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ABSTRACT

Flow-electrode capacitive deionization (FCDI) is attracting growing attention owing to its advantages such as
effective ion removal capacity and easy management of the electrodes. Optimization of the flow-electrode
comprising carbon materials and aqueous electrolyte is always a research hotspot aimed at improving FCDI
performance. Herein, we innovatively introduced appropriate amount of KI3 into the cathodic flow-electrode to
provide a highly efficient means of enhancing FCDI desalination performance with a stable behavior in salt
electrosorption and desorption over multi-cycle consecutive runs. The accelerated salt removal rate originated
from the reversible redox reaction of I3 /1" and the maintenance of the electro-neutrality of the global electrolyte.
Although possible minor release or leakage of I /I3 through the cation-exchange membrane and into the treated
water occurred, which makes the proposed approach not quite suitable for potable water production, we
demonstrated that this system has great application prospects in treatment of iodide-containing saline waste-

water without causing secondary pollution.

1. Introduction

Freshwater scarcity and water pollution are two of the most impor-
tant environmental problems faced by human beings in the 21st century,
which necessitates a continuing search for eco-friendly and cost-
effective technologies for water desalination and wastewater treat-
ment [1-7]. Capacitive deionization (CDI) is an emerging technology
mainly suited for such applications including desalination and removal
of ionic contaminants from water [4-11]. CDI functions by adsorbing
ions in the electric double layers of capacitive electrodes via electrostatic
interaction or in the inner structures of battery electrodes via Faradaic
intercalation [4-16]. Among the various cell configurations within the
CDI community, flow-electrode CDI (FCDI) involving the use of flowable
carbon or composite electrodes stands out and attracts increasing
attention due to its key advantages of facile electrode preparation,
continuous desalting behavior, excellent salt removal efficency (95%,
NaCl solution: 32.1 g L™!) and high water recovery rate (greater

than95%) [17-25]. Under an electric field, ions in the feed water would
pass through ion exchange membrane and enter the anodic or cathodic
chamber of FCDI whereby they would be eventually adsorbed on the
suspended carbon particles or retained in the aqueous phase of the flow
electrode [19,21].

Despite the distinct advantages of FCDI, it suffers from a major
limitation, i.e., the inefficient charge transfer between the current col-
lectors and flow electrodes owing to the discontinuous conductive
electrical network of the suspended active materials in the flow-
electrode slurry [19,21,23]. Although increasing carbon content or
introducing carbon black facilitates electron transport, the viscosity of
the flow electrode rises accordingly, which might result in electrode-
channel clogging [19,26-29]. Performing chemical surface treatment
of carbon particles to lower the viscosity of carbon slurry, and, as a
result, to increase the carbon mass loading to a very high value (e.g.,
35 wt% activated carbon content) without channel clogging is an
effective method to solve this limitation [27,30]. However, such surface

* Corresponding authors at: College of Environmental Science and Engineering, Hunan University, Changsha 410082, China.

E-mail addresses: zgming@hnu.edu.cn (G. Zeng), wtang@hnu.edu.cn (W. Tang).

1 These authors contribute equally to this article.

https://doi.org/10.1016/j.cej.2021.129905

Received 15 February 2021; Received in revised form 8 April 2021; Accepted 13 April 2021

Available online 20 April 2021
1385-8947,/© 2021 Elsevier B.V. All rights reserved.


mailto:zgming@hnu.edu.cn
mailto:wtang@hnu.edu.cn
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2021.129905
https://doi.org/10.1016/j.cej.2021.129905
https://doi.org/10.1016/j.cej.2021.129905
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2021.129905&domain=pdf

K. Luo et al.

modification processes are somewhat costly (requiring use of chemicals
such as nitric acid, sodium hydroxide or sodium 4-vinylbenzenesulfo-
nate), and time- and labor-consuming (usually undergoing the pro-
cesses of chemical modification, repeated washing with ultrapure water,
and drying). Raising electrolyte concentration in the slurries is also
beneficial to enhancing the flow-electrode conductivity and thereby the
desalting efficiency [31], but the degree of performance improvement is
very limited and significant concentration polarization at the membrane
interface and aggregation of carbon particles might occur [31,32].

Consideration is given in this work to an alternative route of accel-
erating electron flow via addition of redox-active substance to the flow
electrodes. Ma et al. previously proposed the use of a redox-active flow-
anode containing hydroquinone/benzoquinone couple to achieve a
significantly improved FCDI desalination performance [32]. Neverthe-
less, a critical concern arose from the permeation of toxic hydroqui-
none/benzoquinone couple through the ion exchange membrane into
the treated water stream. Wang et al. achieved enhanced desalination
performance of a FCDI system via addition of vanadium redox couples
(VZ*/v3%) into the activated carbon flow-electrode [33]. However, va-
nadium compounds are generally expensive, which restricts their prac-
tical applications. It is of great importance to find a more suitable redox-
active electrolyte for the flow electrode. Iodide-based redox electrolyte
comprising 1" /I3 couple has been reported to possess promising per-
formance in the field of electric energy storage and water desalination
[34-37], but these studies are based on the use of redox-active elec-
trolyte only in the absence of carbon. No study is yet available exploring
its effects on the ion removal process in an FCDI system. lodide, an
essential micronutrient for life, is readily available and is considered to
have low toxicity and low cost [36]. Moreover, it is expected that the
cation exchange membrane (CEM) could inhibit the diffusion of I" /I3
couple into the treated water stream when iodide-based redox electro-
lyte is only employed in the cathodic flow-electrode.

Therefore, in this work, we aimed to investigate the efficacy of
applying iodide-based redox electrolyte in the cathodic chamber of FCDI
in promoting both salt electrosorption and desorption processes with the
underlying mechanisms involved also analyzed. Considering the
possibly unavoidable leakage/release of iodine into the treated water
stream, we further investigated the potential of this method in treatment
of iodide-containing saline wastewater.

2. Materials and methods

The structure and components of FCDI cell used in this study were
described in detail in the Supporting Information. Isolated closed-cycle
(ICC) batch-flow operational mode was used for the whole experiment
as shown in Fig. S2, i.e., 100 mL positively and negatively charged flow
electrodes were individually recycled between the FCDI cell and stirred
reservoir at a flow rate of 50 mL min~!, while the feed water requiring
desalination (50 mL of 3 g L1 Kcl solution) was recirculated at a flow
rate of 25 mL min . The cathodic redox-active carbon slurry consisted
of 5 wt% activated carbon powder (No. 10006619, Sinopsin Chemical
Reagent Co., Ltd., China), 1 wt% carbon black (LION Ketjenblack,
ECP600JD, Japan) and certain concentrations of KCl and KI3 solution.
We defined the concentration of KI3 used during the experiment ac-
cording to I + I, < I3. For example, 12 mM KI3 (actually smaller than
12 mM) was prepared by dissolving 0.3 g I and 0.2 g KI in 100 mL
ultrapure water. Correspondingly, the carbon slurry without KI5 and the
redox-active electrolyte without carbon were used as the control groups.
The anodic flow electrode was composed of 5 wt% activated carbon,
1 wt% carbon black and certain concentration of KCl solution. Iodide-
containing saline wastewater was simulated by dissolving appropriate
amount of KCl, KNOs, Na3SO4, KBr and KI in ultrapure water. Prior to
each experiment, the electrode chambers and spacer channels were
rinsed thoroughly with ultrapure water to ensure no impact of the pre-
vious test on the next one, and then the water remaining in the FCDI
device and tubes was evacuated. In the case of cycling the flow-
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electrodes and feed water, the electrical circuit was not connected
until the conductivity reading of the feed water became stabilized. In
one cycle, electrosorption was carried out at a constant charging voltage
using a direct-current power supply, followed by a reversed voltage of
the same value for desorption. After electrode regeneration, the polarity
of the electrodes was reversed to initiate the next cycle. The electrical
conductivity and pH were monitored using the conductivity meter (DDS-
307, INESA Scientific Instrument Co., Ltd, China) and pH meter (PHS-
3C, INESA Scientific Instrument Co., Ltd, China), respectively. The
current flowing through the FCDI cell was measured using a current
probe connected to a data acquisition system (SensorDAQ, Vernier,
USA).

The specific surface area, pore size and pore volume of the activated
carbon were determined using a Micromeritics ASAP-2020 Accelerated
Surface Area and Porosimetry Analyzer based on N, adsorption/
desorption isotherm. All samples were filtered through 0.45 pm filters
prior to further analysis. The concentrations of total iodine and K+ were
measured by inductively coupled plasma mass spectrometry (ICP-MS)
and the concentrations of I” and CI~ were measured by ion chromato-
graph. Through the mass balance principle, the amount of specific ions
(e.g., K1) adsorbed on cathodic carbons during charging was calculated
based on the difference between the total Kt concentration in the system
and the sum of K concentrations in the cathodic aqueous solution, the
treated stream and the anodic aqueous solution (we neglected the
amount of K™ adsorbed on anodic carbons).

The cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) tests were conducted in a three-electrode system by using
a CHI760E electrochemical workstation (Shanghai, China) with Ag/
AgCl as the reference electrode, Pt as the working electrode and counter
electrode (each Pt electrode size: 0.9 cm x 1.5 cm). The working,
counter and reference electrodes were immersed into 100 mL suspension
of carbon particles consisting of 5 wt% activated carbon, 1 wt% carbon
black, 1000 mg L~! KCl and initial concentrations (0 mM or 12 mM) of
KI3 with a stirring rate of 1000 r/min. CV analysis was carried out with a
scan rate of 10 mV/s and voltage window varying from — 1.2 to 1.2 V.
EIS measurements were run in the frequency charging from 0.1 Hz to
10* Hz by applying a small alternating current signal with an amplitude
of 10 mV.

The ion removal efficiency was calculated according to the following
equation,

x 100 (@]

Cy— C
Removalefficiency(%) = %

0

where Cy and C; (mg/L) represent the initial and final concentrations of
the specific ion in the feed water, respectively.

3. Results and discussion

3.1. Effects of electrolyte concentration in the flow electrode on
deionization

One previous research indicated that the desalination performance of
FCDI operated in short-circuited closed-cycle mode increased with in-
crements of NaCl concentrations in the flow-electrode at a low NaCl
concentration region of 0.00-1.48 wt%, and the desalting efficiency
remained almost constant when the aqueous NaCl electrolyte in the
flow-electrode was greater than 1.48 wt% [31]. To determine whether
the saturation point also existed for FCDI operated in isolated closed-
cycle mode in this study, we firstly investigated the temporal variation
of conductivity of the treated salty water by varying electrolyte (KCI)
concentrations (0, 1000, 2000, 3000, 5000 mg L™Y) in both of the flow
electrodes without addition of iodide redox couple with the results
shown in Fig. 1. As can be seen, the desalination performance of FCDI
was improved when the flow-electrode was prepared with 1000 mg L™}
KCl electrolyte instead of ultrapure water largely due to the decrease in
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Fig. 1. Dynamic variation in conductivity of the treated salty water during
electrosorption and desorption as a function of varying initial electrolyte (KCI)
concentrations in the flow-electrodes without iodide redox couple. Feed solu-
tion: 3000 mg L~! KCl; Charging voltage: 1.2 V; Discharging voltage: —1.2 V.

the resistance of the flow electrode chamber, while the desalting effi-
ciency of the flow-electrodes with KCI concentrations ranging between
1000 mg L™! and 5000 mg L~! kept nearly unchanged attributed to the
existence of sufficient KCl salt in the flow-electrode. Therefore, we can
consider that, at 1000 mg L~ KCI concentration, the desalting efficiency
of the flow electrodes reached saturation. To exclude the effect of
electrolyte concentration in the flow electrode on deionization when
iodide redox couple was added into the cathodic flow-electrode, we
further conducted experiments by varying initial KCl concentration of
the cathodic flow-electrode from 1000 to 5000 mg L~! while fixing
initial KCl concentration of the anodic flow-electrode at 1000 mg L},
and we also observed insignificant variation in the conductivity of the
treated salty water versus time. Based on the above results, 1000 mg L™!
KCl was selected for preparing the flow electrodes for subsequent
studies.

3.2. Desalination performance affected by introduction of iodide redox
couple in cathodic flow-electrode and the underlying mechanisms

The influence of the addition of KI3 into the cathodic flow-electrode
on the desalination performance of FCDI was presented in Fig. 2a, from
which it can be observed that, after a charging voltage was applied
across the cell, much more rapid salt removal occurred in the FCDI
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containing KI3 compared with that without KIg, with a similar positive
effect noticed during desorption upon polarity reversal. Additionally,
the salt removal efficiency increased with an increase in the amount of
KI3 added to the cathodic flow-electrode ranging from 0 to 12 mM.
Specifically, under initial KI3 concentrations of 0 mM, 3 mM, 6 mM and
12 mM, the salt KCl removal efficiency was respectively 10.84%,
40.67%, 47.67% and 57.16% within 30 min charging process, and the
system still did not reach equilibrium. Taking 12 mM KI3 for example,
the average salt removal rate during electrosorption was enhanced by
427% as a result of the addition of KI3 to the cathodic flow-electrode.
Nevertheless, when the initial KI3 concentrations further increased to
18 mM, it was noticed that the desalination performance only increased
a little. The reason is that application of two flow-electrodes with equal
volume and carbon loading but with I3/I" redox couple in the cathodic
chamber is expected to be limited by the salt adsorption capacity of the
flowing anode. The desalination performance of FCDI under different
cathodic KI3 concentrations was proportional to the electrical current
flowing through the FCDI cell at a fixed charging voltage with an in-
crease in initial KI3 concentrations leading to a larger current along with
similar increase amplitude to that of desalting efficiency (Fig. 2b).

For comparison, we also investigated the desalination performance
of FCDI with cathodic flow-electrode initially consisting of 1000 mg L™}
KCl and 12 mM KI3 (termed “Redox” group). From Fig. S6, we can know
that the “Redox” group performed better in salt removal than the
“Carbon” group (i.e., cathodic flow-electrode initially consisting of 5 wt
% activated carbon, 1 wt% carbon black and 1000 mg L1 KCl), but was
still far inferior to the “Carbon + Redox” group (i.e., cathodic flow-
electrode initially consisting of 5 wt% activated carbon, 1 wt% carbon
black, 1000 mg L1 KCl and 12 mM KIs), which suggests that there is a
good synergistic effect between the carbons and the iodide redox couple
in desalination. Apart from the effects of initial KI3 concentrations in the
cathodic flow-electrode, we also studied the influence of operating
voltages on the salt removal process in the presence of KI3 (see Fig. S7).
As expected, a higher applied voltage ranging from 0.9 V to 1.8 V
contributed to an increased rate of change in conductivity of the treated
salty water during both electrosorption and desorption, correspondingly
with a larger electrical current flowing through the FCDI cell. As both
anodic and cathodic flow-electrodes initially contained 1000 mg L™ KCI
at the time of preparation, more KCI could move through the ion ex-
change membranes and enter the treated water during desorption stage
compared to electrosorption stage, thereby causing a higher conduc-
tivity of the treated water than the initial conductivity at the end of
desorption. In addition, it was observed that the pH of the treated water
and the pH in the anodic and cathodic flow-electrodes varied insignifi-
cantly (Figs. S8 and S9).

To understand the underlying mechanisms involved in the

Fig. 2. (a) Dynamic variation in conductivity of the treated salty water during electrosorption and desorption, and (b) variation of current during electrosorption
under different initial KI3 concentrations in the cathodic flow-electrode. The anodic flow-electrode initially consisted of 5 wt% activated carbon, 1 wt% carbon black
and 1000 mg L~ KCl, while the cathodic flow-electrode initially consisted of 5 wt% activated carbon, 1 wt% carbon black, 1000 mg L' KCl and certain con-
centrations (0, 3, 6, 12, 18 mM) of KIs; Feed solution: 3000 mg L~ KCI; Charging voltage: 1.2 V; Discharging voltage: —1.2 V.
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significantly enhanced desalination performance of FCDI via introduc-
tion of KI3 in the cathodic flow-electrode, we carried out CV analysis and
EIS measurement for the types of “Carbon” and “Carbon + Redox”
electrodes, and monitored the temporal variation of the aqueous I™
concentration in the cathodic flow-electrode. As can be seen from
Fig. 3a, when KI3 existed in the flow-electrode, the CV curve showed a
clear pair of oxidation/reduction peaks around + 0.75 and + 0.1 V (vs.
Ag/AgCl) in the selected potential range, whereas, in the absence of the
iodide redox couple, the CV curve exhibited a typical capacitor-like
characteristic with a symmetric cyclic shape. Combined with the re-
sults displayed in Figs. 2 and S6, it can be inferred that, after addition of
KIs, electrochemical redox reactions in the cathodic flow-electrode also
play an important role in the FCDI desalination and salination processes
apart from the carbon electric-double-layer interaction. During charging
(i.e., electrosorption), in the cathodic chamber of FCDI, I3 can be
reduced to I", as described by the following reaction:

Reduction: I3 + 2¢~ — 31" (2)

During discharging (i.e., desorption), I" can be oxidized to I3 as
follows:

Oxidation: 31" —» I3 + 2¢~ (3)

Due to charge neutralization in the cathodic electrolyte, ideally, two
K" ions in the feed water would transport through the CEM entering the
cathodic chamber of FCDI once one I3 ion was reduced during electro-
sorption thereby favoring desalination of the feedwater stream. The
anodic flow-electrode accomplished the uptake of an increased number
of Cl™ in order to preserve the electro-neutrality of the global electrolyte.
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During desorption, the reverse process would occur, as illustrated in
Fig. 4. The associated ion removal/release mechanism was further
supported by temporal variation of the aqueous I concentration in the
cathodic flow-electrode. Aqueous I concentration in the cathodic flow-
electrode increased during charging and decreased during discharging,
as shown in Fig. 3b.

EIS measurements were performed for types of “Carbon” and
“Carbon + Redox” electrodes to understand how KI3 additive affected
flow-electrode internal resistance and conductivity. From the Nyquist
plots presented in Fig. 3c, we can know that the ohmic resistance across
the electrolyte (revealed by intersection of the curves on the x-axis) and
the charge transfer resistance between carbon particles and between
carbon particle and current collector (suggested by the radius of semi-
circle) of “Carbon + Redox” electrode were both lower than those of
“Carbon” electrode, implying that the presence of KI5 could benefit ion
transport and charge transfer, leading to enhancement of the salt
removal rate. Fig. 3d presents the amount of K in the aqueous phase of
cathodic flow-electrode excluding the original value and amount of K™
adsorbed on the carbons of cathodic flow-electrode at the end of elec-
trosorption in the case of different initial cathodic KI3 concentrations,
from which it can be known that introduction of Kl3 into the cathodic
flow-electrode facilitated salt removal enabled via iodide redox re-
actions and simultaneously via carbon adsorption, although the pro-
moting degree for carbon adsorption was not remarkable.

For practical use of this method as described here, good regeneration
and stable cycling behavior is of great importance. We evaluated this
characteristic by conducting both salt electrosorption and desorption
processes over twenty consecutive cycles for the types of “Carbon” and

Fig. 3. (a) CV curves and (c) EIS data measured in a beaker cell for the types of “Carbon” and “Carbon + Redox” electrodes; (b) temporal variation of the aqueous I~
concentration in the cathodic flow-electrode under experimental conditions of initial 12 mM KI3, 3000 mg L' KCl feed solution, +1.2 V operating voltage, and (d)
amount of K in the aqueous phase of cathodic flow-electrode excluding the original value and amount of K adsorbed on the carbons of cathodic flow-electrode at
the end of electrosorption in the case of different initial cathodic KI3 concentrations.
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Fig. 4. Schematic of the (a) electrosorption and (b) desorption processes in FCDI with cathodic flow-electrode introduced with KIs.

“Carbon + Redox” electrodes, as displayed in Fig. 5. In the first cycle, for
the type of “Carbon” electrode, the conductivity dropped from initial
4500 uS/cm to 4020uS/cm during 30-min charging, and then increased
to 4360 pS/cm during 30-min discharging. The second cycle saw the
readsorption of salt released during the first cycle and another rede-
sorption with the following cycles behaving similar to the second cycle.
By contrast, for the type of “Carbon + Redox” electrode, in the first
cycle, a much more rapid salt removal occurred during 30-min charging
with a complete desorption of the adsorbed salt during 30-min dis-
charging, and the following cycles presented similar profiles to the first
cycle. To sum up, the cycling behavior of FCDI with cathodic flow-
electrode introduced with KI3 exhibited a high stability without decay
in the desalination efficiency and recuperability after twenty successive
runs, suggesting that the proposed approach would be suitable for multi-
cycle desalination of saline feed streams.

3.3. Potential in treatment of iodide-containing saline wastewater

Although the commercial cation exchange membrane (CEM) could
inhibit the diffusion of cathodic I"/I3 couple into the treated water
stream, consideration should be given to the possible release or leakage
of I" /I3 through the ion-exchange membrane and into the treated water.
As such, we measured the concentration of total iodine in the treated
water by ICP-MS at the end of electrosorption, and it was found that the
total iodine concentration was 2.6 mg/L when cathodic flow-electrode
was introduced with 12 mM KI3 at an operating voltage of 1.2 V,
which was the largest for all the different KI3 concentrations examined
(for information, a document from the World Health Organization re-
veals that, in a five-year study, no serious health issue occurred for
people consuming water with an iodide concentration of 1 mg/L).
Considering the potential environmental and health risks, and given that
the approach proposed herein is not necessarily applied to the genera-
tion of potable water, we explored the feasibility of this method in
treatment of iodide-containing saline wastewater.

Fig. 6 shows the removal efficiencies of C1~, Br™, NO3, S0%", total
iodine from feed water when treating iodide-containing saline waste-
water (1000 mg/L C1~, 100 mg/L Br~, 100 mg/L NO3, 100 mg/L SO?(,
10 mg/L I") by FCDI with cathodic flow-electrode introduced with
12 mM KI3 for 30 min electrosorption time under 1.2 V charging. It is
apparent that the removal efficiencies of Cl~, Br~, NOg3, S0%~, total
iodine were all enhanced significantly when the cathodic chamber of
FCDI was added with KI3, with this remarkable ion removal performance
achieved without causing secondary pollution. Particularly, the total
iodine in the feed water decreased from 10 mg/L to 5.5 mg/L after 30-

Fig. 5. The cycling (electrosorption and desorption) behavior of FCDI for the
types of “Carbon” and “Carbon + Redox™ electrodes over twenty consecutive
cycles. Initial KI3 concentration: 12 mM; Feed solution: 3000 mg L' kel
Charging voltage: 1.2 V; Discharging voltage: —1.2 V.

minute treatment regardless of the possible release or leakage of " /I3
into the treated water. To conclude, such an approach will open a new
door for realizing excellent treatment of iodide-containing saline
wastewater.

4. Conclusions

In this work, we have demonstrated that introduction of KI5 into the
cathodic flow-electrode could greatly improve the desalination perfor-
mance of FCDI operated in isolated closed-cycle mode with a similar
positive effect noticed during desorption upon polarity reversal. Addi-
tionally, the salt removal rate increased with an increase in the initial
concentration of KlI3 in the cathodic flow-electrode and an increase in
the applied voltage. The excellent ion removal performance resulted
from the good synergistic effect between the carbons (via electric-
double-layer electrostatic interaction) and the iodide redox couple (via
electrochemical redox reactions) rather than the elevated cathodic
electrolyte conductivity induced by the addition of KIs. Although a
concern arose from the possible minor release or leakage of " /I3 into
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Fig. 6. Removal efficiencies of C1~, Br—, NOg3, SO?.’, total iodine when treating
iodide-containing saline wastewater by FCDI for the types of “Carbon” and
“Carbon + Redox” electrodes. Initial KI3 concentration: 12 mM; Applied
voltage: 1.2 V; Electrosorption time: 30 min.

the treated water, and therefore the proposed approach may not be
suitable for the generation of potable water, the results of the present
study clearly showed that this innovation holds great promise in the
treatment of iodide-containing saline wastewater. In spite of such a
breakthrough, ongoing efforts are required to further improve and
perfect the system by adopting permselective membranes that are less
permeable to I /I3, finding safer and more environment-friendly
cathodic redox couples, or additionally introducing proper redox cou-
ples for the anodic flow-electrode to maximize ion removal.
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