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e Deep eutectic solvents (DES) were used
as flow electrode electrolytes.

e Water addition strengthens DES gel-like
structure despite lowering its viscosity.
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The deep eutectic solvent, choline chloride-urea (ChCl-U), was selected for its wide electrochemical stability
window, allowing voltages exceeding 1.23 V, which is the limit for aqueous flow electrodes. The effect of water
doping on the viscosity and performance of the DES flow electrodes was also investigated. Cyclic voltammetry
confirmed the electrochemical stability, while rheological and electrochemical impedance spectroscopy revealed
that the addition of water reduced the viscosity and enhanced the conductivity of ChCl-U, making it suitable for
use as an electrolyte in FCDI. Desalination experiments were performed within a potential range of up to 2.2 V.
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The ChCl-U flow electrode, containing 20 wt% water and 10 wt% activated carbon, achieved the best balance
between desalination efficiency (83 %), desalination rate (0.17 rng/cmz.rnin), and effluent quality. Furthermore,
'H NMR analysis confirmed the absence of traces of the deep eutectic solvent in the dilute stream. The results
highlight the potential of DES flow electrodes to enhance desalination processes by enabling higher operational
voltages and improved performance, thereby paving the way for more efficient FCDI desalination systems.

1. Introduction

Access to clean drinking water is crucial for daily life, agriculture,
and other industrial activities. In recent decades, with an increasing
global population, rising economic activity, and growing impact of
climate change on the environment, the availability of clean drinking
water has diminished [1,2]. Furthermore, the demand for freshwater
exceeds the available supply, highlighting the need for alternative water
sources such as brackish water, seawater, and wastewater [3].

Flow electrode capacitive deionisation (FCDI) is an emerging elec-
tromembrane desalination method in which flow electrodes are
employed to extract ions from saline water through electrosorption
[4-6]. FCDI provides several advantages over other desalination
methods, such as capacitive deionisation (CDI) and reverse osmosis
(RO). Unlike batch-mode CDI, FCDI allows for continuous desalination
owing to the in-situ regeneration of the flow electrodes [4-8]. Electrode
fouling, a common issue in CDI systems, is also reduced in FCDI due to
the membranes separating the treated feed water from the flow elec-
trodes [9,10]. Furthermore, FCDI operates under atmospheric pressure,
which lowers the infrastructure and energy costs compared to high-
pressure systems such as RO [11,12]. These advantages make FCDI an
effective desalination process that presents a feasible opportunity for
scale-up [13-15].

The flow electrodes (carbon slurries) used in FCDI consist of acti-
vated carbon particles dispersed in an electrolyte, which is typically an
aqueous medium. Various electrode materials have been developed to
enhance the capabilities of FCDI systems [12,16-18]. In particular,
carbon nanotubes, graphene-based composites, silver nanoclusters
(NCs) and carbon nanofiber aerogels have emerged as promising can-
didates because of their exceptional electrical conductivity and large
surface area [19-24], demonstrating specific capacitance and ion
adsorption capacities that are 1.5 to 2.5 times higher than those of
traditional carbon-based electrodes. The incorporation of these
advanced materials has resulted in FCDI systems with higher desalina-
tion rates, improved energy efficiencies, and longer operational lifetimes
[25-27]. However, it is crucial that the applied potential remains below
the standard electrode potential of water (1.23 V), at which point the
water molecules begin to break into hydrogen and oxygen. Surpassing
this voltage across the electric double layer triggers water electrolysis,
which results in unwanted side reactions. Nevertheless, in practical
applications, the total voltage applied across the FCDI cell may exceed
1.23 V to compensate for inherent system resistances, thereby pre-
venting hydrolysis. The initiation of water splitting is influenced by local
potential differences at the molecular level, which can vary depending
on system design and operational conditions [28]. Additionally, water
electrolysis not only consumes energy, but also damages system com-
ponents, such as membranes and electrodes, due to pH changes. More-
over, maintaining the quality of the treated water at the desired levels is
challenging because of the pH fluctuations that occur when the FCDI
system operates at elevated voltages while using water as an electrolyte.
Therefore, an electrochemically stable electrolyte at high voltages is
essential to address this challenge.

Deep eutectic solvents (DES) are promising alternatives to conven-
tional organic solvents and their predecessors, ionic liquids, for a myriad
of applications, including electrochemistry [29-32]. The variety of
starting materials and their possible combinations provides a versatile
tool for controlling the physicochemical properties (such as viscosity,
conductivity, and ion solvation ability) of the resulting DES.

Additionally, many deep eutectic solvents offer remarkable advantages,
including low cost of components and straightforward preparation (100
% atom economy). Altogether, these benefits have elevated DES to a
prominent position in the quest for sustainable solvents, thereby
creating new opportunities for the development of more efficient and
economical processes. In particular, using DES as a flow electrode
electrolyte can present several advantages in FCDI, as certain DES
demonstrate broader electrochemical stability than water [33-35]. This
could enable the application of voltages exceeding 1.23 V without
causing electrolysis. The chosen deep eutectic solvent must be compat-
ible with other FCDI components, such as ion-exchange membranes, and
the composition of the DES flow electrode should be meticulously
optimised to achieve an ideal balance between the conductivity, vis-
cosity, and ion adsorption capacity.

To the best of our knowledge, this is the first study to introduce the
use of a DES flow electrodes in FCDI applications. A eutectic mixture of
choline chloride and urea (ChCI-U) was selected because of its electro-
chemical stability [36], low cost, and widespread availability. Cyclic
voltammetry measurements were first conducted to investigate the
electrochemical properties of the DES and determine its stable operating
potential window. Electrochemical impedance spectroscopy (EIS) was
employed to assess conductivity. The impact of doping DES with water,
aiming to modulate its viscosity and, consequently, the FCDI desalina-
tion performance, was also explored. Finally, desalination experiments
using the ChCl-U flow electrodes were carried out within a potential
range of up to 2.2 V, and the results were benchmarked against the
performance of traditional aqueous flow electrodes, highlighting the
potential of DES to push the boundaries of FCDI desalination capacity.

2. Materials and methods
2.1. Materials

Choline chloride (ChCl) and urea (U) were purchased from Sigma-
Aldrich and were used to prepare the deep eutectic solvent. Activated
carbon (YP50F) (with a specific surface area of 1606 mz/g, a specific
capacitance of 9 F/g, a salt adsorption capacity of 122 mg/g and a mean
particle diameter of 6.33 pm [37]), specifically designed for capacitors,
was acquired from Chemviron (Germany) to prepare the flow electrodes.
Model brackish water was prepared using NaCl salt obtained from
Honeywell Fluka™ Chemicals (Germany). All solutions were prepared
using Milli-Q water (Millipore).

2.2. Preparation of flow electrodes

Two types of flow electrodes were prepared, namely DES flow elec-
trodes and aqueous flow electrodes. All the flow electrodes contained 10
wt% YP5O0F activated carbon (AC).

To prepare DES flow electrodes, choline chloride and urea were first
mixed in a 1:2 molar ratio. The mixture was heated to 70 °C and stirred
for 2 h to form the deep eutectic solvent. Following this, 10 wt% YP50F
AC was added to the deep eutectic solvent and stirred for 24 h to achieve
a uniform carbon dispersion. To adjust the viscosity of the DES flow
electrodes, varying amounts of deionised water (10, 20, or 30 wt%) were
doped into the mixture.

For the aqueous flow electrode, a 1 g/L NacCl solution was first pre-
pared. Subsequently, 10 wt% YP50F AC was added. The mixture was
stirred for 24 h to achieve homogeneous carbon dispersion.
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2.3. H nuclear magnetic resonance ( g NMR)

To confirm the formation of the deep eutectic solvent and the
absence of traces of the deep eutectic solvent in the dilute stream, ‘H
Nuclear Magnetic Resonance spectroscopy was performed using an
Avance DPX 300 NMR spectrometer (Bruker, Germany) operating at a
resonance frequency of 300.16 MHz. Deuterated dimethyl sulfoxide
(DMSO) was used as the solvent at room temperature. The experimental
parameters were as follows: 10 mg of sample; 3 s acquisition time; 1 s
delay time; 8.5 ps pulse; spectral width of 5000 Hz, and 32 scans.

2.4. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) measurements of the DES
flow electrodes were performed using a DSC8500 instrument (Perkin
Elmer, Inc.) calibrated with indium and tin standards. Samples of around
3 mg were sealed in non-recyclable aluminium hermetic pans and ana-
lysed under a nitrogen atmosphere by heating and cooling cycles at
10 °C/min. Initially, the samples were heated from 25 °C to 100 °C and
held at this temperature for 3 min to eliminate any thermal history. The
samples were then cooled to —50 °C and maintained at this temperature
for 10 min. To examine the phase transition behaviour, second-run
heating cycles were performed and utilised for analysis.

2.5. Cyclic voltammetry

Cyclic voltammetry measurements of the DES flow electrodes were
carried out using a Vertex 5A potentiostat (Ivium Technologies, The
Netherlands). For each measurement, 3 cycles were performed at a scan
rate of 5 mV/s, and the average values are reported.

2.6. Rheological tests

A controlled stress rheometer (Thermo Scientific, HAAKE MARS III,
Germany) equipped with a Peltier heating system was utilised to assess
the viscosity of the flow electrodes. The measurements were conducted
using a coaxial cylinder geometry (Rotor CC25 DIN Ti) at a shear rate
range of 0.1 to 200 s~ !, while maintaining a constant temperature of
30 °C.

The viscoelastic properties of the samples were assessed under ten-
sion within the viscoelastic region by performing a frequency sweep
between 0.01 and 10 Hz. The storage (G, Pa) and loss (G", Pa) moduli
were measured at a constant temperature of 30 °C.

2.7. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) was conducted using
a Vertex 5A potentiostat (Ivium Technologies, The Netherlands) to
analyse the conductivity of the flow electrodes. The experiments were
carried out over a frequency range of 20 kHz to 0.2 Hz with a sinusoidal
perturbation of 10 mV amplitude. Each flow electrode had a volume of
200 mL and was passed through a conductivity cell (Fig. S1) at a flow
rate of 100 mL/min.

The conductivity cell consisted of a polycarbonate tube with an inner
diameter of 1.3 cm and length of 13 cm. To perform EIS on the flowing
electrodes within the tube, four platinum wire components, each with a
diameter of 1 mm, were placed inside the tube as shown in Fig. S1.
Details of the construction of this conductivity cell are described else-
where [38].

The electrical conductivity of the flow electrodes was calculated
using Eq. (1):

(€]

16
oc=—
RI~IFA7

where, Ry is the real limit of the impedance at high frequency, and §
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represents the cell constant determined to be 0.76 cm ™.

2.8. Desalination test

Desalination tests were carried out using a single cycle with a sepa-
rate concentrate chamber (SCSC) flow electrode capacitive deionisation
(FCDI) cell (Fig. 1). Among several operational FCDI configurations, the
SCSC configuration was selected because it allows the FCDI process to
operate continuously without significant fluctuations in various pa-
rameters, such as the pH of the treated water [39]. The FCDI cell was
constructed using an electrodialysis stack from MEGA (Czech Republic),
which was modified for this purpose. The platinum-coated titanium
electrodes were replaced with CNC-milled graphite plates (Fig. S2) with
a serpentine channel comprising 36 segments, each 2 mm wide, 2 mm
deep, and 34 mm long [40], served as current collectors and flow
electrode channels. Fumasep® FAB-PK-130 anion-exchange membranes
(AEMs) were installed in front of the electrode compartments, while a
Fumasep® FKB-PK-130 cation-exchange membrane (CEM) separated
the dilute and concentrate compartments. The thickness of the dilute
and concentrate compartments was 1.6 mm, while the thickness of all
ion-exchange membranes was 150 pm. The active contact area between
the channel and the membrane was 26.58 cm?.

Each desalination experiment lasted for 1 h, employing a constant
voltage mode, using a Vertex 5A potentiostat (Ivium Technologies, The
Netherlands). A conductivity/pH multimeter (Horiba Laqua-PC1100,
Japan) was used to measure the conductivity and pH of the dilute and
concentrated streams at 2-second intervals. The associated error with
the conductivity measurements was +0.5 %. The volume of flow elec-
trodes was 200 mL in each experiment, and it was recirculated through
the FCDI cell at a flow rate of 100 mL/min. The feed mimicking brackish
water was an aqueous solution of 1.5 g/L NaCl. The feed solution was
split equally between the concentrate and dilute compartments at a flow
rate of 2.5 mL/min each. Continuous recirculation of the flow electrodes
between the anode and cathode compartments enabled simultaneous
desalination and electrode regeneration within the same system,
allowing for efficient and continuous desalination. The schematic rep-
resentation of the experimental setup is shown in Fig. S3.

The desalination efficiency was calculated using Eq. (2):

(Cfeed - Cdilute)
'feed

Desalination efficiency (%) = x 100, (2)

where Cp,q is the feed NaCl concentration (mg/L) and Cgipe is the
effluent NaCl concentration in the dilute stream (mg/L).

The salt removed I'(g) during the experiment was calculated using
Eq. (3), and the desalination rate (mg/cm?2.min) was calculated using Eq.
4):

t
r= / Q(Cfeed - Cdilute)dt7 (3)
0
I'x1
Desalination rate = ﬂ, @
AXt

where Q is the volumetric flow rate (m®/min), A is the effective contact
area (cm?) between the flow electrode and ion exchange membrane, and
t is the duration of the experiment (min).

3. Results and discussion
3.1. Rheology and stability of DES and aqueous flow electrodes

The ChCI-U deep eutectic solvent (Fig. 2a) was prepared by mixing
ChCl and urea at a 1:2 molar ratio. The resulting ChCl-U mixture was
characterised by 'H NMR spectroscopy. The proton signals of urea
shifted to higher frequencies, confirming the formation of a deep
eutectic solvent (Fig. 2b). Additionally, the thermal properties of the
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Fig. 1. Schematic representation of the FCDI setup for desalination tests with (a) aqueous flow electrode and (b) DES flow electrode.
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Fig. 2. (a) Chemical structure, (b) H NMR spectra of choline chloride (ChCl), urea (U) and the resulting deep eutectic solvent (ChCl-U), (c) thermal properties, and

(d) cyclic voltammetry of the deep eutectic solvent ChCI-U.
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solvent were studied, and a melting temperature of 16 °C was deter-
mined by DSC (Fig. 2¢), indicating a significant reduction compared to
the melting temperatures of the starting compounds: choline chloride
(302 °C) and urea (133 °C) [36]. Cyclic voltammetry (CV) was con-
ducted to investigate the electrochemical behaviour of the deep eutectic
solvent (Fig. 2d). The CV curves recorded at 5 mV/s showed no signif-
icant deviation from a quasi-rectangular shape up to 2.2 V, indicating a
considerably broader potential window than that of water, which un-
dergoes electrolysis at 1.23 V.

However, the viscosity of ChCI-U is considerably higher than that of
water (Fig. 3a), rendering it unsuitable for direct use as an electrolyte in
preparing a flow electrode for the FCDI system. It is worth noting that
ChCI-U displayed Newtonian behaviour and maintained a constant vis-
cosity of 0.6 Pa-s regardless of the shear rate. Under the same conditions,
the viscosity of water was approximately 0.001 Pa-s, which is 600 times
lower. Furthermore, the incorporation of activated carbon in flow
electrodes to enhance ion adsorption capacity (to improve desalination
efficiency) results in an increase in viscosity; in this instance, reaching
1.14 Pa-s at a shear rate of 200 s~1, accompanied by an observable shear
thinning behaviour (Fig. 3a).

To reduce the viscosity of the flow electrode and make it suitable for
flow electrode applications in FCDI, various amounts of water (10, 20,
and 30 wt%) were doped into the DES flow electrode (Fig. 3b). Intro-
ducing 10 wt% of water into the DES flow electrode reduced its viscosity
to 0.09 Pa-s at a shear rate of 200 s™!. Increasing the water content
further resulted in even greater viscosity reductions, with values of 0.04
Pa-s and 0.02 Pa-s observed for water contents of 20 wt% and 30 wt%,
respectively.

It is crucial to note that adding water to deep eutectic solvents can
compromise their stability beyond a certain threshold of water content,
as large amounts of water may lead to breakdown of the eutectic mixture
[41,42]. Higher water content can also adversely affect the electro-
chemical characteristics by narrowing the potential window of the flow
electrode. To investigate this phenomenon, cyclic voltammetry (CV)
measurements were conducted using the DES flow electrodes, both with
and without water (Fig. 4a-d).

The CV results indicate that adding water to the DES flow electrode
enhances the recorded current values at higher applied potentials. At
2.2V, the current increased from 1.58 mA to 2.50 mA with the addition
of 10 wt% water. Further increments were observed for higher water
contents, reaching 3.29 mA for 20 wt% water and 4.2 mA for 30 wt%
water. Notably, the doping of water into the DES flow electrode did not
compromise its stability up to 20 wt% H>0. However, at 30 wt% H20, as
evidenced by the CV (Fig. 4d) and DSC results (Fig. 9a), the eutectic
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nature was lost, and the system was no longer stable at 2.2 V.

Ionic resistance and conductivity measurements were conducted
using DES flow electrodes and were compared with those of the aqueous
flow electrodes (Table 1). The ChCI-U itself exhibited a conductivity of
0.59 mS/cm, which increases slightly to 0.88 mS/cm with the addition
of 10 wt% AC, but remains lower than the conductivity of the 1 g/L NaCl
aqueous solution with 10 wt% AC, which shows a conductivity value of
2.65 mS/cm. With the addition of 10 wt% water, the ionic resistance
decreased by 94 %, resulting in a value of 51.8 Ohm and a conductivity
of 14.68 mS/cm. Further addition of water reduced the ionic resistance
even more, reaching 19.3 Ohm and a conductivity of 39.39 mS/cm when
30 wt% water was doped into the DES flow electrode. As expected, the
addition of water to the system lowered the viscosity (Fig. 3b), rendering
the solution less resistant to flow.

This change in viscosity facilitates ion movement within the mixture,
thereby decreasing ionic resistance. This phenomenon is commonly
observed for hydrophilic deep eutectic solvents. The increase in con-
ductivity can be attributed to the ability of water to disrupt the
hydrogen-bonding network of the DES, thereby enhancing the ion
mobility. Water molecules act as additional solvent molecules, aiding
the mobility of ionic species and facilitating better ionic conduction
throughout the system. Consequently, the ionic conductivity of the
system increased because the lower ionic resistance allowed the ions to
move more freely.

3.2. Desalination tests with DES and aqueous flow electrodes

Fig. 5a presents the chronoamperometric curves obtained during
desalination tests in the FCDI cell using various DES flow electrodes and
1 g/L NaCl aqueous flow electrode with 10 wt% AC for comparison.

When the flow electrode, composed of a 1 g/L NaCl solution and 10
wt% AC in water was utilised, a steady current of 82 mA and a dilute
stream conductivity of 0.80 mS/cm were recorded at an applied po-
tential of 1.2 V. Theoretically, it is inadvisable to increase the potential
beyond this value due to the risk of water electrolysis. It is worth noting
that the pH of the dilute stream, approximately 9, indicates that even
this applied potential may have already been too high (Fig. 6). The
observed increase in pH during electrochemical desalination can be
attributed to oxygen reduction and/or hydrogen evolution. Specifically,
water undergoes a Faradaic reaction where it is reduced to produce
hydrogen gas and hydroxide ions. Consequently, the generated hydroxyl
ions increased the pH. This effect becomes increasingly pronounced as
the operational voltage is raised [43,44].

Conversely, the use of DES flow electrodes enabled the application of

b)
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Fig. 3. Viscosity study of (a) 1 g/L NaCl in water and ChCI-U deep eutectic solvent, with and without 10 wt% of activated carbon (AC) and (b) ChCl-U deep eutectic

solvent with 10 wt% activated carbon (AC) and varying water content.
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Fig. 4. Cyclic voltammetry results obtained for: (a) ChCl-U | 10 wt% activated carbon, (b) ChCl-U | 10 wt% H,O | 10 wt% activated carbon, (¢) ChCl-U | 20 wt% H,O
| 10 wt% activated carbon and (d) ChCI-U | 30 wt% H,O | 10 wt% activated carbon.

Table 1
Tonic resistance and conductivity values for aqueous and DES flow electrodes
containing different wt% of water and 10 wt% of activated carbon.

Ionic resistance Conductivity (mS/

(Ohm) cm)
Water | 10 wt% AC 101,707.0 7.47 x 1073
ChCl-U 1289.0 0.59
ChCI-U | 10 wt% AC 859.5 0.88
1 g/L NaCl | 10 wt% AC 286.5 2.65
ChCI-U | 10 wt% H,0 | 10 wt% 51.8 14.68
AC
ChCI-U | 20 wt% H,0 | 10 wt% 27.8 27.29
AC
ChCI-U | 30 wt% H,0 | 10 wt% 19.3 39.39
AC

higher electric potentials, resulting in increased values and reduced
conductivity of the dilute stream due to enhanced salt removal. At 2.2V,
the highest current values were recorded, with the current decreasing
proportionally as the applied potential difference decreased. For the
ChCI-U flow electrode with 10 wt% H5O and 10 wt% AC, an electric
current of 92 mA was achieved, and the conductivity of the dilute stream
measured 0.46 mS/cm (Fig. 5a and b). This represents a 1.12-fold in-
crease in current and nearly a 2-fold reduction in effluent conductivity
compared to FCDI desalination with an aqueous flow electrode. How-
ever, the pH of the dilute stream, despite being lower than that when
using aqueous flow electrodes, remained relatively high at

approximately 8.2 (Fig. 6). When employing the DES flow electrode with
20 wt% H,0 content, the current at 2.2 V was slightly lower (87 mA)
(Fig. 5a), but the pH of the dilute stream remained stable, making it
suitable for drinking purposes (Fig. 6). For the ChCI-U flow electrode
with 30 wt% H50, the current rose to 94 mA (Fig. 5a), although this was
accompanied by a pH increase to 8.6 in the dilute stream (Fig. 6).

The non-monotonic trend in electric current values in FCDI stacks
with DES flow electrodes (92 mA with 10 wt% of H,O, 87 mA with 20 wt
% of Hy0, and 94 mA with 30 wt% of H50) at 2.2 V can be attributed to
the interaction between enhanced ionic mobility and variations in the
microstructure of the slurry system. Table 1 shows that adding water to
the DES flow electrode decreases its viscosity and increases its conduc-
tivity. However, the electrochemical response of the flow electrode
system is affected by viscoelastic behaviour, dispersion stability, and the
effective percolation of conductive pathways within the flow electrode.
Specifically:

e With 10 wt% of water, the system experiences decreased viscosity
and a slight increase in conductivity, leading to higher current levels.

e With 20 wt% of water, as conductivity continues to rise, the system
exhibits increased elastic (gel-like) properties, as shown in Fig. 9b.
This may reduce ion mobility, resulting in a marginally lower
current.

e With 30 wt% of water, the lowest viscosity and highest conductivity
produce the highest current, but this also causes partial disruption of
the DES structure, as indicated by DSC analysis (Fig. 9a), and a
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Fig. 5. (a) Chronoamperometric curves and (b) dilute stream conductivity for FCDI stacks using 1 g/L NaCl aqueous flow electrode and different DES flow electrodes

during desalination of 1.5 g/L NaCl solution.
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Fig. 6. Dilute stream pH fluctuations when using different flow electrodes in
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ences (all results are shown in Fig. S4).
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noticeable increase in the pH of the dilute stream, hinting at the
initiation of undesirable electrochemical side reactions.

The desalination efficiency and rate values (Fig. 7a and b) further
illustrate that the use of DES flow electrodes, in conjunction with the
application of higher voltages, enhances desalination.

The use of a 1 g/L NaCl 10 wt% AC aqueous flow electrode at 1.2 V
exhibits a desalination efficiency of 79 %. However, the pH of the dilute
stream increased to 9, rendering it unsuitable for potable water use, as
previously discussed (Figs. 7a and 6).

The implementation of the ChCl-U flow electrode with 20 wt% Hy0
and 10 wt% AC yielded the most favourable results regarding the pH of
the obtained effluent, achieving a desalination efficiency of 83 % and a
desalination rate of 0.17 mg/cm? min at 2.2 V. This results in a more
efficient use of charge per unit of salt removed, compared to the use of
aqueous flow electrodes, which partially offsets the higher voltage in
terms of energy consumption. Increasing the water content to 30 wt% in
the flow electrode further improved both the desalination efficiency and
rate. Nevertheless, it also caused an undesirable increase in the pH of
dilute water (Figs. 7 and 6). In the case of the flow electrode containing
10 wt% H5O, the desalination efficiency and rate were slightly higher
compared to the ChCl-U flow electrode with 20 wt% H30 and 10 wt%
AC. However, as previously observed, the pH of the dilute water did not
meet the required quality standards (Figs. 7 and 6). Thus, the
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Fig. 7. (a) Desalination efficiency and (b) desalination rate for various flow electrodes during the desalination of a 1.5 g/L NaCl solution.
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implication for desalination performance is that higher current does not
necessarily lead to better results, especially when considering system
stability and effluent quality.

To confirm that the dilute stream did not contain any traces of the
deep eutectic solvent, 'H NMR analysis was conducted on the dilute
streams obtained when the ChCI-U flow electrode with 20 wt% H50 and
10 wt% AC was used at 2.1 V and 2.2 V (Fig. 8). The analysis confirmed
that no detectable traces of the deep eutectic solvent components, ChCl
and U, were present in the dilute stream. This outcome is likely attrib-
utable to the stability of the employed DES, reinforced by the design of
the desalination cell, which incorporates anion-exchange membranes to
separate the flow electrode compartments. These membranes effectively
repel choline, a positively charged compound, preventing its migration
into dilute streams.

3.3. DSC and viscoelastic properties of DES and aqueous flow electrodes

To better understand the phenomenon underlying the enhanced
desalination performance observed when using the DES flow electrode
with 20 wt% H,0, differential scanning calorimetry (DSC) and visco-
elastic measurements were conducted (Fig. 9).

DSC analysis revealed that the addition of water significantly
reduced the melting temperature of the deep eutectic solvent. ChCl-U
exhibited a melting temperature of 16 °C, which decreased to —10 °C
upon the doping of 10 wt% H0 and further dropped to —20 °C with 20
wt% HyO. These low melting points are significant for the practical
application of DES flow electrodes in real environments because they
ensure that these flow electrodes remain flowable even at low temper-
atures. In the case of the ChCl-U flow electrode containing 30 wt% H0
and 10 wt% AC, the sample no longer exhibited the characteristics of a
deep eutectic solvent, indicating an excess of water in the system.

The influence of water on the DES flow electrode was evaluated
using viscoelastic measurements, focusing on the elastic (G) and viscous
(G") moduli (Fig. 9b). G’ represents the solid-like properties of the flow

ChCl-U
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electrode, whereas G” corresponds to the liquid-like characteristics, with
both parameters derived from sweep oscillatory measurements. The
results revealed that both flow electrodes containing 10 and 20 wt%
water exhibited predominantly elastic behaviour (G' > G"), indicating
gel-like structures. Interestingly, the DES flow electrode with 20 wt%
water displayed a higher elastic modulus compared to that with 10 wt%
water, which was unexpected given the lower viscosity of the electrode
with higher water content. This apparent contradiction between lower
viscosity and higher elasticity implies a complex interplay between
water, the DES matrix, and the dispersed activated carbon particles. It is
likely that water not only reduces bulk viscosity by weakening the
overall solvent structure but also promotes more effective bridging or
clustering of particles through hydrogen bonding or hydration forces,
leading to a stronger viscoelastic network under dynamic deformation.

However, this hypothesis requires further investigation. To elucidate
the underlying interactions and transitions in the system, a more
comprehensive rheological study involving a broader range of water and
activated carbon contents is necessary. Although beyond the scope of the
present work, such an investigation would provide valuable insights into
the design of optimal flow electrode formulations for FCDI applications.

Overall, the aforementioned findings demonstrate and validate the
potential of using DES flow electrodes in FCDIL.

3.4. Preliminary cost comparison between aqueous and DES flow
electrodes

The deep eutectic solvent used in this study, choline chloride-urea
(ChCl-U), consists of two inexpensive and widely available components.
Based on industrial bulk prices, choline chloride costs around €3.00 per
kilogram, and urea costs about €0.50 per kilogram. With a molar ratio of
1:2 (ChCl:Urea), the resulting ChCl-U DES has an estimated cost of €1.80
to €2.00 per kilogram when purchased in bulk. In the optimised elec-
trolyte formulation employed here, an extra 20 wt% water is added,
lowering the cost to roughly €1.60 per kilogram of the final electrolyte

A M
HO __~[ - - ChCl
A R )i
U
Dilute stream
(2.1V)
Dilute stream
(2.2V)

8 (ppm)

Fig. 8. 'H NMR analysis of the dilute steam when 2.1 V and 2.2 V were applied and their comparison with the spectra of the starting compounds (ChCl and U) and

the deep eutectic solvent (ChCl-U).
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Fig. 9. (a) DSC and (b) viscoelastic properties of the DES flow electrodes.

mixture. Although this is higher than the cost of a traditional aqueous
electrolyte (e.g., 1 g/L NaCl solution, <€0.10 per kg), electrolyte ex-
penses are only a small part of the overall costs in FCDI processes.
Furthermore, the wider electrochemical stability window of ChCl-U (up
to 2.2 V) enables higher desalination efficiency and, for instance, may
help reduce the membrane area and equipment costs, potentially
compensating for the somewhat higher electrolyte price. Additionally,
preparing ChCl-U involves simple mixing and heating steps (70 °C),
without the need for complex synthesis or purification, which keeps
processing costs low and enables scalability. Furthermore, unlike water,
the employed DES did not migrate through membranes and is non-
volatile at room temperature, enabling the maintenance of a constant
flow electrode composition in a closed cycle. These factors together
highlight the practical feasibility and potential cost competitiveness of
DES flow electrodes for FCDI applications.

4. Conclusions

This study introduced for the first time the use of deep eutectic sol-
vents (DES) as flow electrodes in flow electrode capacitive deionisation
(FCDI) systems for desalination applications. By utilising ChCI-U, which
possesses a broader electrochemical stability window than water, the
applied voltage was increased beyond 1.2 V without inducing electrol-
ysis, thereby enhancing desalination rates.

The doping of water into the ChCI-U reduced its viscosity, enabling
its application in FCDI flow electrodes while maintaining electro-
chemical stability. Among the compositions studied, the ChCl-U flow
electrode containing 20 wt% water and 10 wt% activated carbon ach-
ieved the optimal balance of desalination efficiency (83 %), rate (0.17
mg/cm? min), and effluent quality, underscoring it as a viable alterna-
tive to aqueous flow electrodes. However, long-term operational as-
sessments are still necessary to fully understand the long-term impact of
DES flow electrodes on the stability of ion-exchange membranes and
flow electrode materials as part of future optimisation and scale-up
studies. Overall, this study highlights the transformative potential of
DES flow electrodes to enhance the performance of desalination pro-
cesses. By facilitating higher operational voltages and improved effi-
ciency, DES flow electrodes present a promising pathway for the
development of more efficient FCDI desalination technologies.
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