


 

 

Abstract 

 

Ion-transport Theory, Electrosorption Mechanism, and Application of 

Capacitive Deionization 

By 

Jun Kim 
 

To achieve a highly effective, easy to operate, electrical potential-driven water treatment 

process, three main areas have been investigated. First, a three-dimensional geometry-

based equilibrium model is developed to fully describe the potential overlapping regimes 

from micro- to macro- pores in electrical double layers using the finite size of hydrated 

ions. Second, a membrane capacitive deionization (MCDI) is developed to achieve 

calcium-selective removal in an electrosorption process. Last, but not least, the ion-

removal performance of a layered double hydroxide MCDI electrode is evaluated for the 

removal of lead ions in water.  

 

 

 

 

 

 

 

 

 



 

 
 

II 

 

Acknowledgement 
 

I sincerely appreciate my advisor, Dr. Qilin Li for her generous and considerable support 

throughout my entire PhD research. Not only academic mentoring but also personal 

encouragement, I cannot complete my study without her. 

I would like to thank Dr. Pedro Alvarez, Dr. Rafael Verduzco, and Dr. Menachem 

Elimelech for supporting me as my committee members with valuable advice through NEWT 

research. 

I also thank my lab colleagues, Seth Pedersen, Dr. Katherine Zodrow, Dr. Sen Wang, 

Jinjian Wu, Cong Yu, Jiarui Xu, Bernie Kellogg, Xiaochuan Huang, Ruikun Xin, Dr. Kuichang 

Zuo, Dr. Lu Liu, Manisha Patel, Eva Gil, and Ibrahim Abdallah.     

Finally, I would like to thank my wife, Jong Ah Kim for her endless love and support for 

me and my children.  

 

 

 

 

 

 

 

 

 

 



 

 
 

III 

CONTENTS 

1. Introduction .................................................................................................................................. 1 
2. Research Objectives and Hypothesis ........................................................................................... 3 
3. Literature Review ......................................................................................................................... 5 

3.1 Capacitive deionization (CDI) ............................................................................................... 5 
3.2 membrane Capacitive Deionization (MCDI) ........................................................................ 8 
3.3 Limitation of current (M)CDI .............................................................................................. 10 
3.4 Applications ......................................................................................................................... 11 

4. Detailed Approach ..................................................................................................................... 13 
4.1 Task 1: Investigating electrostatic double layer models in porous carbon and developing a 
volumetric model for capacitive deionization. ............................................................................... 13 

4.1.1 Abstract ............................................................................................................................. 13 
4.1.2 Introduction ...................................................................................................................... 13 
4.1.3 Mathematical description ................................................................................................. 16 
4.1.4 Results and discussion ...................................................................................................... 19 

4.2.3.1 Effect of pore geometry ............................................................................................. 19 
4.2.3.2 Effect of pore diameter .............................................................................................. 23 
4.2.3.3 Effect of the applied voltage ..................................................................................... 26 
4.2.3.4 Effect of bulk solution concentration ........................................................................ 28 
4.2.3.5 Effect of salt species .................................................................................................. 29 

4.1.5 Conclusions ...................................................................................................................... 30 
4.2 Task 2: Investigating the selective removal of calcium ions in MCDI. ................................... 32 

4.2.1 Abstract ............................................................................................................................. 32 
4.2.2 Introduction ...................................................................................................................... 32 
4.2.3 Materials and Methods ..................................................................................................... 35 

4.2.3.1 Materials .................................................................................................................... 35 
4.2.3.2 Preparation and characterization of electrodes .......................................................... 36 
4.2.3.3 Electrosorption experiments ...................................................................................... 37 
4.2.3.4 Electrodialysis experiments ....................................................................................... 38 

4.2.4 Results and discussion ...................................................................................................... 39 
4.2.4.1 Characterization of electrodes ................................................................................... 39 
4.2.4.2 Performance parameters ............................................................................................ 40 



 

 
 

IV 

4.2.4.3 Single-solute experiments ......................................................................................... 41 
4.2.4.4 Binary-solution experiments ..................................................................................... 43 
4.2.4.5 Understanding the selective mechanism of the csn electrode. .................................. 47 
4.2.4.6 Long term performance of the CSN electrode .......................................................... 48 

4.2.5 Conclusions ...................................................................................................................... 49 
4.3 Task 3. Improving selective removal of lead in water by nanostructured materials empowered 
CDI. ................................................................................................................................................ 51 

4.3.1 Introduction ...................................................................................................................... 51 
4.3.2 Layered double hydroxides .............................................................................................. 52 
4.3.3 Materials and Methods ..................................................................................................... 54 

4.3.3.1 Electrode materials and fabrication ........................................................................... 54 
4.3.3.2 Characterization of electrodes ................................................................................... 55 
4.3.3.3 Electrosorption experiments ...................................................................................... 55 

4.3.4 Results and discussion ...................................................................................................... 56 
4.3.4.1 Characterization of electrodes ................................................................................... 56 
4.3.4.2 Electro-sorption capacity and ion-selectivity ............................................................ 58 
4.3.4.3 Regeneration performance ........................................................................................ 60 

4.3.5 Conclusions ...................................................................................................................... 60 
7. References .................................................................................................................................. 61 
 

 

  



 

1. INTRODUCTION 
 

Water is one of the most essential and indispensable resources on earth. However, people 

have limited access to clean and safe water, especially for those who live in an arid and 

contaminated area. 

Scientists and engineers developed several desalination methods that can treat not only 

surface water but also brackish groundwater, seawater, or even wastewater as well. The 

desalination methods using thermal evaporators, such as multi-stage flash distillation (MSF), multi-

effect distillation (MED), mechanical vapor compression (MVC), or polymeric membranes, such 

as reverse-osmosis (RO) and nanofiltration (NF). Those conventional processes are matured and 

well-engineered technology, however, highly energy- and chemical- intensive processes.  

In many cases, both processes remove almost all elements in water and produce over-

treated pure elemental water. This can be a waste of energy and resource when major components 

are not necessarily removed from the water. For example, produced water from oil and gas 

production wells can be reused only by removing scale-forming multi-valent ions that present in 

the source water at much lower concentration relative to general monovalent ions. Another example 

can be heavy metals or toxic oxyanions existing in drinking water sources. They exist at the lowest 

amount in all source waters, however, they bring about detrimental health issues. If there is a 

process that can remove only those harmful ions selectively and efficiently, leaving the non-toxic 

or beneficial elements behind, we can save a large amount of water source and ensure the quality 

of water.  

One possible candidate can be capacitive deionization (CDI). In general, CDI uses a pair 

of porous electrodes to remove charged ions from water by electric potential. Since it is not a 

pressure-driven nor heat-transfer process, CDI does not have scaling/fouling formation, and 

chemical cleaning that is readily found in conventional methods. 
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Nevertheless, CDI has technical barriers that are 1. limited adsorption capacity by electrode 

material, and 2. non-selective electrosorption phenomena. To achieve more energy-efficient and 

sustainable water treatment, CDI must obtain ion-selectivity. 

Next generation CDI can overcome the limitations that current CDI units have. There are 

many applications not only for drinking water but also for brackish water and industrial wastewater 

reuse. For example, ion-selective CDI can efficiently remove specific target ions such as scale-

forming multi-valent ions, heavy metals, or toxic anions. For drinking water, ion-selective CDI can 

replace existing reactors, providing good water quality with no or less chemical usage. For oil and 

gas industries, produced waters from production wells can be properly treated with minimum cost 

and reused for next operations.  

On the other hand, CDI can be used as a measure for green technology. Since CDI requires 

lower voltage less than 1.2 VDC, it can be easily coupled with micro-fuel cells (MFCs) for self-

sustaining operation. The previous study showed the feasibility of MFC-integrated CDI1 in saline 

produced water, however, it was not fully functioned as an electric power supplied system, because 

of limited current production by the MFC. If CDI can achieve ion-selectivity, it requires less 

current, thus the MFC-integrated CDI can be a more practical approach.  

Another possible application is the integration with existing desalination systems. The 

main drawback of reverse osmosis (RO) operation is scaling/fouling on the surface of the 

membrane. Ion-selective CDI can be used as a pre-treatment process for removing those scale-

forming ions and food nutrients for microorganisms.   
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2. RESEARCH OBJECTIVES AND HYPOTHESIS 

The overall objectives of this proposed study are developing a CDI based electrosorption 

model and system, to provide fundamental understanding for the electrosorption process and 

feasible applications in water treatment. 

 

Specifically, the following objectives will be discussed and investigated:  

Objective 1: To investigate electrostatic double-layer models in microporous carbon and to provide 

a new volumetric model for capacitive deionization. 

Objective 2: To investigate selective removal mechanisms of scale-forming ions in CDI and 

enhance the selectivity. 

Objective 3: To improve selective the removal performance of heavy metals by incorporating 

nanostructured materials on CDI. 

 

To evaluate the objectives, the following hypothesis will be examined: 

Inside of porous CDI carbon electrodes, the electric double layer is overlapping especially 

in nanopores, resulting in greater potential profile on the center of pores. The overlapped potential 

profile is subject to change by pore diameter and structure, feed salt and concentration, applied 

voltage.  

Movement of individual ion species with different mass, hydrated ion size, and/or valence 

is influenced differently by an electric field and surrounded media. In the aquatic system, in 

presence of the electric field, an ion with the highest valence number, smallest hydrated ion size, 

and least atomic weight would move fastest. The ion movement in electrically charged media will 

be influenced not only by mechanical properties (porosity, pore size, geometry, etc.) but also by 

electrochemical properties, especially by surface functional groups. Some weak acid/base chelating 

functional groups in ion-exchange resins showed a strong affinity to specific target ions, thus 
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provide relatively greater ion-selectivity. By introducing those functional groups/materials in the 

CDI electrode surface, selective capacitive deionization can be achieved. 

Yet, transport mechanisms of different ion species in the mixed solution CDI system are 

not well understood. And tracking individual kinetics of different ions is not feasible by direct 

measurement. However, indirect monitoring of concentration changes in treated water would give 

us a much more intuitive analysis result on the investigating individual ion-movements. 

In general, ion-exchanging materials such as resins or adsorbents need to be regenerated for 

continuous operation, otherwise, the material is subject to be replaced. However, the material 

regeneration process often requires chemical treatment using a strong acid or base. The 

regeneration process produces a large volume of wastewater and energy, as well as system 

downtime. On the other hand, in CDI, ion removal is induced by the electrostatic force between 

charged electrode pore surface and counter-ions. The electric weak-binding can be easily 

disconnected either by short-circuiting or by applying the opposite (reverse) voltage. 

Last, but not least, specific energy consumption (SEC) for CDI is also important. 

Compared to the existing RO or NF process, CDI is often considered not energy efficient in highly 

concentrated water, e.g. seawater or high total dissolved solids (TDS) brackish water. If the ion-

selective CDI can use the same amount of energy to selectively remove target-ions, SEC for the 

specific purpose will be lowered and CDI will be more competitive in desalination. 
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3. LITERATURE REVIEW 

3.1 CAPACITIVE DEIONIZATION (CDI) 

Capacitive deionization (CDI) is an electrochemical separation process that adsorbs 

charged ions in an aqueous channel by oppositely charged electrodes. As illustrated in Figure 3-1, 

conventional single-pass flow-by type CDI (a) consists of current collectors, porous electrodes, a 

separator (spacer), current connections, and membrane CDI (MCDI) (b) has additional cation/anion 

exchange membranes. To evaluate the performance of electrodes or CDI cell reactor, it is important 

to determine cell design parameters such as material selection (current collector, electrode, binder, 

separator, etc.), electrode thickness, separator thickness and porosity, electric connection, and 

connector location.  

  

Figure 3-1. Schematic (flow-by) cell design diagram of (a) conventional capacitive 

deionization (CDI) and (b) membrane CDI (MCDI). 2 

Moreover, CDI performance is greatly influenced by cell operation parameters. Generally, 

CDI operates two periods, charging and discharging periods in one complete cycle. During the first 

charging period, the electrodes are oppositely charged by providing electric current. In this period, 

charged ions in water between the oppositely charged electrodes are removed, producing pure (de-

ionized) water. In the second discharging period, the charged electrodes are either short-circuited 

Considering that there is more brackish water than freshwater in the world, it is clear that it is partic-
ularly attractive to utilize the large brackish water resources for human consumption and residential
use, agriculture, and industry.

Capacitive Deionization (CDI) has emerged over the years as a robust, energy efficient, and cost
effective technology for desalination of water with a low or moderate salt content [2]. The energy effi-
ciency of CDI for water with a salt concentration below approximately 10 g/L is due to the fact that the
salt ions, which are the minority compound in the water, are removed from the mixture. Instead, other
methods extract the majority phase, the water, from the salt solution. Furthermore, energy release dur-
ing electrode regeneration (ion release, or electrode discharge) can be utilized to charge a neighboring
cell operating in the ion electrosorption step, and in this way energy recovery is possible. As we will
explain later in detail, a CDI cycle consists of two steps, the first being an ion electrosorption, or charg-
ing, step to purify the water, where ions are immobilized in porous carbon electrode pairs. In the fol-
lowing step, ions are released, that is, are desorbed from the electrodes, and thus the electrodes are
regenerated. The basic mechanism underlying capacitive deionization is schematically shown in Fig. 1.

With the majority of research on porous carbon electrodes over the past decades dedicated to
capacitive energy storage devices, capacitive deionization had been somewhat overlooked. Though
the application of porous carbon electrodes for water desalination had been documented since the
1960s when it was called ‘‘electrochemical demineralization’’ or ‘‘electrosorb process for desalting
water’’ [3–7], only recently the academic interest in this technology increased exponentially, and com-
panies have begun marketing commercial CDI technologies.
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Fig. 1. Schematic design of a cell for (Membrane) Capacitive Deionization, (M)CDI. Upon applying a voltage difference between
two porous carbon electrodes, ions are attracted into the electrode, cations into the negative electrode (cathode, on top), anions
into the positive electrode (anode, bottom). As a result, desalinated water is produced. (A) CDI; (B) MCDI, where in front of the
cathode a cation-exchange membrane is placed, while an anion-exchange membrane is placed in front of the anode.

1390 S. Porada et al. / Progress in Materials Science 58 (2013) 1388–1442

Considering that there is more brackish water than freshwater in the world, it is clear that it is partic-
ularly attractive to utilize the large brackish water resources for human consumption and residential
use, agriculture, and industry.

Capacitive Deionization (CDI) has emerged over the years as a robust, energy efficient, and cost
effective technology for desalination of water with a low or moderate salt content [2]. The energy effi-
ciency of CDI for water with a salt concentration below approximately 10 g/L is due to the fact that the
salt ions, which are the minority compound in the water, are removed from the mixture. Instead, other
methods extract the majority phase, the water, from the salt solution. Furthermore, energy release dur-
ing electrode regeneration (ion release, or electrode discharge) can be utilized to charge a neighboring
cell operating in the ion electrosorption step, and in this way energy recovery is possible. As we will
explain later in detail, a CDI cycle consists of two steps, the first being an ion electrosorption, or charg-
ing, step to purify the water, where ions are immobilized in porous carbon electrode pairs. In the fol-
lowing step, ions are released, that is, are desorbed from the electrodes, and thus the electrodes are
regenerated. The basic mechanism underlying capacitive deionization is schematically shown in Fig. 1.

With the majority of research on porous carbon electrodes over the past decades dedicated to
capacitive energy storage devices, capacitive deionization had been somewhat overlooked. Though
the application of porous carbon electrodes for water desalination had been documented since the
1960s when it was called ‘‘electrochemical demineralization’’ or ‘‘electrosorb process for desalting
water’’ [3–7], only recently the academic interest in this technology increased exponentially, and com-
panies have begun marketing commercial CDI technologies.

(a)

(b) 

Feed Water                                    Freshwater

Porous Carbon Electrode

Porous Carbon Electrode
-

-

+

-

+ + +

+

+

+

-

--
-

_

+

_

+

Current Collector

Current Collector
el

ec
tri

ca
l

 c
ur

re
nt

Vcell

Feed Water                                    Freshwater

Cation Exchange Membrane

Anion Exchange Membrane

Porous Carbon Electrode

Porous Carbon Electrode
-

-

-

+

+

+

+

-

+ +

+

+

+

-

--
-

-

_

+

_

+

Current Collector

Current Collector

Vcell

el
ec

tri
ca

l
 c

ur
re

nt

+ cations - anions

Fig. 1. Schematic design of a cell for (Membrane) Capacitive Deionization, (M)CDI. Upon applying a voltage difference between
two porous carbon electrodes, ions are attracted into the electrode, cations into the negative electrode (cathode, on top), anions
into the positive electrode (anode, bottom). As a result, desalinated water is produced. (A) CDI; (B) MCDI, where in front of the
cathode a cation-exchange membrane is placed, while an anion-exchange membrane is placed in front of the anode.

1390 S. Porada et al. / Progress in Materials Science 58 (2013) 1388–1442



 

 
 

6 

(zero-voltage discharge) or reversely charged (reverse-voltage discharge), so the accumulated ions 

in electrode pores are released (expelled) to the water stream. After completing this cycle, the 

electrodes are regenerated and prepared for the next cycle. Operation modes can be also 

differentiated by constant current (CC) or constant voltage (CV) mode. The major differences in 

different operation modes are well described in the following Figure 3-2 from Porada et al., 2 in 

terms of changing in effluent concentration, current and voltage profile. Regardless of mode and 

discharging method, conventional non-faradaic CDI operates within ±1.23V (DC, 25ºC), to prevent 

splitting of water molecules and degradation of electrodes.    

 

Figure 3-2. CDI operation mode, (upper) constant voltage (CV), (bottom) constant current 

(cc) operation. 2 

 

cycle that has reached dynamic equilibrium (DE), where every cycle is the same as the last one, and
equal to the next one. After equilibration of the cell, the DE state is often reached after two or three
cycles. In the DE state, the salt adsorption in one part of the cycle must be equal to the desorption
in the other part. Likewise the charge that is being stored (by transferring electrons from one electrode
via the external circuit to the other electrode), will be returned when discharging the cell. A small elec-
trical leakage current may make the total charging current somewhat higher than the discharging cur-
rent. Not taking degradation mechanisms into account and as long as the operational settings do not
change, the system response in the DE state should continue ad infinitum.

For practical CDI relevance, it is important to report experimental results of the DE cycle, and not
results of runs prior to reaching the DE and certainly not of the very first ‘‘run-in’’ cycle after assembly
of the cell with fresh material, as these runs can give quite markedly different desalination perfor-
mance, due to transient effects of salt accumulation in the cell and electrodes. Also, the desalination
degree in the first few runs will be influenced by the chemisorption of ions in the carbon, ions which
will not be desorbed when the voltage is reversed [9,65,66]. These transient, start-up effects are inter-
esting in their own respect, but for CDI it is more important to present DE results because CDI is meant
to run continuously for many cycles, and the performance of start-up cycles is usually not represen-
tative of continuous operation.

In Fig. 5 we sketch how to analyze a complete DE CDI cycle for salt (left-hand side) and for charge
(right-hand side), either for constant voltage (CV) operation (upper row) or for constant current (CC)
operation (second row), an operational mode that will be discussed in Section 3.8. The salt adsorption
and charge in an (M)CDI-cycle can be derived from data of effluent salt concentration and electrical
current vs. time, as shown in Fig. 5. For salt adsorption, the difference between the feed and effluent
salt concentration is integrated over time for either the adsorption period or the desorption period,

Fig. 5. Cycle analysis (single pass method) for constant voltage (CV), and constant current (CC) operation of (M)CDI. Both the
effluent salt concentration and current signals are analyzed.

S. Porada et al. / Progress in Materials Science 58 (2013) 1388–1442 1399
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In general, CDI uses a pair of highly porous electrodes to maximize the adsorbed ion 

amount in pores of the electrode by induced electric attraction. As in Figure 3-3, carbon materials, 

such as activated carbon powder, activated carbon cloth3, carbon aerosol, carbide-derived carbon4, 

carbon fiber5, carbon nanotube (CNT)6, and graphene7 have been used as electrode materials to 

achieve large pore volume (or specific surface area) and high electronic conductivity.  

 

Figure 1-3. Carbon materials used for CDI electrode. (a) Graphene-like carbon flake7, (b) 

multi-wall carbon nanotube6, (c) electrospun fiber8, (d) activated carbon cloth3, (e) carbon 

aerogels5, and (f) mesoporous carbon5.2 

considerations. The following list summarizes the most important requirements for CDI electrode
materials and their relation to CDI performance, based on Ref. [39]:

1. Large ion-accessible specific surface area
! Salt electrosorption capacity is related to the surface area.
! However, not the entire surface area calculated from experimental methods may be acces-

sible to ions.

(a)

(c)

(e)

(b)

(d)

(f)

Fig. 20. Selection of carbon materials used for CDI. Graphene-like carbon flake (a, Ref. [56]), multi-walled carbon nanotubes (b,
Ref. [108]), electrospun fibers (c, Ref. [109]), activated carbon cloth (d, Ref. [110]), carbon aerogels (e, Ref. [111]), and ordered
mesoporous carbon (f, Ref. [47]).

1428 S. Porada et al. / Progress in Materials Science 58 (2013) 1388–1442
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3.2 MEMBRANE CAPACITIVE DEIONIZATION (MCDI)  

The terminology “Capacitive Deionization (CDI)” was first used by J.C. Farmer et al. at 

the low-level waste conference in Orlando, FL (1995).9 Though the concept of flow-by CDI (Blair 

and Murphy, 1960)10 and flow-through CDI (Newmann et al., 1970)11 was already introduced a 

long time ago, CDI was not considered as a viable method for water treatment mainly by electrode 

properties such as degradation and limited capacity. In 2006, membrane CDI (MCDI) has been 

introduced by Lee et al.12, which uses surface-charged ion-exchange membranes. As in Figure 3-

4, the ion-exchange membranes on top of porous electrodes increase charge efficiency by rejecting 

co-ions and allowing counter-ions to pass through the membranes. Moreover, this figure of MCDI 

provides many advantages such as increasing salt adsorption capacity, enabling RVD, preventing 

faradaic reaction on electrode surfaces. Li et al.12 reported that MCDI they used for treating brackish 

water from thermal power plants did not show any significant performance decrease for five 

hundred cycles. As a result, after the development of MCDI, the number of studies in CDI has been 

dramatically increased.  

 

Figure 3-4. Performance comparison; (a) CDI-ZVD, (b) CDI-RVD, (c) MCDI-ZVD, and (d) 

MCDI-RVD, CV was applied. 2 

Fig. 6. Salt adsorption and charge per cycle, and charge efficiency (total cycle duration 600 s) for (a) CDI-CV-ZVD, b) CDI-CV-
RVD, (c) MCDI-CV-ZVD, and (d) MCDI-CV-RVD. Vcell = ±1.2 V, csalt,in = 20 mM. Abbreviations explained in Section 3.7.

(a)

(c)

(b)

(d)

Fig. 7. Effluent salt concentration during three consecutive desalination/release cycles in four different modes of CDI-operation
as explained in the main text of section 3.7 (a) CDI-CV-ZVD, (b) MCDI-CV-ZVD, (c) CDI-CV-RVD, and (d) MCDI-CV-RVD.

S. Porada et al. / Progress in Materials Science 58 (2013) 1388–1442 1401
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Further, recent studies introduced new concepts including flow CDI (FCDI)13 and hybrid 

CDI14 to overcome the limited capacity of conventional CDI. However, in many cases, the FCDI 

which uses carbon powder slurry reported system failures such as particle/solution stagnation and 

channel clogging due to friction increase in the slurry. Hybrid CDI facilitates ion-uptake by 

reduction-oxidation (redox) reactions using a battery-type electrode, lead to limited applications. 

Still, MCDI is the best practice currently available for commercial uses. 

To evaluate the performance of CDI, either a pair of electrodes or a complete cell, several 

performance indicators are recently standardized. The concept of salt adsorption capacity (SAC) 

was originated from Soffer and Folman15 and widely used today. SAC is often regarded as 

maximum SAC (mSAC) or equilibrium SAC (eqSAC) and used to measure the amount of removed 

ion in a system. The SAC (mg/g) is calculated by integrating of mass change of salt (in milligram) 

within a volume until equilibrium state, and then dividing the salt amount by mass of electrodes (in 

gram). Suss et al. 6 empathized the importance of measurement details such as a combined dry mass 

of both electrodes (including all binders and additives)16,17, operating mode (batch vs. single pass 

mode) and voltage. Typical capacitive type electrodes are in the range of 0-14 mg/g. One of the 

best practices is the carbide-derived carbon electrode from Porada et al. 4 showed 12.4 mg/g at 1.2 

VDC in Figure 3-5. 

 

 

 

Figure 3-5. Salt adsorption capacity for different types of CDI electrode. 18 

2306 | Energy Environ. Sci., 2015, 8, 2296--2319 This journal is©The Royal Society of Chemistry 2015

new materials for CDI electrodes have been proposed over the
past decade. The latter materials are carbon-based, and include
carbide-derived carbons,12,46 graphene,54,95–101 hierarchical
carbon aerogels,8,27 carbon nanotubes,20,96,102,103 mesoporous
carbons,18,24,72,104–106 and various composite electrodes (such
as carbon–metal oxide composites).21,97,107–114 A detailed review
on composite electrodes was recently published by Liu et al.,
and we refer readers to this work for further details on these
types of electrodes.115 Overall, CDI electrodes come in various
morphologies, including bound carbon particles, monolithic
hierarchical porous media,8,116 aligned nanotubes,117 and woven
carbon fibers.13,23,118–120

Recently, advances in CDI electrode understanding and
materials have driven an exciting and rapid rise in CDI cell
sorption performance (see Section 3.1 on mSAC).67 In Fig. 7 we
plot the achieved salt sorption by CDI systems vs. the year of
publication, where the last 10 years alone have seen a rise from
roughly 7 to nearly 15 mg g!1 achieved by systems with static,
capacitive CDI electrodes (blue circles in Fig. 7), over 20 mg g!1 for
systems with flow electrodes (green star in Fig. 7) or composite
electrodes (black diamonds in Fig. 7), and over 30 mg g!1 for
hybrid CDI systems with one capacitive and one Faradaic, or
battery, electrode (red square in Fig. 7).

An interesting question now arises as to how far capacitive
CDI electrodes can go in terms of mSAC (mgsalt gelectrode

!1). To
gain some insight into this question, we converted the capaci-
tance achieved in state-of-the-art, aqueous supercapacitor cells
to a predicted mSAC, in an e!ort to project the upper limit for
mSAC achievable by CDI cells.121–126 For this conversion, we
utilized the equation mSAC = a"C"V"L"M/(4F), where a is a
conversion factor equal to 1000 mg g!1, C is the achieved specific
capacitance of a single electrode in units F g!1, V is cell voltage

which was assumed to be 1 V, F is Faraday’s constant, L is cell
charge efficiency which was assumed to be 0.8, M is the molar
mass of NaCl in g mol!1, and the factor 4 relates the electrode
specific capacitance to the cell specific capacitance. This con-
version must be treated with caution, as capacitance for CDI
cells may be lower than that of supercapacitor due to the lower
ionic concentration of the electrolyte in CDI. As an example of
the ionic concentration effects on capacitance, Kim et al.87

observed that for some electrodes made of activated carbons,
capacitance measured in 1 M NaCl solution was approximately
25% higher than that in 10 mM NaCl. Based on this method-
ology, supercapacitors have achieved capacitances which would
translate (without accounting for electrolyte or ionic strength
effects on capacitance) to over 30 mg g!1 mSAC. Thus, it is
conceivable that a cell with capacitive CDI electrodes can
potentially reach significantly over today’s level of 15 mg g!1,
and that the field has not yet achieved the maximum possible
mSAC. A related question can be posed as to what is an upper
limit on mSAC for composite electrodes. The latter question is
difficult to answer at this time, given the vast amount of
possible active materials, and the current lack of understanding
towards electrosorption in composite materials. As can be seen
in Fig. 7, composite materials have been reported to allow for
significantly higher mSAC than capacitive electrodes. One
explanation offered is that composite electrodes with oxide nano-
particles can vary the point of zero charge of the electrodes,
potentially enhancing charge efficiency and mSAC over that of
capacitive electrodes.16

Recently, several groups have focused e!orts on studying
and improving the long-term performance of capacitive CDI
electrodes. For example, the activated carbon cloth electrodes in
the CDI system of Cohen et al. demonstrated significant declines
in performance upon repeated charge–discharge cycling, which
was attributed to the chemical oxidation of the positive CDI
electrode (anode).127 Electrode stability was significantly
improved through either operation under a nitrogen environ-
ment (to remove dissolved oxygen) or simply reversing the
polarity of the electrodes intermittently. Gao et al. reported
unstable and deteriorating performance upon cycling a CDI cell
with carbon xerogel electrodes, which was also attributed to
anode oxidation.62 However, upon chemically treating the anode
and imbuing the anode with net negative surface charge (result-
ing in an ‘‘inverted’’ cell operation, with desalination during
cell discharge), the electrode lifetime was extended by a factor
of over 5 to over 600 h of continuous operation. Interestingly,
in early CDI work with carbon aerogel electrodes, the cell was
used for months of continuous operation with less than 10%
decrease in salt removed per cycle (at 1.2 V charging voltage),
and reversing the polarity after several months allowed for a
recovery of the cell performance to nearly initial levels.19 These
results collectively illustrate that capacitive electrode degradation
extent and rate may be strongly material dependent. Electrode
lifetime studies are a crucial component of the success of CDI
technologies, and we expect to see many more such studies
emerge in the near future for capacitive, composite, flow and
hybrid CDI electrodes.

Fig. 7 Historical evolution of maximum salt adsorption capacity (mSAC)
for capacitive, composite, hybrid, and flow CDI electrodes. Capacitive CDI
systems containing two static, capacitive porous carbon electrodes have
increased in maximum salt adsorption capacity (mSAC) by a factor of
approximately two over the past 10 years (to nearly 15 mg g!1). The recent
advent of composite electrodes (capacitive electrodes with incorporated
metal oxides) and hybrid architectures (one capacitive porous carbon
electrode and one battery electrode), has allowed for boosts in mSAC to
well over 20 mg g!1. Flow electrodes have also been able to achieve higher
sorption, with over 25 mg g!1 reported. (*) For flow electrodes, a value of
sorption capacity was reported as 40 mg g!1 in ref. 2; after personal communi-
cation with authors, this was corrected to 25 mg g!1.
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Yet, ion accumulation in the electric double layer (EDL) in the pores of electrodes are not 

clearly defined and needs further investigation. In this proposal (4.1 Task I), a volumetric 

electrosorption model is proposed to evaluate the performance of electrodes at different operating 

conditions.  

Another important parameter is the average salt adsorption rate (ASAR), previously used 

by Suss et al.19 and Xu et al.20 to briefly represent electrosorption kinetics. ASAR (in mg/g-min) 

can be easily obtained by diving the SAC (mg/g) by operating cycle time (min).   

Charge efficiency is also an important parameter, especially in consideration of system 

efficiency and specific operating energy consumption. Initial thought of the relationship between 

electric charge (current) and accumulated (removed) ion started from Johnson and Newman.21 To 

calculate the charge efficiency, the adsorbed salt amount (in moles) can be divided by integrated 

current input over the equilibrium cycle with Faraday’s constant (96,485.3 C/mol). 

 

3.3 LIMITATION OF CURRENT (M)CDI  

Comparing to conventional desalination methods (thermal, membrane, etc.), CDI is known 

to have lower power consumption, lower maintenance effort, less chemical usage, less fouling 

tendency22. Nevertheless, the specific energy consumption (SEC) of CDI is often compared to those 

conventional methods and regarded as competitive only at limited feed water concentration range. 

Indeed, compared to the reverse-osmosis (RO) process, CDI requires less energy to produce the 

same quality and amount of treated water only in a limited range.  

There are two main limitations in the operation of (M)CDI; 1. energy recovery and 2. non-

selective electrosorption. First, the energy recovery (ER) rate for RO is often greater than 98% by 

using energy recovery devices such as the ERI pressure exchanger (PXTM). However, best practice 

ER rate for (M)CDI from Demirer et al. is only 63%24, which is much lower than that of RO. 

Therefore, at a lower feed concentration, the fraction of recoverable energy is relatively smaller 
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than that of total SEC, (M)CDI is more competitive than RO, which requires minimal energy input 

to overcome concentration polarization on the membrane surface. On the other hand, at higher feed 

concentration where concentration polarization is somehow compensated by ER (i.e. when ER is a 

more dominant factor), RO is more energy-efficient than (M)CDI. 

Second, the electrosorption process of the (M)CDI basically rely on electrostatic attraction, 

has no ion-selectivity towards certain ions. Regardless of charge valence or hydrated ion size, the 

(M)CDI use energy to keep the ions inside of electrode pores. Thus, (M)CDI requires energy 

proportional to the feed water concentration. However, in many cases, mostly abundant monovalent 

ions such as K+, Na+, etc. are non-toxic and do not need to be removed from source feed. Only 

multi-valent ions are problematic, such as scale-forming ions (Ca2+, Mg2+, Sr2+, etc.) or heavy 

metals (Pb2+, Cu2+, etc.). Therefore, SEC of (M)CDI could be more energy efficient if electrodes 

have ion-selective property towards those lower quantity multi-valent ions.   

Therefore, to achieve more energy-efficient (M)CDI process compatible with conventional 

methods, developing ion-selective electrodes with suitable operating parameters will be discussed, 

especially in 4.2 Task II for removal of scale-forming ions and 4.3 Task III for heavy-metal 

removal. 

 

3.4 APPLICATIONS  

Recently, the commercialization of the (M)CDI is more vibrant than ever. Voltea B.V. 

company headquartered in the Netherlands is leading (M)CDI technology and system engineering 

with different treating capacity for both industrial and household applications. Voltea completed 

its MCDI pilot unit operation for cooling tower facility.25 In China, as Suss et al. 18  reported, there 

are more than 30 CDI systems already operating. Among them, two plant-scale systems are 

constructed by EST Water & Technologies in China and currently running to treat different source 
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water. EST built a municipal wastewater treatment/reuse plant with 60k m3/d capacity and a coal-

mine drainage treatment plant with 5k m3/d capacity.   

 

Figure 3-6. Commercial CDI plants constructed by EST, China: (A) municipal wastewater 

reuse plant, (B) coal mine drainage remediation plant.18  

  

2310 | Energy Environ. Sci., 2015, 8, 2296--2319 This journal is©The Royal Society of Chemistry 2015

target molecules and transporting them across the membrane
interface. It is believed that this concept can be applied in
treating contaminated waters, but first, the price of extractants
has to be significantly reduced to make large scale desalination
systems economically feasible.173,174

In addition to research-level explorations of applications of CDI,
there have been several commercial e!orts based on CDI technol-
ogies. Early commercialization e!orts emerged from LLNL (Lawr-
ence Livermore National Laboratory, USA) in the 1990s (see ref. 19)
but were eventually unsuccessful. In hindsight, the low salt adsorp-
tion capacity of the early carbon aerogels used in this work time may
have played a role. Breakthroughs made since then, as described in
this perspective, in material performance, cell design, and funda-
mental understanding, have allowed for large improvements in
CDI system performance and energy e"ciency. As a result, recent
industrial e!orts have arisen worldwide to commercialize CDI
technologies. For example, the company Voltea B.V. (The Nether-
lands) has developed membrane CDI-based systems for commercial
and domestic applications. Their MCDI pilot system performance
data obtained from treating feed water of cooling tower facilities
were published in ref. 175. In this work it was claimed that
utilization of an MCDI system relative to traditional water treatment
technologies is beneficial in terms of chemical, water and waste
water savings. Additionally, this work demonstrated a low energy
consumption of between 0.1 and 0.2 kW h m!3 of produced
desalinated water for the desalination of cooling tower feed water
with total conductivity of 0.37–0.65 mS cm!1. EST Water & Technol-
ogies (People’s Republic of China) develops large-scale CDI systems
(Fig. 9) for desalination which can be applied in a variety of indus-
tries. Examples include applications in municipal groundwater,
petrochemical industry, steel mills, thermoelectric power plants,
coal chemical manufacturing, paper mills, production of fertilizer,
and high fluorine and high arsenic brackish water. Up to now more
than 30 industrial systems are installed in China, where most of the
facilities are for industrial/municipal waste water recovery/reuse
with treatment capacities ranging from 100 to 2000 m3 h!1. In
terms of energy consumption EST modules are attractive in com-
parison to RO modules, with values of energy consumption around
1.0 kW h m!3 for EST CDI and 1.5 kW h m!3 for RO.

5.1 Perspectives on applications for CDI technologies

Looking towards what the future may hold for applications for
CDI, we believe that the research and commercial community

has only scratched the surface of the potential of CDI. This is
evidenced by the very recent proliferation of novel cell archi-
tectures with enhanced capabilities,2,11 and increased funda-
mental understanding of cell capabilities.46,55 We expect that
the use of CDI cells as an electrosorption platform to selectively
remove various charged species (ions, small organic molecules)
from electrolytes will be a significant part of future e!orts, as
this aspect of CDI has only begun to be explored. Further,
towards the application of water desalination, important future
research in CDI will involve studying and reducing the fouling
potential of CDI electrodes under real water conditions (sea,
river, and other feed waters). This is especially important for
novel and emerging architectures, such as flow electrode CDI
and membrane CDI. More long-term studies of CDI cell per-
formance with real waters will show the limits to cycle life of
current systems, paving the way for a new generation of CDI
systems which achieve breakthroughs in operation life. Yet, as
real water systems have very unique composition and physico-
chemical properties that vary from source to source, we will yet
have to (1) establish commonly accepted test protocols and
(2) to modify such protocols for specific applications and local
water properties.

6 Theory for CDI: state-of-the-art and
future developments
6.1 CDI vs. electrical double layer capacitors
(supercapacitors): similarities and di!erences

As mentioned before: there exist many similarities between
supercapacitors cells for energy storage and CDI cells. Archi-
tecturally, both consist of a pair of conductive porous electrodes
(either static or flow electrodes) which are charged capacitively
to store ions in EDLs at the interface between the solid carbon
matrix and the liquid electrolyte. The dynamics of supercapacitors
are often modeled via linear circuits, with the most common circuit
known as the transmission line model (TL-model; Fig. 10).176,177

This circuit model can capture the charging/discharging of a
porous medium consisting of two continuous interpenetrating
conductive media, such as an electrically conductive solid
carbon material (the pore walls), and an electrolyte filling the
pore void volume. For supercapacitor applications, charge is
stored capacitively at the carbon/electrolyte interface. Typically,

Fig. 9 Large scale CDI desalination modules produced by EST, China: (A) municipal waste water reuse desalination plant with a capacity of 60 000 m3 day!1

and (B) coal mine waste water remediation plant with a capacity of 5000 m3 day!1.
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4. DETAILED APPROACH 

4.1 TASK 1: INVESTIGATING electrostatic double layer 
models in porous carbon and developing a volumetric 
model for capacitive deionization. 

4.1.1 ABSTRACT  

A three-dimensional geometry-based equilibrium model is developed to fully 

describe the potential overlapping regimes from micro- to macro- pores in electrical double 

layers using the finite size of hydrated ions. The model provides numerical solutions for 

electrical charge and ionic concentration at given operating conditions (pore geometry, 

pore diameter, concentration and electrolyte type in the bulk solution). From modeled 

result, the electrosorption capacity is largely determined by pore volume, especially in 

smaller pores. An optimized bulk solution concentration for the maximum adsorption 

capacity is found regardless of geometry, pore size, or electrolyte. The model also 

suggested that different electrolyte system capacity strongly depends on the hydrated ion 

size in the electrolyte.   

4.1.2 INTRODUCTION  

Capacitive deionization (CDI) is an emerging desalination and water purification 

technology that removes charged ionic species in water through electro-adsorption 

(Anderson, Cudero, & Palma, 2010; Blair & Murphy, 1960; Farmer, Fix, Mack, Pekala, & 

Poco, 1995; Gabelich, Tran, & Suffet, 2002; Johnson & Newman, 1971; Lee, Park, Eum, 

& Lee, 2006; Newman et al., 1970; Oren, 2008; Soffer & Folman, 1972). In CDI, the ionic 

adsorption performance is largely determined by the porous electrode material. The porous 
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carbon-based electrodes, such as carbon aerogels, graphene-like nanoflakes, carbide-

derived carbons are known to be providing better desalination performance by achieving 

high capacitance, larger surface area/pore volume, and well-developed pore structure 

(Biener et al., 2011; H. Li, Zou, Pan, & Sun, 2010; J. Li, Wang, Huang, Gamboa, & 

Sebastian, 2006; Porada et al., 2012; Xu, Drewes, Heil, & Wang, 2008).  

To evaluate the electro-sorption properties of electrodes, electrical double layer 

(EDL) models have been developed and modified many times. The equilibrium Gouy-

Chapman-Stern (GCS) models (Bazant, Thornton, & Ajdari, 2004; Stern, 1924) assume 

non-overlapping EDLs with infinite distance from a planar surface, that are not suitable for 

micropore-rich electrodes used in CDI. Different from the GCS model, modified Donnan 

(mD) and the improved mD (i-mD) models are based on completely overlapping EDLs in 

micropores when electrode pores are much smaller than the Debye length (Biesheuvel, Fu, 

& Bazant, 2011; Biesheuvel, Porada, Levi, & Bazant, 2014). The models have 

demonstrated good fit with CDI desalination experimental data (Kim et al., 2015), however, 

cannot fully describe the balance between ionic charge and electronic charge, especially 

within the Stern layer (Biesheuvel et al., 2014).  

The Poisson-Boltzmann equations used in the models are not completely solved, 

thus left as partial differential equations (Sharma et al., 2013). Moreover, existing models 

are based on 2D parallel planar surfaces, thus do not adequately describe 3D pores in 

electrodes. More importantly, the completely-overlapped EDLs is supposed to be valid in 

small micropores (< 2 nm), however, it neglects pores in meso- (2-50 nm) or even macro- 

(>50 nm) ranged pores that are still an important portion of the electrode structure. In many 

cases, formation of the EDLs in pores is greatly influenced by pore diameter (!"), ionic 
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concentration in the bulk solution, charge valence of ions, applied voltage, etc. The 

potential distribution in the diffuse layer can be barely-overlapped, partially-overlapped, 

or fully-overlapped, depends on the conditions.  

Therefore, this present study would like to numerically solve the balance between 

electrical charge and ionic concentration simultaneously for the full simulation of the EDL 

formation. The numerical simulation result includes both potential and chemical 

concentration distribution in all possible pore diameter ranges, thus visually demonstrates 

EDL overlapping regimes from micro- to macro- pores. To overcome the limitations from 

2D models, the proposed 3D model simulations are based on both slit-shaped and 

cylindrical pore geometry. The potential drop at the Stern layer is described by volumetric 

analysis using the finite size of hydrated ions. 

 

 

Figure 4-1. Schematic comparison of electrical double layer models. In figures, solid (red) 

and dotted (black) lines in pore space represent the potential profile and Stern plane, 

respectively. (A) Gouy-Chapman-Stern model for a single planar surface. (B) modified 

Donnan model for parallel planar surfaces. Dashed (purple) line represents the overlapped 
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constant potential throughout the pores used in the model. (C) Proposed new model in this 

study for three-dimensional surface in cylindrical pores. Bold red perimeter line indicates 

the dimensionless potential at the Stern plane.   

 

4.1.3 MATHEMATICAL DESCRIPTION  

The Gouy-Chapman-Stern (GCS) equation describes the electric potential decrease 

across the diffuse layer from a single charged surface. In this case, ions are point charges, 

thus exist infinitely close to the charged surface forming two distinct layers, the Stern layer 

and the diffuse layer. The Poisson-Boltzmann equation to describe the EDL is given by  

∂$%
∂&$

= −
Fs*
ε,ε-V/

 (1) 

where % is the dimensionless potential, 0 the Faraday constant, s* the local charge density, 12 

the thermal voltage,  

According to the Boltzmann equation, local ion concentration is given by 

3* = 34 ∙ 	7&8[−:(%* − %4)] (2) 

where 34 is the total (cation and anion) local ion concentration in the bulk, : the charge valence 

of the ion, %* and %4 and the dimensionless potential at the local point and in the bulk solution, 

respectively. 

The local charge density, s* can be described by the combination concentration of both 

cation (3*>) and anion (3*?) and simplified as 

s* = :3*> − :3*? = −2:34 ∙ 	ABCℎ[:(%* − %4)] (3) 

To accommodate finite volumetric interactions of ions in the EDL, Biesheuvel (2009) 

adopt the Carnahan and Starling (1969) model and the excess electrical potential (µFG) induced by 

the volume of the finite ion. 
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HIJ = K
L − MK + OKP

(Q − K)O
 

(4) 

R =
S!TUV

W

6
(CYZ[TUV + CZVTUV) (5) 

where R is the local ion fraction at the given local concentration, based on the total volume 

of hydrated ion (Nightingale, 1959), !TUV the diameter of hydrated ion, CYZ[TUV and CZVTUV 

the number concentrations of the cations and anions, respectively. 

Using the µFG, the Poisson-Boltzmann equation (1), (2), and (3) in one-dimensional 

(in this case, &-/	\- direction is perpendicular to the charged surface) space can be described 

as 

]^_

]*^
= −

`sa
bcbdef

 , for slit-shaped pores (6) 

]^_

]g^
= −

`sh
bcbdef

−
]_

]g

i

g
 , for cylindrical pores (7) 

3*/g = 234 ∙ 7&8k−lmn*,*/g − mn*,4pq	3rAℎk:l%*/g − %4pq (8) 

s*/g = −2:34 ∙ 7&8k−lmn*,*/g − mn*,4pq	ABCℎk:l%*/g − %4pq (9) 

where 3*/g is the total local ion concentration in the pores, s*/g is the local charge density, 

mn*,*/g and mn*,4 the excess potential in the local and in the bulk, respectively, %*/g the 

dimensionless potential at the local point (with respect to x or r, depends on structural type).  

The modified Poisson-Boltzmann equation has no analytical solution, thus, it can 

be solved through a numerical approach using two boundary conditions (BC). For the first 

BC at the center of pores, overlapping EDL potential was considered as 

s_

s*
t& =

s

$
u = 0	for slit-shaped or s_

sg
t\ =

s

$
u = 0 for cylindrical  (10) 

For the second BC at the Stern layer, we adopt the concept of approximated 

capacitance from Huang, Qiao, Sumpter, and Meunier (2010) for the two pore geometry.  
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w

x
=

nhnd
d

  , for planar surfaces (11) 

w

x
=

$nhnd

s	yVz
{

{|^d}
 , for cylindrical pores (12) 

where C is the capacitance in the EDL, ε,ε-  the dielectric permittivity, A the specific 

surface area of electrode(s), and d the thickness of the EDL, d the diameter of the 

cylindrical pore. 

The potential change between the applied potential (%-) and the potential at the 

Stern layer (%~2) is determined by the Gauss’s law as  

D%~2 = %- − %~2 =
x

w�Ä

s�ÄÅd�Ä
ÇÄ

  (13) 

where %~2  the dimensionless potential at the Stern plane, s~2  the charge density at the 

Stern plane, d~2 the Stern layer thickness, which assumed to be same as the average radius 

of hydrated ions. 

Using the capacitance approximation (11) & (12), the dimensionless potential at 

the Stern layer is given by %~2 = %- −
s�ÄÅd�Ä
nhndÇÄ

 , for slit-shaped pores 
(13) 

%~2 = %- −
s�ÄÅs
$nhndÇÄ

ÉC z
s

s?$d�Ä
}	, for cylindrical pores (14) 

Then, the one-dimensional boundary value problem can be solved numerically by 

MATLAB® to find the potentials (%*/g and mn*,*/g) at each discretized point (with respect 

to x- or r- direction, depends on pore structure type). In all calculations, the Stern layer 

potential is assumed to be linearly decreased from the surface to the Stern layer. And the 

potential changes in the diffuse layer is determined by the accumulated total local ion 

concentration (3*/g) and the local charge density (s*/g). 
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4.1.4 RESULTS AND DISCUSSION 

4.2.3.1 EFFECT OF PORE GEOMETRY 

Figure 4-2 shows potential profiles and ionic concentration changes in the (A) slit-

shaped and the (B) cylindrical pore geometry at a fixed condition (pore diameter: 4 nm, 

applied voltage: 1.2V, bulk solution concentration: 10 mM NaCl). As illustrated in (A-1) 

and (B-1), the potential at the Stern-layer dropped significantly due to accumulated ions at 

the surface. Characteristic parameters of each pore geometry are summarized in Table 1. 

The potential drop in the cylindrical pore (8.15) is relatively greater than that in the slit-

shaped geometry (6.45), because the specific surface area of cylindrical pores is larger than 

that of slit-shaped geometry at the given fixed capacitance. On the other hand, potential 

changes in the diffuse layer (described in Equation 8) show a relatively smaller change in 

the cylindrical pores (8.33) than in the slit-shaped pores (11.46), which led to relatively 

higher overlapped potential at the center of the pores.  

∆%~2 = %- − %~2 (15) 

∆%Ö = %~2 − %Y (16) 

where ∆%Ö is the dimensionless potential change in the diffuse layer, %Y the dimensionless 

potential at the center of the pores. 

Three-dimensional illustrations, (A-2) and (B-2) demonstrate how potential 

profiles form in the two pore geometries. Total ionic concentration profiles in (A-3) and 

(B-3) are influenced by the potential distribution in the pores. At the same bulk solution 

concentration, estimated charge efficiency (CE) has no significant difference (~1.0%) in 

two different pores. However, estimated average salt adsorption capacity (ASAC) shows 
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that the cylindrical geometry (172.32 mol/m3) estimates 36.9% greater than the slit-shaped 

geometry (125.89 mol/m3). 

 

Table 4-1. Comparison between slit-shaped vs. cylindrical pore geometry (pore diameter: 

4 nm, applied voltage: 1.2V, bulk solution concentration: 10 mM NaCl, average hydrated 

ion size: 0.69 nm). 

 Slit-shaped Cylindrical 

∆%~2 6.45 8.15 

∆%ÖÜááàân 11.46 8.33 

Charge efficiency (CE) 48.09% 48.59% 

Average Salt Adsorption Capacity 
(ASAC) (mole/m3) 125.89 172.32 
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Figure 4-2. Profiles in (A) Slit-shaped and (B) Cylindrical pore structure; (A/B-1) 2D 

potential, (A/B-2) 3D potential, (A/B-3) 3D total ionic concentration. Pore diameter: 4 

nm, applied voltage: 1.2V, bulk solution concentration: 10 mM NaCl, blue circle/sphere 

represents the average diameter of hydrated sodium chloride ion. 

 

The simulated characteristics from two geometries have been compared to the 

actual experimental result using a pair of CDI electrode using the poly-vinyl-alcohol based 

A-1

A-2

A-3

B-1

B-2

B-3
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powdered activated carbon (PVA-CDI) electrode (Jain et al., 2018). Characteristics of the 

CDI electrode is summarized in Table 4-2. Experimental data using the PVA-CDI 

electrode shows 243.32 (mole/m3) ASAC. Meanwhile, the slit-shaped model and the 

cylindrical model gives 271.94 and 269.50 (mole/m3), respectively. The cylindrical model 

has smaller difference (10.7%) to the experimental data, compared to the slit-shaped model 

(11.71%), which implies that cylindrical pore geometry better represents the actual pore 

structure of CDI electrodes. In the two initial calculations, the average pore diameter (1.44 

nm) is used. Further cylindrical ASAC calculation using the BET pore volume distribution 

measurement data (Figure SI 1) gives the smallest difference (8.6%) to the test data.       

 

Table 4-2. Characteristics of CDI electrode and CDI experimental result (applied voltage: 

1.2V, bulk solution concentration: 10 mM NaCl). 

 PVA-CDI 
electrode 

BET Surface area (m2/g) 1,298.17 

Total pore volume (cc/g) 0.647 

Average pore diameter (nm) 1.44 

Contact angle 78 deg 

Electrode mass density 
(mg/cm2) 19.0  

Charge efficiency (CE) 57.0% 

Salt Adsorption Capacity 
(mole/m3) 243.32 
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Figure SI 1. BET measurements of pore volume of PVA-CDI electrode. 

  

4.2.3.2 EFFECT OF PORE DIAMETER  

Potential profiles in different size of pores are illustrated in Figure 4-3 at the same 

operating conditions (Applied voltage: 1.2V, bulk solution concentration: 100 mM NaCl). 

Three pore diameters, 1.6 nm (micropore), 5 nm (mesopore), 100 nm (macropores), clearly 

demonstrate all possible potential overlapping regimes as fully-overlapped, partially-

overlapped, and barely-overlapped, respectively. This implies that attraction of counter-

ions with co-ions near each charged electrode happened mostly near the Stern layer, and 

an exponentially decreasing number of those ions in the diffuse layer led to rapidly 

decreasing potential in the layer. The overlapped potential difference between slit-shaped 

and cylindrical pore is unnoticeable for pores with a relatively larger diameter, however, 

for smaller diameter pores, the potential at the center of the pores is relatively higher in 

cylindrical pore geometry than in slit-shaped pores.  
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Figure 4-3. Potential regimes with different pore size; (A) fully-overlapped in micropores 

(1.6 nm diameter), (B) partially-overlapped in mesopores (5 nm), (C) barely-overlapped in 

macropores (100 nm). Applied voltage: 1.2V, bulk solution concentration: 100 mM NaCl, 
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cylindrical pore geometry, blue circle represents the average diameter of hydrated NaCl 

ion. 

 

 

 

Figure SI 2. Potential regimes with different pore size; (A) fully-overlapped in micropores 

(1.6 nm diameter), (B) partially-overlapped in mesopores (5 nm), (C) barely-overlapped in 
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macropores (100 nm). Applied voltage: 1.2V, bulk solution concentration: 100 mM NaCl, 

slit-shaped pore geometry, blue circle represents the average diameter of hydrated NaCl 

ion. 

 

4.2.3.3 EFFECT OF THE APPLIED VOLTAGE 

Figure 4-4 shows the effect of applied voltage (0-1.2 V) on change in ASAC at 1.6, 

3.0, 5.0 nm cylindrical pore diameters, and 10 mM NaCl bulk concentration. At the same 

applied voltage, smaller pores contribute greater ASAC. As found in Figure 3, smaller 

pores tend to have a stronger potential overlapping effect, which brings greater adsorption 

in the pores. Due to this reason, ion packing density, i.e. ASAC in smaller pores is much 

higher than that in larger pores.  Higher voltage increases potential in pores, which lead to 

greater adsorption capacity. However, based on the observation, the graphs linearly 

increase with increasing voltage, except for the lower voltage range (0-0.4 V). Possibly, 

adsorption was not readily achievable, because the capacitance at the lower voltage range 

is limited. This result confirms earlier study (Lin, Ritter, & Popov, 1999; Porada et al., 

2013) that capacitance in EDLs is greatly influenced by pore size, especially for smaller 

diameter pores. However, the relatively larger pores greater than 2 nm cannot be neglected, 

due to significant SAC contribution of those greater diameter pores.  
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Figure 4-4. Effect of applied voltage on average salt adsorption capacity. Pore diameter: 

1.6, 3, 5 nm, cylindrical pore geometry, bulk solution concentration: 10 mM NaCl. 

 

Figure SI 3. Effect of applied voltage on average salt adsorption capacity. Pore diameter: 

1.6, 3, 5 nm, slit-shaped pore geometry, bulk solution concentration: 10 mM NaCl. 
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4.2.3.4 EFFECT OF BULK SOLUTION CONCENTRATION 

Figure 4-5 illustrates the ASAC at different bulk solution concentration (0-200 mM 

NaCl). As found in Figure 4-4, smaller pores contribute greater ASAC. Interestingly, in 

Figure 4, a specific solution concentration which gives the maximum ASAC is found for 

all different pore diameters. This phenomenon can be explained by the change in charge 

efficiency. The charge efficiency is largely influenced by the feed concentration and it 

nearly linearly decreases with increasing concentration. The limited charge efficiency at 

higher solution concentration resulted in less salt adsorption. On the other hand, at a lower 

concentration, change in charge efficiency is negligible, thus, salt adsorption is mainly 

increased by feed concentration. Consequently, an optimum range for the bulk solution 

concentration (~10 mM NaCl) exists.  

 

Figure 4-5. Effect of bulk solution concentration on average salt adsorption capacity at 

different pore diameters. Applied voltage: 1.2V, cylindrical pore geometry, bulk solution 

concentration: 0-200 mM NaCl. 
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4.2.3.5 EFFECT OF SALT SPECIES 

The influence on the ASAC by electrolyte species in the bulk solution is studied. Four 

different salt species, lithium chloride (LiCl), sodium chloride (NaCl), calcium sulfate 

(CaSO4), and barium sulfate (BaSO4) have been considered. As shown in Figure 6, Two 

monovalent electrolytes (LiCl and NaCl) shows overall greater ASAC than di-valent 

electrolytes (CaSO4 and BaSO4). In addition, smaller averaged hydrated ions (NaCl: 0.345 

< LiCl: 0.357 < BaSO4: 0.392 < CaSO4: 0.396 nm) show greater ASAC, regardless of pore 

diameters. As defined in Equation 3, larger hydrated ions give greater excess electrical 

potential in the diffuse layer, which leads to less compact density in the diffuse layer. In 

conventional salt adsorption capacity (salt adsorbed/mass of electrodes), di-valent 

electrolyte system gives greater capacity in terms of total mass of the adsorbed ions, 

because of their heavier molecular weight (BaSO4: 233.43 g/mol > CaSO4: 136.14 g/mol, 

NaCl: 58.44 g/mol, LiCl: 42.394 g/mol). The results demonstrate that any CDI system 

using different electrolyte has to be carefully address their capacity to represent the actual 

performance of the system. 

 



 

 
 

30 

 

 

Figure 4-6. Effect of electrolyte species in the bulk solution at different pore diameters. 

Applied voltage: 1.2V, cylindrical pore geometry, bulk solution concentration: 10mM. 

 

4.1.5 CONCLUSIONS 

The three-dimensional equilibrium models were able to describe potential 

overlapping phenomena based on the volumetric analysis in all possible pore sizes, applied 

voltages, and bulk solution concentration in two different pore geometries. Different from 

existing CDI equilibrium models using a (fixed) total volume, the proposed model takes 
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the entire measured pore volume distribution data into consideration to provide the best 

available estimation on calculating important operating parameters in CDI. The model 

confirmed previous studies that smaller pores contribute greater adsorption capacity, by 

providing potential profiles in small pores compared to larger pores. The present model 

found the optimum concentration range for the bulk solution which gives the greatest 

adsorption capacity at equilibrium state. The model also suggested that different electrolyte 

system capacity strongly depends on the hydrated ion size in the electrolyte. It will be 

useful to use the result found in this study for estimating the CDI performance, by 

optimizing electrode properties or operating conditions.  
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4.2 TASK 2: Investigating the selective removal of 
calcium ions in MCDI. 
 

This has been published: Water Research 160 (2019) 445-453  

4.2.1 ABSTRACT  

Technologies capable of selective removal of target contaminants from water are highly 

desirable to achieve “fit-for-purpose” treatment. In this study, we developed a simple yet highly 

effective method to achieve calcium-selective removal in an electrosorption process by coating the 

cathode with a calcium-selective nanocomposite (CSN) layer using an aqueous phase process. The 

CSN coating consisted of nano-sized calcium chelating resins with aminophosphonic groups in a 

sulfonated polyvinyl alcohol hydrogel matrix, which accomplished a Ca2+-over-Na+ selectivity of 

3.5 to 5.4 at Na+:Ca2+ equivalent concentration ratio from 10:1 to 1:1, 94 ¾ 184% greater than the 

uncoated electrode. The CSN coated electrode exhibited complete reversibility in repeated 

operation. Mechanistic studies suggested that the CSN coating did not contribute to the adsorption 

capacity, but rather allowed preferential permeation of Ca2+ and hence increased Ca2+ adsorption 

on the carbon cathode. The CSN-coated electrode was very stable, showing reproducible 

performance in 60 repeated cycles. 

4.2.2 INTRODUCTION  

Calcium is the most common divalent cation in surface and ground water and an important 

nutrient (Cashman, 2002; Greer & Krebs, 2006; Institute of Medicine, 1997). However, calcium 

can be problematic in household, municipal, and industrial water systems. Scaling resulting from 

precipitation of calcium minerals clogs pipes in municipal water distribution systems, reduces 

efficiency of heat exchangers, cooling towers and boilers, and causes flux decline and loss of 

separation performance in water treatment membrane systems (Gabrielli et al., 2006; Seo et al., 
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2010; van Limpt & van der Wal, 2014; Yoon et al., 2016). In addition, calcium can induce bio-

colloid formation by bridging negatively charged functional groups in bacterial extracellular 

polymeric substances, resulting in excessive precipitation or clogging problems (Sobeck & 

Higgins, 2002). Conventional methods including thermal evaporation (Koren & Nadav, 1994; 

Shaffer et al., 2013), ion-exchange (Wiers, Grosse, & Cilley, 1982), chemical precipitation (Dean, 

Bosqui, & Lanouette, 1972), electrodialysis (Yeon, Song, & Moon, 2004), and reverse osmosis 

(RO) or nanofiltration (NF) (Ghizellaoui, Chibani, & Ghizellaoui, 2005; Hauck & Sourirajan, 

1969) have been widely applied to remove calcium from water. However, these methods require 

either excessive chemical usage or large energy consumption (Ghizellaoui et al., 2005; Seo et al., 

2010; Yoon et al., 2016). 

Electrosorption, often referred to as capacitive deionization (CDI), is an emerging 

desalination technology that removes ionic species in water through adsorption of the ions on 

oppositely charged electrodes (Porada, Zhao, van der Wal, Presser, & Biesheuvel, 2013).  

Incorporation of ion exchange membranes in CDI, i.e., membrane capacitive deionization (MCDI), 

excludes co-ions from accessing the electrode surface (Lee, Park, Eum, & Lee, 2006). This not 

only enhances charge efficiency and salt adsorption capacity, but also allows faster desorption by 

reverse-voltage discharge instead of zero-voltage discharge (Biesheuvel & van, 2010; Biesheuvel, 

Zhao, Porada, & van der Wal, 2011; T. Kim et al., 2015; Y.-J. Kim & J.-H. Choi, 2010a, 2010b; 

Lee et al., 2006; Li & Zou, 2011; Omosebi, Gao, Landon, & Liu, 2014; van Limpt & van der Wal, 

2014; Zhao, Biesheuvel, & van der Wal, 2012; Zhao, Satpradit, Rijnaarts, Biesheuvel, & van der 

Wal, 2013).  However, current CDI systems have limited use in desalination applications because 

of inability to treat feed waters with moderate salinity (>10,000 ppm TDS), low salt rejection, and 

higher energy consumption compared to reverse osmosis (Porada et al., 2012; Qin et al., 2019; Zou, 

Morris, & Qi, 2008). The potential of CDI for removing ionic contaminants from water is highly 
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attractive, but it may be difficult to realize if the target contaminants are present at concentrations 

orders of magnitude lower than competing ions such as Na+ and Cl-.  

In general, ions with higher valence and smaller hydrated ion sizes migrate faster in an 

electric field (Blanchard, Maunaye, & Martin, 1984; Liu et al., 2013; Nightingale, 1959; J.-S. Park, 

Song, Yeon, & Moon, 2007; Seo et al., 2010). Higher valence ions, however, often have larger 

hydrated ion sizes. Therefore, the CDI process has limited intrinsic selectivity. Several studies have 

reported preferential removal of divalent cations using modified electrodes. Using a continuous-

flow five cell stacked CDI module equipped with activated carbon cloth electrodes, Seo et al. 

showed a higher percentage removal of hardness ions (i.e., Ca2+ and Mg2+) than Na+ from a mixture 

containing 2.6 mM CaCl2, 0.9 mM MgSO4 and 4.6 mM NaHCO3, and attributed it to the pore size 

distribution and structure that favor hardness ions (Seo et al., 2010). Because the concentration of 

Na+ in the feed water was much higher than that of Ca2+ or Mg2+, it was unclear how the actual 

amounts of ions adsorbed compared to each other. Composite electrodes containing selective ion-

exchange resins have also been used to impart ion selectivity. Carbon electrodes coated with a 

nitrate selective ion-exchange resin demonstrated preferential removal of NO3
- over Cl- or SO4

2- in 

CDI (Y.-J. Kim & Choi, 2012; Yeo & Choi, 2013). The resin coating increased NO3
- adsorption, 

while Cl- adsorption remained unchanged. Liu et al. fabricated a zeolite decorated carbon nanotube 

(CNT) electrode and showed increasing calcium and magnesium adsorption in single salt batch 

electrosorption experiments with increasing zeolite to CNT ratio (Liu et al., 2013). However, the 

performance of the zeolite-CNT electrode deteriorated in a few cycles, suggesting that it was either 

partially degraded or not fully regenerated. In another study, Yoon et al. tested a calcium-alginate 

coated carbon electrode in a continuous flow CDI system and achieved calcium removal ~2.9 times 

that of sodium from an equal molar bi-solute mixture (Yoon et al., 2016). The greater Ca2+ removal 

was attributed to the stronger affinity of divalent ions for the electrode surface, termed “Coulombic 

interaction”.  
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The studies discussed above highlighted the promise of composite electrodes containing 

selective adsorbents for use in electrosorption. At the same time, they also revealed limitations in 

the state of art. First, simply adding a selective adsorbent on the electrode usually has limited effect 

on the overall ion selectivity as the largest contributor to the overall adsorption capacity is the 

carbon electrode. Second, adsorbents that bind irreversibly with the target ions will not be 

regenerable, and the selectivity will therefore disappear when the adsorbents are saturated. Finally, 

no studies have investigated the long-term performance of the composite electrodes. Due to the 

cyclic nature of the CDI process, long-term stability of the electrodes is critical. 

In the study reported here, we developed a calcium-selective nanocomposite (CSN) electrode by 

coating an activated carbon electrode with a hydrophilic polymer film containing nanosized ion 

exchange resin. The influence of the CSN coating on Ca2+ adsorption was investigated in single 

and mixed salt solutions, and the stability of the CSN electrode was evaluated. The mechanism of 

Ca2+ selectivity was elucidated to provide guidance for further improvement of the electrodes.   

4.2.3 MATERIALS AND METHODS  

4.2.3.1 MATERIALS 

Powdered activated carbon (CEP-21k, surface area: 2,100 m2/g) was obtained from Power 

Carbon Technology, South Korea. Polyvinyl alcohol (PVA, hydrolyzed, molecular weight: 89k-

98k g/mol), glutaraldehyde (GA, 25 wt % solution in water), and sulfosuccinic acid (SSA, 75 wt 

% solution in water) were purchased from Sigma-Aldrich, USA. A graphite sheet (0.2 mm in 

thickness, Mineral Seal Corporation, USA) was used as the current collector. Cation-exchange 

(CEM, CMI-7000) and anion-exchange membranes (AEM, AMI-7001) were purchased from 

Membranes International Inc., USA. Calcium-selective ion exchange resin (AmberliteTM IRC747) 

was purchased from Dow Chemical, USA. According to the supplier, it contains aminophosphonic 

groups in a poly(styrene-co-divinylbenzene) matrix, and has a mean diameter of 0.59 ± 0.07 mm 
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and total ion exchange capacity of ≥ 1.75 eq/L. All aqueous solutions were prepared using ultrapure 

water generated by an E-Pure water purification system (Thermo Fisher Scientific, USA).   

 

4.2.3.2 PREPARATION AND CHARACTERIZATION OF ELECTRODES 

Activated carbon electrodes were prepared following a previously reported procedure with 

small modifications (Jain et al., 2018; B.-H. Park & Choi, 2010; B.-H. Park, Kim, Park, & Choi, 

2011). Briefly, an activated carbon slurry was prepared by adding the carbon powder and 25 wt% 

GA solution to a 6 wt% aqueous PVA solution at a total weight ratio of 90:9:1 (activated carbon: 

PVA: GA, on dry weight basis), and magnetically stirred for more than 12 hours. The slurry was 

cast on a graphite sheet using a customized flow coater operated by a motion-controller (Newport, 

USA) at a constant speed of 1 mm/s with a gap height of 300 µm. The carbon electrode was then 

dried at room temperature for 12 hours and heated in a vacuum oven at 130°C for an hour for cross-

linking.  

A Ca2+-selective nanocomposite (CSN) electrode was prepared by casting a nanocomposite 

coating containing Ca2+-selective ion exchange nanoparticles on the surface of the carbon electrode. 

A top-down approach was used to first obtain nano-sized Ca2+-selective ion exchange resin 

particles. It is critical to obtain small particle sizes in order to minimize defects at the interface 

between the polymer matrix and the resin particles; large defects in the coating could lead to leakage 

of co-ions (e.g., Cl-) and competing counter ions (e.g., Na+). To obtain nanoparticles without 

altering its surface chemistry, the AmberliteTM IRC747 resin was cryo-ground using a freezer mill 

(6750 FREEZER/MILL, SPEX SamplePrep, USA) with a milling program consisting 5 cycles of 

alternating grinding (2 min) and cooling (1 min). The resin nanoparticles were then sonicated in 

liquid nitrogen for 1 min using the Ultracell Sonicator VCX-500 (Sonics & Material Inc.), and 

mixed with PVA (6 wt%), GA (25 wt%), and SSA (75 wt%) solutions at a dry weight ratio of 54.2: 

40.8: 4.1: 0.9 (resin nanoparticle: PVA: GA: SSA). The slurry was then cast on the preformed 
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carbon electrode using the flow coater at 1 mm/s with a casting slit width of 30 µm. Finally, the 

coated electrode was dried at room temperature for 12 h and the binder was cross-linked in a 

vacuum oven at 80°C for 12 hours. All electrodes were precisely cut into 1 cm × 10 cm coupons 

before used in the electrosorption device. 

The particle size distribution of the ground resin particles was characterized in DI water by 

dynamic light scattering using a Zetasizer (Zen Nano 3600, Malvern Instruments, USA). The 

surface and cross-section of all electrodes were examined by scanning electron microscopy (SEM, 

FEI Quanta 400). The surface chemistry of the electrodes was characterized using a Fourier 

transform infrared spectrometer (FTIR, Nicolet Avatar 330, Thermo, USA). 

 

4.2.3.3 ELECTROSORPTION EXPERIMENTS 

The ion removal performance of the electrodes was evaluated in a flow-by the MCDI 

system illustrated in Figure 4-7. A bare carbon electrode was used as the anode in all experiments, 

and the performance of the CSN electrode was compared with that of an uncoated carbon electrode 

(the control) as the cathode. The effective area of both electrodes was 10 cm2. Although the CSN 

coating also serves as a cation exchange membrane, a CEM was still used in all experiments to 

ensure consistent charge efficiency so that separate the Ca2+-selective function of the CSN coating 

can be separated from its cation exchange function. A polypropylene mesh spacer with a 500 µm 

mesh opening and 61% porosity was installed between two ion exchange membranes to create a 

flow channel of ~1 mm in depth.  

Single solute and binary solutions containing 10 milliequivalent per liter (meq/L) of total 

salt were utilized as feed solutions. All experiments were performed in a continuous flow, single 

pass mode at a constant flow rate of 1.0 mL/min (apparent velocity of ~1.7 mm/s). An 

electrochemical workstation (CH Instruments 660E, USA) was used to charge/discharge the 

electrodes and measure electric current. The applied voltage was 1.2 V for adsorption, and a reverse 
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voltage of -1.2 V was utilized for desorption. The reverse voltage was necessary to achieve 

complete desorption. The adsorption and desorption cycles were both 1.5 h to allow adsorption 

equilibrium and complete desorption. Effluent conductivity and pH were continuously monitored 

using an inline micro-conductivity sensor (ET 908, eDAQ USA) and a pH probe. Effluent samples 

were also collected continuously at 6 min intervals using an autosampler (Pharmacia Frac-100, 

USA) for analysis of specific ion concentrations by inductively coupled plasma optical emission 

spectroscopy (ICP-OES, PerkinElmer 4300). At least five adsorption and desorption cycles were 

performed before sampling and data collection began to ensure the system has reached dynamic 

steady state.  

 

 

Figure 4-7. Schematic diagram of the experimental setup (CSN: Ca2+-selective 

nanocomposite, PACE: powdered activated carbon electrode; COND: conductivity sensor; 

ICP: inductively coupled plasma spectroscopy). 

 

 

4.2.3.4 ELECTRODIALYSIS EXPERIMENTS 

To investigate the ion transport through nanocomposite coating, an electrodialysis setup 

was used. The electrodialysis cell consists of three 5-mL chambers formed by two graphite 

electrodes, an AEM, and a CSN-coated microfiltration (MF) membrane (0.45 μm pore size). The 
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MF membrane has no ion separate function, and was used only to support the CSN coating. The 

CSN coating was equilibrated with the test solution for 24 h before each experiment to saturate its 

physisorption capacity. All three chambers were initially filled with a mixed salt solution 

containing 5 mM NaCl and 5 mM CaCl2. A constant current density of 0.6 mA/cm2 was applied to 

drive electro-migration of ions from the two ion donating chambers to the ion-accepting chamber 

in the middle. Samples were collected from each chamber, and ion concentrations were analyzed 

by ICP-OES. 

 

4.2.4 RESULTS AND DISCUSSION  

4.2.4.1 CHARACTERIZATION OF ELECTRODES 

After cryo-grinding and sonication in liquid nitrogen, the pulverized resin nanoparticles 

had an average particle diameter of 143 ± 44 nm (Figure S1), 3 orders of magnitude smaller than 

its original size. SEM images showed that the prepared uncoated electrodes had a flat surface with 

a thickness of ~300 μm, and the activated carbon had a particle size of ~5 μm (Figures 4-8a and 4-

8b). Modification with the CSN resulted in a dense, continuous coating of ~30 μm in thickness 

(Figures 4-8c and 4-8d) with resin nanoparticles well dispersed and distributed uniformly in the 

polymer matrix (Figure 4-8d1). 

Figure 4-8e compares FTIR spectra of the different electrodes as well as the unprocessed 

resin. The uncoated electrode showed only a small peak at 2840-3000 cm-1 that corresponds to C-

H stretches from PVA binders. The PVA/GA/SSA coated electrode exhibited peaks for O-H (3500-

3200 cm-1), C-H (2840-3000 cm-1), C-O-C (1150-1085 cm-1), and -SO3 groups (1034 cm-1) (Jain et 

al., 2018; J.-S. Kim & J.-H. Choi, 2010; Mansur, Sadahira, Souza, & Mansur, 2008). The negatively 

charged -SO3 group enables the coating to work as a cation exchange membrane. The spectrum of 

the resin contained peaks of phosphonic (-PO3) functional groups at 975 and 550 cm-1 (Ménard, 
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Fontaine, & Brosse, 1994; Sahni, Van Bennekom, & Reedijk, 1985), which offers high affinity to 

Ca2+ over Na+. The CSN electrode clearly exhibited features of both the resin and the PVA/GA/SSA 

polymer matrix.  

 

Figure 4-8. Characteristics of various prepared electrodes. SEM images of the top (a) and 

cross-sectional view (b) of uncoated electrode, and top (c) and cross-sectional view (d, d1) of the 

CSN electrode; yellow arrows in d1 indicating resin nanoparticles. (e) FTIR spectra of uncoated, 

PVA/GA/SSA-coated, pure resin, and the-CSN coated electrode. 

 

4.2.4.2 PERFORMANCE PARAMETERS 

Key performance parameters evaluated include salt adsorption capacity (SAC, meq/m2, 

Equation 1) and charge efficiency (Λ, Equation 2). SAC measures the equilibrium adsorption 

capacity of the electrode, while Λ represents the percentage of the applied electric charges utilized 

for ion adsorption in the adsorption cycle.  

  ãåç = é2 ãnynY⁄         (1) 
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  Λ = 0é2 ∫ ë(í)!í
[ì{
-

⁄       (2)   

 é2 = ∫ î∑(çT,TVá − çT,náá) !í
[ì{
-     (3) 

Here é2 is the total amount of salt adsorbed (meq) at the end of the adsorption stage; ãnynY 

is the top surface area of two electrode (m2); F is the Faraday constant (96,485 C/eq);  íZs is the 

duration of the adsorption stage in each adsorption/desorption cycle (1.5 h); ë(í) is electric current 

(A) at time t; Q is influent flow rate (L/s); Ci,inf and Ci,eff are influent and effluent concentration 

(meq/L) of ion i. All reported values were average from at least three consecutive cycles. It is noted 

that the salt adsorption capacity is based on the top surface area of the carbon electrode. As the 

same activated carbon loading was used to fabricate the control and CSN coated electrodes, the 

SAC based on electrode surface area is linearly proportional to that based on carbon electrode mass.    

In experiments using a binary electrolyte solution, a selectivity coefficient, St/c, defined in 

accordance to the conventional definition for ion exchange processes (Equation 4), was used to 

measure the selectivity for the target (t) ion (Ca2+) over the competing (c) ion (Na+). 

  ã[/Y =
ñÄ,ó	

ñÄ,ò

ôöõ,ó
ôöõ,ò
ú        (4) 

Here é2,[  and é2,Y  are the adsorbed amounts (meq) of the target and competing ions, 

respectively, at the end of the adsorption cycle; and çTV,[ and çTV,Y are the equivalent concentration 

(meq/L) of the target and competing ions in the influent solution, respectively.   

  

4.2.4.3 SINGLE-SOLUTE EXPERIMENTS 

The control and CSN electrodes were first evaluated separately in single solute experiments 

using feed solutions containing 10 meq/L NaCl or CaCl2. As shown in Figure S2 (NaCl solution), 

Figure 4-9a and S3 (CaCl2 solution), highly reproducible current and conductivity profiles were 

observed in all cycles with both electrodes, indicating excellent reversibility of these electrodes 

under RVD; there was no ion accumulation. The feed solution was not purged by nitrogen, thus 
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both influent and effluent pH stayed constant at 5.8 ± 0.2. A close examination of the conductivity 

profile revealed almost identical adsorption kinetics of the two electrodes for both NaCl (Figure 

S2b) and CaCl2
 (Figure 4-9b) feed solutions, suggesting negligible impact of the CSN coating on 

the ion transport to the carbon electrode surface. During the desorption stage using reverse voltage, 

the control electrode exhibited a higher and sharper desorption peak than the CSN electrode (Figure 

S2c & 4-9c). This suggests that the CSN coating slightly hindered ion transport back to the bulk 

solution, presumably due to the additional mass transfer resistance imposed by the CSN coating (as 

illustrated in Figure 3c). These results indicate that internal diffusion in the CSN layer is the rate 

limiting step in the desorption stage, while ion release from the carbon surface is relatively fast.  

Despite the different valence and size of Ca2+ and Na+, their adsorption capacity by the 

uncoated electrode in terms of milliequivalent was similar: 68.9 and 71.6 meq/m2 for Ca2+ and Na+, 

respectively in same initial concentrations (10 meq/L). As a comparison, the SAC of the CSN 

electrode was 77.3 and 78.0 meq/m2 for Na+ and Ca2+ respectively, 8% and 13% higher than the 

uncoated carbon electrode. The higher SAC was attributed to increased charge efficiency, which 

was 78.7% (CaCl2) and 86.9% (NaCl) for the uncoated electrode, and 86.4% (CaCl2) and 92.9% 

(NaCl) for the CSN electrode (Figure 4-9d). The ion exchange/adsorption capacity of the CSN 

coating itself had negligible contribution to the SAC as the electrode was equilibrated with the feed 

solution before the electrosorption cycles began.  
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Figure 4-9. Performance of uncoated and CSN electrodes in single solutions. (a) Conductivity 

profiles of the two electrodes using 10 meq/L CaCl2
 feed solution; (b) Conductivity profile 

during one adsorption stage using 10 meq/L CaCl2
 feed solution; (c) Conductivity profile during 

one desorption stage using 10 meq CaCl2
 feed solution, with insert illustrating desorption at a 

microscopic scale; (d) Salt adsorption capacity and charge efficiency of uncoated and CSN 

electrodes in single NaCl or CaCl2 solution. All experiments were performed in continuous flow, 

single pass, flow-by, constant voltage operation (+1.2 V/-1.2 V) at a constant flow rate of 

1.0 mL/min. 

 

4.2.4.4 BINARY-SOLUTION EXPERIMENTS 

Binary solutions containing NaCl and CaCl2 with a total concentration of 10 meq/L and 

different Na+-to-Ca2+ were used as the feed water to investigate Ca2+ adsorption in the presence of 

Na+. Results are summarized in Figure 4-10 and Figure S4. The adsorption and desorption kinetic 
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data (Figure 4-10a) revealed a substantial difference between performance of the uncoated and 

CSN electrodes. The uncoated electrode exhibited notably faster Na+ adsorption than Ca2+ 

adsorption despite the higher electrophoretic mobility of Ca2+. This behavior is attributed to the 

smaller radius of hydrated Na+ (3.58 Å versus 4.12 Å for Ca2+) (Nightingale, 1959) and hence faster 

diffusion into the carbon pores, the rate limiting step of the electrosorption process (Seo et al., 2010; 

Yoon et al., 2016; Zhao, van Soestbergen, et al., 2012).  

Analysis of ion concentrations in the effluent found that the uncoated electrode achieved a 

SAC of 70.8 ± 9.9 meq/m2 (47.7 ± 5.0 mmol/m2) for the binary solution with 1:1 Na+-to-Ca2+ 

equivalent ratio, similar to that for the single salt NaCl or CaCl2 solution. About twice as much 

equivalents of Ca2+ (46.1 ± 5.1 meq/m2) were adsorbed as Na+ (24.7 ± 2.5 meq/m2), resulting in a 

St/c of 1.9 ± 0.1. Unlike in the single salt CaCl2 solution, the CSN coating greatly enhanced Ca2+ 

adsorption kinetics in the presence of Na+ (Figure 4-10a). It also increased the total SAC from 70.8 

± 7.6 to 82.4 ± 2.0 meq/m2, a 16.4% increase, although the SAC measured in mmol/m2 remained 

unchanged (47.7 ± 5.0 and 47.7 ± 1.5 mmol/m2 for uncoated and CSN electrode, respectively, 

Figure 4-10b). The improved equivalent salt adsorption by the CSN coating was attributed to 

enhanced adsorption of Ca2+ relative to Na+. As shown in Figure 4-10b, Ca2+ adsorption (69.5 ± 

0.9 meq/m2) by the CSN electrode was 50.7% higher than that of the uncoated electrode (46.1 ± 

5.1 meq/m2), while Na+ adsorption decreased by 48% (from 24.7 ± 2.5 to 12.9 ± 1.1 meq/m2), 

resulting in a greatly improved Ca2+ selectivity (St/c) of 5.4.  

Furthermore, displacement of adsorbed Na+ by Ca2+ was observed in the later stage of the 

adsorption process for both the uncoated and the CSN electrodes: effluent Na+ concentration 

exceeded its influent concentration while Ca2+ adsorption continued, though the coated electrode 

showed a much greater displaced amount. This is clearly demonstrated in Figure 4c, where 

cumulative Na+, Ca2+ and total cation adsorption by the CSN electrode is shown as a function of 

time.  Cumulative Na+ adsorption reached a maximum at ~ 25 min, when the effluent Na+ 
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concentration became the same as the influent concentration (Figure 4-10a2). Thereafter, the 

amount of Na+ adsorption declined, while Ca2+ adsorption continued to increase. Compared with 

the uncoated electrode, the CSN electrode experienced more Na+ displacement by Ca2+. Similar 

displacement phenomena were observed in previous studies (Chen, Zhang, Wu, Wang, & Li, 2015; 

Mossad & Zou, 2012; Seo et al., 2010; Zhao, van Soestbergen, et al., 2012), referred to as “time-

dependent ion selectivity” (Zhao, van Soestbergen, et al., 2012).  

In most water and wastewater, concentration of Ca2+ is usually much lower than that of 

Na+. Therefore, experiments were performed using 10 meq/L binary solutions with Na+: Ca2+ 

equivalent concentration ratio of 1:1, 2:1, 5:1, and 10:1. As expected, the amount of Ca2+ adsorption 

decreased while Na+ adsorption increased with increasing influent Na+-to-Ca2+ ratio in the binary 

influent solution for both the uncoated and CSN electrodes (Figure 4-10d). For the uncoated 

electrode, the amount of Ca2+ or Na+ adsorption changed proportionally with its respective relative 

concentration in the influent solution, resulting in fairly constant Ca2+ selectivity, St/c (Figure 4-

10e). The CSN electrode, however, exhibited a slight drop in St/c. When the Na+-to-Ca2+ equivalent 

ratio increased from 1:1 to 10:1, the Ca2+ selectivity coefficient (St/c) decreased from 5.4 to 3.7. 

This result is attributed to two reasons: incomplete Na+ displacement and increased Na+ flux 

through the non-selective PVA matrix. It is noted that Ca2+ adsorption did not reach equilibrium at 

the end of the adsorption cycle, as evident in the notable difference between its effluent and influent 

concentrations. At higher Na+-to-Ca2+ ratio, this difference was larger (Figure S5) and Na+ 

displacement amount was also decreased (Figure 4-10f), suggesting insufficient time for Ca2+ 

displacement of Na+ to reach completion. In the meantime, permeation of Na+ through the non-

selective PVA matrix increases with increasing Na+-to-Ca2+ ratio.  It is anticipated that increasing 

adsorption cycle time and the Ca2+-selective resin content can further increase the selectivity of the 

CSN electrode and minimize the impact of Na+-to-Ca2+ concentration ratio.  
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Figure 4-10. Performance of the uncoated and CSN electrodes in binary solutions with 

different influent Na+-to-Ca2+ ratios. (a) Concentration profile of Na+ and Ca2+ during an 

adsorption/desorption cycle using the uncoated (a1) and CSN coated (a2) electrodes at an initial 

Na+-to-Ca2+ equivalent ratio of 1:1; (b) Cations adsorbed by uncoated and CSN electrodes at an 

influent Na+-to-Ca2+ equivalent ratio of 1:1; (c) Cumulative adsorption of cations by the CSN 

electrode during an adsorption stage with initial Na+-to-Ca2+ equivalent ratio of 1: 1;  (d) Cations 

adsorbed by the two electrodes at different influent Na+-to-Ca2+ ratio; (e) Ca2+ selectivity (St/c) at 

different influent Na+-to-Ca2+ ratio; (f) Amount of Na+ displaced at different influent Na+-to-Ca2+ 

ratio. All experiments were performed in continuous flow, single pass, flow-by, constant voltage 
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operation (+1.2 V/-1.2 V) at a constant flow rate of 1.0 mL/min. Mean and standard deviation 

were calculated from three consecutive cycles; error bars are standard deviation from at least 

three repeated experiments. 

 

4.2.4.5 UNDERSTANDING THE SELECTIVE MECHANISM OF THE CSN ELECTRODE. 

As discussed above, the CSN coating increased Ca2+ adsorption relative to Na+ on the 

carbon electrode, while having little direct contribution to Ca2+ adsorption capacity. In a previous 

study, we showed that selective SO4
2- removal in the presence of Cl- achieved using a SO4

2- selective 

coating on a carbon electrode was due to preferential transport of SO4
2- through the coating (Zuo et 

al., 2018). It is assumed that the same mechanism is responsible for the selective Ca2+ removal 

observed in the current study.  

To test this hypothesis, experiments were carried out in an electrodialysis cell to 

characterize ion transport through the CSN coating using a binary solution containing 5 meq/L of 

NaCl and 10 meq/L CaCl2 (Figure S6). By applying a constant current density, concentration of 

both Ca2+ and Na+ decreased with operation time in the cation donor chamber, while a 

corresponding increase was observed in the ion acceptor chamber (Figure 4-11). Detailed mass 

balance analysis found that the decreased concentration of ions in donor chamber was comparable 

with that accumulated in accepting chamber (Figure S6d) with negligible ion adsorption on the 

CSN coated MF membrane, suggesting electro-migration of cations through the CSN MF under 

electric field.  Further test found that 2.7 times higher Ca2+ migration flux (155.0 µeq/m2-min) was 

achieved through the CSN coating than Na+ (57.1 µeq/m2-min) for 2:1 (Ca2+:Na+) initial 

concentration ratio, despite the fact that Ca2+ had a larger hydrated ion size (4.12 Å for Ca2+ vs 3.58 

Å for Na+). The electro-migration flux of Ca2+ is ~2.7 times that of Na+, comparable with the St/c 

ratio between the CSN and uncoated electrodes (5.4/1.9) obtained in the electrosorption experiment 

at an influent Na+-to-Ca2+ equivalent ratio of 1:1.  These results suggest that the higher affinity of 



 

 
 

48 

the CSN for Ca2+ resulted in faster electro-migration rate of Ca2+ through the CSN coating, 

consistent with the solution-diffusion model.  The higher flux of Ca2+ relative to Na+ would lead to 

a higher Ca2+-to-Na+ concentration ratio that the carbon electrode is exposed to, and therefore 

increased Ca2+ adsorption by the carbon electrode surface.   

 

Figure 4-11. Ion-transport of Ca2+ and Na+ through the CSN layer in the electrodialysis experiment. 

 

4.2.4.6 LONG TERM PERFORMANCE OF THE CSN ELECTRODE 

Long-term stability of the CSN electrode was evaluated by operating the experimental 

system continuously for more than 180 hours using a binary influent solution containing 5 meq/L 

NaCl and 5 meq/L CaCl2 (total 10 meq/L). As shown in Figure 4-12A, both the conductivity and 

current profiles exhibited excellent repeatability for over 60 cycles.  Effluent samples were taken 

and analyzed in the 5th, 30th, 45th, and 60th cycle. Results showed that the change in SAC was less 

than 10%, and the Ca2+ selectivity, St/c was consistently >5. In the 60th cycle, the amounts of Ca2+ 

and Na+ removed during the adsorption stage were 66.9 and 11.8 meq/m2, respectively, showing 

that the adsorption by the CSN electrode was reversible in long-term operation. 
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Figure 4-12. Long term performance of the CSN electrode in binary solution (10 meq/L) 

with influent Na+-to-Ca2+ equivalent ratio of 1:1. (a) Effluent conductivity and current 

production during 60 cycles of operation; (b) Total SAC and Ca2+ selectivity (St/c) at the 5th, 30th, 

45th, and 60th cycles. 

 

4.2.5 CONCLUSIONS  

In this study, we developed a nanocomposite electrode that selectively removes Ca2+ in the 

presence of competing Na+ ions by applying a Ca2+-selective nanocomposite (CSN) coating on the 

activated carbon electrode. The high affinity of the nanosized Ca2+-selective resin particles for Ca2+ 

ions results in higher Ca2+ permselectivity than Na+, and hence an elevated Ca2+ concentration in 

the carbon electrode pores, which leads to increased Ca2+ adsorption relative to the competing Na+.  

At the same time, the CSN coating had negligible impact on ion adsorption kinetics, and only 

slightly decreased the desorption kinetics due to the added resistance of the coating. The CSN 

electrode exhibited excellent performance over long-term operation, with highly stable salt 

adsorption capacity, Ca2+-selectivity and regenerability. These results suggest that a selective 

barrier on the electrode allows preferential utilization of the adsorption sites on the high capacity 

carbon electrode for the target ion. This renders selectivity on the originally non-selective carbon 

electrode. The selectivity for Ca2+ decreased with increasing Na+-to-Ca2+ ratio in the influent 
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solution, but it is anticipated that the impact can be minimized by increasing the adsorption cycle 

time and/or content of the Ca2+ resin in the CSN coating. 
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4.3 TASK 3. Improving selective removal of lead in water 
by nanostructured materials empowered CDI. 

4.3.1 INTRODUCTION 

Lead (Pb2+) is one of most toxic heavy metals that can damage brain as well as many other 

organs causing memory problem, tremor, kidney failure, infertility, etc58. According to WHO’s 

report, lead poisoning caused 494,550 deaths in 2015 and 9.3 million disability related health issues 

by long-term exposure59. Since lead is widely used for industrial activities especially in 

automobiles, electronics, paints, explosives, and oil refineries, it prevails not only in urban air, 

water, dust, but also in foods, and consumer products. 

One of most tragic lead poisoning happened at Flint, MI in 2014 when city of Flint changed 

their municipal water source from Lake Huron/Detroit river to Flint river60,61. Lead quickly released 

from established pipelines and joints to the source water, and distributed to residents in Flint. As a 

result, lead level in Flint was above a thousand ppb level which is hundred times higher than EPA’s 

drinking water standard action level of 15 ppb62. Moreover, increased blood lead level from Flint 

residents was also reported due to the contaminated water source63. 

Due to the event, people from other cities and states also concerned about their drinking water 

sources and quality. In accordance with growing concern about lead level, KHOU 11 news station 

and Rice University Civil and Environmental Engineering department investigated water quality 

from public water taps in Houston. And we have found high lead concentration higher than the 

EPA standard from some water samples, resulting in foreclosures of the locations64.  

Another heavy metal which present abundantly and has adverse health effect is copper 

(Cu2+). There are many cookwares made of copper and people easily got poisoning by using those. 

Long term exposure to copper causes liver and kidney damage. Municipal or industrial waste water 
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contains high copper content, and some river waters also have copper up to 20 ppb58, which is much 

higher than EPA’s action level of 1.3 mg/L62.  

Therefore, removing those toxic heavy metals from our source feed is extremely important 

for public health. In this study, we will investigate if CDI can selectively remove those heavy metals 

by adopting target ion-specific adsorbents.   

4.3.2 LAYERED DOUBLE HYDROXIDES  

In general, layered double hydroxides (LDHs) are naturally occurring multi-layered 

material and are composed of positively charged host layers and anions in the interlayer space as 

shown in the figure Error! Reference source not found.. The interlayer space is filled with water 

molecules with different anions. Khan & O’hare (2002) described that the connection between the 

positive host layers and water molecules with negative anions is continuously breaking and 

restructuring. The interlayer space is determined by atomic size, valence, concentration of ions, 

especially anions in the interlayer space65.  

 

 

Figure 4-13. General polymorphic form of LDHs66. 
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LDHs are known as oxyanion adsorbents that have relatively large surface area, high anion 

exchange capacity, and good thermal stability67–70. Due to this properties, LDHs have been widely 

applied to catalysts, nanoreactors, adsorbents, and drug carriers68,71,72. Especially in environmental 

application, different types of LDHs were widely studied for adsorptive removal of arsenatel73a, 

chromate74, phosphate75, selenite76, and borate77. Goh et al (2008) indicated that surfaces of general 

LDHs have point of zero charge higher than 7, sometimes greater than 1278, contributing greater 

adsorption capacity for oxyanions. 

On the other hand, due to the property of LDHs, applications for adsorption of positively 

charged ions are not usual, especially for heavy metals. Limited number of studies used EDTA-

modified Zn-Al-based LDH79 for copper (Cu2+) scavenger and polysulfide-intercalated Mg-Al-

based LDH79 for various heavy metals. The polysulfide-Mg-Al LDH is intercalated with 

thiomolybdate (MoS4) in figure Figure 4-14 showed extremely high adsorption capacity for copper 

(Cu2+, 181 mg/g) and lead (Pb2+, 290 mg/g).  

 

Figure 4-14. Layered double hydroxide intercalated with MoS4
2- ion (Ma et al., 2016). 

 

The high selectivity of the polysulfide LDH is not what conventional CDI has. And CDI 

has a potential to facilitate ion adsorption kinetics in the interlayer of LDHs. Nevertheless, the use 

of any type of LDH on CDI is not reported yet. Possibly, LDHs are widely used for adsorbent, but 

irreversible (not reusable) material. In fact, LDHs are not readily regenerated because energy input 

takes about 70% of total operating expense (Goh et al., 2008).  

Highly Selective and E!cient Removal of Heavy Metals by Layered
Double Hydroxide Intercalated with the MoS42! Ion
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ABSTRACT: The MoS4
2! ion was intercalated into magne-

sium!aluminum layered double hydroxide (MgAl!NO3-
LDH) to produce a s ing le phase mater i a l o f
Mg0.66Al0.34(OH)2(MoS4)0.17·nH2O (MgAl!MoS4-LDH),
which demonstrates highly selective binding and extremely
e!cient removal of heavy metal ions such as Cu2+, Pb2+, Ag+,
and Hg2+. The MoS4-LDH displays a selectivity order of Co2+,
Ni2+, Zn2+ < Cd2+ " Pb2+ < Cu2+ < Hg2+ < Ag+ for the metal
ions. The enormous capacities for Hg2+ (#500 mg/g) and Ag+

(450 mg/g) and very high distribution coe!cients (Kd) of
#107 mL/g place the MoS4-LDH at the top of materials known for such removal. Sorption isotherm for Ag+ agrees with the
Langmuir model suggesting a monolayer adsorption. It can rapidly lower the concentrations of Cu2+, Pb2+, Hg2+, and Ag+ from
ppm levels to trace levels of $1 ppb. For the highly toxic Hg2+ (at #30 ppm concentration), the adsorption is exceptionally rapid
and highly selective, showing a 97.3% removal within 5 min, 99.7% removal within 30 min, and #100% removal within 1 h. The
sorption kinetics for Cu2+, Ag+, Pb2+, and Hg2+ follows a pseudo-second-order model suggesting a chemisorption with the
adsorption mechanism via M!S bonding. X-ray di"raction patterns of the samples after adsorption demonstrate the
coordination and intercalation structures depending on the metal ions and their concentration. After the capture of heavy metals,
the crystallites of the MoS4-LDH material retain the original hexagonal prismatic shape and are stable at pH % 2!10. The MoS4-
LDH material is thus promising for the remediation of heavy metal polluted water.

! INTRODUCTION
Water contamination by toxic heavy metals such as Hg2+, Pb2+,
and Cd2+ is becoming an increasingly important issue in
separation science and environmental remediation,1 because
these metals are harmful to humans and other species.2!4

Increasing amounts of mercury are discarded into the
environment (air, soil, and water) due to its use in the
pharmaceutical and paper industries, electric battery produc-
tion, amalgam dental #llings, combustion of coal or oil, and etc.
E"ective reduction of Hg2+ and other heavy metals down to
trace levels (e.g., < 5 ppb) remains a great challenge.5

Conventional methods including chemical precipitation,
$occulation, membrane separation, ion exchange, evaporation
are suboptimal because of low capacities and low removal rates
for metals other than Hg2+. Precipitation employing sul#de ions
cannot reduce the concentrations of heavy metals below
acceptable drinking levels.6 Adsorption method is considered to
be quite attractive in terms of the low cost, simple design and
strong operability, especially its high removal e!ciency from
dilute solutions.7 Various materials such as zeolites,8 activated
carbon,9!11 polymers,12 biomaterials,13 and sorption resins
have been employed for the adsorption of metal ions.14 Clays
are also attractive as natural adsorbents because of their
promise of low cost, high surface area, and hydrophilicity,15,16

but they su"er from low selectivity and weak a!nity for heavy
metals. In spite of these, new highly e!cient and cheaper
adsorbents attract the attention of researchers.
Sul#des form strong covalent bonds with heavy metals,17!24

and this can be the basis for designing e"ective adsorbent
materials for their e"ective capture. Consequently, many
crystalline sul#de-based materials have been well studied for
remediation of heavy metal polluted water.25!31 Our group has
reported layered metal sul#des such as K2xMnxSn3!xS6 (KMS-
1),32!35 H2xMnxSn3!xS6 (LHMS-1),36,37 K2xMgxSn3!xS6 (KMS-
2),38,39 K2xSn4!xS8!x (KTS-3),

40 and porous amorphous glass
(A2A!2!x-SnSb2S6, A = Na; A! = K, Cs),41 all of which
demonstrate high e!ciency in removing heavy metals. Fu et al.
studied the e"ects of pH, reaction time, initial concentration,
reaction temperature and coexisting ions on the adsorption of
Cu2+ by KMS-1.42 These materials operate under the soft!hard
Lewis acid!base paradigm mentioned above for the metal ion’s
selectivity.
The layered double hydroxides (LDHs) are anionic clays

with positively charged host layers and counter-anions found in
the interlayer space. The excellent intercalation and anion-
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Here, one possibility exists on the use of LDH in CDI is regeneration process. If CDI can 

regenerate the LDH-containing electrode by applying opposite voltage, LDHs can be used for 

multiple times, thus reducing operating cost while maintaining high selectivity.     

4.3.3 MATERIALS AND METHODS 

4.3.3.1 ELECTRODE MATERIALS AND FABRICATION 

Granular CO3
-/OH- based pure phase Mg0.72Al0.28(OH)2(CO3

2-)0.14(H2O)0.58 LDH 

(PURALOX MG 63 HT, Sasol Germany GmbH) was reconstructed in deionized (DI) water. The 

base granular LDH particles were ground to nanosized particles as followed by Li, Dopilka, Kraetz, 

Jing, and Chan (2018), washed using DI two times. As Ma et al. (2016) introduced in their study, 

the washed particles were stirred in 20 g/L (NH4)2MoS4 (Sigma-Aldrich, USA) solution for 24 

hours for intercalating counterions from CO3
-/OH-  to MoS4

2-. The processed particles were washed 

twice using DI water and vacuum dried at 40°C for 24 hours.      

All aqueous solutions were prepared using ultrapure water generated by an E-Pure water 

purification system (Thermo Fisher Scientific, USA). The base carbon electrode materials, 

powdered activated carbon (CEP-21k, surface area: 2,100 m2/g, Power Carbon Technology, South 

Korea), polyvinyl alcohol (PVA, hydrolyzed, molecular weight: 89k-98k g/mol), glutaraldehyde 

(GA, 25 wt % solution in water), and sulfosuccinic acid (SSA, 75 wt % solution in water) from 

Sigma-Aldrich, USA were mixed in water-based carbon slurry. The slurry composition includes 90 

wt% carbon and 10 wt% binder (PVA+GA) on dry basis. As reported in the previous study (Kim 

et al., 2019), the slurry was cascaded on a graphite sheet (0.2 mm in thickness, Mineral Seal 

Corporation, USA) using a motion-controller (Newport, USA) and cross-linked in a vacuum oven 

at 130°C for 12 hours.  

Then, the MoS4
2- intercalated LDH nanoparticles were mixed with PVA (6 wt%), GA (25 

wt%), and SSA (75 wt%) solutions (60 wt% LDH:40 wt% solution). The mixed solution was coated 
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on top of the base carbon electrode, cross-linked at 130°C for 30 minutes in a vacuum oven, and 

rested at room temperature for 24 hours.  Cation-exchange (CEM) and anion-exchange membranes 

(AEM) were purchased (Neosepta, ASTOM, Japan) and used only for ZVD and RVD operation.  

 

4.3.3.2 CHARACTERIZATION OF ELECTRODES 

The particle size distribution and the electrophoretic mobility of the ground LDH particles 

were measured by dynamic light scattering using a ZetaPALS (Brookhaven Instruments, USA). 

The cross-section of composite electrodes was examined by scanning electron microscopy (SEM, 

FEI Quanta 400) equipped with Energy-dispersive X-ray (EDX). The surface chemistry of the 

electrodes was characterized using a Fourier transform infrared spectrometer (FTIR, Nicolet Avatar 

330, Thermo, USA) and a Raman microscopy.  

 

4.3.3.3 ELECTROSORPTION EXPERIMENTS 

As illustrated in Figure 1, A flow-by MCDI module was used to evaluate the selective 

removal of Pb2+. An electrochemical workstation (CH Instruments 660E, USA) was used to 

measure output electric current and charge/discharge the electrodes at a constant voltage. The 

adsorption and desorption cycles each were 1.5 h to allow adsorption equilibrium and complete 

desorption. Effluent conductivity and pH were continuously monitored using an inline micro-

conductivity sensor (ET 908, eDAQ USA) and a pH probe. Effluent samples were also collected 

continuously at 6 min intervals using an autosampler (Pharmacia Frac-100, USA) for analysis of 

specific ion concentrations by inductively coupled plasma optical emission spectroscopy (ICP-

OES, PerkinElmer 4300). At least five continuous adsorption and desorption cycles were 

performed before sampling and data collection began to ensure the system has reached a dynamic 

steady state. A polypropylene mesh spacer with 61% porosity allowed a flow channel of ~1 mm 

in-between two electrodes. The effective area of each electrode was 10 cm2.  
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Figure 4-16. Schematic diagram of the CDI electrosorption test system. 

 

4.3.4 RESULTS AND DISCUSSION 

4.3.4.1 CHARACTERIZATION OF ELECTRODES 

Fig. 4-16(A) shows electrophoretic mobilities of the pristine and the intercalated LDHs at 

different pH (3-12). Due to positively charged (Mg/Al) host material, the pristine CO3
-/OH--based 

LDH shows positive mobility, especially at a lower pH range. At higher pH, it remained in a much 

lower mobility range (< 10-8 m2/V-s). In contrast, MoS4
2--intercalated LDH shows negatively 

charged surface mobility due to the abundance of MoS4
2- ions in the interlayer space. Fig. 4-16(B). 

shows the cross-sectional SEM image of the LDH coated electrode. The LDH impregnated PVA 

layer has a flat surface with a thickness of 10 μm on top of ~300 μm thick carbon electrode. Fig. 4-

16(C) compares the FTIR spectra of each coated material to the uncoated carbon electrode. The 

PVA layer exhibits vibrating banks for O-H (3500-3200 cm-1), C-H (2840-3000 cm-1), C-O-C 

(1150-1085 cm-1), and -SO3 groups (1034 cm-1) (Jain et al., 2018; J.-S. Kim & Choi, 2010; Mansur, 

Sadahira, Souza, & Mansur, 2008). The pristine LDH exhibits CO3 (1363 cm-1) peak, however, the 

peak is somehow not distinctive in the MOS4
2--LDH, possibly due to the result of intercalation. 

Nevertheless, any peak for intercalated MoS4
2- is not found in the FTIR analysis. Further, Raman 

spectroscopy can identify the MoS4
2- ions, as in Fig 4-16(D). Additional EDX elemental analysis 
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in Fig. 4-16(E) validates the existence of Molybdenum (42). From the results, we found that 

successfully intercalated MoS4
2—LDH having an extremely negatively surface charge is 

immobilized and coated on the carbon electrode.  

 

 

Figure 4-17.  (A) Electrophoretic mobility of intercalated LDH nanoparticles, (B) cross-
sectional image of LDH coated carbon electrode, (C) FTIR spectra of layered materials, (D) 
Raman spectra of raw materials, (E) Energy-dispersive X-ray (EDX) elemental analysis of 
the MoS4-LDH composite electrode. 
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4.3.4.2 ELECTRO-SORPTION CAPACITY AND ION-SELECTIVITY 

All experiments were performed in a continuous flow, single-pass mode at a constant flow 

rate of 1.0 mL/min (apparent velocity of ~1.7 mm/s). As a feed solution, a 1:20 mole ratio (total 

9.66 mM) Pb(NO3)2/NaNO3 binary solution was used. Three different constant-voltage modes were 

used to evaluate the performance of the fabricated electrode; 0V/1.2V for the inverted CDI (iCDI) 

operation that Gao, Omosebi, Landon, and Liu (2015) proposed, 1.2V/0V for zero-voltage 

discharge (ZVD) operation, 1.2 V/-1.2 V for reverse-voltage discharge (RVD) operation. The salt 

adsorption capacity (SAC=é2 ãnynY⁄ , mmol/m2) and Pb2+/Na+ selectivity (ãù4/ûZ =
ñÄ,ü†	

ñÄ,°ì

ôöõ,ü†
ôöõ,°ì
ú ) 

where é2 is the total amount of salt adsorbed (meq); ãnynY the top surface area of two electrode 

(m2); çTV,ù4$> and çTV,ûZ> the equivalent concentration (meq/L) in the influent solution. 

 Due to the negatively charged surface of the MoS4
2--LDH electrode, it was expected to 

gain adsorption during the zero-voltage period in the iCDI operation. In Fig. 4-18(A), iCDI mode 

has a small Pb2+ adsorption peak to the uncoated electrode induced by +1.2V discharging, however, 

no significant adsorption was found in 0V charging period. As in Table 4-2, the total adsorbed 

amount in iCDI was almost negligible (0.6 mmol/m2), makes hard to evaluate the ãù4/ûZ. Possibly, 

the ion-transport of counterions to the charged MoS4
2--LDH electrode surface was limited by 

independent co-ions in non-charged conditions.  

 

Table 4-2. Sorption capacity, ion-selectivity of MoS4
2--LDH electrode in binary solution CDI 

 Charging 
voltage (V) 

Discharging 
voltage (V) 

SAC 
(mmol/m2) ãù4/ûZ 

(A) inverted (i-CDI) mode   0.0 +1.2 0.6±0.4  N/A 

(B) Zero-voltage discharge (ZVD-CDI) mode +1.2   0.0 37.8±2.2 1.2±0.2 

(C) Reverse-voltage discharge (RVD-CDI) mode +1.2 -1.2 99.6±8.3 1.8±0.3 
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The charged electrode in the ZVD mode enhanced the SAC to 37.8 mmol/m2. However, as 

in Fig 4-18(B), the charged electrode surface attracts both Na+ and Pb2+ equally, resulted in low 

ãù4/ûZ =1.2. In ZVD mode, desorption of accumulated Pb2+ ions was hardly found in 0V 

discharging period, indicating attraction between Pb2+ ions and the MoS4
2--LDH surface is strong 

and Pb2+ diffusion to the bulk was limited.  

Meaningful Pb2+ desorption was found only in RVD mode operation. Both Na+ and Pb2+ 

released during -1.2V discharging period. During charging period, MoS4
2--LDH electrode attracts 

both Na+ and Pb2+ ions, provides greater SAC (99.6 mmol/m2). The relatively larger amount of 

adsorbed Pb2+ ions leads to higher selectivity (ãù4/ûZ=1.8) than other CDI charge/discharge modes. 

 

Figure 4-18. Concentration profile of Na+ and Pb2+ in binary solution CDI using MoS4
2--LDH 

electrode, (A) inverted mode, (B) zero-voltage discharge mode, and (C) reverse-voltage 
discharge mode. 
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4.3.4.3 REGENERATION PERFORMANCE 

 In RVD mode, the accumulated Na+ was fully released during the discharging period, 

however, Pb2+ was insufficiently discharged. In Fig. 4-19, ãù4/ûZ increased slightly (14.7%) over 

the repeated cycles. Nevertheless, the partial un-released Pb2+ ions bring about reducing SAC over 

the cycles. After 4 cycles, SAC 21.7% decreased from 112.0 to 92 mmol/m2. To fully regenerate 

the MoS4
2--LDH electrode, alternative methods should be considered, such as applying a higher 

discharging voltage (>1.2V) or changing the desorption period.  

 

 

Figure 4-19.  Renegeration of MoS4
2--LDH over repeated cycles.  

 

4.3.5 CONCLUSIONS 

In this study, we evaluated the performance of the Pb2+ selective composite CDI electrode 

in a binary solution (Pb2+/Na+) system. The coated MoS4
2--LDH maintains negatively charged 

surface, enhancing affinity towards Pb2+ ions in charged mode CDI operation. However, Pb2+ ions 

tend to be accumulated in the electrode and not fully released during the discharging period, leads 

to decreasing adsorption capacity over repeated cycles. To overcome the insufficient regeneration 

and to use the electrode in longer operation, alternative methods should be considered.  
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