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Capacitive deionization (CDI) is a desalination technique that removes salt from 

the saline water, applying a potential difference between two porous activated 

carbon electrodes. Membrane assisted CDI (MCDI) is a commonly used system 

that improves performance by installing an ion exchange membrane in the CDI 

system. CDI is mainly known to be deionized by Non Faradaic reaction, but 

recently there have been limited reports on H2O2 generation, pH change and 

oxidation of carbon electrode in relation to Faradaic reaction. Therefore, the 

detailed study of Faradaic reaction characteristics in CDI and MCDI systems is 

required. 
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The purpose of this study is to investigate the characteristics of the Faradaic 

reaction and the quantitative effect on the desalination performance in flow-mode 

CDI and MCDI systems. As major results, firstly, the H2O2 formation and effluent 

pH change in case of MCDI ([H2O2] = 5.5 μM) were much smaller than that of 

CDI (37.0 μM), indicating the less occurrence of Faradaic reactions for MCDI. 

However, the surface pH of carbon electrode in the MCDI was much more acidic 

(pH ~1.5) at the anode and more basic at the cathode (pH ~ 11.7), indicating the 

deterred transfer of byproducts (OH- and H+) generated in the compartment inside 

of ion change membrane. In addition, the quantitative analysis regarding the extent 

of Faradaic reaction between these two systems were provided based on measured 

byproducts. Secondly, the long-term study indicated that the performance 

reduction of deionization in MCDI (17%) was much smaller than that of CDI 

(85%), which can be supported by their asymmetrically oxidized anode analyzed 

by FT-IR, CV, and XPS. In addition, the strategies to overcome the performance 

reduction by coating the carbon electrode with ion exchange polymer or applying 

alternate reverse potential were suggested. Finally, the deep understanding about 

Faradaic reactions affecting short-term or long-term CDI performance can 

ultimately contribute to the development of CDI performance and long-term 

stability. 
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1. Introduction  

1.1. Backgrounds  

Capacitive deionization (CDI) has recently received much attention as a 

desalination process [2-6]. CDI desalinates brackish water when passed between 

two porous electrodes, mostly made of activated carbons, by applying an electrical 

potential. CDI consists of two main processes, charging and discharging processes. 

In the charging step, ions are attracted and stored on the electrode surface as 

forming electrical double layer, and consequently, the solution passing between 

the electrodes can be desalinated [7-11]. In the followed discharge step, the stored 

ions are released by shorting or reversing the potential, and therefore the electrodes 

can be regenerated. MCDI (Membrane assisted CDI) is one of the widely used 

CDI systems, additionally install ion-exchange membranes between the electrodes, 

showing high desalination performance and long-term stability [12-14]. It was 

reported that the ion-exchange membrane or coating of the ion-exchange resin 

decreases the co-ion repulsion and increases the adsorption performance [15-19]. 

CDI and MCDI are an electrochemically driven process in which a non-Faradaic 

reaction intended process controls the desalination process. Therefore, the 

appropriate operation is required to achieve efficient desalination without any 

undesirable energy loss.  

To avoid unwanted Faradaic reactions for an energy-efficient process, the applied 

potential has been typically limited to 1.2 V [5, 20-22] because the electrolysis of 
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water is negligible in this potential range. However, unexpected side reactions 

have been reported in an early CDI study [5] even when the applied potential was 

kept below 1.2 V. Incomplete decay of the current was proposed as evidence for 

parasitic electrochemical reactions together with current leakage. Afterwards, 

several Faradaic reactions were postulated by altering the applied potential and 

following the pH changes [23]. Reduction of dissolved oxygen (pH increase) and 

oxidation of the carbon electrodes (pH decrease) were suggested as possible 

explanations for the pH changes during the process. Another study revealed that 

dissolved oxygen (DO) could be involved in the side reactions by observing the 

cumulative charge and pH changes with and without nitrogen purging [24]. 

Changes of pH was also examined using a three electrode system by varying 

applied potentials [25]. Increasing the applied voltage above 1.2 V caused more 

side reactions, which decreased the effluent pH below 5 and induced discrepancy 

between effluent conductivities and ion concentrations [26]. Previous studies have 

reported that the oxidation of the carbon at the anode can occur at over 0.7 - 0.9 V 

of applied potential [23, 27], which resulted in oxidation of the electrode surface 

over a long term operation. Oxidation of the carbon electrode can cause 

deterioration of the long-term performance by changing the electrochemical 

characteristics of the electrode [13, 24, 28]. The change of electrochemical 

characteristics of the oxidized electrode have been found through the increase of 

oxygen content and the change of potential of zero charge of the electrode [13, 25, 

29].  
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On the other hand, Faradaic reactions in the cathode have been poorly investigated; 

several electrochemical reactions related to the reduction of DO were suggested to 

explain the effluent pH fluctuations [23-25]. Recently, Faradaic reactions in a 

batch-mode CDI and MCDI was examined, which reported produced H2O2 and 

decreased DO concentrations [30, 31]. However, such measurements were 

performed only in a batch-mode system. In addition, although more studies the 

evidences of Faradaic reaction in the CDI system have been steadily reported [32, 

33], the analysis of Faradaic reactions and interpretation of the effect of Faradaic 

reaction on deionization capacity are limited in CDI, MCDI, and even in long-

term systems.  
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1.2. Objectives 

The purpose of this study is to analyze temporal and spatial Faradaic 

reactions and interpret the deionization performance with Faradaic reaction 

besides of adsorption/desorption capacity. The characteristics and effects of 

Faraday reaction in CDI and MCDI systems were compared and analyzed in 

short and long-term operations. 

Firstly, in short term operation of CDI and MCDI, the characteristics of 

Faradaic reaction were analyzed and the effect of the Faradaic reaction 

on deionization capacity was interpreted based on the results. For this, 

the pH distribution in the effluent and the surface and the generated H2O2 were 

measured in flow-mode CDI and MCDI systems. The effect of the spatial 

distribution of Faradaic reaction products on the salt adsorption capacity and 

the development of additional Faradaic reactions was also compared in both 

systems. Appropriate Faradaic reactions at anode and cathode were proposed 

based on the electrode working potential and locally distributed surface pH.  

Secondly, in long-term operation of CDI and MCDI, the changes of Faradaic 

reaction property was analyzed and the decrease in deionization performance 

was interpreted from the effects of Faradaic reaction and by-products of reaction. 

For this, effluent conductivity, effluent H2O2 concentration, effluent pH, and 

electrode working potentials were continuously measured during long-term 
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operation. Also, the electrochemical properties of long-term cycled electrodes 

were analyzed by the potential of zero charge (Epzc), FT-IR, and XPS. The 

charge consumption for Faradaic reaction and co-ion repulsion was newly 

calculated based on the measured Faradaic reaction products in both systems.  
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2. Literature review 

2.1. CDI and MCDI  

Currently, human beings are faced with water depletion problem, and as a 

technical method to solve this, a process of desalinating brackish or sea water is 

being watched. Although the reverse osmosis (RO) process is the most widely 

used desalination technology in the world, it requires a high presser, which is very 

disadvantageous in terms of energy efficiency [7]. Recent interest in the CDI 

process has been amplified by the benefits of higher energy efficiency at low 

salinity and lower material and operating costs compared to RO [7, 34-36]. CDI is 

a desalination technique that removes salt from saline water, applying a potential 

difference between two porous activated carbon electrodes [2-6, 18]. The 

dissolved ions form an electric double layer with the electrode surface (Figure 2-

1) and removed from the water (Figure 2-2) [7-11]. 

The process of the capacitive desalination technology consist of charging and 

discharging steps, as shown in Figure 2-3. In the charging process, electric energy 

is applied to adsorb ions in the pores. After the ions are saturated in the pores, 

electric energy is reduced or shorted to release ions and the electrode is regenerated. 

In general CDI operation, the charging process operates at an applied potential that 

is lower than 1.23V (vs. NHE), where no water electrolysis occurs [5, 7, 37]. 

Because CDI removes ions from the formation of electrical double layers, 

deionization capacity can be maximized in the absence of Faradaic reaction. 
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Figure 2-1. Electrical double layer (EDL) formed on porous electrode surface 

according to Gouy–Chapman–Stern model [2]. 
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Figure 2-2. A schematic of capacitive deionization (CDI) process. 
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Figure 2-3. A schematic diagram of the charge and discharge step of CDI. 
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In order to increase the ion removal performance in CDI, development of 

technologies such as electrodes, systems, and operations has been actively pursued. 

Among them, MCDI, as a system development, added ion exchange membrane to 

existing CDI system cell to greatly improve ion removal performance and is the 

most widely used CDI system recently (Figure 2-4) [14-17]. An anion exchange 

membrane is installed on the surface of the negative electrode (cathode) while a 

cation exchange membrane is installed on the surface of the positive electrode 

(anode). On the negatively charged surface of the cathode, the anion is blocked by 

the cation exchange membrane and only the cation can freely move through the 

membrane, so that the adsorption and storage of the cation can be performed 

without the influence of the anion. The opposite phenomenon occurs in the 

positively charged electrode (Figure 2-5). Therefore, in MCDI, where the 

movement of co-ions are restricted, the BC region can be minimized in Figure 2-

6, so the charge efficiency and the adsorption amount of ions increase (Figure 2-

7). In addition, a reverse polarization for electrode regeneration is possible in 

MCDI system. In CDI, when the reverse potential is applied, the adsorption of 

ions is directed to the opposite electrode, so that desorption and re-adsorption of 

ions occur simultaneously. However, in the case of MCDI, the adsorption of ions 

can be performed in only one direction by the ion exchange membrane, so that 

adsorption phenomenon cannot occur even when the reverse potential is applied. 

Therefore, electrode can be regenerated by the discharging of reverse polarization 

in MCDI. Although the discharging of reverse polarization increases energy 
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consumption, the required time for ion desorption is shortened and the desorption 

is ensured, so that the amount of ion adsorption in the next step can be increased. 
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Figure 2-4. A schematic of Membrane assisted CDI (MCDI). 
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Figure 2-5. The distribution and transport of ions at the electrode surface in 

MCDI [1]. 
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Figure 2-6. The amounts of Na+ cation and Cl− anion adsorption and desorption to 

the carbon electrodes, when the electrode is polarized to 0.3 V vs Ag/AgCl [38]. 
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Figure 2-7. Improvement of ion adsorption during charging step (decrease in 

conductivity) and desorption during discharging step (increase in conductivity) in 

MCDI compared to CDI [12]. 
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2.2. Faradaic reactions  

In order to prevent side reactions that reduces the ion adsorption efficiency, CDI 

system is operated at a potential lower than 1.23 V that electrolysis of water occurs 

[23, 27]. However, despite the CDI system driving voltage of 1.2 V of less, it was 

suspected that undesirable Faraday reactions occurred [24, 25]. Figure 2-8 shows 

a timeline of the studies related to Faradaic reactions and long-term stability in 

CDI. Firstly, one of the evidences of side reactions occurring in the CDI system is 

the effluent pH fluctuation [23, 24, 39]. As shown in Figure 2-9, the pH initially 

increased and then decreased during the charging process. The higher the 

applied potential, the larger the fluctuation width. Figure 2-10 shows the 

change of effluent pH in the presence/absence of oxygen and applied potential. 

The pH fluctuation was less in the system which cut off the oxygen supply. 

Therefore, it is reported that the DO is related to the side reaction occurring 

in CDI, and the pH of the effluent is changed by the side reaction.  

O2 + H2O + 4e− → 4OH−, E0 = 0.207 V         (2-1) 

O2 + H2O + 2e− → HO2
− + OH−, E0 = 0.065 V        (2-2) 

HO2
− + 2H2O + 2e− → 3OH−, E0 = 0.867 V        (2-3) 

DO is reduced to generate OH− at the cathode as follows the Reaction (2-1), (2-2), 

or (2-3), and reverse reactions can occur at anode [23]. 
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Also, in the Figure 2-11, the accumulated charge is increased in a cycle by the loss 

of charge and it decreased with lower applied potential. The different magnitude 

of charge between charging and discharging step may due to the presence of side 

reaction in addition to the adsorption/desorption of ions [39].  
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Figure 2-8. A timeline of the studies related to Faradaic reactions and long-term 

stability in CDI. 
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Figure 2-9. pH fluctuation of CDI treated water at various applied potentials [23]. 
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Figure 2-10. Change of effluent pH in the presence/absence of oxygen and applied 

potential [24]. 
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Figure 2-11. Cumulative charge at the different applied potential in CDI system 

[39]. 
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The Faradaic reactions can lead to the oxidation of carbon at the anode. The 

oxidation of carbon electrode was early reported in the field of fuel cell. The 

production of carbon dioxide by oxidation of carbon can occur thermodynamically 

at a potential higher than 0.207 V (vs. NHE) and at a higher potential than 0.518 

V for carbon monoxide production [40].  

C + 2H2O → CO2 + 4H+ + 4e−, E0 = 0.207 V         (2-4) 

C + H2O → CO + 2H+ + 2e−, E0 = 0.518 V             (2-5) 

CO + H2O → CO2 + 2H+ + 2e−, E0 = −0.103 V        (2-6) 

Figure 2-12 shows an increase in the corrosion rate above about 0.9 V, probably 

due to the oxidation of carbon by Reaction (2-4) and (2-5). At potentials above 

0.207 V, oxygen functional groups can be generated on the carbon (2-7), and this 

irreversible intermediate oxidation can lead to carbon dioxide formation (Reaction 

(2-8)) at the higher potentials. 

C + H2O → C–Oad + 2H+ + 2e−, E0 = 0.207 V        (2-7) 

C–Oad + H2O → CO2 + 2H+ + 2e−               (2-8) 

It is also assumed that the oxidation peak of carbon in Figure 2-12, which occurs 

largely in the reducing potential region in the air condition (I), is due to hydrogen 

peroxide. At the carbon electrode, oxygen is converted to hydrogen peroxide by 

two electron transfers [41]. The generated hydrogen peroxide or hydrogen 

peroxide radical can oxidize the carbon as following reactions. 
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C + H2O2 → C–Oad + H2O          (2-9) 

C–Oad + H2O2 → CO2 + H2O         (2-10) 

Electrochemical or chemical corrosion of carbon increases the defects of carbon 

and oxide groups on the surface. The oxygen and hydrogen functional groups that 

can occur in the carbon structure are shown in Figure 2-13 [42]. Carbon oxidation, 

which begins with the generation of oxygen functional groups, can occur from 

where there are unsaturated bonds and free electrons at the corner or edge. 
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Figure 2-12. Potentiodynamic corrosion rate in nitrogen and air conditions. Figure 

above: total carbon corrosion rate obtained by a sum of carbon dioxide and carbon 

monoxide generation. Figure below: corresponding currents [40]. 
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Figure 2-13. Oxygen functional groups on activated carbon surface [42]. 
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In CDI, the oxidized surface has been also found on the anode through the increase 

of oxygen content and the change of potential of zero charge of the electrode after 

long-term operation [13, 25, 29]. Figure 2-14 shows the XPS spectra of the 

electrode surface which was operated for about 200 hr at 0.9/0 V applied potential 

[25]. After the long-term operation, the content of oxygen element in the anode 

surface increased significantly compared to the initial state. Figure 2-15 shows the 

change of surface functional group from FTIR spectra of anode and cathode after 

long-term operation [13]. In case of anode, COOH group was newly generated at 

the wavenumber of 1730 cm-1. Therefore, it can be seen that surface changes such 

as formation of functional groups including oxygen are accompanied by long-term 

operation. Especially, the change of the surface was larger in the anode. This is 

probably due to the oxidation of the surface carbon by the oxidation reaction at the 

anode. 
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Figure 2-14. XPS spectra of the electrode surface which was operated for about 

200 hr at 0.9/0 V applied potential (A) oxygen peak (O 1s), (B) carbon peak (C 1s) 

[25]. 
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Figure 2-15. FTIR spectra of the used anode (Used +) and cathode (Used -) after 

long-term operation in comparison with the pristine electrode [13]. 
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Changes in surface functional groups affect electrochemical properties such as 

surface charge. The newly created oxygen functional groups on the surface, 

especially functional groups such as COO−, are negatively charged and positively 

shift the potential of zero charge (Epzc) of the electrode. The Epzc of the electrode 

is the potential at which the net charge on the surface is zero, so the absolute value 

of the current in cyclic voltammetry (CV) and the capacity value in the 

electrochemical impedance spectroscopy (EIS) are minimal [43].  

Figure 2-16 shows the CV results of the long-term operated anode and cathode in 

CDI. When Epzc is deduced from CV, it can be seen that the negative electrode has 

not changed much compared to the pristine (~ 0.0 V vs. SCE), whereas the positive 

electrode has been shifted to positive (~ 0.4 V vs. SCE). Also, Figure 2-17 shows 

the results of the EIS of the long-term operated anode and cathode in CDI. The 

electrode potential when the capacitance is the minimum (Epzc) is not greatly 

changed in cathode, but it is shifted to 0.2 V after 25 cycles and about 0.4 V after 

50 cycles in anode. This indicates that as the operation progresses, the oxidation 

of the anode is intensified, thus the Epzc of the anode shifts more and more 

positively. 
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Figure 2-16. Cyclic voltammetry of long-term operated anode and cathode 

operated at 1.2/0 V for 248 cycles (1 mV/s, 4.3 mM NaCl solution) [44]. 
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Figure 2-17. EIS differential capacity of long-term operated anode and cathode at 

1.2/0 V (0.01 M NaCl, 0.2 Hz) [13]. 
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The Faradaic reactions not only changes the surface properties of the electrode but 

also can change the working potential of the electrode during long-term operation. 

In the early stage, the anode and cathode have almost equal potential distributions, 

but in the long-term stage, more voltage is applied to the anode and the unbalanced 

distribution of potential between anode and cathode is obtained [24, 25, 29]. 

Figure 2-18 shows the working potential of anode and cathode in long-term 

operated CDI system[24]. At an applied potential of 0.9 V, the electrode working 

potential distribution of anode is about 0.55 V, which is higher than that of cathode 

(0.35 V). It was explained that a current leakage occurs due to some Faradaic 

reaction (e.g., oxygen reduction at the cathode), and thus a relatively higher 

voltage is applied to the anode side. It was also explained that the oxidation of 

carbon was sufficiently enabled as the working potential distribution of the anode 

increased.  
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Figure 2-18. The working potential distribution between anode and cathode in 

long-term operated CDI system at 0.9/0V (Bold solid: anode (~ 0.55 V), solid: 

cathode (~ 0.35 V)) [24]. 

 

 

  



34 

2.3. Performance in long-term operation 

The changes of electrochemical properties of electrodes by Faradaic reactions can 

affect deionization performance in the long-term CDI [28, 45, 46]. In the long-

term operation, deionization performance is deteriorated as shown in the following 

Figure 2-19. As the CDI operation time passes, the decrease of conductivity during 

ion adsorption and the increase of conductivity during ion desorption gradually 

decreased. This means that the ion adsorption and desorption capacity of the 

electrodes are lower than those at the initial stage. What is also interesting is that 

at the beginning of adsorption, there is a region where desorption of ions 

predominates (inversion peak) as shown in Figure 2-20. In addition, adsorption 

occurs in which the conductivity decreases even during the discharging step.  
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Figure 2-19. The change of conductivity over time in 0.9/0 V applied long-term 

CDI operation [24].  
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Figure 2-20. The change of salinity over time in long-term CDI long-term. From 

the stage of B, the inversion peak was shown at the beginning of the charge [28]. 
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The deterioration of the salt adsorption performance can be explained from the 

electrochemical changes of the electrode properties such as Epzc and working 

potential in the long-term operation [38, 44, 47, 48]. Basically, when an electric 

potential higher than Epzc is applied to the electrode, the anion adsorbs 

predominantly. On the contrary, when the electric potential lower than Epzc is 

applied, the cation adsorbs predominantly. Figure 2-21 shows the change of ion 

adsorption and desorption characteristics of electrode according to Epzc change by 

chemical treatment (acidification by HNO3) for surface oxidation. For example, 

when the same positive potential (+0.3 V vs. Ag/AgCl) was applied to the 

electrode in Figure 2-21a, the anion adsorbed on the pristine electrode (Epzc=0 V), 

while the oxidized electrode (Epzc=0.35 V) is predominant in cation adsorption. 

Figure 2-22 is an illustration to interpret the deterioration of salt adsorption 

capacity in prolonged CDI operation with the changes of Epzc and working 

potential of the two electrodes. In the early stage (a), since the working potential 

distribution of the two electrodes is relatively balanced between Epzc, the 

adsorption of anions on the positive electrode and the adsorption of positive ions 

on the negative potential are predominant, so ion adsorption can be actively 

performed. However, as the operation progresses (b), anion adsorption decreases 

as Epzc of the anode shifts to positive, and cation adsorption decreases as the 

working potential region positively increased at the cathode. In the prolonged 

operation (c), the cation adsorption capacity is greatly reduced as the potential 

distribution of the cathode is reduced, and the Epzc further shifts to positive at the 
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anode, resulting in an electrode state favorable for the adsorption of the cation. 

Therefore, in the discharging step, the anode adsorbs cations and, on the contrary, 

desorbs the adsorbed cations in the charging step and exhibits desorption peaks 

(inversion peak). 
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Figure 2-21. Adsorption and desorption characteristics of Na+ (cation ) and Cl- 

(anion) ion per electrode unit mass according to Epzc of surface oxidized carbon 

electrode (oxidation by HNO3), (a) experimental data, (b) schematic based on 

experimental data [48].  
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Figure 2-22. Relationship between ion adsorption capacity and changes of 

electrode properties (Epzc and working potential) in long-term operation (a) initial 

state, (b) the state when the inversion point is reached, and (c) long-term operation 

state in which oxidation phenomenon intensifies [25]. 
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3. The quantitative analysis of detailed Faradaic 

reaction and the effect of reaction products on 

deionization performance 

3.1. Materials and Methods 

3.1.1. Electrode fabrication 

Following the previous studies [21, 49], carbon composite electrodes for CDI and 

MCDI processes were fabricated with a mixture of 86 wt% activated carbon 

(MSP20X, Kansai Coke and Chemicals, Japan), 7 wt% carbon black (super P, 

Timcal) and 7 wt% polytetrafluoroethylene (PTFE, Aldrich). Activated carbon and 

the carbon black were thoroughly mixed for one night and then it was pasted with 

PTFE and several drops of ethanol. The mixture was rolled to flat sheet carbon 

electrode by roll presser at 60℃ and 200 rpm. This fabricated carbon electrode 

(~300 μm of thickness) was dried overnight in vacuum oven at 120℃. BET 

surface area of the fabricated electrode was 1575 m2/g.  
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3.1.2. Capacitive deionization experiments 

CDI and MCDI systems were carried out a three electrode flow mode system cell 

(Figure 3-1) capable of investigating the capacitive deionization and the 

electrochemical performance of the electrodes. Two fabricated carbon electrodes 

were cut into round shape (20 mm in diameter with 3 mm center-hole in diameter) 

and put on each graphite sheet (current collector) connected by a cycler 

(WBSC3000, WonATech, Republic of Korea). In terms of MCDI system, cation 

exchange membrane and anion exchange membrane (CMX and AMX, Neosepta, 

ASTOM Co., Japan) were placed on cathode and anode respectively. A nylon 

spacer (25 mm diameter) was placed between the electrodes or the ion exchange 

membranes for water passage. As feed solution, 10 mM of sodium chloride 

solution was supplied at 2 ml/min of constant flow rate by peristatic pump. The 

constant potentials of 1.2 V were applied for 15 min of charging step, while 

discharging step was proceeded by short circuit (constant 0 V) for another 15 min. 

Effluent conductivity (3574-10C, HORIBA, Japan) and pH (9618-10D, HORIBA, 

Japan) were continuously measured and their measurements were utilized to 

calculate the salt adsorption capacity and efficiency. All deionization experiments 

were performed twice to investigate reproducibility and presented one selected 

result.  
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Figure 3-1. Scheme of the flow mode three electrode CDI and MCDI systems. 
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3.1.3. Removal of dissolved oxygen in feed  

The N2 gas purged feed was provided in the same manner as the CDI experiment 

to investigate the effect of oxygen. N2 gas was purged from 2 hr before the 

experiment to the end of the experiment and DO was maintained at less than about 

0.1 mg/L. 
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3.1.4. Electrochemical characterizations 

GCD was performed in the same three electrode flow cell as the capacitive 

deionization experiment to measure cell voltage and working potential of the each 

electrode. The cell was charged and discharged within zero to 1.2 V at a constant 

current (2.5mA/cm2) with 10 mM NaCl feed solution. Working potential of anode 

and cathode was simultaenously mesured with Ag/AgCl (KCl sat’d) reference 

electrode.  
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3.1.5. Measurement of effluent H2O2  

The concentration of hydrogen peroxide was determined with the 2,9-dimethyl-

1,10-phenanthroline (DMP) method [50]. A 1 ml of the effluent was collected 

followed by mixing with 1 ml of DMP solution (1 g of neocuproine (Aldrich) 

dissolved in 100 mL of ethanol), 1 ml of 0.01 M copper (II) sulphate (Aldrich), 

and 7 ml of phosphate 0.1 M buffer solution. Then, the absorbance of the mixed 

solution was measured at 454 nm (Agilent Technologies, USA). The concentration 

of H2O2 was calculated with the following equation: 

[H2O2] = (Asample – Ablank)/1500          (3-1) 

, where [H2O2] is the concentration of the hydrogen peroxide (M); Asample is the 

absorbance of the sample, and Ablank is the absorbance of the blank. The blank was 

taken from the effluent before the CDI experiment was started.  
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3.1.6. Measurement of surface pH of electrodes 

For the surface pH measurements, a flat tip pH electrode was used (HANNA HI 

1413B, HANNA instruments, USA) and the pH of opposite electrode surface (or 

ion exchange membrane) of the anode and the cathode was measured. The 

electrode surface pH was measured by decomposing the cell after applying 1.2 V 

for 5 min.  
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3.1.7. Deionization capacity evaluation 

The deionization capacity of CDI and MCDI was evaluated with the salt 

adsorption capacity (SAC), which is the amount of removed ions per unit area of 

the electrode during the charging step. SAC was calculated by: 

SAC (mg/g) = 
∫ 𝑀𝑤ᆞ([𝑁𝑎𝐶𝑙]𝑖𝑛−[𝑁𝑎𝐶𝑙]𝑜𝑢𝑡) ᆞ𝛷ᆞ 𝑑𝑡

𝑀𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
           (3-2) 

where Mw is molecular weight of NaCl (58.44 mg mmol-1); [NaCl]in and [NaCl]out 

are the influent and effluent concentration of NaCl (mmol L-1); Ф is flow rate (L 

min-1); Melectrode is electrode weight(g). 

[NaCl] were obtained from the measured conductivity values with pH 

compensation like Equation (3-3), assuming that other ions (e.g. bicarbonate) 

except Na+, Cl-, H+, and OH- exist negligible. 

K′ = K − 𝐹𝐶𝐻+𝑢𝐻+ − 𝐹𝐶𝑂𝐻−𝑢𝑂𝐻−                     (3-3)  

(K′ and K: pH compensated and measured effluent conductivity (S cm-1), F: 

Faraday’s constant (96,485 C mol-1), 𝐶 : ion concentration (mol cm-3), 𝑢: ion 

mobility(cm2 V-1 s-1)) 

The initial third cycle (when the system was stabilized) was chosen for measuring 

deionization capacity. 
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3.1.8. Charge consumption distribution  

The charge consumption in CDI and MCDI were assumed to be composed of 

adsorption, Faradaic reactions, co-ion repulsion, and charge leakages as shown in 

Equation (3-4).  

𝐶𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 + 𝐶𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 + 𝐶𝑐𝑜−𝑖𝑜𝑛 𝑟𝑒𝑝𝑢𝑙𝑠𝑖𝑜𝑛 + 𝐶𝑙𝑒𝑎𝑘𝑎𝑔𝑒    (3-4) 

Following the previous reports [49], total charge (𝐶𝑡𝑜𝑡𝑎𝑙) and adsorption charge 

(𝐶𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛) were calculated as:  

𝐶𝑡𝑜𝑡𝑎𝑙 = 𝑄 = ∫ 𝐼 · 𝑑𝑡            (3-5) 

𝐶𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = ∫([𝑁𝑎𝐶𝑙]𝑖𝑛 − [𝑁𝑎𝐶𝑙]𝑜𝑢𝑡) ·  𝛷 · 𝑑𝑡 · 𝐹       (3-6) 

, where I is current (A); F is Faraday’s constant (96,485 C mol-1); t is charging 

time. 

Major Faradaic reactions are assumed to be the reaction for H2O2 (Reaction (3-12)) 

as reduction and the H+ production reactions as oxidation. Thus, charge for 

Faradaic reaction (𝐶𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛) was derived by:  

𝐶𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 = 𝐶𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 + 𝐶𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 ≈ 𝐶𝐻2𝑂2
+ 𝐶𝐻+        (3-7) 

𝐶𝐻2𝑂2
= ∫ 2 · [𝐻2𝑂2]𝑜𝑢𝑡 · 𝛷 · 𝑑𝑡 · 𝐹          (3-8) 

𝐶𝐻+ = ∫ ([𝐻+]𝑜𝑢𝑡  − [𝐻+]𝑝𝑒𝑎𝑘 𝑝𝐻)
𝑡2

𝑡1
· 𝛷 · 𝑑𝑡 · 𝐹        (3-9) 
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where [𝐻2𝑂2]𝑜𝑢𝑡 is the effluent concentration of H2O2 (mol L-1); [𝐻+]𝑜𝑢𝑡 is the 

effluent concentration of H+ (mol L-1); [𝐻+]𝑝𝑒𝑎𝑘 𝑝𝐻 is the H+ concentration at 

peak pH (the highest pH during charge); t1 is when the pH decrease started after 

the peak pH; t2 is when the end of charge.  

In Equation (3-8), the charge consumption for H2O2 production (𝐶𝐻2𝑂2
) is obtained 

by converting the H2O2 concentration into the charge, following the stoichiometric 

ratio of Reaction (3-12). 

Assuming that the oxidations occurring before the peak pH (Figure 3-2) in 

charging process are negligible, the charge consumption for H+ production (𝐶𝐻+) 

is calculated from the concentration of H+ that produced after the peak pH. In 

addition, the amount of generated H2O2 was constant (Figure 3-4) enough to 

maintain the peak pH. However, since the pH was decreased by the oxidation 

reactions (H+ productions), the amount of produced H+ was calculated considering 

the pH decreased with respect to the peak pH in Equation (3-9). Notably, the 

calculated charge for Faradaic reaction may be underestimated, especially for 

MCDI, because the actual surface reactions may not be fully reflected from the 

effluent pH and H2O2 due to the restricted transfer of reactants/products (H2O2, H
+, 

and OH-). 

The charge consumption for leakage was obtained from leakage current after 

adsorption saturation in MCDI. The leakage current (residual current - Faraday 
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reaction current) at saturation was assumed to be the same during the entire 

charging process and to flow in the same amount in the CDI system. 

𝐶𝑙𝑒𝑎𝑘𝑎𝑔𝑒 = (𝐼𝑟𝑒𝑠𝑖𝑑𝑢𝑒 − 𝐼𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛)𝑎𝑡 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 ∙ 𝑡        (3-10) 

The charge consumption for co-ion repulsion was calculated as: 

𝐶𝑐𝑜−𝑖𝑜𝑛 𝑟𝑒𝑝𝑢𝑙𝑠𝑖𝑜𝑛 =  𝐶𝑡𝑜𝑡𝑎𝑙 − 𝐶𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 − 𝐶𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 − 𝐶𝑙𝑒𝑎𝑘𝑎𝑔𝑒   (3-11) 

Each charge consumption rate (%) is calculated as a percentage of the consumed 

charge for the total charge (Q). For example, the adsorption charge rate (so called 

charge efficiency) is calculated as  
𝐶𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛

𝐶𝑡𝑜𝑡𝑎𝑙
× 100.  
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3.2. Results and Discussion 

3.2.1. Temporal and spatial pH distribution 

Figure 3-2 shows the effluent pH in CDI, N2 purged CDI, and MCDI systems. As 

shown in the Figure, the effluent pH of both of CDI and MCDI systems during 

charging step tended to increase initially and then decrease after exceeding the 

peak pH. However, the effluent pH in the CDI and N2 purged CDI processes 

fluctuated more severely from 10 to 4, while that in MCDI process was less only 

from 7 to 5. This type of pH fluctuation is similar to the previous reports that the 

effluent pH was initially increased and then decreased during the charging step 

[23, 24, 30]. This observation regarding pH fluctuation was explained by the 

difference in the adsorption rate between H+ and OH-, or side reactions [23]. 

Especially, Faradaic reaction such as oxygen reduction and carbon oxidation could 

explain the pH fluctuation that occurs during CDI operation. In addition, low pH 

fluctuations of MCDI have been previously described as less oxygen reduction by 

limited transport of oxygen through ion exchange membranes [13]. Also, the 

limited migration of other reaction products (H+, OH-) can affect the less effluent 

pH fluctuation. On the other hand, the reason why the pH fluctuation was similar 

to the CDI in the N2 purged CDI with low DO is considered to be that there was a 

limit in controlling all the Faradaic reactions by only the DO blockage of the feed. 

Figure 3-3 shows the different pH of electrode surface between anode and cathode 

in CDI, N2 purged CDI, and MCDI systems during charging step. In the case of 
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CDI, the pH of the anode was 3.4 and the pH of the cathode was 11.1. However, 

MCDI showed greater pH difference than CDI, the pH of the anode was 1.5 and 

the pH of the cathode was close to 11.7. The ion exchange membranes covering 

the electrodes in MCDI were also severely separated into acidic (~2.0) at the anode 

and alkaline (~10.7) at the cathode. Interestingly, the change in effluent pH in 

MCDI was smaller, but the change in surface pH was greater than that of CDI. In 

N2 purged CDI, the surface pH of cathode was 11.0, almost similar to CDI, and 

the anodic surface was 2.4, which was about the median of CDI and MCDI. 

The simultaneous localized pH, which is acidic at the anode surface and basic at 

the cathode surface, can be attributed to the Faradaic reactions [33, 51, 52]. 

Plausible Faradaic reactions from Reaction (3-12) to (3-18) were suggested 

considering the measured working potential region (about -0.4 to 0.8 V vs. 

Ag/AgCl (KCl sat’d)) of CDI and MCDI with applied cell voltage of 1.2 V. Redox 

potential at bulk pH 7 was determined by Nernst’ equation (E = E0 − 0.059 • pH). 

O2 + 2H+ + 2e− ↔ H2O2, E = 0.087 V (vs. Ag/AgCl (KCl sat’d))         (3-12) 

O2 + 2H2O + 4e− ↔ 4OH−, E = −0.210 V (vs. Ag/AgCl (KCl sat’d))     (3-13) 

H2O2 ↔ O2 + 2H+ + 2e−, E = 0.087 V (vs. Ag/AgCl (KCl sat’d))     (3-14) 

C + H2O ↔ C–Oad + 2H+ + 2e−, E = −0.404 V (vs. Ag/AgCl (KCl sat’d))  (3-15) 

C + H2O ↔ CO + 2H+ + 2e−, E = −0.093 V (vs. Ag/AgCl (KCl sat’d))    (3-16) 

C + 2H2O ↔ CO2 + 4H+ + 4e−, E = −0.404 V (vs. Ag/AgCl (KCl sat’d))   (3-17) 
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2H2O ↔ O2 + 4H+ + 4e−, E = 0.617 V (vs. Ag/AgCl (KCl sat’d))     (3-18) 

As shown the Reaction (3-12) to (3-18), cathodic reactions consume H+ (Reaction 

(3-12) and (3-13)) [53], while anodic reactions produce H+ (Reaction (3-14) to (3-

18)) [27, 30]. However, note that some oxidations (Reaction (3-18)) cannot occur 

at low pH at the anode surface due to the increase in electrode reaction potential. 

The greater changes of surface pH of MCDI are due to migration-limited reaction 

products (H+ and OH-) by ion exchange membranes. For example, H+ was isolated 

from anion exchange membrane at the anode and OH- was isolated from the cation 

exchange membrane at the cathode. Importantly, the highly maintained pH near 

the cathode in MCDI forms a condition in which an additional H+ consumption 

reaction (reductions by Reaction (3-12) and (3-13)) is difficult. Likewise, the 

lower pH at the anode is not suitable for the H+ production reaction (oxidations by 

Reaction (3-14) to (3-18)). In short, the additional Faradaic reaction cannot easily 

be developed in MCDI in comparison with CDI. Therefore, the limited migration 

of reactants and products such as O2, H2O2, H
+, and OH- severely changed the 

surface pH and the lack of reactants on the surfaces can reduce the further Faradaic 

reaction in MCDI system. 
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Figure 3-2. The effluent pH in CDI, N2 purged CDI, and MCDI systems. Applied 

cell voltage was 1.2/0 V in charging/discharging step.  
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Figure 3-3. The measured surface pH of the electrodes and ion exchange 

membranes in CDI, N2 purged CDI, and MCDI systems. In the MCDI system, x 

represents the surface pH of the ion exchange membranes (above: cation exchange 

membrane, below: anion exchange membrane). The electrode surface pH was 

measured by decomposing the cell after applying 1.2 V for 5 min. All 

measurements were repeated three times. 
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3.2.2. Hydrogen peroxide generation 

Figure 3-4 shows the H2O2 concentration of effluent in CDI, N2 purged CDI, and 

MCDI systems. The concentration of H2O2 in CDI was 37.0 μM, which is twice 

higher than that of CDI (~ 19.7 μM) and about 6.7 times higher than that of MCDI 

(~ 5.5 μM). The H2O2 concentration of all systems remained constant during the 

charging phase H2O2 generation occurs from the reduction of DO (Reaction (3-

12)) and is thermodynamically feasible at an applied potential of 1.2 V, but the rate 

of reaction depends on the amount of DO. For example, the amount of DO in the 

N2 purged feed was less than about 0.1 mg/L, and that in the no N2 purged feed 

was about 6.0 mg/L. Therefore, the N2 purged CDI and MCDI showed low H2O2 

concentration because the oxygen reduction was suppressed by the decrease of the 

DO concentration by the oxygen removal or the decrease of the oxygen permeation 

through the membrane. However, the N2 purged CDI still had a higher H2O2 

concentration than MCDI despite the control of DO in feed. This means that due 

to the presence of oxygen contained in the carbon pores itself, only the DO 

blocking of the feed has a limitation in effectively controlling the generation of 

H2O2. In addition, the concentration of H2O2 in MCDI can be measured lower 

because the generated H2O2 was blocked to the effluent through the ion exchange 

membrane. Significantly, blocked H2O2 in MCDI can further limit anode oxidation 

due to the lower H2O2 concentration at the anode side. Thus, in the MCDI, where 

permeation of DO and H2O2 is difficult, the Faradaic reaction associated with H2O2 

is limited.  
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Figure 3-4. H2O2 concentration in the effluent of CDI, N2 purged CDI, and MCDI 

at the applied cell voltage of 1.2 V. 
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3.2.3. Galvanostatic charge/discharge performance 

Figure 3-5 shows the potential proflies of GCD of CDI (a) and MCDI (b) in the 

three electrode flow mode system at constant current of 2.5 mA/cm2 in the range 

of zero to 1.2 V. In Figure 4, two important observations can be made.  

First, the electrode applied potential of anode and cathode in CDI and MCDI 

systems was symmetrically distributed in 0.6 V when the cell voltage reached 1.2 

V. The cathode had a working potential range of -0.4 to 0.2 V (vs. Ag/AgCl (KCl 

sat’d)) and the anode had a working potential range of 0.2 to 0.8 V (vs. Ag/AgCl 

(KCl sat’d)). The working potentials of the anode and cathode were also mesured 

applying constant voltage process (1.2 V charge and 0 V discharge) with an 

Ag/AgCl reference electrode and showed the same symmetrical potential 

distribution as the GCD results (Figure 3-6). As can be seen in Figure 3-7, the 

thermodynamically feasible Faradaic reaction can be determined from the working 

potential and surface pH of the electrode, and the Reaction (3-12) to (3-18) listed 

above belong to those reactions. 

Next, the differnt extent of Faradaic reaction were observed from the linearity of 

the GCD potential profile in CDI and MCDI systems. MCDI had a more linear 

slope than CDI, indicating that more Faradaic reactions can occure in CDI system. 

This result is consistent with the results shown above, such as higher effluent H2O2 

concentrations and more oxidation of long-term cycled anode in CDI. The MCDI 

result was also not a perfect straight line, but it has much better linearity as 
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opposed to CDI. In particular, the slope of the anode of MCDI was almost linear, 

which indicated that the oxidation hardly occured. Since the reduction products at 

the cathode (OH-, H2O2) are restricted in migration to the anode by the ion 

exchange membrane, subsequent oxidation is difficult to develop in MCDI system. 
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Figure 3-5. Galvanostatic charge/discharge in the three electrode flow mode (a) 

CDI and (b) MCDI systems with an Ag/AgCl (KCl sat’d) reference electrode, 10 

mM NaCl, 2.5mA/cm2 in the range of zero to 1.2 V   
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Figure 3-6. The working potentials of the anode and cathode mesured by applying 

CDI process (1.2/0 V of charge/discharge) in the three electrode flow mode CDI 

system with an Ag/AgCl (KCl sat’d) reference electrode.  
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Figure 3-7. Determination of thermodynamically feasible Faradaic reactions at the 

function of the working potential and surface pH of the electrode in CDI and 

MCDI systems. The potentials of the reactions (E) were obtained by the Nernst’ 

equation (E = E0 − 0.059 • pH).   
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3.2.4. Effect of Faradaic reaction products on deionization capacity 

Figure 3-8 shows conductivity profiles and Figure 3-9 shows salt adsorption 

capacity (SAC) of CDI and MCDI systems. The decrease in conductivity during 

the charging process indicates the adsorption of ions to the electrodes, while the 

increase in conductivity during discharging indicates the release of ions from the 

electrodes. The decrease in conductivity (adsorption) at the charge step was greater 

in MCDI, which means that the adsorption of ions is better in MCDI. In a 

comparison of quantitative SAC, the SAC of MCDI was about 21.0 mg/g, which 

was about 1.2 times higher than that of CDI (15.3 mg/g). In general, the improved 

performance of MCDI has been reported to be due to reducing of co-ion repulsion 

[14, 15, 54]. However, here, an additional synergistic effect of Faradaic reaction 

and co-ion repulsion on adsorption capacity was considered. In CDI, the reaction 

products (H+ from anode and OH- from cathode) can act as co-ions that can 

increase the repulsion which is adverse to adsorption. On the other hand, in the 

MCDI, the OH- at the cathode and the H+ at the anode which are highly 

concentrated as co-ions can increase the charge potential inside the ion exchange 

membrane, and thus improve the storage of the counter ion. Therefore, as shown 

in Figure 3-10, the distribution of Faradaic reaction byproducts (distribution of pH) 

affect the desalination performance as increasing co-ion repulsion in CDI and as 

increasing internal co-ion charge potential inside of exchange membrane in MCDI. 
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Figure 3-8. Conductivity profiles in CDI and MCDI systems at the first three 

cycles. Applied cell voltage was 1.2/0 V in charging/discharging step. All 

deionization experiments were performed twice to investigate reproducibility and 

presented one selected result. 
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Figure 3-9. Salt adsorption capacity in the third charging process of CDI and 

MCDI systems. Applied cell voltage was 1.2/0 V in charging/discharging step. All 

deionization experiments were performed twice to investigate reproducibility and 

presented one selected result. 
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Figure 3-10. Schematic diagram of the effect of Faraday reaction products and co-

ion repulsion on the ion adsorption performance during the charging process of 

CDI and MCDI systems. 
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3.2.5. Quantitative analysis of charge consumption distribution 

Figure 3-11 shows the quantitative analysis of the charge consumption distribution 

consisted of adsorption, Faradaic reaction, co-ion repulsion and charge leakages 

in CDI and MCDI systems. Each charge consumption (%) was obtained according 

to the value shown in Table 3-1. The high deionization performance of the MCDI 

shown above could be achieved from the high charge efficiency of 92%. On the 

other hand, CDI consumed about 70% of the charge in deionization and the 

remaining 30% of the charge was consumed in the secondary area including 

Faradaic reaction and co-ion repulsion. With respect to the amount of charges 

consumed in the Faradaic reaction, about 1% of the charge was consumed in 

MCDI and about 10% in CDI, which is ten times that of MCDI. In the case of 

charge consumption for co-ion repulsion, it was about 13% in CDI assuming that 

there is no co-ion repulsion in MCDI. In the CDI system, the consumption of 

charge by Faradaic reaction was quantified for the first time and seemed not to be 

negligible since it is comparable to the charge that is consumed in co-ion repulsion. 

More importantly, the charges consumed in the Faradaic reaction are the charge 

consumed for the charge transfer reaction, but they can affect the charge for the 

co-ion repulsion. For example, the reaction products (H+ and OH-) generated by 

the Faradaic reaction increase the co-ion repulsion effect in CDI as working as co-

ions, and can increase the charge consumed for co-ion repulsion. Therefore, in 

addition to the salt co-ion, the co-ions produced by Faradaic reaction can add co-

ion repulsion charge in CDI system. Notably, the ratio of charges consumed in the 



69 

Faradaic reaction in one cycle may not be large (~10%), but the effect can be larger 

in prolonged cycle that change the surface properties little by little, which 

adversely affects the adsorption charge. On the other hands, in the MCDI system, 

charge efficiency was high because a very little charge was consumed in Faradaic 

reaction (~ 1%) and the co-ion repulsion was suppressed by the ion exchange 

membranes.  
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Figure 3-11. Charge consumption distribution of CDI and MCDI. The charge 

consists of adsorption, Faradaic reaction, co-ion repulsion, and current leakages. 

The charge consumed in the Faradaic reaction was obtained based on the 

concentration of Faradaic reaction byproducts.  
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Figure 3-12. Current profile of CDI and MCDI systems in the charging step.  
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Table 3-1. Charge consumption distribution in CDI and MCDI. 

 

𝐶𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 + 𝐶𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 + 𝐶𝑐𝑜−𝑖𝑜𝑛 𝑟𝑒𝑝𝑢𝑙𝑠𝑖𝑜𝑛 + 𝐶𝑙𝑒𝑎𝑘𝑎𝑔𝑒 

𝐶𝑡𝑜𝑡𝑎𝑙 = ∫ 𝐼 · 𝑑𝑡 

𝐶𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = ∫([𝑁𝑎𝐶𝑙]𝑖𝑛 − [𝑁𝑎𝐶𝑙]𝑜𝑢𝑡) ·  𝛷 · 𝑑𝑡 · 𝐹 

𝐶𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 = 𝐶𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 + 𝐶𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 ≈ 𝐶𝐻2𝑂2
+ 𝐶𝐻+  

𝐶𝐻2𝑂2
= ∫ 2 · [𝐻2𝑂2]𝑜𝑢𝑡 · 𝛷 · 𝑑𝑡 · 𝐹 

𝐶𝐻+ = ∫ ([𝐻+]𝑜𝑢𝑡 − [𝐻+] 𝑝𝑒𝑎𝑘 𝑝𝐻)
𝑡2

𝑡1

· 𝛷 · 𝑑𝑡 · 𝐹 

𝐶𝑙𝑒𝑎𝑘𝑎𝑔𝑒 = (𝐼𝑟𝑒𝑠𝑖𝑑𝑢𝑒 − 𝐼𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛)𝑎𝑡 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 ∙ 𝑡    

𝐶𝑐𝑜−𝑖𝑜𝑛 𝑟𝑒𝑝𝑢𝑙𝑠𝑖𝑜𝑛 =  𝐶𝑡𝑜𝑡𝑎𝑙 − 𝐶𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 − 𝐶𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 − 𝐶𝑙𝑒𝑎𝑘𝑎𝑔𝑒 

[𝐻+]𝑝𝑒𝑎𝑘 𝑝𝐻 is the H+ concentration at peak pH (the highest pH during charge); 

t1 is when the pH decrease started after the peak pH; t2 is when the end of charge;  

𝐶𝑙𝑒𝑎𝑘𝑎𝑔𝑒  was obtained from leakage current at adsorption saturation based on 

MCDI. 
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3.3. Summary 

In short term operation of CDI and MCDI systems, the characteristics of 

Faradaic reaction were analyzed and the effect of the Faradaic reaction on 

deionization capacity was interpreted. As evidence of Faradaic reaction, 

effluent and surface pH were changed and H2O2 was generated. Interestingly, 

the electrode surface pH was much more severely separated in MCDI despite 

the extreme fluctuations of effluent pH and highly generated H2O2 in CDI 

system. The pH of the anode surface was polarized to about 2, and the pH of the 

cathode surface was polarized to about 10. This is because the migration of 

reaction products (H+, OH-, H2O2) are restricted by the ion exchange membrane 

to the bulk or the surface of opposite electrode. The restricted transfer of 

reaction products can have two important effects. Firstly, further Faradaic 

reaction can be limited to develop due to the lack of reactants. Next, by 

increasing the electric charge potential (increase in co-ion products) inside the 

ion exchange membrane, it is advantageous to store the counter ions and 

improve salt adsorption capacity. More importantly, the charge consumption for 

Faradaic reaction and co-ion repulsion was quantitatively calculated for the first 

time. In CDI, Faradaic charge was initially 10% and the co-ion repulsion charge 

was 13%. Charge consumption by the Faradaic reaction was about 10% in the 

CDI system and about 1% in the MCDI system. The charge of the co-ion 

repulsion, which is known to reduce the performance of the CDI, was about 
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13%. Therefore, both Faradaic reaction and co-ion repulsion waste quite a lot 

of charge and decrease the deionization performance. 
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4. The analysis of changes in Faradaic reaction and 

deionization performance in long-term operation 

4.1. Materials and Methods 

4.1.1. Long-term capacitive deionization experiment 

CDI and MCDI systems were carried out a three electrode flow mode system cell 

capable of investigating the capacitive deionization and the electrochemical 

performance of the electrodes. Used electrode and the deionization experiment 

was carried out the same way with short-term capacitive deionization experiment 

in part 3.1.1. and 3.1.2. 100 cycles of charging and discharging were repeated for 

long-term operation (3,000 min). The N2 gas purged feed was provided in the same 

manner as the long-term CDI experiment. N2 gas was purged from 5 hr before the 

experiment to the end of the experiment and DO was maintained at less than about 

0.1 mg/L. All deionization experiments were performed twice to investigate 

reproducibility and presented one selected result. 
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4.1.2. Electrochemical characterizations of long-term cycled electrode 

The potential of zero charge (Epzc) of the long-term cycled carbon electrode 

including the pristine carbon electrode were analyzed by cyclic voltammetry (CV). 

CV was carried out in a three electrode batch mode cell and the electrode was cut 

into 18 mm rounds before the CV analysis. Ag/AgCl (KCl sat’d) and the pristine 

carbon electrode were used as a reference electrode and counter electrode, 

respectively. 100 mM NaCl was filled as an electrolyte and the scan rate was 

adjusted with a potentiostat (PARSTAT 2273, Princeton Applied Research,USA) 

at 1 mV/s. The potential range of the working electrode (-0.4 to 0.8 V) in CV was 

determined based on the galvanostatic charge/discharge (GCD) results.  

Surface characterization of the pristine and the long-term cycled carbon electrode 

were investigated by Fourier transform infrared (FT-IR; Jasco Model FT-IR 200, 

Agilent, USA), X-ray photoelectron spectroscopy (XPS; Sigma Probe, ThermoVG, 

UK), BET-Surface area analyzer (BET; Micromeritics ASAP 2000, Micromeritics, 

USA), and scanning electron microscopy (SEM; JSM-6701F, JEOL, Japan). 

Before those measurement, the long-term cycled electrodes were thoroughly 

rinsed and dried. The wavenumber range for FT-IR measurement was 2,000-800 

cm-1. XPS spectra were obtained from the intensity of the carbon and oxygen atom. 

Nitrogen adsorptive was used at 77 K for BET measurement. 
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4.1.3. Evaluation of long-term cycled CDI performance  

The long-term performance of CDI and MCDI was evaluated with the normalized 

SAC and charge consumption in comparison with short-term performance. The 

initial third cycle in the short term operation (when the system was stabilized) and 

the final cycle in the 100 cycled operation (after 3,000 min) were chosen for the 

performance evaluation. Normalized SAC (S/S0) was obtained by dividing SAC 

(S) by the initial third SAC (S0). The charge consumption distribution in long-term 

operation was obtained in the same way as short-term operation. 
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4.1.4. Modification of operating condition and electrodes  

Modification of the electrode and operating condition were used to improve the 

stability of long-term operation. The modification of operating condition was 

performed with ab alternate reverse potential. All other operating conditions were 

the same, but in the charging process, both positive and negative potential were 

applied alternately. The charging process was carried out at 1.2 V and -1.2 V 

alternatively. The discharging process consisted of the same 0 V (short circuit). 

Figure 4-1 shows the cell voltage applied to the alternate reverse potentials.  

The modification of electrodes was performed with an ion exchange polymer (IEP) 

coating. Used cation exchange polymer was sulfonated polyphenylene oxide (PPO) 

and the anion exchange polymer was PPO with quaternary ammonium 

(SIONTECH, Republic of Korea). The IEP was spin-coated with several drops on 

the electrode or steel surface. The thickness of coating layer was the same at about 

30 μm. The polymer coated on the steel was immersed in deionized water and 

separated smoothly. The separated polymer film was covered on electrode and 

used as the IEP covered electrode. On the other hand, the electrode coated directly 

with the IEP was used as the IEP coated electrode. 
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Figure 4-1. Cell voltage applied to the alternate reverse potentials. 
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4.2. Results and Discussion 

4.2.1. Changes of Faradaic reaction in long-term CDI 

To investigate the changes in characteristics of Faradaic reaction during long-term 

operation, the effluent pH and H2O2 concentration were measured in long-term 

CDI, N2 purged CDI and MCDI systems. As shown in Figure 4-2, the effluent 

concentration of H2O2 was similar to the initial level and remained constant even 

in long term operation. It has been reported in our previous study that H2O2 is 

continuously generated in long-term operation of CDI [53]. Also, the same amount 

of H2O2 generated in MCDI and N2 purged CDI in the short-term operation 

steadily occurred in the long-term operation. Next, as can be seen in Figure 4-3, 

fluctuations in effluent pH, especially acidification of the effluent, were observed 

in long-term operation similar to short-term operation. Acidification of the effluent 

means that the oxidation to produce H+ occurs steadily in long-term operation. 

However, unlike MCDI and N2 purged CDI, where pH fluctuations were almost 

similar, the peak pH in CDI was reduced from 11 (at 3rd cycle) to 8 (at 100th cycle) 

in CDI system. Considering H2O2, which is continuously produced in the same 

amount in long-term operation, the peak pH was also expected to remain at the 

same level (around pH 10), but not so. This change in peak pH can be attributed 

to the change in Faraday reaction during long-term operation and can be explained 

by the change in the working potential of the electrode.  
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As shown in Figure 4-4, the working potentials of the electrodes measured using 

Ag/AgCl (KCl sat’d) reference electrode in three electrode flow mode CDI (a) and 

MCDI (b) systems. The potential distributions of anode and cathode were 

symmetrical about 0.6 V initially in both systems. However, MCDI maintained 

symmetrical potential distribution well in long-term operation, while it changed 

asymmetrically in CDI system. In CDI, the working potential of the both 

electrodes positively shifted, but more potential was loaded to anode in the last 

three cycle. Thus, the potential distribution of the anode was about 0.7 V (0.2 to 

0.9 V vs. Ag/AgCl) and the cathode was about 0.5 V (-0.3 to 0.2 V vs. Ag/AgCl), 

which showed asymmetric distribution. Similar results have been reported in 

previous studies that asymmetrically more potentials were falling on the anode [24, 

29, 55]. On the other hand, in the MCDI system, there was a partial shift of the 

electrode working potential, but the symmetrical potential distribution was 

maintained. As shown in Figure 4-5, when the working potentials of anode more 

positively shifted, a thermodynamically feasible oxidation reaction such as oxygen 

generateion (Reaction 3-18) can be added.  

2H2O ↔ O2 + 4H+ + 4e−, E = 0.617 V (vs. Ag/AgCl (KCl sat’d))     (3-18) 

The development of additional oxidation may cause the effluent peak pH to 

decrease (Figure 4-3). However, further studies on the development of additional 

oxidation reactions is needed to precisely understand the changes of the Faradaic 

reactions in long-term operation. 
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Figure 4-2. Changes of the effluent H2O2 concentration in long-term cycled CDI, 

N2 purged CDI, and MCDI processes. The cell voltage of 1.2 V was applied in 

charging step. Results of 3 cyca from Figure 3-3. 
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Figure 4-3. Changes of the effluent pH in long-term cycled (a) CDI, (b) N2 purged 

CDI, and (c) MCDI processes. Applied cell voltage was 1.2/0 V in 

charging/discharging step. 
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Figure 4-4. The change of working potential of anode and cathode in long-term (a) 

CDI and (b) MCDI systems. Applied cell voltage was 1.2/0 V in 

charging/discharging step. 
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Figure 4-5. Asymmetrical change of the working potential of anode and cathode 

in long-term CDI experiment. Applied cell voltage was 1.2/0 V in 

charging/discharging step. 
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4.2.2. Asymmetric oxidation of anode 

Figure 4-6 shows the FT-IR spectra of the long-term cycled anode and cathode in 

CDI and MCDI systems. The FT-IR results showed that some functional groups 

were newly found in long-term cycled anode and cathode in CDI and MCDI 

systems in contrast to the pristine electrode. In particular, in long-term cycled 

anode of CDI, peaks at wavelengths of about 1720, 1220, and 1150 cm-1 were 

highly developed. This bands respectively associated with oxygen-containing 

carbonyl and carboxyl groups (C=O, COOH) [56], C-O [57] and C-OH bond, 

which can closely related to in surface negative charge. COOH forms COO- from 

hydrolysis, leading to negative charge on the surface [46]. Conjugated C=C stretch 

structure were also found in most of long-term cycled electrodes at a wavelength 

around 1660-1500 cm-1, but the change was little at the cathodes in both systems.  

Figure 4-7 shows the CV of the long-term cycled anode and cathode in CDI and 

MCDI systems. From the CV profile, the potential of zero charge (Epzc) of 

electrode at the minimum current was observed, which was significantly changed 

at the anode of long-term cycled CDI. During 100 cycles, the anode Epzc of CDI 

was increased by about + 0.3 V, and the anode Epzc of MCDI was about + 0.1 V 

and the cathode was almost unchanged. Positive shift of Epzc in long-term cycled 

anode was similarly reported in the previous studies [13, 29]. Consistent with the 

changes of FT-IR spectra, the long-term cycled anode showed the largest change 

in Epzc. In addition, the greatest increase in oxygen atomic content and noticeable 

reduction in the specific surface area were found in long-term cycled anode of CDI 



87 

by XPS spectra (Table 4-1) and BET analysis (Table 4-2). The degradation of 

carbon by carbon oxidation can decompose the pore structures. Unlike the change 

in the electrochemical performance of the anode electrode, no visible physical 

change was found by the SEM image (Figure 4-8). Thus, the oxidation reactions 

at anode can gradually change surface properties such as functional groups, Epzc, 

oxygen atomic content and specific surface area, which can affect the long-term 

deionization performance.  

H2O2 ↔ O2 + 2H+ + 2e−, E = 0.087 V (vs. Ag/AgCl (KCl sat’d))         (3-14) 

C + H2O ↔ C–Oad + 2H+ + 2e−, E = −0.404 V (vs. Ag/AgCl (KCl sat’d))  (3-15) 

C + H2O ↔ CO + 2H+ + 2e−, E = −0.093 V (vs. Ag/AgCl (KCl sat’d))    (3-16) 

C + 2H2O ↔ CO2 + 4H+ + 4e−, E = −0.404 V (vs. Ag/AgCl (KCl sat’d))   (3-17) 
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Figure 4-6. FT-IR spectra of the long-term cycled anode and cathode in CDI and 

MCDI systems. For long-term cycle, the charge/discharge cell voltage of 1.2/0 V 

was applied 100 times for 50 hr.  
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Figure 4-7. Cyclic voltammetry of the long-term cycled anode and cathode in CDI 

and MCDI systems. For long-term cycle, the charge/discharge cell voltage of 1.2/0 

V was applied 100 times for 50 hr. Scan rate: 1 mV/s, electrolyte: 100 mM NaCl.  
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Table 4-1. Atomic content (%) of the long-term cycled anode and cathode in CDI 

and MCDI systems by XPS spectra in comparison with the pristine. 
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Table 4-2. BET surface area (m2/g) of the long-term cycled anode and cathode in 

CDI and MCDI systems in comparison with the pristine. 
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Figure 4-8. SEM images of (a) the pristine electrode, (b) long term cycled anode 

in CDI and (c) long term cycled anode in MCDI systems 
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4.2.3. Deterioration of long term performance 

Figure 4-9 shows a conductivity profiles at the first three cycles and the last three 

cycles in CDI, N2 purged CDI, and MCDI systems. The long term cycled CDI and 

N2 purged CDI systems showed a significant change in the conductivity profile 

while the MCDI showed little change. The conductivity decrease (adsorption) and 

increase (desorption) peaks of CDI and N2 purged CDI systems were remarkably 

reduced and the inversion region was shown in the last three cycles, in which the 

conductivity increased (desorption) during the adsorption step. Previous reports 

have observed the inversion region in CDI, which was explained by the oxidation 

of the anode. For example, the negative charge developed on anode surface in long 

term adsorbed cation during discharging and desorbed it during charging step [24, 

29]. On the other hands, in MCDI, although surfaces of anode were partially 

oxidized during the long-term cycle in MCDI, the inversion effect can be 

prevented because co-ion adsorption is difficult by the ion exchange membrane. 

Figure 4-10 shows normalized salt adsorption capacity (SAC) in the long-term 

CDI, N2 purged CDI, and MCDI operations (a) and SAC at the initial and the last 

step in CDI and MCDI systems (b). The normalized SAC in the long-term showed 

a significant decrease of about 85% in the CDI and a decrease of about 20% in the 

MCDI compared to the initial SAC (S0). The long-term SAC of N2 purged CDI 

decreased slightly less (67%) than that of CDI, but it did not reach the performance 

of MCDI. In the last cycle, the absolute difference between the two values reached 

about 560% (2.7 mg/g for CDI and 17.9 mg/g for MCDI). The SAC of MCDI was 
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initially higher than CDI (~ 17% high) and was more beneficial in the long term 

(~ 560%). The relatively stable SAC in long-term MCDI operation was reported 

and interpreted as a result of less electrode oxidation due to low oxygen 

permeability by ion exchange membranes [13]. Furthermore, the generated H2O2, 

H+, and OH- in addition to DO can also be restricted by ion exchange membranes, 

which can effectively prevent additional Faradaic reactions. For example, removal 

of only DO by N2 purging of feed maintained a higher efficiency than atmospheric 

condition, but still had more performance degradation than MCDI system where 

DO and other reaction byproducts (H+, OH-, H2O2, etc.) were controlled together. 

Therefore, the MCDI system was more effective for long-term stability by 

preventing the surface reactions that causes the oxidation of the electrode. On the 

other hand, the deterioration of CDI performance is likely to occur due to the 

stronger Faradaic reaction, especially oxidation of the anode. Carbon oxidation at 

the anode changed the surface charge of the electrode to negative during the long-

term operation and resulted in asymmetric distribution of the working potential 

(Figure 4-4a). As a result, during the discharge process, some cations are adsorbed 

on the surface of the anode having a negative charge, and on the other hand, 

desorption phenomenon occurs in which the adsorbed ions are pushed out during 

the charging process as shown in Figure 4-11. Thus, the inversion region was 

observed found (Figure 4-9) and SAC was greatly reduced in CDI.  

In fact, the anode of MCDI seemed to be also partially oxidized after long-term 

operation from the surface analysis result of FTIR, CV, and XPS data. However, 
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although the MCDI anode had a change of about one third of the EPZC shift 

compared to the CDI anode, the performance decline in long-term operation was 

much less (~17% decrease). This may be due to the fact that the MCDI has little 

effect on the co-ion repulsion by the ion exchange membrane. As shown in Figure 

4-12, since the oxidized anode is covered with an anion exchange membrane, the 

cation cannot be adsorbed to the anode having a partial negative charge at the 

discharging step, and the repulsion effect is not improved even at the charging 

stage. Therefore, the ion adsorption capacity of MCDI with a membrane may not 

be significantly affected by changes of Epzc of the electrode surface. 
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Figure 4-9. Conductivity profile at the first three cycles and the last three cycles 

in the long-term cycled CDI, N2 purged CDI, and MCDI. All deionization 

experiments were performed twice to investigate reproducibility and presented 

one selected result. 
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Figure 4-10. (a) Normalized salt adsorption capacity in the long-term CDI, N2 

purged CDI, and MCDI operations; (b) the salt adsorption capacity at the initial 

and the last step in CDI and MCDI systems. All deionization experiments were 

performed twice to investigate reproducibility and presented one selected result. 
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Figure 4-11. Schematic diagram of the effect of Faraday reaction products, co-ion 

repulsion, and oxidized anode surface on the ion adsorption performance in 

discharging and charging process of long-term cycled CDI system.  



99 

 

 

Figure 4-12. Schematic diagram of the effect of Faraday reaction products, co-ion 

repulsion, and little oxidized anode surface on the ion adsorption performance in 

discharging and charging process of long-term cycled MCDI system.  
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4.2.4. Change of charge consumption distribution in long-term 

operation 

Figure 4-13 shows the quantitative analysis of the charge consumption distribution 

in short and long-term CDI and MCDI systems. The charge consumption 

distribution of CDI during the long-term operation varied greatly, while the MCDI 

was almost similar to the initial. 

First, the charge of adsorption in the CDI system was significantly reduced from 

the initial 70% to the final 17%. This is because the area of charge that is consumed 

in addition to adsorption is increased. The most significant effect on the reduction 

of the charge efficiency was the co-ion repulsion, in which the initial charge 

consumption was 13% to the final 54%, which is higher than sum of charge for 

adsorption and Faradaic reaction. This remarkable increase in the co-ion repulsion 

charge in long-term is attributed to dominance of co-ion desorption from the 

oxidized electrode, as shown by the inversion region (desorption in the charging 

process) in the conductive profile and the interpretation (Figure 4-9 and 4-11). The 

charge for Faradaic reaction was also a little increased to 19% from initial 10%, 

which was higher than adsorption charge consumption (17%). The increase of 

charge consumption in Faradaic reaction was due to the constant Faradaic reaction 

such as the H2O2 generation and the pH acidification (Figure 4-2 and 4-3) despite 

the decrease of the total charge. The initial charge of the Faraday reaction was 

only about 10%, but it accumulated continuously over a long-term operation and 
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oxidized the anode, thus playing a key role in maximizing the co-ion repulsion 

charge.  

Next, MCDI maintained high charge efficiency even in long-term operation. In the 

above, the salt adsorption capacity of MCDI was reduced by about 17% in long-

term operation, but the total charge was also reduced by 17% (Figure 4-14), so the 

efficiency of the charge consumed by the adsorption was constant. The amount of 

charge consumed by the Faradaic reaction was slightly increased by the Faraday 

reaction, but this charge was still about 1%. Despite the partial oxidation of anode, 

the ion exchange membranes can control co-ion repulsion. Therefore, it was 

possible to maintain the high charge efficiency by preventing charge consumption 

for co-ion repulsion. 
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Figure 4-13. Charge consumption distribution of short and long-term CDI and 

MCDI systems. The charge consists of adsorption, Faradaic reaction, co-ion 

repulsion, and current leakages. The charge consumed in the Faradaic reaction was 

obtained based on the concentration of Faradaic reaction byproducts.  
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Figure 4-14. Current profiles at the initial and the last cycle in long term cycled 

CDI and MCDI systems. Current was used for calculation of total charge in Table 

4-3.  
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Table 4-3. Charge consumption distribution in long-term cycled CDI and MCDI. 

 

𝐶𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 + 𝐶𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 + 𝐶𝑐𝑜−𝑖𝑜𝑛 𝑟𝑒𝑝𝑢𝑙𝑠𝑖𝑜𝑛 + 𝐶𝑙𝑒𝑎𝑘𝑎𝑔𝑒 

𝐶𝑡𝑜𝑡𝑎𝑙 = ∫ 𝐼 · 𝑑𝑡 

𝐶𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = ∫([𝑁𝑎𝐶𝑙]𝑖𝑛 − [𝑁𝑎𝐶𝑙]𝑜𝑢𝑡) ·  𝛷 · 𝑑𝑡 · 𝐹 

𝐶𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 = 𝐶𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 + 𝐶𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 ≈ 𝐶𝐻2𝑂2
+ 𝐶𝐻+  

𝐶𝐻2𝑂2
= ∫ 2 · [𝐻2𝑂2]𝑜𝑢𝑡 · 𝛷 · 𝑑𝑡 · 𝐹 

𝐶𝐻+ = ∫ ([𝐻+]𝑜𝑢𝑡 − [𝐻+]𝑝𝑒𝑎𝑘 𝑝𝐻)
𝑡2

𝑡1

· 𝛷 · 𝑑𝑡 · 𝐹 

𝐶𝑙𝑒𝑎𝑘𝑎𝑔𝑒 = (𝐼𝑟𝑒𝑠𝑖𝑑𝑢𝑒 − 𝐼𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛)𝑎𝑡 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 ∙ 𝑡    

𝐶𝑐𝑜−𝑖𝑜𝑛 𝑟𝑒𝑝𝑢𝑙𝑠𝑖𝑜𝑛 =  𝐶𝑡𝑜𝑡𝑎𝑙 − 𝐶𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 − 𝐶𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 − 𝐶𝑙𝑒𝑎𝑘𝑎𝑔𝑒 

[𝐻+]𝑝𝑒𝑎𝑘 𝑝𝐻 is the H+ concentration at peak pH (the highest pH during charge); 

t1 is when the pH decrease started after the peak pH; t2 is when the end of charge;  

𝐶𝑙𝑒𝑎𝑘𝑎𝑔𝑒  was obtained from leakage current at adsorption saturation based on 

MCDI. 
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4.2.5. Improvement of long-term stability by Faradaic reaction 

control  

The MCDI system with ion exchange membrane was protected from the Faradaic 

reaction, resulting in a stable long-term performance. In this study, two methods 

of modifying the operating condition and electrode have been proposed to improve 

the long-term stability and interpreted in connection with Faradaic reaction. Firstly, 

it is performed through a control of operating condition. In the case of the CDI 

system, in which alternating reverse potentials were applied during the charging 

process, positive potentials were alternately applied to the two electrodes, resulting 

in symmetric oxidation. Figure 4-15 shows the FTIR spectra of long-term cycled 

electrodes in reverse potential applied CDI in comparison with the control. It was 

confirmed that the oxygen-containing functional groups were symmetrically 

developed in the two electrodes with the alternating reverse potentials. Figure 4-

16 shows the working potential of electrodes after long-term operation with 

reverse potential. In contrast to Figure 4-4a, balanced distributions of anode and 

cathode were observed in long-term operation. Figure 4-17 shows the conductivity 

profile (a) and normalized SAC (b) of reverse potential applied CDI in long-term 

operation. CDI with alternating reverse potential produced much less reduction in 

desalination performance because oxidation and reduction occurred at both 

electrodes, maintaining the initial balanced potential distribution and symmetrical 

electrode characteristics. Improvement of long-term stability through applying 

alternate reverse potential was similarly reported in a previous study [58]. However, 
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oxidation of the electrodes cannot completely avoid with applying alternate 

reverse potential and eventually the initial performance was lost. In addition, there 

has been an attempt to improve the long-term performance, such as controlling the 

amount of DO in the feed or changing the flow type, but these also cannot prevent 

the electrode oxidation [28].  

The following is the modification of the electrode through the ion exchange 

polymer (IEP) coating. The coating of IEP has been mainly used because it is 

cheaper than ion exchange membrane. However, this study further discussed IEP 

coatings in relation to Faradaic reaction and long term stability. Figure 4-18 shows 

the effluent pH (a) and H2O2 concentration (b) in the systems with IEP applied 

electrodes. In the case of an electrode coated with an IEP, less fluctuation in the 

effluent pH and generation of H2O2 were observed than in the case of IEP covered 

electrode. Figure 4-19 shows the normalized SAC of CDI system with IEP covered 

and coated electrode in long-term operation. The IEP film covered system showed 

about 61% higher stability than the control (no IEP) and the CDI with the IEP 

coated electrode showed 32% higher performance than that of the control. Less 

Faradaic reaction and stable long-term performance of IEP coating electrode can 

explain with less water contact of electrode. The use of ion exchange membranes 

can limit the transfer of oxygen and other generated Faradaic reaction products, 

thus it limited additional Faraday reaction. However, when an IEP coated electrode 

is used, the water contact reduced between the electrode and the IEP, so that the 

Faradaic reaction caused by the water can additionally be restricted. Carbon is 
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oxidized by water (Reaction 3-15), which is a key cause of long-term performance 

decline. Therefore, further control of water by IEP coating can contribute to 

prevention of oxidation of carbon electrode and improvement of long term stability. 

In conclusion, in order to prevent electrode oxidation and improve long-term 

stability, it is more effective to control or prevent surface reactions as a whole by 

IEP coating rather than controlling specific reactants or reactions. 

  



108 

 

Figure 4-15. The FTIR spectra of long-term cycled electrode in reverse potential 

applied CDI in comparison with the control. 
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Figure 4-16. The working potentials of electrodes after long-term operation with 

alternated reverse potential. 
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Figure 4-17. (a) The conductivity profile and (b) normalized SAC of alternate 

reversed potential applied CDI and the control CDI in long-term operation. 
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Figure 4-18. (a) The effluent pH and (b) H2O2 concentration of the systems with 

ion exchange polymer (IEP) covered or coated electrodes in comparison with the 

control (no IEP). 
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Figure 4-19. Normalized SAC of CDI systems with ion exchange polymer (IEP) 

covered or coated electrodes in comparison with the control (no IEP). 
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4.3. Summary 

In long-term operation of CDI and MCDI, the changes of Faradaic reaction 

property was analyzed and the decrease in deionization performance was 

interpreted from the synergistic effects of Faradaic reaction and co-ion repulsion. 

The generated H2O2 and the acidified pH were steadily shown in long term, while 

the peak pH (maximum pH in charging step) decreased slightly. This is expected 

to be due to occurrence of additional oxidation reactions with positively shift of 

anode working potential. In addition, the anode was asymmetrically oxidized, 

especially in the CDI system, and showed a performance reduction of 85%. The 

oxidized surface enhances co-ion repulsion reducing desalination performance. 

However, in spite of partially oxidized electrodes in MCDI, co-ion repulsion could 

be limited by the ion-exchange membrane, which may have less impact on 

performance (~17% reduction). In addition, in long-term operation, the change in 

charge dissipation distribution was very large in CDI, but rarely in MCDI. The 

reason for the significant reduction in charge efficiency in CDI was the first co-

ion repulsion increased to 54%, followed by the Faradaic reaction of 13%. The 

greatly increased co-ion repulsion was caused by the oxidized anode by the long-

term accumulated Faradaic reaction. On the other hand, the MCDI system, which 

may be free from co-ion repulsion, could have a steady charge efficiency despite 

a little oxidation of anode. In addition, long-term stability improvement could be 

achieved through applying alternate reverse potential and IEP coating.  
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5. Conclusion  

In this study, temporal and spatial characteristics of Faradaic reactions were 

analyzed and their effect on deionization performance was interpreted. Firstly, 

the H2O2 formation and pH change in case of MCDI ([H2O2] = 5.5 μM) were 

much smaller than that of CDI (37.0 μM), indicating the occurrence of less 

Faradaic reactions for MCDI. However, the surface pH of carbon electrode in 

the MCDI was much more acidic (pH ~1.5) at the anode and more basic at the 

cathode (pH ~ 11.7), indicating the deterred transfer of byproducts (OH- and H+) 

generated in the compartment inside of ion change membrane. The limited 

transfer of byproducts in the MCDI can result in depletion of the reactants (H+, 

OH-, O2, and H2O2) at the surface, thereby preventing additional Faradaic 

reactions. In addition, the quantitative analysis regarding the extent of Faradaic 

reaction between these two systems were provided based on measured 

byproducts (H2O2 and H+). The charge consumption for the Faradaic reaction 

was about 10% in CDI and the charge for co-ion repulsion was about 13%. 

Secondly, continuous Faradaic reaction phenomenon and change of desalination 

performance were observed in long-term operation. The long term study 

indicated that the performance reduction of desalination in MCDI (17% 

reduction) was much smaller than that of CDI (85% reduction), as supported by 

their asymmetrically oxidized carbon electrodes analyzed by FT-IR, CV, and 

XPS. The steady Faradaic reaction (19% of charge consumption) caused an 

asymmetric oxidation of the anode, leading to a 54% increase in co-ion 
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repulsion charge and a significant reduction in desalination performance. 

Finally, IEP coatings was suggested to improve long term stability by effectively 

preventing surface reactions at the electrode, including carbon oxidation by 

water. These results can improve the accuracy of CDI performance evaluation, 

especially with regard to the effect of Faradaic reactions, and contribute to the 

study of short term performance improvement and long term stability 

development.  
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국문초록 

축전식 탈염 (Capacitive deionization: CDI)기술은 다공성 활성탄 

전극 사이에 전위차를 인가하여 염수의 염을 제거하는 담수화 

공정이다. 막 축전식 탈염 (MCDI)공정은 이온교환막을 전극 사이에 

추가로 장착하여 담수화 용량을 향상시킨 가장 널리 사용되는 CDI 

시스템이다. 축전식 탈염기술은 Non Faradaic 반응에 의해 주로 

탈염이 이루어 지는 것으로 알려져 있으나 최근에는 과산화수소 

생성과 pH 변화와 그리고 탄소 전극의 산화와 관련한 Faradaic 

반응에 대해 제한적인 보고가 있었다. 따라서 CDI 와 MCDI 

시스템에서 Faradaic 반응특성에 대한 심층적인 연구가 요구된다. 

본 연구는 CDI 와 MCDI 시스템에서 Faradaic 반응의 특성과 담수화 

성능에 끼치는 영향을 정략적으로 분석 하고자 하였다. 주요 연구 

결과로써, 첫 번째는 과산화 수소의 발생 및 유출수 pH 의 변화가 

CDI 대비 (과산화수소 ~37.0 μM) MCDI (~5.5 μM)에서 훨씬 

적었으며, 이는 MCDI 에서 패러데이 반응이 적게 발생함을 의미한다. 

반면, MCDI 시스템에서 전극 표면의 pH 는 CDI 대비 양극에서 보다 

강한 산성을 띄고 (pH~1.5) 음극에서 강한 염기성을 띄었으며 

(pH~11.7), 이는 MCDI 의 이온교환막에 의하여 발생된 반응 부산물 

들(수소이온과 수산화이온)의 이동이 제한되기 때문으로 설명될 수 
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있었다. 두 번째로, 장기운전 연구 결과에 따르면, 

MCDI(~17%)에서의 담수화 성능 감소는 CDI(~85%)보다 훨씬 

적었으며, 이는 장기 운전된 전극의 FT-IR, CV 와 XPS 분석 결과 

비대칭적으로 산화된 양극에 의하여 야기될 수 있었다. 또한, 장기 

성능감소를 극복하기 위한 전략으로 이온교환수지의 코팅과 교차전위 

인가 방법이 제안되었다. 마지막으로, 본 연구를 통한 단기 또는 장기 

담수화 성능에 영향을 끼치는 Faradaic 반응에 대한 보다 깊은 

이해는 궁극적으로 CDI 성능 및 장기 안정성 향상 연구에 기여할 수 

있을 것이다. 

 

주요어: 축전식 탈염공정, 담수화, Faradaic 반응, pH 분포, 과산화수소, 

탄소전극 산화, 전하 소비 
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