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A B S T R A C T   

Flow-electrode capacitive deionization (FCDI) is a new electrochemical-based desalination technology that ad
dresses the limitations of preceding CDI processes through the use of a stationary carbon electrode and ion- 
exchange membrane. As with conventional CDI configurations, non-Faradaic reactions (i.e., ion electro
sorption) of the electric double layer model is the principal ion separation mechanism of FCDI. This technology 
also offers the unique ability for continuous ion/salt separation by circumventing constraints with electrode 
saturation. This paper reviews recent advances in FCDI, discusses the feasibility and applicability of this tech
nique, and suggests potential niche applications for saline water/wastewater treatment and resource recovery. 
Additionally, it also critically discusses factors that deteriorate FCDI performance, operating conditions, process 
energy efficiency, and optimization of the electrode, electrolyte, and cell design. The insights from this review 
will shed light on directions for future FCDI research and inform the implementation of FCDI technology.   

1. Introduction 

The threat of water scarcity continues to grow around the world due 
to rapid industrialization, climate change, and the proliferation of 

source water contamination. Sustainable exploitation of alternative 
water resources is now essential to enable safe and adequate water 
supply in many countries. The desalination of saline water is considered 
a key solution due to easy source water accessibility and the high 
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freshwater production capability [1–3]. Various desalination technolo
gies have been developed in recent decades, including thermal-driven 
multi-stage flash (MSF) distillation [4], multiple effect distillation 
(MED) [5], pressure-driven seawater reverse osmosis (SWRO), and 
electro-driven capacitive deionization (CDI). Thermal-driven MSF and 
MED consumes large amounts of energy to achieve water vaporization 
for freshwater production. In contrast, reverse osmosis (RO) technology 
is known to be less energy intensive due to the membrane-based sepa
ration mechanism driven by hydraulic pressure. The earlier SWRO 
plants were reported to operate at approximately 20 kWh/m3 of specific 
energy consumption (SEC) [2], whilst current state-of-the-art SWRO 
plants only consume ~3 kWh/m3. This is a result of significant im
provements in process design, including the development of high- 
performance RO membranes, the installation of an energy recovery 
device and the use of more energy-efficient pumps [6–8]. Despite this 
progress, the RO process still suffers from other critical problems such as 
high capital costs, membrane fouling in long-term operation, and a need 
for intensive pre-treatment [9]. 

Capacitive deionization (CDI) is an electrochemical-based desalina
tion technology with potential niche applications in which this tech
nology is able to outperform the RO process. A typical CDI process uses a 
porous carbon electrode to capture charged ions and desalinate the 
water [10–12]. The CDI desalination mechanism is based on the elec
trical potential gradient over two charged electrodes; this may be 
explained by the electrical double layer (EDL) model. CDI operates at a 
relatively low charging voltage of <1.2 V to prevent faradaic reactions; 
these are oxidation-reduction reactions that occur at the surface of the 
electrode [13]. Such low voltage conditions, together with process 
operation without hydraulic pressure and relatively easy fouling control 
of the electrode, renders CDI a low-energy desalination method. Mem
brane capacitive deionization (MCDI) has been developed and widely 
explored, whereby the process incorporates ion exchange membranes 
(IEMs) between two electrodes in the CDI configuration. The ion 
adsorption capacity of MCDI is higher than conventional CDI with better 
charge efficiency due to increased ion selectivity through ion exchange 
membranes [11,14]. However, the desalination performance of MCDI 
continues to be limited by electrode saturation as charged ions are 
stored in the micro and macro-pores of the fixed electrode [14,15]. As a 
result of this limitation, MCDI is only applicable to treat low to moderate 
ion concentrations of approximately 3000–4000 mg/L [9]. Additionally, 
the continuous operation of the MCDI process is constrained due to the 
unavoidable regeneration of the ion-saturated electrode [16,17]. 

The flow-electrode capacitive deionization (FCDI) process has 
recently been proposed as a means to address the limitations of MCDI 
[18]. FCDI uses a slurry-type electrode, these contain typically small 
particles of activated carbon sized at ~10 μm with a high specific surface 
area of ~3200 m2/g, leading to higher electrosorption capacity (>20 mg 
of NaCl per gram of carbon particles) compared to MCDI (average 1–11 
mg/g) [19]. The high specific surface area of flow electrodes in FCDI 
enables effective ion separation and the desalination of highly saline 

feed water. Some studies have demonstrated the potential of FCDI to 
desalinate feed water with high total dissolved solids (TDS) concentra
tions up to the level of seawater (i.e., ~35,000 mg/L) [16,20]. As 
opposed to conventional CDI and MCDI, FCDI enables continuous 
charge–discharge operations through an external ion desorbing system. 
In this system, the discharged flow electrodes from the anodic and 
cathodic chambers are mixed and regenerated, which means that FCDI 
desalination is easily scalable simply through an increase in the amount 
of flow-electrodes [18]. These advantages highlight the potential for 
FCDI to be implemented for industrial-scale desalination plants [10,18]. 
Suspended carbon particles (i.e., flow electrodes) in FCDI pass through a 
flow channel on the current collector. When a voltage is applied, 
charged ions are transported across the ion exchange membrane and 
adhere to the surface of suspended carbon electrodes. Importantly, FCDI 
is driven by a relatively low electric potential of <1.2 V, where addi
tional energy is only required for the circulation pump; this trait em
phasizes its substantial potential for energy-efficient desalination [13]. 

From the advent of FCDI in 2013, a total of 71 papers on FCDI have 
been published in a range of subjects. To date, most studies have focused 
on FCDI cell architecture design (32.39%), followed by the development 
of carbon electrode materials (26.76%). Remaining research on FCDI 
have primarily dealt with process applicability (23.94%) and energy 
efficiency (9.85%). The initial research involved largely investigating 
the improvement of ion separation efficiency by designing advanced 
carbon electrodes and increasing the carbon electrode loading in the 
flow cell. From 2016, the research focus shifted to the design of flow cell 
configuration and operation, followed by the most recent research on 
the practical applications of FCDI. Beyond the foundational and lab- 
scale investigations on FCDI, it is particularly important to critically 
assess the feasibility of this technology for various industrial 
applications. 

This paper provides a comprehensive review of FCDI technology, 
focusing on the recent advancements in suspended carbon electrodes, 
electrolytes, and cell systems. We provide a critical analysis of process 
optimization and hybridization, which may enhance desalination per
formance and the energy efficiency of FCDI. We highlight recent efforts 
to improve the feasibility of FCDI across many industrial applications 
based on the inherent advantages and recent advancements of this 
electrochemical-based separation process. This includes applications 
such as desalination, softening, decontamination, and resource recov
ery. As such, this review is timely as it offers guidelines for future 
research and contributes to practical applications of FCDI. 

2. Comparison of FCDI with conventional and membrane-CDI 

The function of all electro-driven desalination processes (i.e., CDI, 
MCDI, and FCDI) are primarily based on the non-faradaic reaction of the 
electrical double layer (EDL) model, where two porous electrodes 
separate and store ions from feed water through electrosorption 
[11,21,22]. However, FCDI has three key advantages over the 

Fig. 1. Schematic of (a) capacitive deionization (CDI); (b) membrane-capacitive deionization (MCDI); and (c) flow-electrode capacitive deionization (FCDI).  
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conventional CDI and MCDI: (i) the potential for continuous desalina
tion with the regeneration of the flow electrodes in an external reservoir; 
(ii) improved ion adsorption capacity (or, improved desalination effi
ciency); and (iii) the potential for energy production during flow elec
trode regeneration. A schematic of the FCDI process is shown in Fig. 1, 
comparing this process to conventional CDI which uses a stationary 
carbon electrode and MCDI equipped with ion exchange membranes 
[18]. 

2.1. CDI and MCDI mechanisms 

Ion separation and storage during CDI desalination may be achieved 
by two main electrochemical mechanisms [23,24]. Non-faradaic re
actions, the most common phenomenon in electrochemical-driven sep
aration, are mainly based on the formation of EDL at the surface of the 
porous carbon electrode. Specifically, ions are separated from saline 
water and stored in the diffusive layer within the porous electrode 
structure [14,25]; this phenomenon is referred to as electrosorption and 
normally occurs at an electric potential <1.2 V. 

The other CDI mechanism of faradaic reactions produces negative 
and positive impacts on ion separation efficiency. The four key negative 
impacts include (1) a decrease in desalination performance and energy 
efficiency, (2) the reduction of electrode lifespan, (3) the formation of 
chemical by-products, and (4) pH fluctuation in the product water 
[26,27]. The positive impacts of faradaic reactions include improving 
the desalination process by forming valuable reactive species (i.e., HOCl, 
OCl− , and H2O2) through pseudo-capacitive intercalation effects [28]. 

Fig. 2 illustrates the three different types of faradaic reactions that 
take place during CDI desalination [29–31]. Type 1 is the oxidation of 
carbon, chloride, and water, which occur on the anode side (Fig. 2a). 
Among these oxidation reactions on the anode side, carbon electrode 
oxidation impairs its pore structure, resulting in ion adsorption capacity 
loss [26,32]. The type 2 oxygen reduction on the cathode side generates 
an asymmetric potential between the two electrodes [33]. Reaction by- 
products, such as H2O2, produced during the reduction of oxygen may be 
used for water disinfection or as a radical for advanced oxidation. 
Cathode reduction also results in the precipitation of heavy metals 
present in the feed water [34]. Type 3 is pseudo-capacitive/intercalation 
effects that occur during faradaic storage, where ions are captured in the 
electrode by reversible redox reactions. These effects differ from the 
storage in EDLs at interfaces between the electrode and electrolyte 
[27,35–37]. 

CDI and MCDI technologies share the underlying electrochemical 
mechanisms of faradaic and non-Faradaic reactions, with the key dif
ference being that the latter deploys IEMs in front of the electrodes to 
improve desalination performance by allowing the selective transport of 
counter ions (i.e., ions with the opposite charge to the membrane) over 
the co-ions [38–40]. 

2.2. FCDI mechanism 

FCDI desalination uses slurry-type suspended electrodes that travel 

between two oppositely charged electrodes in fluid flow. This unique 
configuration of flow electrodes means that FCDI has the potential to 
treat relatively high saline feed waters (i.e., TDS concentrations of 
35,000 mg/L) in continuous operation mode. The FCDI system includes 
a curved flow channel to enable the migration of electrodes in the feed 
water across the current collector. Here, the simultaneous desalination 
of saline water and the production of current through the IEM is ach
ieved. As such, the operational conditions play a critical role in FCDI 
desalination performance; these conditions include electrode particle 
size, carbon weight percentage, and the type and concentration of an 
aqueous electrolyte [16,41,42]. For instance, small-sized particles 
facilitate ion migration inside their porous structure across the total pore 
volume with a short diffusion pathway [43]. The electrical conductivity 
of flow electrodes is also dependent on their carbon weight percentage, 
where a higher carbon weight percentage yields better desalination 
performance [44]. The electrolyte concentration is another important 
factor impacting upon FCDI performance. Experimental investigations 
have shown that FCDI desalination efficiency peaks at 2.44 wt% of salt 
content in the electrolyte [16,41]. The diverse range of potential oper
ating factors have inspired researchers to analyze FCDI desalination 
efficiency from different systems, such as flow electrode-based energy 
storage systems, redox flow electrodes, and electrochemical flow ca
pacitors. The main electrochemical separation mechanism of FCDI is the 
non-faradaic reaction as the adsorption of ions on the flow electrode 
takes place within the non-faradaic voltage range (<1.2 V) [18]. How
ever, faradaic reactions have also been reported to occur through charge 
exchange at the electrode/electrolyte interface as the major constituent 
of the flow electrode is an electrolyte of ionic composition [45,46]. 

3. Optimization of the FCDI process 

Despite the potential for FCDI as a continuous and scalable desali
nation process, there is a critical need for further studies on optimizing 
the carbon electrode, electrolyte, cell design, and operating conditions. 
Typically, flow electrodes are prepared from activated carbon-based 
materials. As such, FCDI energy efficiency is heavily dependent on ion 
electrosorption capability of activated carbon (AC) electrodes, the 
characteristics of aqueous electrolytes, and flow cell design. This section 
systematically reports on the optimization of these key process features 
to improve the desalination capability and energy efficiency of the FCDI 
system. 

3.1. Flow electrodes 

3.1.1. Current types of FCDI electrode materials 
In FCDI, conventional stationary carbon electrodes are replaced by 

small electrode material particles suspended in a solution containing 
electrolytes [41]. Previous research has used flow electrodes in the form 
of slurry as an electrodialysis device; this is fundamentally the same 
concept as FCDI. A number of studies have investigated the electro
chemical polarization dynamics of activated carbon and graphite flow 
electrodes [47,48]. Recent research has also utilized flow electrodes in 

Fig. 2. Schematic of various faradaic reactions in CDI process.  
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an electrochemical flow capacitor system where the solution flows 
through the unit for continuous ion adsorption/desorption [49]. 

Fig. 3 presents the historical development of carbon-based flow 
electrode materials for FCDI (typically sized at ~10 μm), including 
activated carbon particles, carbon aerogel, AC-MnO2, carbon nanotubes 
(CNTs), and carbon nanofibers (CNFs) [17,50–53]. Among the various 
carbon-based materials, AC is considered the most suitable flow elec
trode material characterized by a high surface area, low cost, and easy 
processability [54–56]. The ion separation efficiency in FCDI is largely 
dependent on the properties of AC electrodes, such as average particle 
diameter, total pore volume, specific surface area, and surface chemistry 
[20]. Furthermore, all AC electrode characteristics are closely related to 
the operation parameters of mass loading, and the electric and fluidic 
resistances of the flow electrodes. This means that understanding the 
relationship between the AC electrode properties and FCDI process pa
rameters is important to optimize performance stability, energy effi
ciency, and product water quality [57]. 

Recent FCDI studies have used various types of AC carbon electrodes 
provided by different manufacturers. Norit SX Ultra Activated Charcoal 
(25%) and 100-mesh Darco Activated Charcoal (25%) are the two most 
frequently used AC electrodes in FCDI studies, this is followed by 
Maxsorb MSC-30 (Kansai Coke and Chemicals Co. Ltd., Japan) (10%). 
The specific surface areas of common AC electrode materials are mainly 
between 1000 and 1500 m2/g, as reported in recently published FCDI 
research. Whilst there is a general consensus that high specific surface 
area enables an increase in the ion adsorption capacity, the type of AC 
electrodes used in FCDI research is also determined based on the ma
terial cost, morphology, and size of the AC [41]. The combined flow 
electrodes of dilute slurry and densely fluidized AC that have been 
proposed more recently have been shown to enhance electrical con
ductivity. However, attention needs to focus on determining the com
bination of AC types in terms of morphology, the effects of gravity and 
electrical charge. Although the AC electrode is a major constituent of 
FCDI and as such, mainly determines desalination performance, there is 
currently an absence of systematic research that demonstrates the 
dependence of the AC electrode properties on the deionization capa
bility of FCDI. Furthermore, a reasonable standard needs to be estab
lished for AC electrode selection; this would be very helpful in 
enhancing the FCDI process. 

3.1.2. Challenges associated with FCDI electrode materials 
FCDI uses a slurry-type electrode of AC flowing in the electrolyte. In a 

simple solution of deionized water with typical electrolytes such as 
dissolved NaCl, the flow electrical resistance of the solution is 

considered very low. The AC particles flowing in the electrolytes induce 
a non-homogeneous mixture condition, causing non-negligible electrical 
conductivity of ~0.1–1 mS/cm [58,59]. When flow electrodes (i.e., AC 
particles) are in contact with the current collector, electrons transfer 
from the current collector to the electrode. For this reason, the con
ductivity of the flow electrode in FCDI is lower than a stationary elec
trode in conventional CDI [41]. This means the charge transport in FCDI 
is mainly constrained by the high electrical resistance of the flow elec
trodes, limiting the salt adsorption rate and energy efficiency. 

There are two main goals in terms of developing high-performance 
AC electrodes in FCDI; (i) higher loading capacity, and (ii) reduced 
impact on electrolyte viscosity to decrease the required pumping energy 
and incidence of operational problems. The simultaneous achievement 
of these goals is highly challenging as increasing the carbon mass 
loading results in an increase in the suspension viscosity. To address this 
paradox, studies have focused on strategies to overcome the limitations 
of carbon materials via oxidative/surface modification, surfactant 
addition, and novel reactor designs [20,44,60]. 

One previous study used an emulsion polymerization method to 
attempt the surface modification of activated carbon particles in order to 
cover the particle surface with ion-exchange polymers. The cathodic and 
anodic flow electrode solutions were prepared separately. Specifically, 
the cathodic flow electrode was coated with a polymer with sulfonate 
groups (-SO3

− ), whilst the anodic flow electrode was modified using a 
polymer with trimethylammonium groups (-N+(CH3)3). Researchers 
undertook rheological analysis of the solutions with these surface- 
polymerized flow electrodes across a range of carbon mass loadings 
and compared the results with those using conventional AC. The results 
varied for the cathode and anode electrodes, although both had suc
cessfully achieved a significant decrease in solution viscosity. Compared 
to conventional AC, the anode flow electrode reported a solution vis
cosity that was less than one-third of the conventional AC flow electrode 
at a carbon mass loading that was more than twofold. For the cathode 
flow electrode, a similar solution viscosity was observed when the car
bon mass loading of synthesized carbon was more than twofold that of 
conventional AC. This improvement was attributed to the reduced hy
drophobicity between the AC particles as their outer surface contained 
functional groups (i.e., -SO3

− and -N+(CH3)3), which imparted surface 
hydrophilicity. The difference in viscosity of the two flow electrodes was 
associated with the extent of surface modification [20]. 

Another study used oxidative methods to prepare granular AC with 
heteroatom surfaces. A wet oxidation method using nitric acid was used 
to cover the AC surface with oxygen heteroatoms. Rheological analysis 
results confirmed that the increased surface hydrophilicity of the 

Fig. 3. Historical development of various carbon-based electrode materials for FCDI.  
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heteroatom-modified carbon particles reduced solution viscosity by 
70–80%, compared to the solution prepared with simply oxidized or 
unmodified-AC particles. The results were equally attributable to the 
decrease in hydrophobic interactions between the AC particles due to 
the increase in their surface hydrophilicity. In addition, surface charge 
imparted by oxygen heteroatoms was considered an additional factor 
inducing a repulsive force between AC particles, allowing higher parti
cle dispersibility, and increasing the carbon mass loading and decreasing 
solution viscosity [60]. 

Modifying the surface of the flow electrode by surfactants may also 
be an effective strategy to increase the loading capacity of FCDI. Surface- 
grafted surfactants are amphiphilic compounds that effectively lower 
the interfacial tension between flow electrode materials and the sur
rounding solvent. This increases the dispersion of flow electrodes in 
solution, reducing the overall viscosity. The modified arrangement of 
atoms surrounding the electrode material also induces repulsive re
actions when the electrical layer/electron clouds overlap with those of 
other electrode materials. This repulsion is known as a “steric hin
drance”, suppressing the aggregation of electrode materials, and 
enabling further reductions in solution viscosity [61]. A previous study 
that had adopted such a method utilized four different types of surfac
tants; among these two drastically reduced the solution viscosity 
following grafting [61]. 

The design of a novel reactor is another method to increase the 
carbon mass loading for improved FCDI performance. A fluidized bed 
reactor was recently introduced using relatively large-sized carbon 
particles (>100 μm diameter); this size is sufficiently large to be affected 
by gravity [41]. The flow electrodes were arranged in the reactor to have 
an upward flow, such that the carbon beads within the flow electrodes 

were impeded by gravity and their flow inside the channel was much 
slower compared to the surrounding solution, providing for a higher 
packing density of the electrode material. This novel design produced a 
35% mass loading with no significant increase in solution viscosity [41]. 

The differences in the experimental conditions such as electrolyte 
NaCl concentration and flow channel dimensions, make it challenging to 
precisely analyze and compare the average salt adsorption rate from 
different studies. All experimental conditions, such as operating mode (i. 
e., constant current or constant voltage mode), the flow rate and TDS 
concentrations of the feed water, interactively affect the deionization 
rate. Most FCDI studies have used varying experimental conditions, 
where in some cases, they did not clearly state the details. To system
atically compare FCDI performance based on various research, 
converged experimental conditions and a consistent unit of salt removal 
efficiency needed to be established [16,62]. The reported salt removal 
efficiency of FCDI had been expressed in various ways, such as 
(maximum) salt adsorption capacity (SAC) (mg/g), salt removal effi
ciency (SRE) (%) (calculated using Eq. (1)), and the average salt 
adsorption rate (ASAR) (mg/(min⋅cm2)) (calculated using Eq. (2)): 

SRE (%) =

[
Ci − Cf

Ci

]

× 100 (1)  

where Ci and Cf are the initial and final salt concentrations in the feed 
water. The ASAR was expressed as: 

ASAR
( mg

min∙cm2

)
=

[
V × ∆c

At

]

(2)  

where V is the saltwater volume; ∆c is the difference between the initial 

Table 1 
Average salt adsorption rate (ASAR) of FCDI evaluated at different operating cell modes and with surface-modified flow electrodes.  

Feed water 
TDS conc. 
(mg/L) 

Flow 
rate 
(mL/ 
min) 

Average salt 
absorption rate 
(mg/(min⋅cm2)) 

Operating 
mode 

Electrode carbon 
type 

Carbon 
conc. (wt 
%) 

Electrolyte 
NaCl conc. 
(mg/L) 

Flow rate of 
carbon 
electrode (mL/ 
min) 

Remarks Ref. 

35,000 
(NaCl 
solution)  

3 0.010 CV mode, 
1.2 V 

BEAPS-AC0830 
(Spherical AC)  

9.1  0  25 Correlation between NaCl 
concentration of electrolyte 
and salt removal efficiency 

[16] 
0.018  5000 
0.022  15,000 
0.023  25,000 
0.024  35,000 
0.024  45,000 
0.025  55,000 
0.025  65,000 
0.025  75,000 

35,000 
(NaCl 
solution)  

3 0.025 CV mode, 
1.2 V 

Spherical AC 
(BEAPS-AC0830; 
Asahi Organic 
Chemicals, Japan)  

11.11  35,000  25 Analysis of desalination 
performance of SCC-FCDI 

[62] 
0.027  11.11 
0.021  9.09 
0.017  6.98 

35,000 
(NaCl 
solution)  

3 0.012 CV mode, 
1.2 V 

BEAPS-AC0830 (AC)  9.1  25,000  25 Enhancing desalination 
performance by surface- 
modified carbon electrodes 

[20] 
0.011 BEAPS-AC0830 (AC- 

N/AC-S) surface 
modified AC 
particles  

16.7 
0.023  20 
0.037  23.1 
0.037  25.9 

5000 (NaCl 
solution)  

5 0.093 CC mode, 
~2.65 V 

YP-50F activated 
carbon  

28  10,000  5 Improvement in energy 
efficiency of oxidized 
carbon materials for FCDI 
electrodes 

[60] 

0.065 YP-50F activated 
carbon oxidized  

5 

0.095 CC mode, 
~1.48 V 

YP-50F activated 
carbon  

13 

0.082 YP-50F activated 
carbon oxidized  

13 

0.078 CC mode, 
~0.74 V 

YP-50F activated 
carbon  

23 

0.069 YP-50F activated 
carbon oxidized  

23 

1168.8 
(NaCl 
solution)  

0.5 N.A.a CV mode, 
1.6 V 

TE-3 activated 
carbon beads  

35  1168.8  2.5 Increasing carbon 
concentration (up to 35%) 
for improved desalination 
performance 

[41]  

a N.A.: Not Available. 
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and final feed salt concentrations; A is the effective area of flow elec
trodes; and t is the time [63]. ASAR considers a range of FCDI operating 
conditions including cell architecture, electrode material, charging time, 
effective electrode sorption area, and the feed water characteristics. In 
order for these results to be comparable, we normalized the unit of SRE 
reported in FCDI studies based on the FCDI cell operational modes and 
surface-modified flow electrodes in Table 1. In Table 2, the salt 
adsorption rates were evaluated under different electrolyte composi
tions and pH conditions (refer to Section 3.2). 

Considerable research effort has been directed towards developing 
AC materials via surface modification by targeting for an improved FCDI 
desalination performance. As summarized in Table 1, these newly syn
thesized flow electrodes show significant improvement in the SRE 
compared to conventional AC electrodes. A detailed illustration of these 
novel surface-modified electrodes is presented in Section 3.2.2. Whilst 
the observed lab-scale SAC of these flow electrodes has been impressive, 
their practicality in terms of industrial-scale installation requires ex
amination [16]. 

Interestingly, one recent study evaluated a flexible membrane elec
trode assembly (MEA) produced from carbon fiber fabric current col
lectors laminated with thin ion-exchange membranes [53]. When 

compared with conventional graphite current collector, the carbon fiber 
MEA yielded equal salt transfer rates. This was because the thin ion- 
exchange membrane allowed a reduction in the potential drop, whilst 
the thickness of the graphite current collector was an inhibitor during 
operation. 

3.2. FCDI electrolyte 

3.2.1. Electrolyte characteristics (concentration and composition) 
The non-homogeneous distribution of carbon-based flow electrodes 

with relatively low conductance in the electrolyte limits the achievable 
SAR and thus energy efficiency of FCDI. There are two ways in which to 
enhance the conductivity of the electrolyte without simply increasing 
the weight percentage of the flow electrodes. First, the electrolyte con
centration has been increased to reduce the internal resistance from the 
flow electrodes. Second, the addition of a supplementary charged spe
cies such as conductive agents (i.e., carbon black) and electron media
tors (i.e., H2Q/Q couple) in the electrolyte to has enhanced charge 
transfer efficiency [16,19]. Despite potential higher electrolyte con
ductivity, the first option to increase electrolyte concentration may 
cause undesired ion diffusion to the feed water. Thus, the optimization 

Table 2 
Evaluation of salt adsorption performance under various electrolytes and pH conditions.  

Feed water TDS 
conc. (mg/L) 

Flow 
rate 
(mL/ 
min) 

Average salt 
absorption rate 
(mg/ 
(min⋅cm2)) 

Applied 
voltage 
(V) 

Electrode 
carbon type 

Carbon 
conc. (wt 
%) 

Electrolyte NaCl 
conc. (mg/L) 

Flow rate of 
carbon 
electrode 
(mL/min) 

Remarks Ref. 

650 (Na2SO4 

solution)  
11 0.037  0.6 Fuzhou 

Yuhuan AC 
20 650 (Na2SO4 

solution)  
4 The effect of feed water 

concentration and applied 
voltage on desalination 
performance 

[10] 
0.055a  0.9 
0.075a  1.2 

30,000 (Na2SO4 

solution) 
0.028  0.6 
0.065  0.9 
0.1  1.2 

650 (Na2SO4 

solution)  
11 0.056  0.6 AC 20, 

CB 1 0.080a  0.9 
0.120a  1.2 

30,000 (Na2SO4 

solution) 
0.031  0.6 
0.075a  0.9 
0.105a  1.2 

2000 (NaCl solution)  30 0.011  1.2 100-mesh 
DARCO 
activated 
charcoal 

1 0  100 Enhancement of desalination 
performance using redox-active 
flow electrodes of hydroquinone 
(H2Q) and comparison with 
other types of electrodes 

[19] 
0.015 180.15 (H2Q) 
0.019 216.18 (H2Q) 
0.027 252.21 (H2Q) 

35,000 (NaCl 
solution)  

3 0.004  1.2 BEAPS- 
AC0830 
(Spherical 
AC) 

10 0 (mg/L)  25 Enhancement in desalination 
performance and cost reduction 
of FCDI process via the use of 
seawater as an electrolyte 

[16] 
0.007 5000 (mg/L) 
0.008 15,000 (mg/L) 
0.009 25,000 (mg/L) 
0.009 35,000 (mg/L) 
0.009 45,000 (mg/L) 
0.010 55,000 (mg/L) 
0.010 65,000 (mg/L) 
0.010 75,000 (mg/L) 

584.4 (NaCl 
solution)  

5 0.001  1.2 Activated 
charcoal Norit 

5 146.1  10 Influence of difference in ionic 
strength between the electrode 
and feed solutions on 
desalination performance 

[64] 
29,220 0.105 
58,440 0.230 

4000 (NaCl solution)  60 SAC 30 mg/g  1.2 NoritSX Ultra 
Activated 
Charcoal 

5.26% (5 
wt%)   

60 Improvement in current 
efficiency (desalination) via 
preventing faradaic reactions 
through pH neutralization of 
seawater 

[74]  

78%    After 22.5 h, 
48.5 h HCl and 
NaOH solution 
input   

100%    Initial 0.0316 
M, HCl and 
NaOH solution 
input   

58%    Initial 1 M, HCl 
and NaOH 
solutions input   

a Approximate value from the graph. 
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of electrolyte concentration is required to achieve high desalination 
efficiency whilst preventing reverse ion diffusion (Fig. 4(a)). A mean
ingful relationship between electrolyte concentration and the ASAR has 
been demonstrated for the range of 0.004 mg/min⋅cm2 with no NaCl 
electrolyte to 0.01 mg/min⋅cm2 with 55,000 mg/L of NaCl electrolyte 
and an NaCl feed water concentration of 35,000 mg/L [16]. The desa
lination efficiency of FCDI drastically increased for electrolyte concen
trations up to 15,000 mg/L NaCl, followed by a mild increase under 
higher electrolyte concentrations. 

The electrolyte and feed salt concentration greatly affect long-term 
FCDI desalination performance. Complete charge-discharge revers
ibility in FCDI, such that an equal amount of ion had adsorbed and 
desorbed would not occur due to the concentration gradient between the 
electrolyte and the feed solution; this caused diffusive ion transport. The 
highest NaCl electrolyte concentration tested to date was 25,000 mg/L, 
although it is likely that even higher electrolyte concentrations may be 
utilized to treat feed water with higher salinities [16,64]. Maintaining a 
low salt concentration gradient between the electrolyte and the feed 
water has been observed to be beneficial to enhance FCDI performance 
[10]. However, although the addition of salts enhances ASAR, there are 
still two major concerns: (1) significant concentration polarization due 
to a large concentration difference between the electrolyte and feed 
water at the membrane surface; and (2) the subsequent inorganic salt 
precipitation on the membrane surface. 

The addition of conductive agents or electron mediators in the 
electrolyte also improved charge transfer efficiency and the desalination 
performance of FCDI. Conductive agents such as carbon black powder 
(CB) have been shown to increase FCDI desalination efficiency from 
0.075 to 0.120 mg/min⋅cm2 by decreasing the internal resistance of flow 
electrodes. There are also reports of a subsequent reduction in the en
ergy consumption of the FCDI process with CB conductive agents [10]. 
The presence of electron mediators such as hydroquinone (H2Q) and 
benzoquinone (Q) in the electrolyte has also been demonstrated to 
enhance charge transfer efficiency. These electron mediators facilitate 
the redox transformation; as such, the application of multi-electron 
organic redox molecules is able to increase the capacitance of flow 

electrodes through pseudo-capacitive effects [65,66]. Transitory inner- 
sphere storage of quinoid molecules allow for the transfer of electrons 
to the collector surface. Then, aqueous H2Q is oxidized to Q on the 
positively charged current collector in the anodic chamber [67,68]. The 
addition of 252.2 mg/L of H2Q in the electrolyte has been found to in
crease the ASAR from 0.011 to 0.027 mg/min⋅cm2 [19,23]. Based on 
these preliminary findings, future research should be directed at iden
tifying a greater number of effective conductive agents and electron 
mediators, such as redox compounds, to further increase the ASAR of 
FCDI [69]. 

Table 2 summarizes recent research to improve the salt adsorption 
rate and charge efficiency of FCDI by optimizing the electrolyte and 
using conductive agents or electron mediators. Most studies employed 
NaCl salts for the electrolyte and feed water [16,20,41,44,60,70,71]. 
Further evaluation of the FCDI separation efficiency for diverse species 
is required through the use of different types of electrolytes, as opposed 
to simple NaCl. Studies have focused on how existing monovalent or 
divalent ions in the electrolyte and the feed water effects salt removal 
performance and fouling. Furthermore, ions migrate in both directions 
between the feed water and the flow electrode based on the chemical 
potential gradient. This phenomenon requires the careful observation of 
chemical transference to prevent the inflow of toxic chemicals into the 
feed solution during the addition of new chemicals as conductive agents 
or electron mediators. Thus, the ongoing development of FCDI tech
nology utilizing seawater as the electrolyte is viable [16]. 

3.2.2. Electrolyte conductivity and viscosity 
The electrical conductivity of the FCDI electrolyte is strongly 

dependent on the carbon weight percentage (CWP, wt%) of the flow 
electrode [41,44]. Increasing the flow electrode loading enables more 
effective electric charge transport with higher electrolyte conductivity 
(Fig. 4(b)) [20,60]. However, the practical CWP of flow electrodes 
cannot exceed 20 wt% to prevent clogging within the FCDI flow cell, 
arising from the physical properties of the carbon-based micro-particles 
[41]. Low viscosity carbon beads are relatively free from clogging and, 
as such, typically demonstrate better FCDI performance. 

Fig. 4. Important operating parameters determining FCDI desalination performance.  
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One possible means to raise flow electrode loading without signifi
cantly increasing the electrolyte viscosity is applying surface-modified 
AC electrodes. These surface-modified AC particles with ionic head- 
groups are homogeneously dispersed in the electrolyte and are able to 
marginally influence electrolyte viscosity. Tailored surface functionality 
with specific ionic groups may also enhance the ion adsorption rate by 
increasing the repulsion of co-ions [72,73]. Table 1 shows that surface- 
modified spherical AC with trimethylammonium (AC-N) for the anode 
and with sulfonate (AC-S) for the cathode enabled the application of 
high CWPs of 23.1 and 25.9 wt%, respectively, in the electrolyte. This 
produced a higher desalination efficiency of 0.037 mg/min⋅cm2, whilst 
the conventional CWP was limited to 20 wt%. A polymer with ion- 
selective functional groups acts as a dispersant, inducing electrostatic 
repulsion between AC particles, resulting in a homogeneous dispersion 
of flow electrodes in the electrolyte [41]; the maximum ASAR of 0.037 
mg/min⋅cm2 was achieved with this functionalized polymeric disper
sant. The reported ASAR indicates a significant improvement compared 
to the 0.025 mg/min⋅cm2 obtained when using an unmodified carbon 
electrode under identical experimental conditions. This difference 
clearly demonstrates the enhanced desalination performance of the 
surface-modified AC electrodes [16,62]. Chemically oxidized AC also 
enables high flow electrode loadings in FCDI. The surface-oxidized AC 
with improved hydrophilicity exhibited better flow dynamics and dis
persibility in the electrolyte. The aggregation of AC particles decreased 
due to reduced hydrophobic interactions caused by surface oxidation. A 
surface-oxidized AC loading in the electrolyte that was as high as 28 wt 
% was found to render an ASAR of 0.095 mg/min⋅cm2 [16,60,62]. 

3.2.3. Electrolyte pH 
When an electric potential is applied in the FCDI process, the pH of 

the electrolyte changes due to faradaic reactions on the surface of the 
anodic and cathodic flow electrodes. Despite the relatively low voltage 
applied in FCDI, the faradaic reaction continues to takes place [74]. The 
complex surface chemistry of AC particles with diverse functional 
groups accounts for the pH fluctuation during FCDI operation; this 
fluctuation deteriorates the desalination efficiency. Therefore, control of 
the electrolyte pH is a potential means of enhancing FCDI desalination 
performance (Fig. 4(c)) [16]. Adding appropriate amounts of HCl or 
NaOH to neutralize the pH of the cathode and anode electrolytes has 
been demonstrated to substantially increase the SAC of flow electrodes 
[74]. However, the addition of acids/bases into flow electrode solutions 
needs to be carefully optimized in terms of their concentration [74]. A 
proper amount of acid or base that maximizes the SAC should be added 
based on the degree of faradaic reaction with different types of flow 
electrodes. 

One study investigated the effect of flow electrode recirculation in 
within-chamber (WC) mode (anodic and cathodic flow electrodes 
recirculated in respective chambers), or cross-chamber mode (anodic 
and cathodic flow electrodes recirculated across the chambers) on pH, 
faradaic reactions, and energy consumption [75]. The purpose of 

mitigating faradaic reactions in the FCDI process is in order to reduce 
energy consumption and prevent the oxidation of water and carbon in 
the electrode. Likewise, operations in the cross-chamber mode mini
mized and stabilized the pH gradient between anodic and cathodic flow 
electrodes (10.4 ± 0.08), and reduced the faradaic reaction, enabling 
stable operation of the FCDI unit. 

3.3. FCDI cell operation 

The design of the FCDI cell should give consideration to the types of 
flow electrodes and electrolytes. Research interest in designing FCDI 
cells has emerged since 2017, resulting in the development of several 
innovative operation modes, as illustrated in Fig. 5. The initially 
developed operational design was the open cycle (OC) operation mode 
(Fig. 5(a)), where an infinite number of flow electrodes was continu
ously supplied to the FCDI unit. This mode was reported to exhibit 
excellent desalination efficiency [62,76]. However, supplying an un
limited number of flow electrodes is not practical and expensive. Closed 
cycle (CC) operations use a fixed number of flow electrodes, considered 
a more practical and feasible FCDI mode. 

There are two ways to enhance FCDI performance in CC mode: (1) 
designing electrode flow in an isolated closed cycle (ICC, Fig. 5(b)), [77] 
or in the short-circuited closed cycle (SCC, Fig. 5(c)) [45,76,78]; and (2) 
optimizing cell operational parameters including the amount of elec
trode, electrolyte concentration, and number of feed flow routes. Whilst 
conventional FCDI cells consist of two chambers for electrolytes to flow 
through and are separated by a space through which the feed water 
flows, the ICC and SCC modes are distinguished by the way the flow 
electrode is managed [11]. In the SCC mode, the cationic and anionic 
flow electrodes are collected together in a single reservoir outside the 
FCDI cell, after which electro-neutrality of the solution is achieved. This 
facilitates the desorption of cations and anions from the surface of flow 
electrodes. The isolated closed-cycle (ICC) mode operates in the same 
manner as the SCC mode during the adsorption stage, whilst the cationic 
and anodic flow electrodes are collected in separate reservoirs outside 
the FCDI cell. 

Another recent study investigated the voltage-current (V–I) char
acteristics to optimize FCDI cell operation [79]. As the FCDI process is 
electro-based, a higher ion removal performance may be theoretically 
attained by simply applying higher voltages. The instability of the FCDI 
cell in over-limiting current regimes has restrained the realization of this 
theory. Through analysis, it was observed that when the FCDI process 
occurs under a linear V–I relationship, the performance of the unit was 
continuous and stable even during the over-limiting current regimes. 

Process optimization of the FCDI unit has been validated through the 
modeling of key operational parameters. The results have been related 
to the energy consumption of the system using a novel equivalent film- 
electrode (EFE) model [80]. Based on the trade-off relationship between 
the ASAR and SEC, favorable operational conditions of the AC loading 
rate (w/v %) and feed concentration have been suggested through 

Fig. 5. Schematics summarizing the different flow electrode operation modes.  
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simulation. Higher carbon content conditions (5%, 10%, and 15%) have 
demonstrated an increase in ASAR with a dramatic jump in SEC due to 
the increased viscosity of the flow electrode solution, which requires 
greater pumping energy. An increase in feed concentration (10, 17, and 
30 mM), or reduction in effluent concentration has led to less favorable 
conditions for FCDI operation, apparent as a greater amount of ion 
content to be removed would require more energy. 

Fouling is a key issue that greatly influences the long-term perfor
mance and stability of the FCDI process. Fouling occurs on the flow 
electrode and on the IEM. The CDI and MCDI processes adopt a sta
tionary electrode that is able to serve as a platform for the build-up of an 
organic fouling layer. The fouling potential of the flow electrode is ex
pected to be lower than the stationary electrode as flow dynamics are 
able to reduce the foulant attachment on the surface of the suspended 
particles [81]. An ion exchange membrane placed between the flow 
electrode and feed water acts as a barrier preventing foulants from 
entering the flow electrode solutions [82,83]. 

Cleaning strategies investigated for stationary carbon electrodes in 
CDI may be adopted for flow electrode washing. Studies have examined 
electrode washing in MCDI with acid/alkaline solutions following the 
treatment of wastewater effluent using biological treatment processes, 
groundwater, and synthetic solutions containing model organic foulants 
(i.e., humic and alginic acids) [83–86]. The results have shown that the 
alkaline solution successfully removed organic fouling to recover a salt 
adsorption rate up to 80–90% of initial performance. Another study 
reported conflicting results showing that the alkaline washing solution 
degraded the polyvinylidene fluoride (PVDF) binder, which had 
prompted the loss of carbon electrodes. This led to a decrease in the SRE 
of MCDI [83]. The same issue was not an obstacle for the FCDI system, as 
it uses suspended particles within a liquid solution as an electrode. 

The FCDI process may have challenges associated with fouling of the 
IEM. A recent study using sodium alginate and humic acid as model 
foulants reported the deterioration in performance from FCDI as a result 
of IEM fouling was not significant. The authors attributed this to the 
initially low adsorptive tendency of organic foulants on the IEM surface 
and the subsequent spontaneous detachment of organic foulants from 
the surface in the discharging step due to the applied reverse charge 
[83]. In the presence of CaCl2, a strong binding between sodium alginate 
and calcium ions formed a dense “egg-box shaped” alginate gel layer, 
this compromised the salt adsorption efficiency [83,87]. The impact of 
IEM fouling on FCDI performance has also been investigated over the 
long term (15 d) with feed solutions containing sodium alginate and 
humic acid foulants. Evident surface coverage of the IEM by these fou
lants was observed, subsequently reducing the salt adsorption efficiency 

[88]. 

4. Improving energy efficiency 

Energy efficiency is a prime factor that requires critical assessment 
for industrial applications of FCDI technology. Despite its importance, 
only a fraction of existing research papers deal with energy consump
tion. There are two main aspects governing the energy efficiency of the 
FCDI process, illustrated in Figs. 5 and 6: (i) types of flow electrode 
operation (i.e., ICC, SCC, and OC); and (ii) operating modes of the 
adsorption and desorption steps (i.e., constant voltage and constant 
current). 

4.1. Energy efficiency 

The majority of studies reported that FCDI requires additional energy 
compared to MCDI to overcome the charge transfer resistance between 
the flow electrode and current collector. However, FCDI with potentially 
higher water recovery may have a lower SEC than MCDI as SEC is 
calculated based on the volume of the product water [45,60,89]. 

A typical FCDI unit consists of two separate electrode cells for 
adsorption and desorption steps; as such, ideally 100% water recovery is 
possible. At present, in-depth studies that evaluate the energy efficiency 
of FCDI based on water recovery are currently lacking. One modeling 
study reported FCDI energy consumption to depend on the carbon 
weight percent of flow electrodes in the electrolyte [60]. Another study 
reported that energy consumed during the adsorption step may be 
recovered by up to 36% during the desorption phase [90]. 

The effect of carbon mass loading on FCDI energy consumption has 
also been investigated under a constant current mode. It is known that 
voltage is inversely related to the impedance/resistance of flow elec
trodes, as defined by Ohms Law. The impedance of a flow electrode 
increases under lower mass loading conditions, as the lower carbon 
content makes it difficult for charge transfer between electrode particles 
due to the loss of contact points. Likewise, an increase in carbon mass 
loading from 5 to 23 wt% was reported to have decreased the deion
ization energy requirement from 92 to 28 J, achieving approximately 
18% salt removal [44,60]. 

Another critical point is the pump energy required to circulate flow 
electrodes, which is not required for CDI and MCDI with stationary 
carbon electrodes. Although there is awareness in the research field of 
this extra energy demand for flow electrode pumping, there are few 
studies that have investigated the details. Pumping energy consumption 
has been demonstrated to be significant in FCDI systems; as such, FCDI 

Fig. 6. Energy efficiency of flow-electrode capacitive deionization determined by charging and discharging, thus energy consumption and recovery.  
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operation requires optimization in terms of its low flow rate, high carbon 
content, and intermittent flow cell operation [20,44,91]. The current 
efficiencies range between 60% and 80%, consistent with previous re
sults. Further improvements to efficiency may be achieved by decreasing 
the operating current density or feed solution concentration. 

4.2. Improvements for energy saving 

The FCDI system is able to reduce energy using various process 
modes (i.e., ICC and SCC), the key difference between these modes being 
the electrical energy. For the ICC mode, it is difficult to release the 
adsorbed Ca2+ during the desorption stage (i.e., flow-electrode regen
eration step) even with reverse voltage. The inability to desorb Ca2+ may 
partly explain the extremely low energy recovery with the hardness in 
the influent. Several strategies have been proposed to mitigate the effect 
of hardness on effective CDI desalting, as the presence of divalent cat
ions (i.e., Ca2+) may severely impede energy recovery. One such method 
is the modification of carbon particle surfaces by calcium alginate 
coating. During the SCC mode, the flow-electrodes do not require elec
trically driven regeneration with ion accumulation in carbon suspen
sions potentially managed by cost-effective physical means. The 
discharging of flow-electrodes under 0 V in ICC mode did not guarantee 
the complete release of adsorbed ions with any additional discharging 
step in reverse voltage leading to extra energy consumption. As such, the 
SCC mode consumed only 20–50% of energy used in ICC configuration 
whilst achieving similar efficiency. 

The operational modes of the adsorption/desorption steps, constant 
voltage (CV) and constant current, are also critical in evaluating the 
energy consumption of the FCDI process. By definition, these two modes 
are means of supplying power to the FCDI system. In CV mode, a con
stant voltage is applied to the unit, whilst a constant current is intro
duced for the constant current mode. In both cases, a higher working 
voltage under CV mode naturally results in improved process perfor
mance and higher energy consumption, whilst a higher current density 
under the constant current mode generates equal results. However, the 
predominance of the CV operation mode in recent FCDI research has 
occurred for several reasons; making it challenging to undertake a clear 
comparative analysis of these two operational modes in terms of per
formance and energy consumption. The first reason is that direct 
observation of salt adsorption rate is possible by controlling the applied 
voltage, which allows for intuitive investigation of process performance. 

Second, the aim of FCDI is the electrosorption of ions through non- 
faradaic reactions, and since water electrolysis occurs in the voltage 
range of >1.23 V, the applied voltage of the system needs to be stably 
controlled to within the non-faradaic window (<1.2 V). 

Despite the higher energy consumption for desalination and the 
pumping energy required for electrolyte and feed solution circulation, 
FCDI has advantages in terms of its continuous desalination with great 
removal efficiency and its ability to treat high TDS concentration solu
tions as flow electrodes are repeatedly regenerated through desorption. 
Following continuous desalting, there is constant energy recovery dur
ing the FCDI process, resulting in higher energy efficiency. As such, the 
majority of FCDI studies that address the energy aspect primarily focus 
on energy recovery. 

Several factors influence operational efficiency in the FCDI process, 
the first of which is charge percolation. Charge percolation within the 
electrolyte is limited by dynamic particle–particle interactions as 
opposed to established solid-stage conduction pathways [14]. Thus, the 
flow rates of the feed solution and electrolyte crucially influence the 
kinetics and efficiency of the FCDI system. 

Another influential parameter is power output. With the exception of 
the initial phase of operation when cell voltage steadily rises to set 
levels, stable power density was observed for all systems. This is con
trary to conventional capacitive systems, which require fixed carbon 
electrodes where water streams are switched alternately, to recover the 
initial salt adsorption capacity of electrodes [92,93]. Such intermittent 
operations render disadvantages as it delivers a non-constant power 
output. With flow electrodes, power output is constant in time, sug
gesting that continuous flow electrode systems may be a more compet
itive option. As such, there have been proposals for continuous energy 
generation through capacitive mixing technology using the difference 
between gaseous CO2 concentration and water salinity [44]. 

In particular, systems based on salinity gradients have a lower open- 
circuit voltage when MEA (mono-ethanolamine) is added to solution 
compared to pure water. This also has low resistance and up to 10 times 
the power density. This technology may realize CO2 generated when 
using fossil fuels as an energy source and contribute to the energy 
strategy. One critical difference in energy recovery is ionic diffusion 
between electrolytes and the feed solution through IEMs [89]. When 
deionized water was used as the feed solution, energy recovery was 
dependent on the charged voltage, explained by the energy loss during 
the charging/discharging step. Regardless of the applied voltage in the 

Fig. 7. Comparison of the thermodynamic energy efficiency (TEE) of electrochemical-based desalination approaches [97]: (a) CDI, MCDI, and FCDI with carbon 
electrode materials (red box), (b) CDI, MCDI with intercalation electrodes (blue box), and (c) RO, ED, and FCDI–MF Hybrid system (green box). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 8. Potential applications of FCDI technology in (a) energy-efficient desalination; (b) selective water softening; (c) removal of toxic chemicals; and (d) recovery 
of nutrients. 

Fig. 9. Flow diagram of the conceptual (a) SWRO-FCDI; and (b) FCDI-MF hybrid processes for enhanced desalination efficiency.  
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adsorption phase, a relatively constant energy recovery of ~20% was 
achieved when saltwater was introduced during the energy recovery 
phase. This was explained by the difference in the ion concentration 
between saltwater and the electrolyte of the flow-electrode. This means 
that a higher TDS concentration of the feed solution compared to the 
electrolyte may be beneficial for removal efficiency. Additionally, the 
supplied energy may be less recoverable due to the disturbed overall 
ionic charge flow [89]. For energy-efficient flow capacitive deionization 
to be fully realized, there is a need for comprehensive scale-up studies 
that focus on continuous flow and plug flow operational modes. 

4.3. Quantification of energy efficiency 

To quantify the energy efficiency of FCDI, previous studies have 
presented the ratio of Gibbs free energy (ΔG) to electrical energy con
sumption, known as thermodynamic energy efficiency (TEE), as shown 
in Eq. (3) [81,91,94,95]: 

TEE =
∆G

SECelectric
(3) 

Such analyses are questionable as pumping energy has not been 
taken into consideration. It was also observed that higher ion removal 
performance and water recovery required a larger ΔG. Conventional CDI 
and MCDI processes generally showed ΔG values <0.01 kWh/m3 

because of lower desalination performance and water recovery, whilst 
the FCDI process had a slightly higher ΔG value of 0.05 kWh/m3. With 
regard to TEE, the majority of the CDI, MCDI, and FCDI-based carbon 
electrodes had TEE values <10% on average, as shown in Fig. 7. One 
study utilizing an FCDI-MF hybrid system reported a TEE value of 
~30%, comparable to those of RO and electrodialysis processes oper
ated under similar conditions (i.e., low/medium feed water salinity and 
high water recovery) [10,45,60,41,70,96]. 

Chung et al. [81] also demonstrated the quantitative energy con
sumption through the SWRO-FCDI hybrid system using natural 
seawater. This system could easily be integrated into an existing SWRO 
plant. The SEC of the hybrid system increased in the applied voltage 
range (0–0.25 V), where it was less than 0.005 kWh/m3, and increased 
to 0.03 kWh/m3 at 0.50 V. These results suggest that energy consump
tion of the FCDI system was lower than that of the typical brackish water 
desalination (BWRO) process. Thus, the proposed SWRO-FCDI hybrid 
system offers a promising solution to realize low-energy desalination 
systems by eliminating second pass BWRO in typical SWRO desalination 
plants. 

4.4. Analysis of energy/economic feasibility 

Assessing the economic feasibility of the FCDI process based on en
ergy efficiency analysis is critical in terms of its implementation. As FCDI 
is still at an early research development stage, there is very little liter
ature offering comprehensive techno-economic analyses. One study 
evaluated the energy consumption of FCDI used for post-treatment of the 
SWRO process in replacement of the BWRO unit. To treat the permeate 
from the first-stage SWRO unit (salinity of ~550 mg/L), FCDI was 
analyzed to consume 0.03 and 0.09 kWh/m3 to reduce salinity to 300 
and 150 mg/L, respectively, in a short 30 min operation [81]. An 
extended FCDI operation for 120 h further reduced permeate salinity to 
12 mg/L; this is even better permeate quality than that produced from 
typical BWRO systems [98], with ≈0.3 kWh/m3 energy consumption. As 
the BWRO energy consumption is typically in the range of 0.2–0.4 kWh/ 
m3, the ≈0.3 kWh/m3 of energy consumption under the operating 
conditions demonstrates the economic feasibility of the FCDI process 
[1,81,99]. 

Another simulation study compared the energy consumption of the 
CDI, MCDI, and FCDI processes based on the same permeate salt con
centration. Data were evaluated using TEE and eight common parame
ters including feed water concentration, electrode flow rate and charge. 

The simulations reported an energy consumption normalized to salt 
removal (ENAS, μmol/J) of 0.63–12.8, 9.84–16.1, and 8.69–14.3 for 
CDI, MCDI, and FCDI, respectively. In terms of volumetric energy con
sumption, CDI, MCDI and FCDI required 0.64, 0.31 and 0.42 kWh/m3, 
respectively [22]. These results are comparable to that of those reported 
for pilot and full-scale BWRO systems (0.5–7.7 kWh/m3) [1,100], 
highlighting the economic viability of the FCDI process. 

5. Potential FCDI applications 

Recent reviews have reported a wide spectrum of MCDI applications 
including brackish water desalination, water softening, and selective 
removal of contaminants such as heavy metals, phosphates, and nitrates 
(Fig. 8) [13]. As FCDI and MCDI share identical electro-driven desali
nation principles, it is envisioned that FCDI will have a similar appli
cation potential. Process hybridization with existing desalination 
technologies is a promising strategy to expand the range of possible FCDI 
applications (Fig. 9). For instance, FCDI integrated with RO or micro
filtration (MF) has the potential to achieve higher SREs, producing an 
improved quality of freshwater [81,91]. Examples of these integrations 
are discussed in detail in the following subsections. 

5.1. Energy-efficient desalination 

FCDI has the potential to become an energy-efficient alternative to 
existing seawater and brackish water desalination technologies. The use 
of conductive flow electrodes enables high ion adsorption capacity with 
low flow viscosity, facilitating effective electron charge transport by 
preventing agglomeration of flow electrodes. It also promotes desali
nation performance by modifying the asymmetric structure of the 
electrode and modification of the electrolyte. 

Integration of FCDI with existing desalination processes may further 
improve desalination efficiency. An FCDI-NF hybrid system was sug
gested to treat feed water with a relatively high TDS concentration of 
~10,000 mg/L at 70% water recovery. This system showed good desa
lination performance, producing permeate water quality that satisfied 
drinking water standards (TDS <500 mg/L). Energy consumption of the 
hybrid system was also assessed to be 16–20% lower compared to a 
stand-alone BWRO system. Further rigorous energy analysis is required 
to confirm this conclusion, whereby the two systems are compared at 
equivalent scales and under similar operating conditions (i.e., feed water 
salinity, rejection rate, and water recovery) [95]. 

Recent studies have also investigated other hybrid FCDI processes; 
Fig. 9(a) shows the combined SWRO-FCDI process [81]. The hybrid 
SWRO-FCDI process demonstrates similar freshwater production per
formance as conventional SWRO-BWRO processes. However, in the 
current two-pass SWRO system composed of a SWRO-BWRO pair, a re- 
mineralization process is required to supplement depleted divalent 
cations such as Ca2+ to prevent pipe corrosion in water distribution. In 
contrast, the SWRO-FCDI system is able to remove monovalent and 
divalent ions at differing removal efficiencies using a selective IEM. This 
reduces the operating cost by eliminating such post-treatment steps. 
This hybrid process is further optimized for desalination as the FCDI 
stage may be operated without the additional injection of electrolytes 
and using salts in seawater as the electrolyte [81]. 

Fig. 9(b) illustrates a system combining FCDI with MF operated in 
the SCC mode using brackish water as the feed solution [91]. This 
conceptual process operated through four main steps: (i) salt ion 
adsorption by flow electrodes across the IEM; (ii) flow electrode charge 
neutralization/regeneration in an external tank containing a submerged 
MF module; (iii) ejection of brine (water and salt ions within the flow 
electrode solution) via the submerged MF module; and (iv) addition of 
feed solution into the flow electrode solution to maintain volume and 
electrolyte concentration. The FCDI-MF hybrid process is energy- 
efficient compared to other methods of flow electrode regeneration 
through continuous operation. 
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5.2. Water softening 

FCDI demonstrates great promise for water softening. A recent study 
demonstrated the FCDI treatment of a feed solution containing 2000 
mg/L of NaCl and 150 mg/L of CaCl2, resulting in a product water of 
<500 mg/L of TDS and <15 mg/L of CaCl2, with an SEC of ~0.44 kWh/ 
m3 [45]. Although the study did not account for the energy consumption 
for electrode and feed-flow pumping, the reported SEC value was similar 
or lower than 0.4–0.5 kWh/m3; this is typically required by current 
BWRO desalination systems. Another study introduced a nanofiltration 
(NF) membrane (NF270, Dow Filmtec.), instead of the typical IEMs in 
FCDI to improve selectivity for divalent ions (i.e., Mg2+ and SO4

2− ) over 
monovalent ions (i.e., Na+ and Cl− ) [94]. When substituting the NF 
membrane with the anionic exchange membrane (i.e., NF-AEM-FCDI), a 
much higher current efficiency (53–94%) was observed compared to the 
NF-CEM-FCDI (27–58%) due to the negative surface charge of the NF 
membrane [94]. 

Although these studies have demonstrated the high potential of FCDI 
for water softening, there continues to be practical challenge associated 
with a limited ion removal rate of <27%. One approach to further 
improve softening efficiency includes FCDI operation in SCC mode 
(Fig. 5(c)). In this mode, flow electrodes are mixed and regenerated by 
charge neutralization in an external reservoir, aiding in the inhibition of 
scale formation on the surface of electrodes [41,62]. Additionally, SCC 
operation has been observed to critically inhibit the acquisition of 
charge by the competition between electron acceptors and donors [45]. 
In contrast to SCC mode, desorption of Ca2+ ions from flow electrodes 
was limited in ICC mode even with the application of a reverse current. 
The low desorption rate was because the pH of the cathodic flow elec
trode solution increased dramatically during the charging/adsorption 
step. This generated calcium scales on the surface of AC particles and 
there was a lack of free Ca2+ ions in solution. To tackle the limited 
desorption efficiency in ICC mode, AC flow electrodes coated with cal
cium alginate have been developed and have demonstrated improved 
FCDI water softening performance. 

5.3. Toxic chemical control 

Toxic heavy metals such as lead, cadmium, copper, and chromium in 
water and wastewater are of critical environmental concern 
[15,101,102]. Electrochemical and membrane-based water treatment 
processes and chemical precipitation and adsorption, have been used to 
remove heavy metals [96,103,104]. However, these conventional ap
proaches suffer from operational problems associated with secondary 
by-products and intensive energy consumption [105]. A recent investi
gation showed high removal of copper with CDI and FCDI [106]. 
Another study demonstrated the effective removal of uranium with FCDI 
in SCC and ICC modes, decreasing the uranium concentration from 40 to 
<10 μg/L (i.e., >75% removal efficiency) [107]. The removal of lead 
was evaluated using the CDI process, and the pH of the solution was 
found to play a major role in influencing removal rate [108]. As FCDI 
performance is less sensitive to the pH of the feed solution, it is expected 
that there is a higher removal efficiency of lead and other heavy metals 
that speciate depending on pH in FCDI compared to CDI. 

5.4. Nutrient removal and recovery 

The removal and recovery of ammonia and phosphorus that cause 
eutrophication in natural aquatic ecosystems are possible niche appli
cations of FCDI [109–111]. Conventional IEMs and pressure-driven 
membrane processes were examined for the pre-concentration of 
ammonia in municipal wastewater; however, several challenges 
continue to restrict their practical application. 

FCDI technology allows the chemical-free recovery of ammonia from 
wastewater, and has been tested to recover ammoniacal nitrogen from 
low-strength municipal wastewater. Under optimized FCDI operating 

conditions of applied voltage, flow rate, conductive additive, pH, and 
initial feed solution concentration, the effective ammonia concentration 
increased by 20-fold to reach an NH3-N concentration of 322 mg/L. This 
demonstrates that FCDI is a promising alternative for ammonia recov
ery, particularly for wide ranging initial ammonia concentrations in feed 
water [112]. 

Another study proposed an FCDI process integrated with a hydro
phobic hollow fiber membrane contactor, termed “CapAmm” for 
ammonia recovery [113]. In this process, ammonia migrated across a 
cation exchange membrane and accumulated in the cathode chamber of 
the flow electrode. Then, ammonia turned into a dissolved form of NH3 

(aq), stripped by a membrane contactor in NH3(g), and finally recovered 
as ammonium sulfate ((NH4)2SO4). Approximately 9.9–21.1 kWh per kg 
of N production was required for ~90% and ~60% ammonia removal 
and recovery rates, respectively. This is comparable to those of other 
electrochemical-based ammonia recovery systems such as a hydrogen 
gas recycling electrochemical cell, a gas permeable membrane con
tactor, and an electrochemical cell combined with air stripping 
[114,115]. Thin film composite membranes that produce higher current 
efficiency may be utilized to enhance the ammonia removal rate [116]. 

The recovery of ammonia through process design has also been 
investigated in a study that utilized a novel stacked FCDI cell [117]. This 
study used potassium sulfate (K2SO4) as an additive, where the FCDI 
process with the use of a monovalent cation-selective exchange mem
brane (M-CEM) yielded a product purity increase from 50% to 80%, and 
an ammonia recovery rate two times that of the standard cation ex
change membrane (S-CEM). The performance improvement was 
attributed to differences in the physicochemical properties (i.e., func
tional groups of ion-selective membrane surface, zeta potential, water 
contact angle, and electric resistance) of the two membranes. 

Several studies have investigated the removal and recovery of 
phosphorus from wastewater by FCDI. Specifically, with an initial 
phosphorus concentration of 10 mg/L, the AC content of 10 wt%, feed 
water pH of 5.0, and an applied voltage of 0–1.2 V, a phosphorus 
removal as high as 97% was demonstrated. This highlights the FCDI 
potential to recover valuable nutrients from wastewater [118]. Phos
phorus recovery in the form of H3PO4 was also recovered in a study from 
phosphoric acid industry wastewater containing high concentrations of 
fluoride and phosphate ions; this was accomplished by using a two-step 
process involving a silica reactor and FCDI. In the initial step, fluoride 
ions were removed via the silica reactor, whilst the pH of the solution 
was lowered concurrently. The effluent of the silica reactor, currently at 
a pH of ~1.0, allows H3PO4 to exist as the dominant species of the 
phosphate system. Treatment of the solution through the FCDI process 
removed all other ions, whilst the uncharged H3PO4 was collected in the 
permeate at a ~90% recovery rate [119]. Another study also evaluated 
the removal efficiency of phosphate through pH variation of feed and 
electrolyte solutions. The results showed that a 90% increase in removal 
efficiency was observed at pH 5.0, compared to a pH 9.0 of the feed 
solution. A different trend was observed for the electrolyte solution in 
which phosphate removal was ~74.8% higher at pH 11.0 than at pH 5.0. 
These results were associated with changes in the surface charge of the 
AC under differing pH values, altering the adsorption efficiency [120]. 

6. Future direction for improving feasibility and applicability of 
FCDI 

FCDI technology has demonstrated continuous desalination perfor
mance using flow electrodes and an electrode regeneration system. This 
novel desalination approach operating under low electric potential 
(typically <1.2 V), and without hydraulic pressure is expected to pro
vide energy-efficient desalination over conventional electrochemical 
and membrane-based desalination technologies. Further research on 
process optimization, including the enhancement of the flow electrode 
performance is required to enhance the feasibility and expand the 
applicability of FCDI. For instance, although AC materials have been the 
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main focus of investigation and development for use as electrodes, other 
innovative platforms such as catalytic micro-particles may improve 
FCDI desalination performance. Hybrid processes that reduce electric 
energy demand and maximize removal efficiency may be realized by 
integrating FCDI with existing membrane-based processes (i.e., SWRO, 
BWRO, NF, and MF). Fig. 10 shows the potential applications of FCDI in 
water and industrial wastewater treatment and resource recovery. 

6.1. Process optimization 

This paper has discussed the importance of flow electrode materials, 
electrolyte selection and concentration, flow cell design, and various 
operating conditions that influence the performance of FCDI. More 
specifically, high loading of flow electrodes, suppression of redox re
actions at the electrode surface, improvement of material-specific 
properties, and optimized charge transport and electric resistance of 
the electrolyte are critical for the desired FCDI performance. Many of 
these aspects have been investigated under limited FCDI operation 
modes (i.e., ICC, SCC, or OC mode). As such, the direction of FCDI 
process optimization should focus on developing new catalysts, the 
modification of electrolytes, and novel FCDI operations. 

6.2. Improving energy efficiency 

To properly discuss the energy efficiency of FCDI, understanding the 
mechanisms underpinning the process is crucial. The system operates by 
applying potential to the unit, contributing to energy recovery during 
the charging step (i.e., freshwater production). In contrast, energy is 
consumed whilst flow electrodes are regenerated during the discharging 
step. To date, there has been a lack of a detailed systematic energy 
analysis and in addition, sequential combinations (i.e., hybrid systems) 
need to be examined to enhance freshwater production efficiency whilst 
saving energy compared to existing commercialized processes. The 
commonly neglected pumping energy should also be evaluated in future 
studies to sufficiently reflect realistic FCDI process conditions. Lastly, 
the development of techniques that can effectively minimize the clog
ging of carbon-based flow electrodes with low viscosity is required to 
maximize process performance whilst maintaining the energy efficiency 
of the FCDI system. 

6.3. Evaluation of process applicability 

Currently, there is an absence of comprehensive technical reviews on 
the applicability of the FCDI process, as previous studies have largely 
focused on desalination with brackish water as the feed. The industrial 
expansion of the FCDI process requires further research in view of 
desalination performance and energy recovery through using different 
types of feed waters and/or under diverse applications (i.e., softening, 
heavy metal control, and nutrient recovery). It is also important to 
attempt to scale up the process to satisfy real water treatment condi
tions. Nevertheless, securing freshwater using ion adsorption technology 
through selective membranes and flow electrodes is the highest priority. 
Thus, the first challenge for FCDI is the application of differing feed 
waters to examine process applicability. In addition, as the FCDI process 
is electrochemical-based, there are also challenges associated with 
treating various wastewaters (i.e., urine, food wastewater, and desul
furized wastewater) that contain multiple types of ions (i.e., NH4

+, Cl− , 
SO4

2− ). This is heavily dependent on the nature of the wastewater; as 
such, accommodating for this diversity in feed water ion composition 
and concentration needs to be addressed for the widespread application 
of FCDI technology. 
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