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Abstract  

Considering the necessity of access to fresh water for sustainable growth and development, the use of 

various technologies for desalination of salt water is one of the solutions to increase access to fresh water. 

Various problems of conventional water desalination methods have led to the emergence of new methods 

such as capacitive deionization technology. CDI technology is an emerging electrochemical adsorption 

technology to remove water-soluble ions. In recent years, the development of this technology has 

attracted the attention of many researchers from the functional and economic point of view. Recent 

research results show that to overcome the challenges of CDI technology, focusing on two areas of 

effective porous electrodes and applied architectures can be more effective than other solutions. 

Therefore, this article provides a brief overview of CDI technology and investigates its emergence, 

progress, and challenges. Furthermore, various types of structures with capacitive electrodes have been 

introduced along with their unique features, drawbacks, and advantages. Also, this article describes in 

detail the quantitative and qualitative performance comparison of different geometries of CDI technology, 

such as flow-by CDI, flow-through CDI, MCDI, FCDI and i-CDI. The results show that, currently, CDI 

technology using nanostructured carbon electrodes is economical for the deionization of low and medium 

salinity waters (3 g/L). Despite numerous challenges, capacitive deionization technology has the potential 

to provide a sustainable source of fresh water in the future. This technology offers a clean and 

environmentally friendly solution, with low energy consumption and economical operation.
 

Keywords: Water Desalination, Nanostructured Carbon Electrodes, Capacitive Deionization, 

Electrosorption, CDI, Clean Technology. 
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1. Introduction 
Currently, many countries face a shortage of 
freshwater. This article introduces capacitive 
deionization

1
, which is an emerging and 

promising electrochemical water desalination 
technology. After examining the challenges of 
this technology, two areas of development of 
different geometric structures and the 
development of carbon nanostructure electrodes 
were proposed as having the main roles in the 
development of this technology. For this reason, 
in the following, the classification of different 
geometric structures of the capacitive 
deionization system, the examination of the 
characteristics of the types of geometric structures 
with capacitive electrodes, and a comparison of 
the performances of different geometries will be 
discussed.
 
2. An overview of conventional water 
desalination methods 
Currently, reverse osmosis, electrodialysis, multi-
stage flash distillation, and multi-effect 
distillation are the most common desalination 
methods used by 64%, 23%, 8% and 4% of the 
world's major refineries, respectively (Al-
Karaghouli and Kazmerski, 2013). 
 
2.1. Disadvantages of current desalination methods 
and reasons for emergence of new methods 
High investment costs, high operating costs, high 
energy consumption, process complexity, the 
need for specialized staff, and secondary 
environmental problems associated with current 
desalination technologies have led to the 
development of new technologies and 
optimization of conventional technologies (Busch 

and Mickols, 2004)  

 
3. CDI 
CDI is an electrochemical technology that 
employs electric fields to temporarily adsorb ions 
in a solution to a charged porous surface. This 
process is called deionization as the removal of 
charged species (through capacitive effects and 
Faraday reactions) occurs. The use of porous 
carbon electrodes, which become positive and 
negative poles when a voltage difference is 
applied, has led to the inclusion of the term 
“capacitance” in the name of this process. 

CDI is a desalination process in which two 
electrodes are alternately charged and discharged 
to adsorb ions from a solution. During the 
charging or adsorption phase, water enters the 
cell, and ions are adsorbed by the electrodes, 
resulting in an outflow of fresh water. During the 
discharge or desorption phase, ions are released  
from the electrodes, resulting in concentrated 
brine outflow (Dykstra, 2018). 
3.1. Schematic of CDI 

                                                 
1
 Capacitive Deionization (CDI) 

A simple CDI cell consists of two porous 
electrodes with a flow channel (spacer channel) 
between them (Fig. 1). CDI technology 
desalinates water by passing it through a cell for 
deionization, producing fresh and saltwater 
streams sequentially. Therefore, CDI always 
consists of at least two stages of water 
desalination and electrode regeneration. 

 

 
Fig. 1. Performance of a CDI cell for water 

desalination (Dykstra, 2018) 
 

3.2. Description of the simple CDI cell 
Fig. 2 illustrates a CDI cell at the laboratory 
scale. This system consists of two parallel porous 
carbon electrodes separated by a nonconductive 
spacer. The feed solution enters the cell by a 
peristaltic pump with a constant flow rate and 
flows in the space between the two electrodes. 
The cell’s electric current is supplied by the 
power supply. Additionally, the conductivity 
meter can measure and record changes in the 
ionic conductivity of the feed solution owing to 
salt removal (Folaranmi et al., 2020). 

 

 

Fig. 2. A simple CDI cell (Folaranmi et al., 2020) 

 
3.3. History of emergence and advancement of CDI 
technology 
CDI is a novel approach for desalinating 
saltwater. In the past two decades, the field of 
CDI has seen significant advancements owing to 
the development of various CDI cell structures 
and enhancements in the electrode properties. 



F. Mianjian and R. Khoshbouy                                                                                dx.doi.org/10.22093/wwj.2023.384602.3323 

 

 

                              Water and Wastewater 

            Vol. 34, No. 4, 2023 

Recent advancements in CDI technology have 
focused on enhancing stability, reducing energy 
consumption and investment costs, streamlining 
cell manufacturing, and simplifying the overall 
process. Table 1 presents the timeline of the 
introduction of various geometric architectures of 
CDI. Figures 3 and 4 depict the growing trend in 
the number of studies and publications on this 
topic in recent years. 
 

Table 1. Timetable related to the introduction of 

)Folaranmi et al., 2020different cell structures ( 

Year Innovators 
Electrochemical 

technology 

1960 Bair and Murphy Flow-by CDI 
1970 Johnson Flow-through CDI 
2006 Lee MCDI 
2012 Pasta Desalination battery 
2013 Jeon Flow electrode CDI 
2014 Lee Hybrid CDI 
2015 Gao i-CDI 

2016 Smith and Dimello 
Cation intercalation 

desalination 

 

 
Fig. 3. Published articles about CDI technology 

in the last 10 years (the data was extracted 
from the Scopus site) 

 
4. Various architectures of CDI technology 
In the last decade, various structures have been 
developed for CDI technology. Flow-by CDI, 
Membrane CDI

1
, flow-through CDI, inverted-

CDI
2
, Flow Electrode CDI

3
, Hybrid CDI, Cation 

intercalation desalination, and Desalination 
battery are the various structures of this 
technology (Fig. 5).

The electrodes utilized in the introduced 
structures can be categorized into two types: 
capacitive electrodes and battery electrodes. Cell 
configurations, such as flow-by CDI, MCDI, 
flow-through CDI, i-CDI, and FCDI, utilize 
capacitive electrodes to desalinate water via non-
Faraday mechanisms, which include electrostatic 
and capacitive effects. The popularity of 
capacitive electrodes in research has grown 
because of their affordability and ease of 

                                                 
1
 Membrane CDI (MCDI) 

2
 Inverted-CDI (i-CDI) 

3
 Flow Electrode CDI (FCDI) 

production compared with battery electrodes 

(Tang et al., 2019).
 

 
Fig. 4. Published articles about CDI technology 
with different structures in the last 10 years (the 

data was extracted from the Scopus site) 
 

 

Fig. 5. Conventional architecture of different CDI cells 
(Tang et al., 2019) 

 
 

4.1. Introducing structures with capacitive 
electrodes and their characteristics 
4.1.1. Flow-by CDI 
Flow-by CDI, illustrated in Fig. 5-a, consists of 
two graphite current collectors and two porous 
carbon electrodes specially designed for 
capacitive ion adsorption. These electrodes are 
separated by a separator.
 
4.1.2. Flow-through CDI 
In the flow-through CDI structure (Fig. 5-c), 
incoming water passes directly through the 
electrodes and runs parallel to the applied electric 
field. Unlike flow-by CDI cells, the separator 
does not primarily serve as a channel for fluid 
flow. As a result, flow-through CDI cells are 
more compact and smaller in size compared to 
flow-by CDI cells. 
 
4.1.3. MCDI 
In MCDI (Fig. 5-b), a cation exchange 
membrane

4
 is placed near the cathode, and an 

                                                 
4
 Cation Exchange Membrane (CEM) 
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anion exchange membrane
1
 is placed near the 

anode. The incorporation of IEMs into CDI 
effectively prolongs the electrode lifespan by 
preventing direct water exposure and reducing 
Faraday reactions. 
 
4.1.4. FCDI 
FCDI (Fig. 5-e) is similar to MCDI and was 
developed by substituting flowing electrodes 
(made of carbon suspension) instead of fixed 
electrodes between current collectors and IEMs. 
This structure offers two main advantages: the 
continuous production of fresh water and the 
capability to deionize water with high salinity. 
 
4.1.5. i-CDI 
i-CDI (Fig. 5-d), which is a modified version of 
flow-by CDI, employs an anode with a net 
negative surface charge and a cathode with a net 
positive surface charge. The i-CDI cell exhibits 
superior operating lifetime and stability compared 
to other structures. However, it is important to 
note that i-CDI has a lower salt removal capacity 
(Tang et al., 2019). 
 
4.2. Results of studies and performance comparison 
of structures with capacitive electrodes 
The review of published articles reveals that both 
flow-by CDI and MCDI structures have 
demonstrated effective performance in the 
removal of diverse ionic pollutants, including 
heavy metal ions, mineral pollutants, and organic 
pollutants such as ionizable dyes and antibiotics. 
These findings highlight the versatility and 
efficacy of these structures in addressing a wide 
range of pollution challenges (Tang et al., 2019). 
Economic evaluations indicate that flow-by CDI 
and MCDI are considered cost-effective options 
for desalinating water with low and medium 
salinity levels, typically up to 3 g/L. These 
structures offer a favorable balance between 
performance and affordability, making them 
suitable choices for desalination applications 
(Folaranmi et al., 2020; Tang et al., 2019). 

 
5. Challenges and prospects in water 
desalination using CDI technology
CDI technology, an emerging technology, has 
attracted considerable interest in the past years as 
a promising approach to water desalination. This 
technology shows great potential in addressing 
the global challenge of water scarcity and has 
sparked research efforts for further advancements 
and applications (Welgemoed and Schutte, 2005). 
CDI technology faces several key challenges that 
must be addressed for its widespread adoption 
and successful implementation. These challenges 
include reducing the energy consumption for 
desalination of high-salinity waters, increasing 

                                                 
1
 Anion Exchange Mebrane (AEM) 

cell adsorption capacity, improving stability, 
reducing initial investment costs, reducing 
operational capital, and facilitating easy setup 
across laboratory, semi-industrial, and industrial 
scales. 

Recent research articles have identified the 
construction of efficient porous electrodes and the 
development of functional geometries as the two 
main challenges in the development of CDI 
technology. To improve the performance and 
economy of CDI, the primary strategy is to focus 
on these two areas to increase the efficiency of 
CDI technology. The design and production of 
optimal porous carbon electrodes are crucial for 
reducing manufacturing costs and energy 
consumption, and improving cell and electrode 
stability. Currently, numerous studies have been 
conducted on the fabrication of cost-effective 
porous electrodes with high adsorption capacity. 

The utilization of biomass waste for the 
production of CDI electrodes offers a dual 
benefit: waste management and addressing the 
water crisis while creating additional value. As 
such, future advancements in this field could 
significantly impact the economic optimization of 
CDI. Investigating the various applications of the 
CDI process and improving and optimizing this 
process to remove inorganic pollutants such as 
heavy metal ions, nitrates, and phosphates are 
among the important research fields of this 
technology worldwide (Choi et al., 2019). With 
successive advances in this field, it is hoped that 
CDI will be used in the future to efficiently and 
economically remove pollutants, such as heavy 
metals and nitrates.

 
6. Conclusions 
The crisis of decreasing access to fresh water 
necessitates the design and implementation of 
new and economical desalination methods. CDI is 
an emerging electrochemical method for water 
desalination that has garnered significant 
attention from researchers. Improvements in CDI 
structures and electrode fabrication have 
enhanced the performance of this technology. The 
challenges facing CDI technology include 
reducing energy consumption, increasing 
adsorption capacity, improving sustainability, 
reducing initial investment and operational costs, 
and facilitating scalability. 

Research has shown that the development of 
optimal porous electrodes and functional 
structures are effective solutions to these 
challenges. This article examines the various 
structures of CDI technology, including their 
appearance and related process parameters. The 
advantages and disadvantages of each capacitive 
geometry are presented. Despite challenges, CDI 
has the potential to provide fresh water globally 
as a clean, environmentally friendly, low-energy, 
and economical technology. 



                                                                        dx.doi.org/10.22093/wwj.2023.384602.3323 

 
                             Water and Wastewater 

            Vol. 34, No. 4, 2023 

 مقاله مروری

 44-62، صفحه: 4، شماره43آب و فاضلاب، دوره  

 

 

 

*

 
 

r.khoshbouy@sut.ac.ir

 

 

 

3323.384602.310.22093/wwj.202https://doi.org/ 
 

CDI

CDI

CDI

CDICDICDICDI

CDI

 

 

 

 

https://doi.org/10.22093/wwj.2023.384602.3323


     dx.doi.org/10.22093/wwj.2023.384602.3323 

 

                                                              Water and Wastewater 

                                      Vol. 34, No. 4, 2023 

(Kılıç, 2020)

(Amy et al., 2017)

.

                                                 
1
 Capacitive Deionization (CDI) 

CDI

CDI

 

ROMSFDMEDED

.(Busch and 

Mickols, 2004, Al-Karaghouli and Kazmerski, 2013, 

Elimelech and Phillip, 2011)

 

                                                 
2
 Reverse Osmosis (RO) 

3
 Electrodialysis (ED) 

4
 Multi-Stage Flash Distillation (MSFD) 

5
 Multiple-Effect Distillation (MED) 
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Fig. 1. The distribution of salt and fresh water in the world and availability of fresh water (Emmanuel et al., 2023) 

(Emmanuel et al., 2023) 

 

(Almarzooqi et al., 2014) 
Table 1. Energy required by different water desalination 

methods (Almarzooqi et al., 2014) 

Required energy 
(Kw/m

3
) Desalination technology 

10-58 MSFD 

6-58 MED 

2-6 RO 

0.4-8.7 ED 

.(Busch and 

Mickols, 2004, Al-Karaghouli and Kazmerski, 2013, 

Elimelech and Phillip, 2011) 

CDI

CDI

.(Murphy and Tucker, 1966, 

Folaranmi et al., 2020)

 
CDI

CDI

CDI

(Dykstra, 2018)



     dx.doi.org/10.22093/wwj.2023.384602.3323 

 

                                                              Water and Wastewater 

                                      Vol. 34, No. 4, 2023 

CDI 

CDI

 CDI 

 CDI 



 



.(Suss et al., 2015, Porada et al., 2013) 

 
CDI

CDI

Fig. 2. Performance of a CDI cell for water desalination 
(Dykstra, 2018)

CDI 

(Dykstra, 2018)

(Folaranmi et al., 2020)

CDI

CDI

CDI

CDI

CDI
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Fig. 3. A simple CDI cell (Folaranmi et al., 2020)

CDI (Folaranmi et al., 2020)

CDI(Folaranmi et al., 2020) 

Table 2  Timetable related to the introduction of different cell structures (Folaranmi et al., 2020) 

YearInnovatorsElectrochemical technology

1960Bair and MurphyFlow-by CDI

1970JohnsonFlow-through CDI

2006LeeMCDI

2012PastaDesalination battery

2013JeonFlow electrode CDI

2014LeeHybrid CDI

2015GaoInverted CDI

2016 Smith and Dimello Cation intercalation desalination 

 

Fig. 4. Published articles about CDI technology in the last 10 years (the data was extracted from the Scopus site)
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Fig. 5. Published articles about CDI technology with different structures in the last 10 years 
(the data was extracted from the Scopus site) 
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5
 Flow Electrode CDI (FCDI) 

6
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7
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8
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(Tang et al., 2019)
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Fig. 6. Conventional architecture of different CDI cells (Tang et al., 2019)

CDI (Tang et al., 2019) 

 

Flow-through CDI

Flow-by CDI

Flow-through CDI

Flow-by CDI

Flow-through CDI

Flow-by CDI

(Tang et al., 2019)

MCDI

MCDIb

                                                 
1
 Ion Exchange Membranes (IEMs) 

2
 Cation Exchange Membranes (CEM)

IEMCDI

CDI

MCDI

CDI

(Tang et al., 2019)

FCDI

FCDIhMCDI

IEM

                                                 
3
 Anion Exchange Membranes (AEM) 
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Fig. 7. Schematic of a CDI method with energy recovery control system (Tang et al., 2019) 

CDI(Tang et al., 2019)

FCDI

MCDI

MCDI

MCDI

(Tang et al., 2019)

aFCDI

b

c
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FCDI

FCDI

(Tang et al., 2019) 
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Fig. 8. Schematic of a typical FCDI cell (Tang et al., 2019)

FCDI(Tang et al., 2019)
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(Tang et al., 2019)

Flow-by CDI

MCDI

.(Folaranmi et al., 2020, 

Tang et al., 2019)

Flow-

by CDIFlow-through CDIMCDIFCDIi-CDI

CDI

CDI

(Welgemoed and Schutte, 2005)

(Almarzooqi et al., 2014)

flow-by CDIflow-through CDIMCDIFCDIi-CDI 

Table 3. Advantages and disadvantages of flow-by CDI, flow-through CDI, MCDI, FCDI and i-CDI

Differences Disadvantages Advantages Technology 

Does not use IEM. 
Low mSAC

Low selectivity 

Easy to set up

Low capital cost 
Flow-by CDI 

Does not use IEM. 

It has a different direction 

of water flow 

(perpendicular to the 

electrodes). 

Low mSAC

High electrode cost 

High energy demand 

Easy to set up

High kinetics 
Flow-through CDI 

It uses IEM. 

High energy demand

Ion adsorption limitation 

due to the use of fixed 

electrodes 

High kinetics

High charge efficiency 

High mSAC 

MCDI 

It can use IEM. 

Electrodes are not fixed on 

the current collectors. 

It has a continuous flow of 

suspension electrodes. 

Low charge transfer

Low flow rate of feed 

solution 

Improved ion adsorption

Increased capacitance due 

to continuous charging of 

fresh carbon particles into 

the cell 

FCDI 

Does not use 

IEM. 

It uses electrodes with net 

positive and negative 

surface charge. 

Low mSAC

High electrode cost due to 

creating a net surface 

charge on the electrode 

surface 

High operational life

High stability 
i-CDI 
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flow-by CDIflow-through CDIMCDIFCDIi-CDI

Table 4. The results of recent studies regarding the five structures flow-by CDI, flow-through 
CDI, MCDI, FCDI and i-CDI

Ref.
Capacity 

mg/g 
Salt removal 
percentage 

Electrode material 

Initial 
concentration

ppm NaCl 
Architectures No. 

(Zou et al., 2008) 58 AC/TiO2 630 Flow-by CDI 1

(Myint and Dutta, 2012) 34 ACC/ZnO 100 Flow-by CDI 2

 (Xing et al., 2019) 32 ACC 200 Flow-by CDI 3

(Liu et al., 2015b) 14.79  NG-CNFs
1
 1000 Flow-by CDI 4

(Ma et al., 2018) 49.34  Graphene gel 500 Flow-by CDI 5

(Cao et al., 2018) 48.73  
3D Graphene 
modified with 

SWCNT 
300 Flow-by CDI 6

(Liu et al., 2015a) 35.52  

GO
2
/resorcinol 

formaldehyde 

microsphere 

(GORFM) 

800 Flow-by CDI 7

(Lee et al., 2018) 21.3  GO-CNT/AC800 Flow-by CDI 8

(Liu et al., 2016) 13.72  
3D Graphene grafted 
with amine-sulfonic 

functional group 
500 Flow-by CDI 9

(El-Deen et al., 2016) 18.43  Flexible Graphene 300 Flow-by CDI 10

(El-Deen et al., 2015) 9.1  rGO/TiO2 300 MCDI 11

(Kim et al., 2010) 83.6 AC 1000 MCDI 12

(Lee and Choi, 2012) 99.2 AC 13 MCDI 13

(Bhat et al., 2019) 8.1  
Bi-tortuous activated 

carbon electrodes 
coated 

2925 MCDI 14

(Min et al., 2018) 18.5  
Iron-grafted TiO2 

nanoparticle layer on 
the porous carbon 

electrode 
500 MCDI 15

(El-Deen et al., 2016) 14.32  
Flexible 3D 
nanoporous 

graphene 
300 MCDI 16

(Lim et al., 2022) 46 AC 500 FCDI 17

(Lim et al., 2022) 92 Biochar45% 
AC55% 500 FCDI 18

(Lim et al., 2022) 96 Biochar 500 FCDI 19

(Ntakirutimana and 
 Tan, 2021)- 25 Modified AC 750 i-CDI 20

(Wang et al., 2011)0.25 - AC 60 Flow-through 
CDI

21

(Wang et al., 2011)1.4 - ACF
3
 60 Flow-through 

CDI 22

(Wang et al., 2011)0.75 - CNT 60 Flow-through 
CDI 23

(Wang et al., 2011)3.25  Carbon aerogel 100 Flow-through 
CDI 24

(Wang et al., 2011)3.25  CNT–CNF 
composites 100 Flow-through 

CDI 25

(Wang et al., 2011)4.5  CNT sponges 100 Flow-through 
CDI 26

                                                 
1
 Nitrogen Doped Carbon Nanofibers (NG-CNFs) 

2
 Graphene Oxide (GO) 

3
 Activated Carbon Fiber (ACF) 
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CDI

CDI

ROMCDI

CDI

CDI

CDI

.

 

(Xie et al., 2018)

CDI

CDI

CDI

 

 

 

Fig. 9. Comparison of energy consumption of MCDI and RO. Triangles: MCDI energy consumption to bring the 
salt concentration to the level of 0.5 g/L (the upper limit of TDS for good drinking water). Rhombus: MCDI 

energy consumption to reduce salt concentration to 1 g/L (the upper limit of TDS for drinking water). Circles: 
RO data. (Zhao et al., 2013) 

MCDIROMCDI 

TDS MCDITDS

RO (Zhao et al., 2013) 
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Fig. 10. Percentage of publications with materials perspective (2012-2020) (Datar et al., 2022) 

(Datar et al., 2022) 

 

(Choi et al., 2019)

CDI

CDI

CDI

CDI
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