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ARTICLE INFO ABSTRACT
Keywords: Seawater reverse osmosis (SWRO) is usually combined with brackish reverse osmosis (BWRO) to improve the
Flow electrode capacitive deionization (FCDI) water quality in seawater desalination; however, this configuration often results in high energy consumption.
Seawater reverse osmosis (SWRO) desalination Consequently, membrane capacitive deionization (MCDI) has been suggested as a lower energy alternative

Flow electrodes
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Specific energy consumption (SEC)

technology, but cyclic operation within the cell (i.e., discontinuous operation of ad/desorption) is a main dis-
advantage. On the other hand, flow electrode capacitive deionization (FCDI) can be continuously operated by
using a flow electrode. In this study, the feasibility of a SWRO-FCDI system was examined by using a suitable
electrolyte in the flow electrode: seawater or SWRO concentrate. In addition, by employing a selective ion
exchange membrane (IEM), the FCDI was able to selectively remove monovalent ions rather than divalent ions,
unlike BWRO, thus producing a final product water containing divalent ions, which is more suitable for cor-
rosion control in the subsequent pipe distribution systems. As a result, the remineralization process can be
minimized. To test the SWRO-FCDI concept, actual SWRO permeate was first treated in a single mode with an
electrolyte comprising real seawater in a flow electrode, and the feasibility of long-term operation was proven by
batch-mode, which allowed the optimization of the FCDI active area.
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1. Introduction g g
8 g

Water scarcity is a severe challenge facing the 21st century. Further, ;3 é = 8§ EEF
the production of safe drinking water from various water resources is
becoming more complicated because of climate change, as well as the ; "
contamination of water resources resulting from industrialization and . B g
urbanization. One way to produce clean drinking water is to use a de- . g § T E
salination process to treat saline water. Among the available technol- é E o é g
ogies, seawater reverse osmosis (SWRO) technology has been widely g a; g [E é
used for seawater desalination [1,2]. Two main advances in SWRO “‘%’ S g g g Z
technology have been made in the past three decades [3]. First, the 3 En' 3 E .‘-é g .
development of thin-film composites SWRO membranes, which enables § = j:"’« & g § ¢
high salt rejection and high water permeability [2,4], and second, the é ) 2 % B gé_;
coupling of energy recovery devices, which reduces overall energy & 5 = 5 85%
consumption of SWRO systems [1,2,5]. These technical innovations £ gg g _ 8 S E

; . ! S ESE_STFEEw

have made SWRO processes sustainable options for meeting freshwater g 2 § g B - 2 %
demand [6]. o . . g §§gg%§§ag§%

In the early stages of SWRO application, an RO system is configured A eSO RS
as a single stage; this recovers 40-50% of the feed water as the
permeate [1,2,7,8]. The salinity of the SWRO permeate is affected by £
various factors, including the feed salinity and the membranes in use, E
but it generally has a total dissolved solids (TDS) < 500 mg/L. How- b
ever, the quality of the SWRO permeate requires further improvement ;
(i.e., salinity reduction) when it is to be utilized for certain purposes g
such as agricultural use, industrial use, or drinking water. This can be 3z § g £ < g%g | <
achieved by utilizing brackish water reverse osmosis (BWRO), which Kl o e &2
can reduce the TDS of SWRO permeate further to meet these require- i
ments [7]. In the BWRO system, the RO system first carries out SWRO E
on seawater and then carries out BWRO on the brackish water produced S
from the first stage; thus, it is denoted a two-pass system. Recent SWRO & 3
plants have adopted the two-pass RO system to produce purer perme- g é
ates [1,7]. “f g §

Recently, the application of membrane capacitive deionization é "é ;\1
(MCDI) has been investigated in academia [9-12]. For example, for the é 2, < < <..12
treatment of brackish water, a new electrochemical double-layer ca- 28|18 =z =z =88 i
pacitor using active carbon and multi-walled carbon nanotubes has =
been investigated [10]. In addition, brackish water containing oily 2
compounds has been treated with activated carbon granules as a cost- = §
effective electrode material that improves the electro-sorption effi- é) &
ciency [11]. In addition, MCDI has been used as a BWRO alternative in g '_%0
the development of a system for bromide removal and reverse elec- ) £
trodialysis [9,12]. These attempts to use the MCDI process for the 4 2 kS
BWRO process suggest a means to reduce energy consumption com- :5 § .| 5 g §
pared to the standard BWRO processes. However, the MCDI process is E T; :é: § § §
based on solid-state electrodes whose surfaces easily become saturated % 2 '057 § ; ; ; § § -
with ions, thus necessitating the cyclic operation of the cell, i.e., ad- £ _ é
sorption and desorption. In contrast, a newly developed desalination g 3 :
technology, flow electrode capacitive deionization (FCDI), allows the é 5 é =
continuous supply of the uncharged flow electrode by replacing the g < S g&
solid electrode [13,14]. In addition, the introduction of an FCDI flow g Q 3§ %
electrode enables the transfer of ions between the feed and the flow § :; < 5
electrode without energy consumption due to the ion concentration ?j E § g
gradient. z ; 2| § g

Recent studies of FCDI concerning the flow electrode have focused i § g Zd 5 © ©oo | &
on improving performance by changing the carbon content or the gl €5 |2 £ £ 222 |°
electrolyte. For example, a higher carbon weight ratio in the flow § g
electrode results in the removal of more salts; however, the electrode § 5
viscosity increases, which can result in clogging. To increase the carbon - =)
weight ratio, the use of activated carbon (AC) having a surface modified i‘; % E
with a polymer layer coating has been tested, and up to 35 wt% carbon 8 @ E
loading has been achieved without clogging [15]. Another way of en- é ?2 %
hancing the AC loading is to use the gravity and large AC particles [16]. S| = = 3 < g
Meanwhile, for the electrolyte, a high salt concentration and the ad- § g ?; g %, F; 2
dition of additives such as carbon nanotubes, carbon black, and redox- -5l 8 2 g o E _ f §
active species facilitate charge transfer, resulting in an increase in the % E‘ 3 S 3 3 288 | <
desalination efficiency [14,17-20]. &3 = = =2 =2 =222 E
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Fig. 1. Schematic of SWRO-FCDI hybrid system. The lower part in the above figure is the SWRO-BWRO process diagram. The red dotted line represents the
replacement of the existing BWRO process with the FCDI process. DAF: dissolved air flotation, UF: Ultrafiltration. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

However, of the studies involving FCDI, there has been little in-
vestigation into the effect of the source water in the feed water and the
electrolyte in the flow electrode. Further, most studies have focused on
improving the process performance without considering the energy
consumption. Concerning FCDI applications, studies have investigated
the use of flow electrodes to enhance the recovery of ammonia from
solution [21]. In addition, the use of a nanofiltration (NF) membrane
with an anion exchange membrane (AEM) and cation exchange mem-
brane (CEM) has been used for continuous operation in a single cell for
the simultaneous treatment of permeate and concentrate [22]. Ad-
ditionally, an NF membrane with an exchange membrane having se-
lectivity for divalent ions, especially anions (i.e. sulfate ions), has been
introduced [23]. Another process was developed using a hybridized NF
system for the post-treatment of FCDI, resulting in a process compar-
able to BWRO [24]. Furthermore, a method for treating brackish water
with a water softening process has been proposed [25] (Table 1). Lastly,
it should be noted that there have been no investigations of the use of
FCDI for seawater desalination using real feed water and electrolyte in
the flow electrode.

In this study, the feasibility of a new SWRO-FCDI hybrid system
(Fig. 1) was first investigated. One of the advantages of using the SWRO-
FCDI process is that it consumes less energy while showing similar per-
formance to the existing SWRO-BWRO process. To prove these ad-
vantages, we analyzed the ion removal efficiency and energy consumption
when using simulated seawater and SWRO concentrate as the electrolyte
in the flow electrode; the utilization of such water sources as electrolyte is
an important advantage of FCDI. Additionally, in the traditional SWRO-
BWRO process, the treated water is highly corrosive, so post-treatment is
required [26]. When using a selective ion exchange membrane (IEM), the
ratio of divalent ions in the treated water of the FCDI process can be in-
creased, thereby reducing the burden of the post remineralization process.
Furthermore, to verify the feasibility of the SWRO-FCDI system under
realistic conditions, actual SWRO permeate and a real seawater electrolyte
in the flow electrode were employed in batch mode, and these laboratory-
scale experiments were used to determine the FCDI active area that
achieves the optimal performance.

2. Materials & methods
2.1. Feed solution

A Na(l feed solution was used to investigate the basic performance
of the FCDI process. Its feed concentration was determined as 500 mg/L
in TDS, and this represents the SWRO permeate in our study. To explore
the selectivity of FCDI for divalent ions, solutions containing MgCl, and
CaCl, at 500 mg/L in TDS were also examined. Each species, such as
NaCl (Junsei Chemical Co., Japan), MgCl, (Sigma-Aldrich Co., USA),
and CaCl, (Sigma-Aldrich Co., USA), was dissolved in ultrapure deio-
nized (DI) water. The feasibility of the SWRO-FCDI hybrid process was
also evaluated by using real SWRO permeate from a pilot plant. The
SWRO pilot plant in Yeosu, Republic of Korea, produces 25 m>®/d of
treated water (Fig. 2). However, because the concentration of permeate
is 500 mg/L (Table 2), it requires further treatment for TDS reduction.

2.2. Flow electrodes

2.2.1. Electrolyte

To select a suitable electrolyte concentration for the flow electrode
for the SWRO-FCDI process, experiments with the flow electrode were
conducted with three different NaCl concentrations (e.g., 500, 35,000,
and 66,000 mg/L), simulating SWRO permeate, seawater, and SWRO
concentrate, respectively. To analyze the effect of the divalent ions, a
flow electrolyte containing 35,000 mg/L NaCl was employed. However,
when the feasibility of the SWRO-FCDI process was examined, real
seawater was utilized.

2.2.2. Activated carbon

In the preparation of the flow electrode, in all experiments, acti-
vated carbon (P60, Kuraray co., Japan) was added at the same weight
percentage, i.e., 60 g in 400 mL ultrapure deionized (DI) water
(13.04 wt%). The morphology of the AC particles was observed by
scanning electron microscopy (SEM, S-4800, HITACHI Ltd., Japan) and
confirmed to be spherical. The average size of the activated carbon was
analyzed using the Japanese Industrial Standard (JIS K 1474) method,
and the values are listed in Table 3. The specific surface area, average
pore diameter, and total pore volume of the P-60 activated carbon were
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Fig. 2. Schematic of the RO pilot plant in Yeosu, Republic of Korea. The detailed specification of the process is confidential. R: recovery, Q: flow rate.

Table 2
Composition and concentration of the real SWRO permeate and seawater.

Composition SWRO permeate (mg/L) Seawater (mg/L)
Na* 161.8 + 1.8 9516.0

K* 8.49 = 0.9 390.2

ca** 27 = 1.1 4134

Mg?* 59 * 0.6 1294.1

Cl™ 222.3 = 26.1 11,665.3

S0,2~ 2215 = 17.6 2024.8

TDS 548.68 + 125.3 33,776

Table 3

Activated carbon (P-60) particle size distribution before and after sonication.

Before sonication After sonication

Size distribution < 45 pum (91.8%) (JIS K < 31.01 um (90%) (ISO

1474) 13320)

found to be 1354.8 m?/g, 1.95 nm, and 0.66 cm>/g, respectively, which
were analyzed by the Brunauer-Emmett-Teller (BET) method (BEL-
SORP-MAX, BEL Japan Co., Japan). To achieve a homogeneous carbon
suspension, the flow electrode was stirred for 24 h using a magnetic
stirrer bar. In addition, the flow electrode was sonicated to improve the
FCDI performance by changing the morphology of the AC particles.
After 240 min of sonication, the BET surface area of the activated
carbon was increased from 1354.8 to 1584.7 mz/g (16.97% increase).
As shown in Fig. 3, sonication (model 350, Branson Sonic Power Co,
Danbury, CT) played an important part in the formation of the spherical
morphology and the reduced diameter of the activated carbon particles.

2.3. Lab-scale FCDI cell

In Fig. 4, the assembly of the FCDI cell is illustrated. The cell con-
sists of a pair of graphite current collectors with CEM, AEM, a gasket, a
spacer, and end plates. The geometry of the graphite current collector is
2 mm (width), 74 mm (length), and 2 mm (height). The active area
between the IEM and flow electrode is 36.3 cm?.

2.4. Operation of the FCDI cell

The feed flow rate through the spacer was set to be 5 mL/min and
that through the flow electrode was set to 30 mL/min in all experi-
ments. The FCDI cell was operated in the single mode to investigate the
feasibility of using the flow electrode with simulated seawater and
SWRO concentrate and to monitor the effect of the divalent ions in the
feed with a perm-selective IEM. In contrast, both single and batch
modes were used to examine the feasibility of using actual SWRO
permeate as the feed and real seawater as the flow electrolyte (Table 4).
In both single and batch modes, a short-circuited closed cycle (SCC)
with a mixed flow electrode as the anode and cathode was used. Con-
stant voltages of 0.00, 0.25, 0.50, 0.75, and 1.00 V were applied to the
FCDI cell using a potentiostat (ZIVE SP5, Wonatech, Republic of Korea)
to investigate the feasibility of using seawater in the flow electrode. The
batch-mode experiments described in Section 3.4 were conducted at a
constant voltage of 0.50 V for the purpose of optimizing the hydraulic
retention time (HRT), considering the difficulty of single pass experi-
ments in lab-scale long-term operation. The conductivity was measured
with a conductivity meter (Hach, CDC401). Each experiment was
conducted for 30 min except for the long-term batch-mode experi-
ments. In addition, the experiment was run at least three times to in-
crease the reliability of the experiment.

Fig. 3. Morphology of activated carbon (P-60) (a) before sonication and (b) after 240 min of sonication.
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Fig. 4. Diagram of the FCDI cell containing graphite anode and cathode, cation exchange membrane (CEM), anion exchange membrane (AEM), spacer between ion
exchange membrane, and end plates made of polyvinyl chloride (PVC) at both ends.

Table 4
Feed solution components and concentrations.

Section (a) Feed solution (b) Electrolyte
3.1 NaCl 500 mg/L in TDS NaCl 500 mg/L in TDS
NacCl 35,000 mg/L in TDS
NaCl 66,000 mg/L in TDS
3.2 NaCl 500 mg/L in TDS NaCl 35,000 mg/L in TDS
MgCl, 500 mg/L in TDS
CaCl, 500 mg/L in TDS
3.3,3.4 SWRO permeate Seawater

2.5. Analysis of FCDI performance and energy assessment

To enable performance analysis and comparison of the FCDI system,
performance and efficiency indicators are required; these can be ex-
pressed by the removal efficiency, energy consumption, energy effi-
ciency, specific energy consumption (SEC), salt adsorption capacity
(SACQ), and average salt adsorption rate (ASAR). The FCDI performance
is determined by how much and how quickly the ions are removed from
the feed water, i.e., the SAC, indicating the amount of desalination
achieved during the charging process, and the ASAR, respectively. The
removal efficiency (%) was calculated using Eq. (1), where C; and C¢ are
the initial feed and final effluent concentrations (mg/L in TDS), re-
spectively. Eq. (2) was used to calculate the energy consumption of
FCDI in joules, where t is the operating time, E is the applied potential,
and I is the current. In Eq. (3), the energy efficiency (%) is used to
represent the total energy consumption per unit amount of removed
ions. The SEC (kWh/m® was calculated using Eq. (4), where t is

operating time, E is the applied potential, I is current, and V is the
permeate volume (m?>). Eq. (5) is the salt adsorption capacity, SAC (mg/
g), which represents the CDI cell performance where Q is the flow rate
(mL/min) and “AC weight” is the weight of dried AC used in the flow
electrode. The average salt adsorption rate, which is considered as one
of the actual electrode properties, ASAR (mg/(g min)) was calculated
with Eq. (6), where SAC is obtained from Eq. (5).

=G 100

R 1 Effici %) =
emoval Efficiency (%) c o

Energy Consumption (J) = jo‘ ' EI(t)dt @)

B .
Energy Efficiency (kJ/mol) = nrgy consumption (kJ)

Removed ions (mol) 3)
. . E [ Idt
Specific Energy Consumption (kWh/m?) = — @
. - J (G = CpQat
Salt Ad: tion C =< - JIF
a sorption Capacity (mg/g) AC weight ©
Salt Adsorption Rate (mg/g/min) = ﬂ
time (6)
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Fig. 5. FCDI performance with various electrolytes in the flow electrode using NaCl solutions having concentrations approximating those of SWRO permeate,
seawater, and SWRO concentrate in single mode for 30-min operation in stepped increases of 0.25 V from 0.00 to 1.00 V: (a) removal efficiency (%) and (b) energy

consumption (J).

3. Results and discussion
3.1. Evaluation of simulated SWRO concentrate as an FCDI electrolyte

In the SWRO-FCDI system, the electrolyte source should be easily
available near the SWRO system to enable constant FCDI operation.
Thus, the abundant and available water streams in the SWRO plants,
such as seawater and SWRO concentrate, can be utilized as the elec-
trolyte. However, the concentration difference between the feed and
the electrolyte results in an ion concentration gradient, and, accord-
ingly, the feed concentration increases. Thus, the concentration of the
electrolyte should be carefully determined when treating low-con-
centration feeds [20,27].

When the electrolyte contained a higher TDS concentration than the
FCDI feed, better removal efficiency was achieved at voltages higher
than 0.5 V (Fig. 5a). At 0.75 V, 63.06% removal efficiency was achieved
using the electrolyte with a TDS of 500 mg/L (i.e., the same con-
centration as the feed), whereas the electrolytes having TDS values of
35,000 and 66,000 mg/L showed higher removal efficiencies of 70.23%
and 68.82%, respectively. Similarly, better performance was observed
at 1.00 V when using the electrolytes with high TDS concentrations.
This is because the surface charge density in the electrical double layer
(EDL) is increased when the concentration of the electrolyte is elevated
(e.g., the use of 35,000 and 66,000 mg/L TDS compared to 500 mg/L
TDS), resulting in higher performance [28]. On the other hand, a ne-
gative removal efficiency was obtained in the cases where no or low
voltage was applied to the FCDI system [29].

Although the electrolytes with higher TDS concentrations exhibited
better removal efficiencies at high voltages, the energy consumption
was also elevated (Fig. 5b). When the 500 mg/L electrolyte was em-
ployed, the FCDI system consumed 0.03-0.09 J in the range of
0.50-1.00 V. On the other hand, for electrolytes containing 35,000 and
66,000 mg/L TDS, only 0.03-0.1 and 0.03-0.11 J, respectively, were
required to operate the FCDI system. Because these values depend on
the electrolyte concentration, the energy efficiency (i.e., energy used to
remove one mole of salt; kJ/mol) was also evaluated. We found that
0.50 V was the most energy efficient voltage in all cases, yielding 26.7,
29.9, and 35.7 kJ/mol for electrolyte concentrations of 500, 35,000,
and 66,000 mg/L, respectively.

When considering use in actual plants, the use of SWRO permeate as
an electrolyte in the flow electrode reduces the recovery rate, whereas

the removal efficiency was improved when using the simulated sea-
water and SWRO concentrate. Consequently, in terms of removal effi-
ciency, energy consumption, and energy efficiency, it is reasonable to
select an electrolyte concentration similar to that of seawater rather
than that of the SWRO concentrate for use as the flow electrode in the
SWRO-FCDI system.

3.2. Retention of divalent ions for hardness control

The water produced from the BWRO process requires post-treatment
for remineralization before water distribution because of its low mi-
neral content, hardness, alkalinity, and pH [26,30]. Accordingly, most
seawater desalination plants add chemicals during post-treatment,
mainly lime, to increase the calcium ion concentration [31]. However,
it has been reported that the use of a perm-selective IEM in CDI-like
processes can remove monovalent ions better than divalent ions [32]. If
the FCDI process can also exhibit a lower removal efficiency, particu-
larly for divalent ions, the hardness of the produced water can be im-
proved compared to that of the BWRO process. Because the removal
tendency of mono- and divalent ions has not been investigated, we
conducted experiments using solutions containing mono- and divalent
ions (particularly cations).

When a voltage was applied to the FCDI cell, we found that the
removal efficiency for monovalent ions was greater than that for di-
valent ions. As shown in Fig. 6a, the reverse flux of the divalent ions
occurred regardless of the type of ions in the feed (i.e., mono- or di-
valent) when no voltage was applied. Starting from 0.25 V, it was ob-
served that ions in the feed overcame the concentration difference in
the feed and the electrolyte. In general, the monovalent ions showed
better rejection than the divalent ions. The highest removal efficiencies
for NaCl, MgCl,, and CaCl, were 76.72%, 37.98%, and 56.06%, re-
spectively, at 1.00 V, but the greatest differences between the removal
efficiencies of the monovalent and divalent ions were 50.46%, 14.29%,
and 19.19% at 0.50 V, respectively. The ion perm-selectivity behaved
differently depending on the charge and ion radius. It can be inferred
that Mg2+ (ionic radius = 0.078 nm) would be removed to a greater
extent than to Ca?* (ionic radius = 0.106 nm) because of its larger ion
radius. However, because the hydrated ion of Mg2+ (0.395 nm) is
larger than that of Ca®" (0.348 nm) [33], the removal efficiency of
CaCl, was higher than that of MgCl,. Thus, the hydrated ion radius
should be considered for the selective removal of ions [34,35].
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Fig. 6. FCDI performance with NaCl, MgCl,, and CaCl, feed water and 35,000 mg/L NaCl flow electrode representing seawater with 30-min operation with 0.25-V
step increases from 0.00 to 1.00 V with respect to the (a) removal efficiency (%) and (b) energy consumption (J).

As shown in Fig. 6b, energy was consumed in increasing order of
NaCl, CaCl,, and MgCl,. When the difference in the removal efficiency
was the highest at 0.50 V, the energy consumption values were 19.5,
8.2, and 7.3 J for NaCl, MgCl,, and CaCl,, respectively. However, the
energy efficiency decreased in the order of NaCl, CaCl,, and MgCl,, i.e.,
29.9, 56.0, and 56.8 kJ/mol, respectively, which means that more en-
ergy is consumed when the divalent ions are removed from the feed. As
a result, the experiments using a NaCl solution consume more energy
than those using the mixed solution, that is, the real SWRO permeate
feed water.

The FCDI system can remove both monovalent and divalent ions
with different removal efficiencies when using a perm-selective IEM. In
the current two-pass SWRO system composed of a SWRO-BWRO pair, a
remineralization process is required to supplement depleted divalent
cations such as Ca®™ to prevent pipe corrosion in the water distribution
system [32], which further increases energy consumption and operating
costs. However, SWRO-FCDI can be used to produce water with a
higher divalent ion concentration than that produced by the SWRO-
BWRO system, thus reducing the need for remineralization treatment.

3.3. Performance of the SWRO-FCDI system

Using performance tests, the feasibility of the SWRO-FCDI system
was examined by treating actual SWRO permeate. The SWRO permeate
was obtained from a pilot plant in Yeosu (Fig. 2). Because the TDS of
this permeate is higher than those of typical SWRO plants, the SWRO
permeate was treated by the FCDI system to reduce the effluent TDS
concentration to 200-300 mg/L [7,8]. As the flow electrode electrolyte,
real seawater was used in consideration of the practical application of
the system. The SWRO-FCDI performance was evaluated in terms of
effluent TDS, removal efficiency, SAC, and SEC at voltages from 0.00 to
1.00 V.

The FCDI system can reach a TDS of <300 mg/L at
voltages > 0.5 V at an HRT of 0.98 min. The results from single mode
operation with a SCC are presented in Fig. 7a. When applying 0.00 V to
the FCDI cell, the effluent concentration was 661.0 mg/L in TDS be-
cause of the ion gradient resulting from the ion concentration difference
between the SWRO permeate and seawater electrolyte. An effluent TDS
of < 300 mg/L was achieved by increasing the voltage above 0.50 V,
and the lowest obtained effluent TDS was 150 mg/L at an applied
voltage of 1.00 V. The results imply that treating SWRO permeate with

a seawater flow electrode is effective for lowering the TDS concentra-
tion. However, the HRT of the laboratory scale FCDI was very low,
0.98 min, which suggests that the effluent concentration can be further
lowered if the HRT is increased.

The combined SWRO-FCDI system also acts as a low-energy desa-
lination process. The range of voltages that overcome the concentration
difference between the feed and flow electrode was 0.00-0.25 V, and
the SEC was below 0.005 kWh/m? (Fig. 7b). The application of 0.50 V
resulted in an increase in the SEC to 0.03 kWh/m?, but the resultant
effluent TDS was below 300 mg/L. An effluent concentration of
150 mg/L was obtained at the highest applied voltage (1.00 V), having
a SEC of 0.09 kWh/m?. Although the SEC of the FCDI system is lower
than that of the BWRO system [36], the permeate quality would be
inferior to that of BWRO. Thus, the performance of FCDI should be
further assessed using identical FCDI and BWRO test conditions.

However, the performance of the FCDI system can be improved
further because the SAC is not at equilibrium. The SAC value indicates
how much salt is removed during the adsorption step in the FCDI
process [37-39]. The SAC is presented with respect to the weight of AC
in single mode SCC, and the SAC increased with operating time
(Fig. 8a). In particular, SAC values of 0.11, 0.63, 0.90, and 1.13 mg/g
were obtained when applying voltages of 0.25, 0.50, 0.75, and 1.00 V,
respectively. In fact, the SAC values were lower than those from other
studies, which resulted from the low feed concentration (i.e., SWRO
permeate) [40]. However, the FCDI process did not reach an equili-
brium state in the applied voltage range of 0.00-1.00 V. Thus, the AC
can further absorb ions until the maximum SAC (mSAC) if the HRT is
increased [41].

The ASAR of the FCDI was mainly affected by the voltage potential,
and the ASAR took longer to reach equilibrium at higher voltages. The
SAR is another important metric to describe the cell performance,
which is a combination of cell architecture, charging time, electrode
materials, and AC kinetics [29]. In Fig. 8b, the SAR results show that
the FCDI performance reached equilibrium at different times depending
on the applied voltage. The SAR in equilibrium was 0.004, 0.021, 0.03,
and 0.039 mg/(g min) for 0.25, 0.50, 0.75, and 1.00 V, respectively.
The ASAR values of the FCDI system are similar to those
(ASAR = 0.025 mg/(g min)) from another study where the experi-
mental AC loading was 11.11 wt% AC and the voltage was 1.2 V [41].
Overall, the SWRO-FCDI system utilizing seawater electrolyte was able
to produce water with a TDS of < 300 mg/L.
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3.4. Scaling-up the SWRO-FCDI system

To evaluate the FCDI performance at equilibrium, the FCDI must be
operated with a longer HRT. A batch-mode FCDI system can simulate a
series of FCDI systems (i.e., FCDI system with longer HRT) and allow
the evaluation of the optimal FCDI process. This means the best per-
formance of the FCDI system can be obtained from batch-mode ex-
periments, thus allowing comparison with the BWRO system and re-
vealing the feasibility of the SWRO-FCDI process compared to that of
SWRO-BWRO. Thus, the FCDI system was operated for 120 h at 0.50 V,
which was the most energy-efficient condition for obtaining the
300 mg/L TDS observed in previous experiments.

The removal rate of the long-term operation FCDI system was
comparable or even higher to that of the BWRO system [42]. As shown
in Fig. 9a, the effluent TDS according to operating time (extended HRT)
is illustrated, and the effluent TDS was reduced from 28.3 to 12.2 mg/L
during operation from 30 to 120 h. At an HRT of 12 h, the effluent TDS
was 108.4 mg/L, whereas, at an HRT of 21 h, a TDS of 49.3 mg/L was
achieved. In single mode, the active area of the FCDI is fixed, and, thus,
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Fig. 8. FCDI standardized metrics with SWRO permeate feed water and seawater flow electrode in single mode: (a) salt adsorption capacity and (b) salt adsorption

the achievable water quality of the effluent is limited. However, a larger
active area can be assumed when operating FCDI in batch mode, and a
target effluent concentration of 12 mg/L TDS was achieved after 120-h
operation. Consequently, SWRO-FCDI systems can compete with
SWRO-BWRO systems in terms of water quality.

Moreover, the FCDI system exhibited even lower energy consump-
tion compared with the BWRO system when operated for 120 h. The
FCDI system consumed 1.3 kWh/m?® to achieve an effluent concentra-
tion of 12.2 mg/L (Fig. 9a and b). On the other hand, approximately 0.3
kWh/m?® of energy was consumed in lab-scale to lower the TDS from
above 200 mg/L to nearly 100 mg/L. Considering the range of BWRO
energy consumption is 0.2-0.4 kWh/m?> [1,7], SWRO-FCDI would be
more energy efficiency over SWRO-BWRO at real scale with the im-
provement in pump efficiency at larger capacity. Given the operating
time, which can be assumed to be equal to the HRT, the corresponding
active area required to achieve the target effluent TDS in real single
mode operation can be calculated. For example, if the wastewater
concentration is < 20 TDS, the HRT is 40 h and the active area at that
time is 8.7 m% Consequently, if sufficient active membrane area is
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installed, the FCDI can be more energy efficient than BWRO for ob-
taining the same water quality.

As shown in Fig. 10a, the SAC was calculated for 120-h batch-mode
operation and reached a steady state after 30 h, achieving the max-
imum SAC (mSAC) of 0.26 mg/g. However, because FCDI uses a flow
electrode, metrics other than the SAC should be considered because of
the complexity of the cell components. We have assumed that the SAC
results obtained from batch-mode operation simulate those of long-term
single mode operation [41]. Furthermore, as shown in Fig. 10b, the
ASAR was steady over the long-term operation, indicating a stable
process. However, the ASAR of approximately 0.005 mg/(g min) was
lower than that of single mode operation because of the differences in
operation between single and batch modes [38].

In conclusion, the application of 0.50 V over long-term operation
can yield a less concentrated effluent and a removal efficiency
of > 95% was achieved with 120-h batch-mode operation, although the
experimental conditions we selected would require further study, for
example, the volume ratio of feed and electrolyte. Based on this result,
the optimal conditions for scaling up the FCDI active area for obtaining
the desired effluent concentration were determined. Thus, using our
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approach, the FCDI system can yield the target effluent concentration,
which demonstrates the feasibility of the SWRO FCDI system.

4. Conclusions

Two-pass SWRO plants, which employ BWRO as the second pass,
are frequently used in areas with highly saline feeds (e.g., the Middle
East), and these plants suffer from high energy consumption issues.
However, the energy requirements can be reduced by replacing the
BWRO process with an electrochemical desalination process. Unlike the
conventional MCDI process, FCDI is equipped with a flow electrode,
which enables continuous operation with low energy consumption. In
this study, we systematically investigated the feasibility of a SWRO-
FCDI hybrid system using natural seawater in the flow electrode; this
can be easily implemented in existing SWRO plants.

e The choice of a suitable electrolyte is crucial and strongly affects the
performance of the SWRO-FCDI hybrid process. The use of the si-
mulated seawater electrolyte (35,000 mg/L in TDS) resulted in more
energy-efficient operation compared to the use of the simulated
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Fig. 10. Standardized metrics for FCDI with SWRO permeate feed water and seawater flow electrode in batch mode: (a) salt adsorption capacity and (b) salt

adsorption rate over 120-h operation at 0.50 V.
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SWRO concentrate, as well as resulting in increased removal effi-
ciency.

e By employing a selective IEM, the FCDI was capable of selectively
removing monovalent ions over divalent ions. Thus, water with a
relatively higher divalent ion concentration than that produced by
standard BWRO was produced; this is suitable for corrosion control
in the subsequent pipe distribution systems.

e To investigate the feasibility of SWRO-FCDI system, actual SWRO
permeate was treated in single mode with a real seawater electrolyte
in the flow electrode. It was found that < 300 mg/L TDS can be
obtained after 30-min operation at an HRT of 0.98 min.

e For optimization, the stability of long-term operation was examined
in batch-mode operation, and > 95% removal efficiency and a SEC
of 1.3 kWh/m® were achieved after 120 h in the batch mode.
Furthermore, the calculation of the active FCDI area required to
obtain the target water quality was possible.

Overall, the SWRO-FCDI hybrid system using a seawater flow
electrode is energy efficient and can reduce the energetic burden of
remineralization. By treating the SWRO permeate using the seawater
flow electrode, water with satisfactory TDS levels was obtained.
Further, the scaled-up active area of the SWRO-FCDI system required to
obtain the target water quality can be calculated from lab-scale batch-
mode operation. Having the benefits of low energy consumption and
effective salt removal, the SWRO-FCDI system is promising for low-
energy desalination.
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