thickness 200 µm 

Carbon content 99% 

Compressive strength 160 MPa 

Specific resistivity 4.5 µΩ m 

Bulk density 1.0 ± 0.05 g/cm3 

 

A.2. Mineral Seal Corporation Flexible Graphite 2010A Specifications 

 

Specification Value 

Thickness 250 µm 

Carbon content 99.5% 

Sulfur content < 300 ppm 

Chloride content (leachable) < 20 ppm 

Compressive strength 240 MPa 

Tensile strength 4.9 MPa 

Specific resistivity 0.9 µΩ m 

Bulk density 1.0 g/cm3 

Working temperature range -240 to 510 ºC 
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Appendix B. Electrical Circuit for CDI Setup 

 

B.1. Electrical Circuit for Zero Voltage Discharge 

 

 

When all Relays are off, CDI system is shut off. 

When all Relays are on, CDI system is in charge stage. 

When Relays 3 and 4 are on, and Relays 1 and 2 are off, CDI system is in discharge stage. 

 

B.2. Electrical Circuit for Reverse Polarity Discharge 

 

 

When all Relays are off, CDI system is shut off. 

When all Relays are on, CDI system is in charge stage. 

When Relays 3 and 4 are on, and Relays 1 and 2 are off, CDI system is in discharge stage. 
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Appendix C. Statistical Formulas. 

 

C.1. Correlation Coefficient (r2) 

 

𝑟 =  
𝑛 ∑ 𝑥𝑖𝑦𝑖

𝑛
𝑖=1 − ∑ 𝑥𝑖

𝑛
𝑖=1 ∑ 𝑦𝑖

𝑛
𝑖=1

√(𝑛 ∑ 𝑥𝑖
2𝑛

𝑖=1 − (∑ 𝑥𝑖
𝑛
𝑖=1 )

2
)(𝑛 ∑ 𝑦𝑖

2𝑛
𝑖=1 − (∑ 𝑦𝑖

𝑛
𝑖=1 )

2
)

 

 

C.2. Root-Mean-Square Error (RMSE) 

 

𝑅𝑀𝑆𝐸 =  √
∑ (ŷ𝑖 − 𝑦𝑖)2𝑛

𝑖=1

𝑛
 

Here, i is the observations, n is the number of predictions, ŷi is the model predicted value of the 

dependant variable, yi is the observed value of the dependant variable, and xi is the value of the 

independent variable [182], [183]. 
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Appendix D. Raw Data Processing and Modelling Calculations 

 

D.1. pH Contribution to Conductivity Calculation of NaCl Concentration 

 

Theoretically, the conductivity (κ) of a solution can be calculated by summing up the 

contribution from each ion. 

𝜅 =  ∑ 𝐶𝑖𝑧𝑖𝜆𝑖 

Here, Ci [mol cm-3] is the concentration of ion i, zi is the absolute value of the charge number of 

ion i, and λi [S cm2 mol-1] is the molar conductivity of ion i. The molar conductivity of relevant 

ions has been experimentally determined for dilute solutions at temperatures of 25 ⁰C and is shown 

in the table below [184]. 

Ion Na+ Cl- H+ OH- 

Molar conductivity 

[S cm2 mol-1] 

50.9 75.5 350 198 

 

The pH correction was performed by calculating the conductivity contribution from the H+ and 

OH- ions and subtracting the contribution from the measured conductivity. For example, at a pH 

of 5.0 and a measured conductivity (κ) of 2.2000 mS/cm, the calculation of the pH-corrected 

conductivity (κ*) is as follows. 

 [H+] = 10 ^ -pH = 10-5 mol/dm3   [OH-] = (10-14) / (10-5) = 10-9 mol/dm3 

 𝜅∗ =  𝜅 − (𝜆𝐻+𝐶𝐻+ + 𝜆𝑂𝐻−𝐶𝑂𝐻−) 

𝜅∗ = 2.2000
𝑚𝑆

𝑐𝑚
– ((350

𝑆 𝑐𝑚2

𝑚𝑜𝑙
) (10−8

𝑚𝑜𝑙

𝑐𝑚3
) + (198 

𝑆 𝑐𝑚2

𝑚𝑜𝑙
) (10−12  

𝑚𝑜𝑙

𝑐𝑚3
)) (1000

𝑚𝑆

𝑆
) 

 𝜅∗ = 2.2000
𝑚𝑆

𝑐𝑚
− 0.0035

𝑚𝑆

𝑐𝑚
= 2.1965

𝑚𝑆

𝑐𝑚
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D.2. NaCl Concentration to Conductivity Calibration Curve 

 

 

 

D.3. Salt Adsorption Capacity, Charge Efficiency, and Specific Energy Consumption Calculation 

 

Salt adsorption capacity is calculated from the following equation. 

𝑆𝐴𝐶 =  
𝑉(𝐶𝑖  −  𝐶𝑓) 

𝑚
 

Here, V [L] is the volume, Ci [mg/L] is the initial concentration, Cf [mg/L] is the final concentration, 

and m is the electrode mass. For the desalination experiment with Pureechem electrodes at the base 

line condition of 1.2 V applied voltage, 1000 ppm NaCl concentration, 20 mL/min flow rate, and 

60 min cycle time: 
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 V = 0.250 L  Ci = 1045 mg/L Cf = 959 mg/L  m = 8.4 g 

 𝑆𝐴𝐶 =  
(0.25 𝐿)(1045−959 𝑚𝑔/𝐿)

8.4 𝑔
 = 2.53 mg/g 

Charge efficiency is calculated for the charge cycle as follows: 

 𝛬 =  
𝑧 𝐹 𝑉 (𝐶𝑖 − 𝐶𝑓) 

𝑀 ∫ 𝐼 𝑑𝑡
 𝑥 100% 

Here, z is the charge number, M [g/mol] is the molar mass, F [96,485 C mol-1] is the Faraday 

constant, I [A] is the current, and t [s] is time. The integral ∫ 𝐼 𝑑𝑡 was calculated from the data 

using the mid-point rule. 

 z = 1  M = 58.44 g/mol  V = 0.250 L  Ci = 1.045 g/L  

 Cf  = 0.959 g/L ∫ 𝐼 𝑑𝑡 = 88.2 C 

 𝛬 =  
(96,485

𝐶

𝑚𝑜𝑙
 )(0.25 𝐿)(1.045−0.959

𝑔

𝐿
)

(58.44
𝑔

𝑚𝑜𝑙
)(88.2 𝐶)

 𝑥 100% =  40% 

Specific energy consumption is calculated from the equation below. 

𝜂 =  
𝐸𝑐𝑒𝑙𝑙  ∫ 𝐼𝑑𝑡

𝑉 (𝐶𝑖  −  𝐶𝑓)
 

Here, Ecell [V] is the cell potential and the other variables are defined previously. 

 Ecell = 1.2 V   ∫ 𝐼 𝑑𝑡 = 88.2 C  V = 0.250 L  

Ci = 1.045 g/L  Cf  = 0.959 g/L 

𝜂 =  
(1.2 𝑉)(88.2 𝐶)

(0.25 𝐿)(1.045 − 0.959
𝑔
𝐿

)
= 4,922.79

𝐽

𝑔
= 0.00137 𝑘𝑊ℎ/𝑔 
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D.4. Adsorption Isotherm Linear Plots and Calculation of Parameters 

 

Langmuir      

 

y-int = 0.3598 = 
1

𝑞𝑚
   ->   qm = 1 / 0.3598 = 2.7790 

slope = 39.179 = 
1

𝑞𝑚𝐾𝐿
  ->   KL = 1 / (2.7790 * 39.179) = 0.0091846 

Freundlich 

  

slope = 0.1052 = 1/n 

y-int = 0.1615 = ln KF  ->   KF = e ^ 0.1615 = 1.1752 

y = 39.179x + 0.3598
R² = 0.9598
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Appendix E. SEM Images and EDS Spectra of Regenerated Electrodes 

 

E.1. Deionized Water Washed Electrode 

 

E.2. Citric Acid Washed Electrode 
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Appendix F. Electrode Potential vs. Hg/HgO Reference Electrode 
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