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ARTICLE INFO ABSTRACT
Keywords: This study systematically optimized the key operating parameters and interpreted their effecting
Flow-electrode capacitive deionization (FCDI) mechanisms in a flow-electrode capacitive deionization (FCDI) system. The optimal voltage,
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activated carbon electrode content, electrolyte concentration, feedwater flowrate, and electrode
flowrate for desalinating low salinity feedwater (1.0 g L~! NaCl) were determined to be 1.8 V, 2.0
Wt%, 10.0 g L™, 80 mL min !, and 60 mL min ™', respectively. The variations of the above pa-
rameters can affect the system conductivity, the thickness and stability of the electric double
layers, and/or the degree of concentration polarization, thereby influencing the desalination
performance. Moreover, a sensitivity analysis identified the operating voltage as the dominant
parameter with the most significant influence on the FCDI system. Subsequently, a long-term
operation was carried out under single-pass mode. The results showed that the lab-scale FCDI
system was able to constantly maintain the desalination efficiency of 1.0 g L™! feedwater (NaCl)
at 40-60 % for multiple operating cycles. Over 99.8 % of electrode material regeneration and
desalination efficiency recovery was able to be obtained during a 60-h operation, demonstrating
that the FCDI system showed strong stability and long-term operation potential.

1. Introduction

In recent decades, the rising demand brought about by human development and the continuous consumption of limited freshwater
resources has become one of the key contradictions affecting sustainable development. Especially in coastal areas, seawater intrusion
intensified by climate change makes freshwater a scarce resource. To alleviate such pressure, the development and application of
desalination technology are essential. At present, a variety of desalination technologies with different mechanisms are in full bloom,
and the most common mature technologies include RO (reverse osmosis), ED (electrodialysis), MSF (multi-stage flash distillation),
MED (multi-effect desalination), etc [1-4]. These commercialized technologies possess the advantages of high desalination efficiency
and stable performance; however, their shortcomings cannot be ignored. RO and MSF/MED require high pressure/temperature while
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operating, hence greenhouse gases are produced from energy supply equipment (e.g., MSF produces about 30 g NOy per cubic meter of
water processed). Whereas ED has the disadvantage of high-level energy costs due to its high operating voltage [1].

In response, capacitive deionization (CDI) has gradually developed in recent years as an emerging desalination technology via a
low-voltage electrosorption process. Compared with the abovementioned conventional desalination technologies, CDI has the ad-
vantages of low energy consumption, low emission, and high desalination efficiency [5-7]. To further optimize the adsorption ca-
pacity, Jeon et al. [8] developed flow-electrode capacitive deionization (FCDI) by replacing solid electrodes in CDI with
flow-electrodes. Thus, flow-electrodes enabled a continuous adsorption/desorption process in FCDI systems.

FCDI has received extensive attention since its inception. Studies on it can be divided into the following areas in descending order of
number: process development, electrode optimization, mechanistic studies, and cell construction [9,10]. In 2013, the first FCDI reactor
with a three-chamber 2D structure was designed by Jeon et al. [8]. Gendel et al. created a continuous system utilizing two FCDI cells. In
terms of electrodes based on carbon materials such as activated carbon, related studies have been made on optimization by various
means [11]. For instance, functional groups such as carboxyl were introduced by chemical oxidation to enhance the carbon loading
[12]; charge-transfer materials (e.g., NaMnO,) with high ion capture capacity were applied [13]; nano-additives such as carbon
nanotubes and superconducting carbon black played the roles of charge paths [14-16].

In terms of mechanism research, Nativ et al. reported on the desalination mechanism and Faradaic reaction by observing the state
and products of the flow-electrode, while Rommerskirchen et al. conducted a modeling study on the process of FCDI desalination [17,
18]. Furthermore, the configuration of FCDI cells is also one of the research hot spots. Cho et al. designed a multi-channel FCDI cell
with a 3D structure which greatly increased the desalination rate, while Ma et al. optimized the FCDI cell by employing membrane
stacking [19,20]. In addition to focusing on desalination, FCDI has gradually appeared in resource recovery, energy recovery, and
other fields [21,22]. However, most previous studies focused on unilateral optimization without aiming at systematic operating
parameter evaluation. Moreover, long-term operations on FCDI are still rare. Ma et al. performed an 11-h long-term test using the
activated carbon/carbon black flow-electrode [23]. Yet, the test ran for only a short time. Hence, it did not reflect the reusability of
electrode materials or the system stability.

This study systematically investigated the effects of five crucial parameters on the desalination rate and energy efficiency of FCDIs,
including operating voltage, activated carbon (AC) electrode content, electrolyte concentration, feedwater flowrate, and electrode
flowrate. These key operating parameters may potentially affect the performance of an FCDI with the following considerations: 1) the
operating voltage may influence the moving rate of ions and the thickness of the electrical double layers (EDLs) on the surface of the
electrode materials [15]; 2) the content of AC may affect the conductivity and adsorption capacity of the flow-electrode [24]; 3) the
electrolyte concentration may simultaneously affect the conductivity of flow-electrode and the concentration gradient of ions across
the ion exchange membranes; 4) the feedwater flowrate may affect the concentration polarization (CP) of the FCDI system [25,26]; and
5) the electrode flowrate may impact on the adsorption of ions by affecting the stability of EDLs [27].

To identify the dominant parameters, sensitivity analysis was employed. Furthermore, a multi-cycle long-term operation with flow-
electrode regeneration and recovery was carried out to investigate the feasibility and stability of FCDI.

2. Materials and methods
2.1. Flow-electrode preparation

Analytical grade activated carbon (AC, Sinopharm Group, China) powder possessing a particle size ranging between 10-50 pm was
used as the flow-electrode material in this study. To improve the suspension and dispersion of AC power in the flow-electrode during
operation, a low dosage of sodium dodecyl sulfate (SDS) purchased from Sigma Aldrich (USA) was applied as the dispersant. Synthetic
feedwater and electrolyte were prepared using analytic grade NaCl (Sinopharm, China).

The flow-electrode slurry was prepared by mixing the AC powder at a designed weight proportion into 100 mL of NaCl electrolyte
(see Table 1). A constant dosage of SDS at 0.1 g L™! was used in all flow-electrodes with varied AC contents and electrolyte con-
centrations. The flow-electrode slurries were mixed using an ultrasonic diffuser (GT-SONIC-D27, GT Ultrasonic, China) prior to any
batch experiment. SDS can promote the stable dispersion of activated carbon in electrolytes [28]. Cai et al.’s study stated that adding
SDS effectively improved the desalination performance of FCDI [29]. In addition, due to the selective permeability of the ion exchange
membrane, it was expected that the SDS in the flowing electrode would not be released into the water chamber. In addition, a magnetic
stirrer (MR Hei-Mix S, Heidolph, Germany) continuously blended the electrode slurry at a low speed to ensure the homogeneity of the
flow-electrode during the operation.

Table 1

Design of selected operating parameters in the batch FCDI for performance optimization.
Parameters Unit Examined values
Voltage A% 0.8 1.0 1.2 1.4 1.6° 1.8 2.0
AC content wt. % 0.5 1.0 1.5 2.0° 3.0 5.0 7.0
Electrolyte concentration gL? 1.0 2.5 5.0 7.5% 10.0 12.5 15.0
Feedwater flowrate mL min~? 10 20 40 60" 80 100 120
Electrode flowrate mL min ! 60 80 100" 120 140

@ Initial setting of FCDI operating parameters in the batch tests.
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2.2. Laboratory-scale FCDI reactor setup

A lab-scale FCDI system was designed and assembled as shown in Fig. S1. Owing to the effective dimensions of 130 x 130 x 40 mm,
the FCDI cell was composed of two acrylic end plates, two stainless steel current collectors, one piece of anion exchange membrane
(AEM, HMTECH-1680T, Huamotech Co., Ltd., China), one piece of cation exchange membrane (CEM, HMTECH-1680T, Huamotech
Co., Ltd., China), and one feedwater chamber. The stainless steel plates were engraved with serpentine channels (2 mm in depth and 3
mm in width), aiming at enlarging the contact area between current collectors and flow-electrodes, hence ensuring a uniform and
stable charge distribution [9]. The ion exchange membranes with selective permeation of anions or cations prevented the electrode
slurry from spillage and simultaneously avoided the negative influence caused by the co-ion effect [30]. A 3-mm wide feedwater
channel was designed in between the ion exchange membranes.

The FCDI system was empowered by a low-voltage DC power supply (GPS305D-30V5A, Wanptek, China). The flow-electrode slurry
was supplied by a peristaltic pump (Masterflex, USA) to the flow-electrode channels inside the current collectors and circulated in a
short-circuit closed-cycle (SCC) mode. The SCC mode is a typical FCDI mode of operation that allows the cathode and anode to be
electrically neutralized as they flow back into the electrode reservoir, thereby completing the automatic desorption of ions [21]. This
made the adsorption capacity of the electrode material no longer the main factor limiting FCDI.

2.3. Batch mode operation

The effects of concerned operating parameters, namely, operating voltage, AC content, electrolyte concentration, feedwater
flowrate, and electrode flowrate in FCDI and their optimized combinations were explored using the orthogonal experimental design
method. According to previous literature [15,20,24,31], the initial setting of the abovementioned parameters was designed at an
operating voltage of 1.6 V, AC content of 2.0 wt%, electrolyte concentration of 7.5 g L™}, feedwater flowrate of 60 mL min~!, and
electrode flowrate of 100 mL min " for both anode and cathode sides, respectively. These parameters were then varied individually
with the others remaining unchanged, as described in Table 1, to optimize the desalination performance in the FCDI. For all batch tests,
a feedwater containing 100 mL of 1 g L™! NaCl was circulated in the feed channel, and the variation in conductivity (EC) of the
feedwater was monitored over a duration of 120 min.

Sensitivity analyses of selected operating parameters to the performance of FCDI were done using spider plots [32]. The sensitivity
was evaluated between —50 % and +50 % for the initial operating voltage, AC content, electrolyte concentration, feedwater flowrate,
and electrode flowrate. The variations in Average Salt Adsorption Rate (ASAR) and Energy-normalized Removed Salt (ENRS) were
regarded as indicators. The gradients of the lines indicated the degree of sensitivity. The steeper the curve, the more sensitive the
ASAR/ENRS was to the corresponding parameter.

2.4. Long-term operation of the FCDI system

The lab-scale FCDI system was operated for a total of 170 h, including three repetition cycles. A total volume of 8 L feedwater
containing 1 g L™} NaCl was fed into the FCDI reactor with the operation mode switched from batch mode to single-pass mode. In
single-pass mode, there was only one chance for the feedwater to pass through the water chamber, hence the hydraulic retention time
was extended by reducing the flowrate. The feedwater flowrate was adapted to 1-4 mL min~! to ensure an acceptable desalination
rate, whereas the other parameters were determined based on the optimization in sections 2.2 and 2.3. After each operating cycle, the
desalination process was temporarily interrupted, and the electrode material (AC) in the electrode slurry was recovered and regen-
erated for the next cycle.

The regeneration of flow-electrode material was performed using a microfiltration process. Three alternative filter membranes,
namely PTFE Membrane Filter (47 mm, 0.45 pm, from Vertical Chromatography Co., Ltd., Thailand), NYL Membrane Filter (50 mm,
0.45 pm, from Vertical Chromatography Co., Ltd., Thailand), and Cellulose Acetate Filter (47 mm, 0.2 pm, from Sartorius Stedim
Biotech, Germany) were tested using a laboratory vacuum filtration system. The flow-electrode retained by filter membranes were then
re-dispersed and recovered through three procedures, i.e., soaking in the electrolyte solution for 30 min, ultrasonic cleaning for 10 min
+ soaking for 20 min, and ultrasonic cleaning for 30 min. Each cleaning scheme consumed 100 mL of distilled water to rinse the
membrane. The percentage recovery of flow-electrode was weighted and compared among the abovementioned procedures, and the
recovery method with the highest recovery rate was selected as the regeneration scheme for the long-term operation of FCDI.

2.5. Laboratory and data analysis

A conductivity meter (Seven2Go™ Conductivity Meter-S3, Mettler Toledo, Switzerland) was applied to measure the EC of the
feedwater, and the NaCl concentration was determined from the linear correlation between the EC and the NaCl concentration (see
Fig. S2 for the calibration curve). The operating voltage (V) and current (I) of the DC power supply were monitored.

Maximum salt adsorption rate (SARmay, pg-cm~2-s~!) and average salt adsorption rate (ASAR, pg-cm~2s™!) are calculated based on
the variation in NaCl concentration of feedwater, which measures the maximum salt adsorption rate and average salt adsorption rate of
FCDI, respectively. In batch mode, the desalination rate continuously decreased with the decline of feedwater concentration.
Therefore, the first two sets of data recorded by the conductivity meter (i.e., 0 and 5 min) were utilized to calculate SARyax. The two
parameters are determined in eq. (1) and eq. (2):
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where Cy and C; are the NaCl concentrations (mg-L_l) at time O and t, respectively; V; is the volume of the feedwater, L; A is the
effective contact area between the ion exchange membrane and the flow-electrode, cm?.
Charge efficiency refers to the utilization rate of the input charge by the flow-electrode, which is expressed by the ratio of the
charge consumption in the electrosorption desalination process to the total charge supplied [33]. It is determined in eq. 3
NAe (Co—Ci)x Vs

A=——"_M % 100% 3)

[ 1dt

where, e is the elementary charge, C; N, is the Avogadro constant, mol~!; M is the molar mass of desalinated NaCl, 58.5 g mol~Y; and T
is the current input measured in A.

Energy-normalized removed salt (ENRS, pmol-J 1) reflects the amount of salt being removed by per unit of energy. It is determined
in eq. (4).

V/(CO*CI)
ENRS =-1>0 ">
NRS ==V T @

3. Results and discussion
3.1. Factors affecting the performance of FCDI

3.1.1. Effect of operating voltage

The effect of the operating voltage provided to the electrodes of FCDI was examined at a relatively low voltage range (i.e., 0.8-2.0
V) compared to several previous reports (i.e., 0.6-4.8 V) [20,34,35]. This voltage range included the commonly applied voltage on
capacitive deionization systems (0.8-1.2V) and the voltage slightly higher than the critical limit of water electrolysis (1.23-2.0V) [36].
The determination of such a voltage range took into account both the diversity of voltage stages and the demand for low energy
consumption. Although slight electrolysis occurred at a voltage of above 1.23V, according to the current-voltage curve obtained from
previous studies, the impact of electrolysis at low voltages (0.8~2V) on the conductivity of the FCDI system was possible to be
negligible [37]. The other operating parameters were set at the initial values as described in Section 2.3. The desalination performance
represented by SARpax and ASAR and energy efficiency, represented by charge efficiency and ENRS in the lab-scale FCDI under
different operating voltages, are presented in Fig. 1A. Meanwhile, the potential mechanism is illustrated in Fig. 1B.

It was observed that the SARy,y of FCDI raised continuously from 0.22 + 0.01 pg cm ™2 s~ up to 0.90 =+ 0.02 pg cm 2 s~ ! as the
voltage increased from 0.8 to 2.0 V. A similar trend of ASAR increment from 0.13 + 0.01 pg cm 251 at 0.8 V to 0.35 + 0.02 pg cm 2
s ! at 2.0 V was observed. This observation is supported by a previous study on FCDI fed with a flow-electrode composed of 30 g L™
NayS0, and 1.0 wt% CB, in which the desalination rate increased from 0.52 pg cm ™25~ to 4.08 pg cm™2 s~! with the operating voltage
increasing from 0.6 V to 4.8 V [15]. Notably, both SARp,x and ASAR increased non-linearly, with a greater acceleration as the voltage
raised. This was possibly due to the combined effect of the elevated electric field strength in the cell and the accumulated free charges
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Fig. 1. Desalination performance analysis (A) and mechanism diagram (B) of FCDI system at different voltages.
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in the EDLs surrounding the flow-electrodes as the operating voltage increased in FCDI. The former enhanced the driving force for
deionization and hence accelerated the migration of ions between the electrodes, while the latter increased the thickness of EDLs and
hence advanced the counter-ion adsorption capacity of flow-electrodes [38].

The energy efficiency of FCDI was assessed using multiple variables, i.e., ENRS and charge efficiency. The former measures the net
energy consumption for desalinating unit salt ions from the feedwater, while the latter measures the ratio of net energy consumption
for salt desalination (i.e., effective energy consumption) which applies to the whole system (i.e., observed energy consumption). ENRS
decreased from 6.69 = 0.14 pmol J ™! at 0.8 V to 3.51 & 0.17 pmol J~! at 2.0 V, showing a continuous downward trend, whereas the
charge efficiency peaked at 90.8 % at 1.8 V and then dropped to 81.0 % at 2.0V. The gradually decreased ENRS indicates that more
energy is consumed to remove unit ions from the feedwater at elevated voltage as ions are transported at a higher rate. On the other
hand, when a voltage over the critical voltage of water (i.e., 1.23V) is applied, the Faradaic reaction will be accelerated, and part of the
energy will be consumed by the water electrolysis process [39]. This will cause inefficient charge loss and energy consumption in an
FCDL. This is reflected by the charge efficiency curve in Fig. 1 which reached a peak value of 90.8 % at the voltage of 1.8 V and started
to reduce afterward. The effects of advanced water electrolysis eventually surpassed the enhancement caused by EDLs reinforcement,
resulting in a reduction in charge efficiency at a voltage higher than 1.8 V. Therefore, although a higher voltage resulted in higher
desalination performance, it meanwhile caused an increasing wastage of electric energy. From this perspective, a moderate voltage at
approximately 1.8 V is recommended to balance the efficiency of an FCDI between desalination and energy consumption efficiencies.

3.1.2. Effect of AC wt.%

The effect of AC mass content in flow-electrode was investigated within a weight range between 0.5-7.0 wt%. The other operating
parameters were set at the initial values as described in section 2.3. The desalination performance and energy efficiency in the lab-scale
FCDI under different AC weight ratios are presented in Fig. 2A, while the potential mechanism is illustrated in Fig. 2B.

The SARmax/ASAR of the tested FCDI gradually increased from 0.36 =+ 0.01/0.19 + 0.01 pg cm ™2 s~ ! at an AC content of 0.5 wt%
and approached a platform at approximately 0.69 = 0.02/0.23 + 0.01 pg cm 2 s~ as the AC content reached 1.5 wt%. An inflection
point of the ASAR curve occurs at the AC content of 2.0 wt%, with the maximum value measured as 0.24 + 0.01 pg cm ™2 s~ 1. Sub-
sequently, as the AC wt.% further increased up to 7.0 wt%, the SAR,,x/ASAR remained unchanged. The ENRS and charge efficiency
showed similar changing trends as the desalination rate, which gradually increased from 4.15 pmol J ! to 76.05 % at AC content of 0.5
Wt% to 4.71 pmol J~! and 86.3 % at AC content of 2.0 wt%, respectively, and then it remained constant or even slightly declined with
the increased AC contents.

With the AC content rising from 0.5 wt% to 2.0 wt%, the conductivity and total adsorption capacity provided by the flow-electrode
material increased accordingly, resulting in increments in both desalination rate and energy efficiency. Simultaneously, as the FCDI
system operated in SCC mode, the electrodes were undergoing automatic electrical neutralization, and ion adsorption capacity was
regenerated continuously. When the AC content increased greater than 2.0 wt%, the adsorption capacity provided by the electrodes
exceeded the demand of a relatively low salinity of feedwater in this study (i.e., 1.0 g L™1). Therefore, both the desalination rate and
energy efficiency reached a constant level, and no more increment is expected via further increasing AC content in the flow-electrode.
Conversely, further increasing AC content may raise the risk of electrode pathway blockage in the flow channels. Park et al. reported
that the salt removal efficiency was enhanced from 8.4 % to 26.5 % as the AC wt.% increased from 10 % to 30 %, while the charge
efficiency fluctuated slightly between 74.7 % and 81.3 % [24]. Whereas, in the current study, the effect of increasing AC content in
flow-electrode was not as obvious as in the previous report. This was possibly due to the different application scenarios of the two
studies: Park et al. focused on the desalination of seawater (feedwater concentration: 30 g L™1); This study paid attention to the
desalination of low salinity water (i.e., 1.0 g L™1) affected by seawater intrusion. Compared to an electrolyte concentration of 10.0 g
L7, the increase in AC wt.% showed no significant effect on the conductivity of the flow-electrode. With a low feedwater concen-
tration, low AC wt.% provided sufficient adsorption sites, whereas the excess AC instead consumed energy through Faradaic reactions
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Fig. 2. Desalination performance analysis (A) and mechanism diagram (B) of FCDI system under various AC contents.
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and so on [31]. Therefore, in practical operation, the AC wt.% should be determined based on various factors such as feedwater
concentration, applied voltage, system operation stability, etc.

3.1.3. Effect of electrolyte concentration

The effect of electrolyte concentration in the flow-electrode of FCDI was investigated with a series of varied NaCl concentrations
ranging between 1.0 and 15.0 g L™, while the other operating parameters were maintained at the initial settings. As shown in Fig. 3A,
with the increase of electrolyte concentration, the SARp,x and ASAR of FCDI presented a trend of firstly increasing and then
decreasing. A peak appeared at an electrolyte concentration of 10.0 g L™}, with the SARpay and ASAR raised from 0.44 + 0.01/0.16 +
0.01 pgem 25 1at 1.0 gL} to 0.80 + 0.01/0.28 & 0.01 pg cm 2 st at 10.0 g L™, respectively. Subsequently, as the electrolyte
concentration further increased to 15.0 g L1, the SARpax and ASAR dropped slightly to 0.66 + 0.02 and 0.24 + 0.02 pg cm 2 s},
respectively. Likewise, ENRS dropped from 4.66 pmol J™! at 10.0 g L™! to 4.24 pmol J~! at 15.0 g L™}, and the charge efficiency
dropped from 87.7 % to 79.2 % as well.

As illustrated in Fig. 3B, increasing the concentration of electrolyte was able to reduce the resistance of flow-electrodes and hence
enhance the mobility of ions from feedwater to electrodes (shown by the light red arrows in Fig. 2B) in FCDI. This explained the initial
increment in SAR,,x/ASAR as electrolyte concentration increased up to 10.0 g L~L. However, as the NaCl concentration increased in
the electrolyte, an elevated salt concentration gradient from the flow-electrode to feedwater developed (shown by the dark red arrows
in Fig. 2B), which hindered the mass transfer of salt ions in the opposite direction. As a result, when the electrolyte concentration
exceeded 10.0 g L1, the reverse ion migration driven by the enlarged concentration gradient surpassed the positive effect brought by
resistance reduction, eventually causing a decrease in desalination efficiency. This also explained why the charge efficiency and ENRS
showed a trend of first rising and then falling.

3.1.4. Effect of feedwater flowrate

Fig. 4A shows that with an increasing feedwater flowrate, the SAR,x/ASAR was continuously enhanced, from 0.43 + 0.02/0.18 +
0.01 pg em 257! at 10 mL min~! to 0.78 + 0.01/0.26 + 0.01 pg cm 2 s~ ! at 120 mL min~'. However, this increment became less
significant as the feed flowrate increased over 60 mL min ', Whereas, unlike the desalination rate, ENRS and charge efficiency
remained constant at approximately 4.6 + 0.1 pmol J~! and 85 %, respectively, with varied feed flowrates.

The effect of feedwater flowrates on the desalination rate is possibly associated with the variation of concentration polarization
(CP) in FCDI (see Fig. 4B). Due to the higher ion conductivity in the ion exchange membrane than in feedwater, a concentration drop is
expected in the liquid film layer from the bulk feed to the membrane surface to overcome the extra electrical energy that needs to be
consumed. Increasing feedwater flowrate was able to cause turbulence at the membrane surface and hence, relieved the influence of
concentration polarization to a certain extent. Thereby, slight SARyax/ASAR increments were observed at the initial half of their
variation curves as functions of feed flowrate. Nevertheless, reducing concentration polarization typically has a limited effect on
improving the overall performance of the ion mass transfer [40]. On the other hand, the effect of concentration polarization is not
selective to ion species, hence no influence on charge efficiency/ENRS was observed. Previous FCDI studies have also reported on the
influence and mitigation of CP. Fang et al. reduced the impact of CP by controlling the concentration factors (CF), while Ma et al.
developed ball-milled activated carbon (BAC) with small particle size by grinding AC to alleviate the effect of CP [26,41].

3.1.5. Effect of electrode flowrate

The effect of flow-electrode flowrate was studied with a series of flowrate values designed between 60 and 140 mL min~'. The
minimum flowrate of the electrode was set to 60 mL min ! to prevent the precipitation of electrode materials. Fig. 5A revealed that
with an increasing flow-electrode flowrate, both the SARpax/ASAR of the FCDI system declined from 0.80 + 0.02/0.25 + 0.01 pg
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Fig. 4. Desalination performance analysis (A) and mechanism diagram (B) of FCDI system under various feedwater flowrates.

em 2571 at 60 mL min~! to 0.52 = 0.02/0.21 + 0.01 pg cm™2s~! at 140 mL min~'. However, charge efficiency and ENRS remained
constant at approximately 82 %,/4.70 pmol J 1.

As shown in Fig. 5B, intensified fluid shear force in a flow-electrode may cause compression of the thickness of EDLs and hence
lower its counter-ion adsorption capacity. In the meanwhile, the adsorbed counter-ions surrounding the EDLs can be easily dissociated
due to the increased fluid disturbance. This may explain the observed decrease in SARy,x/ASAR in FCDI as the electrode flowrate
increased from 60 to 140 mL min ! in this study. Similar to feedwater flowrate, there is no selectivity of ion species due to such fluid
mechanics. Hence, no variation in charge efficiency and ENRS was observed.

3.2. Sensitivity analysis of selected operating parameters

To identify the key operating parameter affecting the performance of FCDI, a local sensitivity analysis was carried out. Variations
ranging up to £50 % of the initial experimental settings, i.e., feed NaCl concentration of 1.0 g L™}, a voltage of 1.6 V, AC wt.% of 2.0 %,
electrolyte concentration of 7.5 g L7, feedwater flowrate of 60 mL min !, and electrode flowrate at 100 mL min ! were evaluated, and
the percentage changes in ASAR and ENRS are plotted in Fig. 6A and B. The larger the absolute value of the gradient, the higher the
sensitivity of the FCDI system to the parameter [42].

In practical operation, it is preferable to have the highest possible desalination rate and energy efficiency. The operating voltage
presented the most sensitive influence on ASAR and ENRS, both with positive correlations. With a 25 % increment in voltage supply,
the ASAR and ENRS raised by approximately 53.1 % and 8.9 %, respectively. Whereas, ASAR and ENRS showed less sensitivity to the
variations in electrolyte concentration, AC content, and feedwater flowrate. With a 25 % increment in electrolyte concentration, AC
content, and feedwater flowrate, ASAR values are expected to raise by approximately 4.0 %, 0.9 %, and 2.2 %, while negligible
variation is expected in ENRS. Different from the other selected parameters, electrode flowrate showed a negative effect with moderate
sensitivity to ASAR. With a 25 % reduction of electrode flowrate, a 9.0 % of increment in ASAR is expectable.
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Fig. 5. Desalination performance analysis (A) and mechanism diagram (B) of FCDI system under various electrode flowrates.
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Fig. 6. Sensitivity analysis of selected parameters to ASAR (A) and ENRS (B).

According to the results of sensitivity analysis, the voltage was regarded as the dominant parameter, while electrolyte concen-
tration, electrode flowrate, feedwater flowrate, and AC wt.% were recognized as non-dominant parameters. The increase of voltage
directly led to the increment of charge transfer in the system, and the electric field driving force of the ions as well as the thickness of
the electric double layers were also enhanced with the voltage [38]. The superposition of these several effects acted directly on the salt
ions so that the FCDI system exhibited high sensitivity. AC content was directly linked to the adoption capacity, whose effect may be
more significant when treating high-salinity feedwater [15]. Its sensitive effect was not observed due to the relatively low-salinity
feedwater tested in the current study. The electrolyte concentration mainly affected the desalination process by changing the elec-
trode conductivity, while its positive effect might be limited by the reverse driving force for ions caused by the cumulation of a salt
concentration gradient. As for the variation of the fluid flowrates, they may only affect the degree of concentration polarization and the
stability of the adsorption environment to a certain extent, resulting in a limited effect on the system performance as well.

3.3. Long-term operation of FCDI with flow-electrode regeneration

3.3.1. Selection of flow-electrode regeneration method

A preliminary selection of the proper flow-electrode regeneration method was carried out prior to the long-term operation
experiment. To screen out an appropriate scheme for electrode material recovery and regeneration, filter membranes with different
materials and pore sizes were tested and evaluated systematically. After separating the solid and liquid from the used flow-electrode
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Fig. 7. Electrode material recovery rates using different types of filter membranes and cleaning methods.
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solution using a filter membrane and washing away the salt, the filter membranes were further cleaned (soaked or sonicated). A re-
generated flow-electrode was prepared using the AC suspension from membrane cleaning and the collected AC solid after filtration.
Ensuring that AC was not lost through other pathways, the dry weight of the filter membrane before and after filtration and cleaning
was measured, and the recovery rate of the electrode material was calculated using the following equation:

(Initial AC weight — Filter retained AC weight)
(Initial AC weight)

Recovery rate = x 100% 5)

As illustrated in Fig. 7, all three membranes exhibited excellent material retention rates. Among them, NYL-0.45 pm showed the
best performance (recovery rate up to 99.84 %), closely followed by Cellulose Acetate-0.2 pm (99.68 %), and PTFE-0.45 pm (99.54 %).
Whereas, for the cleaning methods, soaking for 30 min achieved a comparable high recovery rate (>99 %) with low energy con-
sumption. Therefore, by comprehensive consideration of electrode recovery rate and energy consumption, a flow-electrode recovery
process composed of filtration using an NYL-0.45 pm membrane and cleaning through soaking for 30 min was selected.

3.3.2. Long-term operation of FCDI

In long-term operation, the single-pass mode of feedwater was employed instead of the circulation mode. According to the standard
set by U.S. Environmental Protection Agency (USEPA), the total dissolved solids (TDS) in tap water should not exceed 500 mg L1
(USEPA, 2022). In this lab-scale study, the TDS value reflected the salinity of the synthetic feedwater (i.e., NaCl solution). To ensure
that the HRT of feedwater was sufficient to achieve this effluent requirement, a feedwater flowrate of 2 mL min~* was adopted.

Fig. 8 profiles the variation of effluent NaCl concentration, desalination efficiency, and ENRS of the FCDI system during the long-
term operation. In each operating cycle, the desalination efficiency presented a three-phase variation, namely the start-up phase -
steady phase — declining phase. Taking the first cycle as an example, a sharp effluent concentration dropped from 1000 mg L™ to about
500 mg L~! and desalination efficiency rose from O to 50.94 % in the start-up phase (i.e., initial 1.0 h). This was attributed to the
insufficient residence time for saltwater remaining in the feed channel at the beginning of the operation, so the effluent concentration
dropped rapidly. The duration of the start-up phase depended on the designed feedwater flowrate and typically lasted for a short
period. In the steady phase (i.e., 1.0-19.0 h), a relatively high desalination efficiency (50.94-67.53 %) and low effluent salt con-
centration (486.7-316.4 mg L~ ') were maintained with the desalination performance continually going upwards. With the progress of
desalination, increasing salt ions accumulated in the flow-electrode causes a reduction in the cell resistance and thereby further
advancing its desalination efficiency. Whereas, along with such ion accumulation, the salt concentration gradient across the ion ex-
change membranes was gradually climbing, which created an ion-driving force in the direction opposite to the electric field. This
gradually offset the increased desalination due to the lowered resistance and eventually outweighed the above enhancement, resulting
in the desalination efficiency to start declining over time (i.e., decline phase). The desalination decline occurred gently and lasted for
approximately 30 h, which allowed a relatively stable operation of FCDI up to 50 h to ensure a minimum desalination efficiency of 50
%. Unlike the desalination curve, which rose first and then fell, ENRS showed a continuous downward trend after the system stabilized.
The increase in the overall conductivity of the system did not affect the ion transfer process, and the decrease in ENRS may be
attributed to the increasing concentration gradient between the flow-electrode and the feedwater.

During an approximately 170-h operation, the lab-scale FCDI indicated a good potential of the system for long-term desalination
with a stable performance. Using a 2 wt% AC electrode, the FCDI was able to sustain a desalination efficiency above 50 % for 1.0 g L™}
salt water for 50 h and produce 6.0 L effluent per repeatable operation cycle. The peak desalination efficiency in each cycle was
successively measured as 67.5 %, 66.4 %, and 64.7 %, respectively. Previous studies have reported substantial performance depletion
of carbon-based electrode materials that occurred in FCDI due to the impact of the Faradaic reaction and carbon oxidation, which could
cause a collapse of pore structure, reduction of surface area, and increase of resistance [31,44]. Zhang et al. reported an approximately
10 % specific surface area loss on the carbon-based flow-electrode (9 % activated carbon + 1 % carbon black) which dropped from
1100 cm? g~ ! to 991 em? g7! in a 14-day operation [43]. Conversely, the current study did not observe a statistically significant
decrease in the performance of the flow-electrode, which may indicate that the carbon material properties were not significantly
affected during 170 h of operation. Nonetheless, to clarify and improve the regeneration rate and performance maintenance of carbon
materials, it is imperative to conduct longer FCDI operations with more repetition cycles in the future.

4. Conclusions

This study carried out a systematic optimization of the key operating parameters in a lab-scale FCDI system and interpreted the
potential influencing mechanisms of selected parameters on the performance of FCDI. The optimal combination of the parameters for
low-concentration brine desalination was determined as the voltage of 1.8V, the electrolyte concentration of 10 g L™}, the electrode
material content of 2 wt%, the feedwater flowrate of 80 mL min ", and the electrode flowrate of 60 mL min~'. The above parameters
affected the performance of FCDI mainly by influencing the charge transfer, adsorption capacity, concentration polarization, and the
electrical double layers. The results of sensitivity analysis indicated that the dominant parameter was operating voltage, which caused
a 53.1 % rise in the desalination rate with a 25 % voltage increment. Whereas, the other four parameters showed less influence on the
performance of FCDIs. Microfiltration using a 0.45 membrane filter associated with soak cleaning provided 99.8 % recovery of the AC
electrode and was selected for flow-electrode regeneration during long-term operation. A long-term operation of approximately 170 h
(containing three cycles) was demonstrated with the optimized operating conditions and selected electrode regeneration method. The
results showed that the lab-scale FCDI system kept the desalination efficiency of 1 g L™} saltwater above 50 % continuously for 50-60
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Fig. 8. Variation of effluent concentration, desalination efficiency, and ENRS of FCDI system during long-term operation.

h, which produced 6.0 L effluent per cycle with an average energy consumption of 0.45 kWh m™>. Furthermore, the loss of electrode
material was merely approximately 1 % after each cycle. The high recovery of electrode materials and the satisfactory long-term
operational stability of the FCDI system reported in this study provide a reference for the practical application of FCDI.
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