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Water Impact Statement

The development of more efficient water treatment processes is needed for many desalination and 
separation applications. Capacitive deionization (CDI) and membrane-assisted capacitive deionization 
(MCDI) may offer advantages over current processes with proper electrode and system design. In this 
work, the influence of ion exchange membranes on the local pH and carbon electrode stability is 
elucidated in CDI and MCDI cells.
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Abstract

In this work, the effect of pH and potential is examined for the oxidation of carbon cloth 

electrodes used in capacitive deionization (CDI) processes. The degree of oxidation of the 

electrode surface, examined using the electrode’s potential of zero charge (Epzc) and measured 

using chronoamperometry and cyclic voltammetry, is found to be strongly correlated to the pH 
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of the solution at the interface. Local pH measurements are examined at anodes and cathodes in 

full CDI and membrane-assisted capacitive deionization (MCDI) cells at cell voltages ranging from 

0.3-1.2 V. The cathode is shown to be basic under charging potentials while the anode is found 

to be acidic. This local pH is found to be highly transient during charging and discharging in CDI 

cells while the pH is found to be relatively static in the MCDI cells, maintaining a basic pH at the 

cathode and an acidic pH at the anode even when the cell is discharged. Ion exchange 

membranes (IEM) are found to have two functions: (1) limiting co-ion expulsion that results from 

specific ion adsorption and (2) limiting the effects of parasitic Faradaic reactions on the 

separation process by stabilizing the local pH thereby mitigating dissolved oxygen reduction at 

the cathode and lessening carbon oxidation at the anode. Performance comparisons including 

the salt adsorption capacity and charge efficiency are also compared for these systems. 

Introduction

Access to clean water continues to be an ever-increasing global issue. New and innovative 

solutions to water treatment are needed to address biological, suspended solids, organics, hard 

mineral, and bulk salt removal in a variety of applications such as brackish water treatment, 

seawater desalination, irrigation, and specific ion removal, among others. While conventional 

methods such as multi-stage flash distillation remain in use even as membranes become more 

common for bulk water treatment, new methods will need to be used to address the 

shortcomings of all existing methods. 
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Nanofiltration and reverse osmosis (RO) hold many advantages over previous and emerging 

water treatment methods, including operating within twofold of the thermodynamic minimum 

energy required for separation.1 RO has become the separation method of choice for seawater 

desalination, largely in part due to the low energy requirements. However, pretreatment 

required for these membranes can be quite extensive, specifically necessitating chlorine removal 

for municipal water treatment processes and addressing hard mineral content that can result in 

scaling of the membrane surface. Capacitive deionization (CDI) and membrane-assisted 

capacitive deionization (MCDI) may offer some unique advantages over membrane-based 

technologies due to the removal mechanism where cations and anions are adsorbed to opposing 

interfaces, decreasing the likelihood of interactions at a sole interface.2-4 Research in CDI and 

MCDI systems has classically been carried out on carbon electrodes, cell designs, operation and 

simulation, and new materials developments.5-15 Recent works have focused on the importance 

of energy efficiency in the assessment of new water treatment methods.16-22 Moreover, selective 

ion removal may be accomplished more easily through some of the mechanisms available at 

these more discrete interfaces.1, 23, 24 

Gaining insights into the pH swings caused by electrochemical reactions in a CDI cell is critically 

important in order to achieve efficient, reliable, and stable salt separation processes.25-29 Carbon 

oxidation at the anode and dissolved oxygen reduction at the cathode in a CDI cell are two of the 

classically studied reactions that trigger pH swings, adversely impacting the energy efficiency, 

adsorption efficiency, and operating stability.30-33 For instance, as demonstrated in Figure 1(a), 

dissolved oxygen reduction at the cathode increases the solution’s pH with the production of 

OH-, possibly exacerbating carbon oxidation at the anode in certain CDI configurations, e.g., flow-
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through, due to a decrease in the Nernstian potential for carbon oxidation when OH- migrates 

toward the anode.34 In contrast, these co-ions are repelled in the MCDI configuration (Figure 

1(b)).  While dissolved oxygen is shown to permeate the cation exchange membrane at the 

cathode, this permeation is largely mitigated using commercially available ion exchange 

membranes, as shown in previous works.4, 27 Therefore, dissolved oxygen reduction is expected 

to be low at the cathode in MCDI. As is now generally accepted, degradation in CDI performance 

is mainly accounted for by anodic carbon oxidation, so mitigating this reaction from occurring 

has become paramount.30, 31 Therefore, if possible, carbon electrode and cell designs should be 

adapted that control the effect of parasitic reaction products and take into account the nearly 

inevitable pH swings that occur at each electrode interface. 

The pH of a solution has a direct impact on the Nernst potential for many electrochemical 

reactions. In addition, cell potentials in CDI and MCDI systems are generally kept below 1.229 V 

to theoretically avoid oxygen evolution at the anode (positive electrode) and hydrogen evolution 

at the cathode (negative electrode). Oxygen evolution reaction potentials are shown in Eq. (1) 

and (2) for solution pH of 0 and 14, respectively.

(1)2𝐻2𝑂→𝑂2 +4𝐻 + +4𝑒 ― , 𝐸0 = 0.988 𝑉 𝑣𝑠. 𝑆𝐶𝐸, 𝑝𝐻 = 0

(2)4𝑂𝐻 ― →𝑂2 + 2𝐻2𝑂 + 4𝑒 ― , 𝐸0 = 0.160 𝑉 𝑣𝑠. 𝑆𝐶𝐸, 𝑝𝐻 = 14

Reactions can also be written for hydrogen evolution as a function of solution pH, which are 

shown in Eq. (3) and (4) for solution pH of 0 and 14, respectively.

(3)2𝐻 + +2𝑒 ― →𝐻2, 𝐸0 = ―0.241 𝑉 𝑣𝑠. 𝑆𝐶𝐸, 𝑝𝐻 = 0
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(4)2𝐻2𝑂 + 2𝑒 ― →𝐻2 +2𝑂𝐻 ― , 𝐸0 = ―1.069 𝑉 𝑣𝑠. 𝑆𝐶𝐸, 𝑝𝐻 = 14

Due to the overpotentials for these two and four-electron reactions as well as the cell potentials 

used to conduct the separation process, gaseous products are generally not expected in CDI and 

MCDI cells. However, other two-electron processes such as carbon oxidation at the anode and 

oxygen reduction at the cathode have been shown to occur. These pH-dependent reactions are 

shown in Eq. (5-6) for the carbon oxidation and Eq. (7-8) for the oxygen reduction.28

(5)𝐶 + 𝐻2𝑂→𝐶 ― 𝑂𝑎𝑑𝑠 +2𝐻 + +2𝑒 ― , 𝐸0 = ―0.034 𝑉 𝑣𝑠. 𝑆𝐶𝐸, 𝑝𝐻 = 0

              (6)𝐶 + 2𝑂𝐻 ― →𝐶 ― 𝑂𝑎𝑑𝑠 + 𝐻2𝑂 + 2𝑒 ― , 𝐸0 = ―0.862 𝑉 𝑣𝑠. 𝑆𝐶𝐸, 𝑝𝐻 = 14

(7)𝑂2 +2𝐻 + +2𝑒 ― →𝐻2𝑂2, 𝐸0 = 0.449 𝑉 𝑣𝑠. 𝑆𝐶𝐸, 𝑝𝐻 = 0

(8)𝑂2 + 𝐻2𝑂 + 2𝑒 ― →𝐻𝑂 ―
2 + 𝑂𝐻 ― , 𝐸0 = ―0.379 𝑉 𝑣𝑠. 𝑆𝐶𝐸, 𝑝𝐻 = 14

Therefore, while gaseous products are unlikely to form, there exist multiple Faradaic reactions 

that can and do occur in CDI systems.27-29 Monitoring and mitigation of these reactions and the 

subsequent deleterious separation effects they cause is necessary to ensure a long-lasting and 

efficient separation process. 

Through this work, pH-dependent reactions at carbon anodes and cathodes are probed in both 

flow-by CDI and MCDI cells. Local pH measurements are used to explain and quantify parasitic 

reactions at each electrode that induce efficiency losses for the separation process, building upon 

previous work that focused solely on the CDI architectures.35 MCDI cells are shown to have not 

only higher charge efficiencies due to the mitigation of co-ion expulsion but also the ability of ion 

exchange membranes (IEM) to limit the pH swing resulting from parasitic reactions at the 
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electrode interfaces and retaining preferential reaction products at the electrode interface. IEMs 

are further shown to maintain a near-constant pH at the electrode interface under 

charging/discharge conditions in MCDI, which is in direct contrast to the transient pH responses 

seen in a conventional flow-by CDI configuration. The magnitude of transient local pH 

measurements is measured in both CDI and MCDI configurations as a function of cell potential 

for the first time. Suggestions on how to improve separation and energy efficiencies are 

proposed.

Figure 1. pH influence for (a) CDI vs (b) MCDI cells. H+ generated at the anode and OH- generated 

at the cathode have direct access to the bulk solution in CDI cells while these species are hindered 

in MCDI cells due to the presence of ion exchange membranes. 

Materials and Methods
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Electrochemical Characterization

Electrochemical tests were performed using a three-electrode cell configured with Kynol carbon 

cloth electrodes with the areal size of 0.6 x 0.6 cm2 (or mass of approximately 0.005 g), a 

saturated calomel electrode (SCE), and a titanium mesh counter electrode. All three electrodes 

were connected to an Autolab PGSTAT128N potentiostat. 

To investigate the effect of solution pH on carbon oxidation, chronoamperometry was carried 

out at 0.8 V vs. SCE for 32,000 s in 40 mL of NaCl solution with the pH adjusted to 10.1 and 3.3 

using either NaOH or HCl with a total ionic strength of 4.3 mM. These pH values were chosen to 

reflect the more extreme local pH conditions seen at the carbon cloth electrode interfaces. 

Subsequently, after chronoamperometry at this oxidizing potential, the carbon cloth electrode 

was rinsed with a copious amount of deionized water followed by conducting cyclic voltammetry 

at 0.5 mV s-1 from -1.0 V to 1.0 V vs. SCE in 40 mL of 4.3 mM NaCl solution. To evaluate the used 

(or cycled) electrodes from both the MCDI and CDI cells, the used electrode was resized into 0.6 

x 0.6 cm2 to assemble a similar three-electrode cell as mentioned above. Cyclic voltammetry was 

then conducted at 0.5 mV s-1 from -0.6 V to 0.8 V vs. SCE in 40 mL of 4.3 mM NaCl solution.

Construction of pH Cell

A specially designed pH cell was used to investigate local pH conditions at the anode and cathode 

in both CDI and MCDI cells. Shown below in Figure 2 is a general schematic of the cell used in this 

study with actual pictures of the cell shown in Figure S4. Orion AquaProTM flat-surface pH probes 

were purchased from Thermo Scientific to measure the local pH conditions at the anode and 

cathode. The cell stack consisted of grade 2 titanium mesh, Kynol carbon cloth electrode, a 
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porous nylon mesh purchased from McMaster Carr with a thickness of approximately 100 µm, a 

second Kynol carbon cloth electrode, and a second grade 2 titanium mesh. The flat-surface pH 

probes accessed the local pH conditions at the anode and cathode through a ~1 cm2 circular hole 

cut in the titanium mesh with the probe tips situated directly at the back of the carbon electrodes. 

By measuring the conditions at the back of the carbon cloth electrode, local pH conditions could 

be better resolved instead of being in the direct solution flow path. Transient pH responses 

showed that pH measurements were relevant to the solution-accessible electrode surface. Salt 

solution was fed through the bottom of the cell in a flow-by configuration and exited through the 

top of the cell. The only change from the CDI cell to the MCDI cell was the inclusion of a Neosepta 

AMX anion exchange membrane covering the anode and a Neosepta CMX cation exchange 

membrane covering the cathode to sandwich the porous separator. The carbon cloth dimensions 

were 5 cm x 5 cm with the ion exchange membranes being similar but slightly larger in dimension.

Figure 2. The cell is symmetrically separated by a porous separator. Each half-cell consists of a 

carbon cloth electrode, a Ti mesh current collector, and a flat-surface pH electrode.
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Capacitive Deionization Characterization

CDI and MCDI studies were carried out using the cell described above with the sole difference 

being the inclusions of Neosepta AMX and CMX ion exchange membranes being used in the MCDI 

cell. The solution used for adsorption/desorption studies was 400 ml of 4.3 mM NaCl. Solution 

was recirculated at a flow rate of approximately 20 ml/min through the system in a batch-mode 

type flow path. The total carbon mass used in the experiment was  about0.6 g in both the CDI 

and MCDI studies, with new carbon being used for each experiment. Charging and discharging 

was carried out at 30 min for each step. Charging potentials of 0.3, 0.6, 0.9, and 1.2 V were used 

while discharge was carried out solely at short-circuit, 0 V. A minimum of three cycles at each 

charging potential was conducted. Current, conductivity, and the local pH at the anode and 

cathode were logged at a rate of 0.2 Hz. The salt adsorption capacity (SAC, mg NaCl/g electrode) 

and charge efficiency (Λ) were calculated using equations 9 and 10, respectively.

(9)𝑆𝐴𝐶 =
𝐴 × 𝑀𝑊𝑁𝑎𝐶𝑙 × ∆𝜎 × 𝑉

𝑚

(10)Λ =
𝑆𝐴𝐶 × 𝐹/𝑀𝑊𝑁𝑎𝐶𝑙

𝑄 × 100

where A is a calibration parameter (8.87 × 10−3 mol·cm·mg/L·μS·g), MWNaCl is the molecular 

weight of sodium chloride in g/mol, Δσ is the change in conductivity during the charging cycle in 

µS/cm, V is the solution volume in L, m is the mass of carbon electrode in g, F is Faraday’s constant 

(96,485 C/mol), and Q is the charge passed per gram of carbon in C/g. The SAC is calculated to be 

mg of salt per gram of carbon. The value is converted to be gram of salt per gram of carbon in 

the calculation of the charge efficiency. A calibration plot of NaCl concentration vs. conductivity 

is shown in Figure S5.
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Results and Discussion

To examine the effect of pH on carbon oxidation, stepped potential studies were conducted using 

a three-electrode cell and chronoamperometry in electrolytes with varying pH. The potential of 

zero charge (EPZC) of the carbon electrode was examined through cyclic voltammetry both before 

and after the stepped potential. A positive shift in the Epzc signals oxidation of the electrode 

surface, something that has been shown in multiple previous works.30, 31 Shown in Figure 3a is 

the current density of a microporous carbon cloth working electrode with 0.8 V vs. SCE being 

applied in both pH 10.1 and 3.3 NaCl electrolytes with the total ionic strength being held constant 

at 4.3 mM. This step potential was held for 32,000 s, approximately 8.9 hours, in each electrolyte. 

The steady-state current density, resulting mainly from Faradaic reactions, is found to be 18.6 

mA/g and 16.4 mA/g for the pH 10.1 and pH 3.3 electrolytes, respectively, after 30,000 s. Such 

an observation indicates that, at a pH of 10.1, the pH-dependent carbon oxidation reaction 

written in Eq. (6) would have a Nernstian potential of -0.632 V vs. SCE, providing an overpotential 

of 1.432 V. Likewise, at a pH of 3.3, the Nernstian potential would be -0.228 V vs. SCE, reducing 

the overpotential to 1.03 V. The noted current density is approximately 13% higher at a pH of 

10.1, resulting from the higher overpotential of reaction seen in this electrolyte. As shown in 

Figure 3b, the Epzc, typically found –0.1-0.1 V vs. SCE for the pristine carbon cloth electrode,12, 29 

is shown to have shifted to nearly 0.3 V vs. SCE for the pH 3.3 solution and close to 0.4 V vs. SCE 

for the pH 10.1 solution, demonstrating the impact of overpotential on the resulting oxidation of 

the carbon surface. 
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(a)
EPZC,pristine

(b)

EPZC,pH=3.27

EPZC,pH=10.10

Figure 3. (a) Chronoamperometric treatment of the Kynol electrode at 0.8 V vs. SCE for 32,000 s 

in the NaCl solution with adjusted pH of 10.1 and 3.3, in which the total ionic strength is kept at 

4.3 mM. (b) After chronoamperometry, voltammetry at 0.5 mV s-1 was carried out to track the 

EPZC for the treated electrode in 4.3 mM NaCl solution without pH adjustment.  Voltammetry at 

0.5 mV s-1 for a pristine carbon cloth is also shown for comparison.

This experiment could be subsequently examined for a wide range of pH values with the rate of 

shift in Epzc being dependent on the electrolyte pH and applied potential, among other factors 

such as electrolyte volume, purge conditions, and electrolyte composition as well as specific ion 

adsorption. For the purposes of this study, the carbon oxidation reaction is pH dependent is 

further confirmed through these stepped potentials, and it mirrors similar results in past works 

that has shown the degradation of a CDI system being dependent on the cell potential used to 

conduct the separation process.13, 31
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Carbon electrodes are used in both CDI and MCDI processes, but prior studies have shown the 

MCDI process is far more stable than a CDI process.36 The main difference between these two 

systems lies in the ion-exchange membranes (IEMs).  In MCDI, an anion exchange membrane is 

placed over the anode while a cation exchange membrane is placed over the cathode. These 

membranes are primarily meant to limit co-ion efficiency losses, meaning cations being desorbed 

at the anode and anions being desorbed from the cathode under an applied potential. These 

membranes may have an additional function such as stabilizing the local pH, therefore mitigating 

the pH-dependent carbon oxidation as discussed via Eq. (5-8). If carbon oxidation were to occur 

at the anode, the pH would be lowered due to the generation of protons as water reacts with the 

carbon surface, as shown in Eq. (5). These protons would be hindered from entering the bulk 

solution flow as they would need to first pass through an anion exchange membrane. While an 

anion exchange membrane cannot be expected to be 100% selective, it will likely hinder protons 

emanating from this reaction from entering the bulk solution. The creation of a locally acidic pH 

at the anode may decrease the oxidation rate of the carbon anode, mitigating Faradaic reaction 

and increasing the efficiency of the process. Likewise, at the cathode, if oxygen reduction were 

to occur, the hydroxide ions generated through that reaction would be hindered from meeting 

the bulk solution as they would need to pass through the cation exchange membrane first. In 

future studies, measurement of the concentration of ions at the carbon electrode-electrolyte 

interface in CDI and MCDI cells would also be useful.

To investigate the effect of IEMs on Faradaic reactions in CDI cells, the local pH conditions was 

examined in both CDI and MCDI systems. Cells were constructed with microporous carbon cloth 

electrodes at the anode and cathode, as shown in Figure 2. In the case of MCDI, a Neosepta anion 
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exchange membrane and a Neosepta cation exchange membrane were placed over the anode 

and cathode, respectively. The carbon electrodes were approximately 5 cm x 5 cm with IEMs 

completely covering the carbon surfaces. Near electrode pH probes were used to track the 

dynamic pH environment at the electrode surfaces, and pH and current were tracked as a 

function of stepped cell potentials. Charging and discharge were carried out for 30 min each. 

Shown in Figure 4a and 4b are the local pH response and current for the MCDI cell at a cell 

potential of 1.2 V after >70 hours of cycling. The local pH at the anode remains acidic under 

charging and discharging conditions, with the pH slightly decreasing under potential down to 2.9 

and then slightly rising when the cell was short-circuited. The local pH at the cathode stays basic, 

approximately 11.3, under both charging and discharging conditions as well. The steady-state 

current at the end of the charging cycle is 3.8 mA. Shown in Figure 4c and 4d are the local pH 

response and current for the CDI cell at a cell potential of 1.2 V. Unlike the MCDI cell, large 

fluctuations in the pH are seen under charging and discharging steps. The pH of both the anode 

and cathode return to close to neutral when discharging but diverge rapidly when under charging 

conditions. The pH at the anode reaches nearly 2.7 at the end of the charging cycle while the 

cathode reaches a pH of 10.3. The ability of the bulk solution to easily and quickly access the bulk 

of the carbon electrode results in these transient pH responses in the CDI cell while the IEMs in 

the MCDI cell limit this process. At the end of each discharging cycle, the anode in a CDI cell is 

returned to a more basic pH, increasing the magnitude of the overpotential towards carbon 

oxidation at the start of the next charging cycle. The steady-state current in the CDI cell is 

approximately 5.1 mA, notably over 30% higher than the current in the MCDI cell, with higher 

peak current and overall charge. It should also be noted that the potential at the anode in both 

Page 14 of 27Environmental Science: Water Research & Technology



14

cell configurations has been shown to be high enough for oxygen evolution to occur.29, 33, 36 

However, oxygen evolution on carbon electrodes is typically quite unfavorable kinetically, with 

heteroatom doping used to promote appreciable oxygen evolution rates.37 Therefore, that 

reaction has generally been neglected here but is certainly worthy of mention. No visible gas 

evolution was seen in the outlet stream, but more work may be used to quantify any evolved 

gases.
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Figure 4. MCDI (a) pH and (b) current responses and CDI (a) pH and (b) current responses in a 

flow-by cell using an applied potential of 1.2 V in a 4.3 mM NaCl electrolyte with no nitrogen 

purging.  

To investigate this effect further, the pH and current responses were examined for MCDI and CDI 

cells as a function of the cell potential. Cell potentials of 0.3, 0.6, 0.9, and 1.2 V were used for 

comparison, and the dynamic near electrode pH profiles are shown for both MCDI and CDI 

architectures are shown in Figure S1 with Figure S2 showing the outlet pH response after various 

time periods of cycling operation. As the potential is increased in both the MCDI and CDI cells, 

the pH at the anode and cathode diverges further. However, as was initially noted in Figure 4, 

the local pH does not return to near neutral in the MCDI cell and instead is relatively flat in 

between charging and discharging steps. In these experiments, the cell potential was 

progressively increased from 0.3 V through 1.2 V, leaving the local pH at the anode progressively 

more acidic and the pH at the cathode more basic. The steady-state current also rose in each cell 

as the cell potential was increased, although the magnitude of this increase in current was greater 

in the CDI cell than in the MCDI one. At cell potentials of 0.3, 0.6, 0.9, and 1.2 V, the steady-state 

currents in the MCDI cell were 0.4, 1.1, 1.9, and 3.8 mA, respectively. Likewise, in the CDI cell, at 

cell potentials of 0.3, 0.6, 0.9, and 1.2 V, the steady-state currents at the end of the charging cycle 

were 0.4, 1.4, 3.1, and 5.1 mA, respectively. These values highlight the protection against 

Faradaic current offered by the IEMs in the MCDI cell. However, these lower currents are also 

due to the reduced driving force for oxidation at the carbon anode due to the maintained locally 

acidic condition found at that electrode. These results mirror those found in the 
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chronoamperometry study mentioned earlier. It should also be noted that while similar 

conditions were maintained between experiments in this study, the inclusion of IEMs in the cell 

stack adds an extra resistive barrier that can aid in decreasing charging current, and also 

modulate pH and restrict dissolved oxygen access to the electrode to decrease parasitic faradaic 

current.38 The anion exchange membrane (AEM) used here, AMX from Neosepta, has an ohmic 

resistance of 2.6 Ω·cm2 while the cation exchange membrane (CEM) used here, CMX from 

Neosepta, has an ohmic resistance of 1.8 Ω·cm2. With an overall area of 25 cm2 for both the AEM 

and CEM and a peak current of 30.9 mA, the voltage drop from these IEMs is <0.01 V. However, 

at higher current densities and further scale-up of these systems, the voltage drop from these 

IEMs cannot be neglected. The peak current seen in the MCDI cell was only 30.9 mA, while for 

the CDI cell, this value was also slightly higher at 33.5 mA. 

While the steady-state current is lower in the MCDI cell, there still exists some current and 

therefore likely carbon oxidation taking place at the anode. Under similar conditions, carbon 

anodes in MCDI cells are expected to oxidize at a slower rate than in CDI cells. Pristine 

microporous carbon cloth as well as used cathodes and anodes from both the CDI and MCDI cells 

were examined using cyclic voltammetry (CV) to evaluate shifts in the Epzc and subsequently 

degrees of oxidation to the carbon surface. Shown below in Figure 5 are the resulting CVs for 

both of these cells. The cathode shows minor shifts in the Epzc from -0.12 V vs. SCE to -0.03 V vs. 

SCE for the MCDI cell and to 0.01 V vs. SCE for the CDI cell. Oxidation of the carbon cathode may 

be due to reactions with hydrogen peroxide that is generated due to oxygen reduction. Larger 

shifts in the Epzc were seen at the anode. The Epzc shifted from -0.12 V vs. SCE to 0.09 V vs. SCE for 

the MCDI cell and to 0.28 V vs. SCE for the CDI cell. These results further confirm the protection 
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offered by the IEMs in the MCDI cell, which are not only important for limiting co-ion expulsion 

but also for creating local pH environments that will limit the extent of parasitic Faradaic 

reactions from occurring. The cation exchange membrane in the MCDI cell may also be 

responsible for limiting dissolved oxygen access to the cathode, something that has been shown 

in multiple previous works.4, 27

Figure 5. Changes in the cyclic voltammograms for the used (a) anode and (b) cathodes before 

and after the MCDI and CDI tests. The tests were performed at 0.5 mV s-1 in 4.3 mM NaCl solution.

Finally, the performance of the MCDI and CDI systems were assessed using conventional metrics 

of SAC and charge efficiency. Shown in Figure 6 are the SAC and charge efficiency as a function 

of cell potential with values presented from an average of at least 3 cycles. Each system was run 

with a small solution volume of 400 ml that was recirculating at 20 ml/min, providing a turnover 

of 1.5 times during the 30 min charging process. These calculations are based on bulk changes in 
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the solution conductivity as registered by an in-line conductivity probe. The conductivity and 

current traces for MCDI and CDI cells at 0.3, 0.6, 0.9, and 1.2 V are shown in Figure S3. The SACs 

for the CDI studies ranged from approximately 0.9 to 5.5 mg/g while for the MCDI studies the 

range was notably higher with SACs from 1.5 to 15.5 mg/g. These SAC values are in line with most 

values seen for CDI systems, although the performance of the separation was not optimized for 

this process and was instead optimized for evaluating the near electrode pH values in a dynamic 

charging environment. The charge efficiencies were quite low for the CDI system, ranging from 

38-50%. Charge efficiencies are conventionally lower for CDI systems due to co-ion expulsion 

phenomena and Faradaic reactions. The charge efficiencies for the MCDI system were 

significantly higher, between 62-99%, likely due to considerable mitigation of both co-ion 

expulsion and Faradaic reactions. No effort was made to purge the electrolyte of oxygen, which 

is one area of inefficiency that would have a higher impact in the CDI system. In addition, the 

electrode spacing between the anode and cathode was quite large, at 1.5 mm, which would add 

to decreases in the salt adsorption rate. Further evaluation of the pH and separation performance 

parameters is warranted in other test systems.
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Figure 6. Salt adsorption capacity (SAC) for (a) CDI and (b) MCDI cells as a function of cell voltage. 

Charge efficiency for (c) CDI and (d) MCDI cells as a function of cell voltage.

The studies examined here were carried out with a flow-by cell using a single pair of electrodes. 

While flow-by cell results are expected to be analogous in other systems, they will not be exactly 

the same. For instance, the cell architecture will play a large role in the rate of carbon oxidation 

seen in a cell.30 Cohen et al. showed that flow-by vs. flow-through will have a significant impact 
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on the rate of oxidation of the anode, which can also be attributed to local pH changes generated 

in the system. In a flow-through cell, the high pH generated at the carbon cathode will lead to a 

higher pH stream flowing into the anode, which is under an oxidizing potential. This higher pH 

will increase the overpotential and thereby driving force for the carbon oxidation reaction and 

subsequently increase the rate of oxidation seen in a flow-through cell versus a flow-by cell where 

typically the highest pH seen by the anode is the bulk solution pH. It should be further noted that 

in certain water streams the solution will be buffered, and in those systems, the pH swings at the 

anode and cathode will be more muted. More work is needed in more complex electrolytes to 

examine this point.

As a general outlook, cells will need to be designed that can maintain separation efficiencies with 

the local pH taken into account for the electrolyte chosen. In many recent papers, selective 

separations have been targeted by CDI cells.23, 39-41  However, the local conditions near the 

electrode surface will need to be examined in detail to determine the best conditions under 

which to operate the process. The inclusion of IEMs in these cells could further stabilize the 

separation and provide an additional design parameter when considering size-exclusion or other 

selective polymeric membranes.42 This research is an area of future development.

Conclusions

The local pH at an electrode surface has a direct impact on the overpotential for carbon oxidation 

and dissolved oxygen reduction in capacitive deionization cells. Electrochemical studies 

consisting of chronoamperometry and cyclic voltammetry were used to demonstrate that higher 

Page 21 of 27 Environmental Science: Water Research & Technology



21

solution pH will increase the extent of oxidation at a carbon electrode surface. Subsequently, 

local pH measurements and post-cycling examination of carbon electrodes in CDI and MCDI cells 

were analyzed. The transient local pH found in the CDI studies led to higher cell currents, lower 

separation performance, and more extensive oxidation of the carbon anode. In the MCDI study, 

lower currents combined with more stable pH conditions at the anode (acidic) and cathode 

(basic) lead to an overall reduction in Faradaic reactions and heightened separation performance. 

The use of ion exchange membranes provided multiple positive benefits towards enhancing the 

separation process. The results found here may be used to further benefit next generation CDI 

systems.
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