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A B S T R A C T

Flow electrode capacitive deionization (FCDI) is a desalination technology employing flowable carbon slurries to 
remove salt from an influent through the electro-sorption of ions at the surface of pores of activated carbon 
particles. This study presents an extensive morphological, electrochemical and rheological analysis of flow 
electrodes prepared using commercial (YP50F, YP80F, Norit, PAC) and lab-synthesized (KUA, PAC-OX) activated 
carbons. Simultaneous optimization of particle size, surface area, and surface chemistry of activated carbons is 
essential to enhance desalination efficiency in FCDI applications. The lab-made highly microporous activated 
carbon (KUA), prepared from a Spanish anthracite, exhibited a remarkably high specific surface area (~2800 
m2/g) but required first a particle size reduction through ball milling (from 56 μm to 12 μm) for the respective 
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flow electrodes to achieve flowability. The slurry of milled fine KUA (designated as KUA–F) shows a specific 
capacitance of 55 F/g, a 38-fold increase compared to its pristine form. The KUA-F flow electrode also achieved a 
maximum salt adsorption capacity of 185 mg/g, outperforming the leading commercial alternative (YP80F) by 
26 %. The FCDI cell with the KUA-F flow electrode exhibited a desalination efficiency of 79 % at 15 wt% loading, 
surpassing YP80F by 29 %. In contrast, using PAC-OX (oxidized form of PAC), despite increasing oxygen func-
tional groups and with relatively higher specific surface area, led only to a 2 % improvement in desalination 
performance, highlighting that oxidation alone at larger particle sizes and broader distribution is insufficient.

1. Introduction

The global population is expanding at an unprecedented rate, and 
the demand for freshwater in the agricultural, industrial, and residential 
sectors is rising. According to the 2017 United Nations World Water 
Assessment Program (WWAP) report, a global water deficit of 40 % is 
anticipated by 2030 [1,2]. In response to this growing crisis, water 
desalination has become increasingly important in addressing this issue, 
driving the development of innovative and efficient technologies. Flow 
electrode capacitive deionization (FCDI) that utilizes flowable elec-
trodes (activated carbon slurries) has gained significant limelight as a 
promising desalination technology, as it offers several benefits over 
traditional capacitive deionization (CDI) [3–5]. For example, it sim-
plifies the scaling-up process by allowing continuous desalination 
without the need for ex-situ electrode regeneration. Additionally, flow-
able electrodes achieve better ion adsorption due to more exposed and 
easily assessable activated carbon (AC) pores [6–9]. In addition to 
desalination, FCDI technology has been investigated for selective re-
covery applications, including lithium extraction from brines, phos-
phorus recovery, uranium and sulfate removal from acid-contaminated 
groundwater, and the elimination of organic pollutants for water puri-
fication [10–15].

Ideal flow electrodes should possess a significantly high specific 
surface area with abundant ion adsorption sites, the ability to maintain 
flowability even at high mass loadings, high conductivity and ion 
mobility, and hydrophilicity to guarantee the effective contact between 
the electrode's particle porous structure and aqueous electrolyte. Addi-
tionally, they must be electrochemically stable and economically viable 
in terms of cost, availability, and recyclability [16]. Carbon-based ma-
terials, particularly activated carbons (AC), are widely used in FCDI due 
to their ability to meet these requirements [17–19].

Investigating different kinds of ACs and their modified forms has 
been the focus of research efforts to enhance the performance of flow 
electrodes. Commercially available ACs specifically developed for 
supercapacitor applications, such as YP50F and YP80F, have been 
widely studied due to their high surface areas and well-developed 
porosity, which are essential for enhancing ion adsorption in FCDI sys-
tems [7,15,20–23]. Incorporation of conductive additives like carbon 
black and carbon nanotubes (CNTs) into the AC slurry can optimize the 
electronic conductivity and facilitate a more efficient ion removal. 
Nevertheless, the hydrophobic nature of these additives leads to a 
considerable increase in slurry viscosity, which in turn limits the AC 
mass loading to lower levels [24–26]. To enhance carbon mass loading 
in flow electrodes, Hatzell et al. [19] successfully modified the surface of 
YP50F (uniform particle size ~10 μm) through oxidation, which 
improved the hydrophilicity and wettability of this carbon material. As a 
result, an 8 wt% increase in carbon mass loading was accomplished. 
However, the effects of oxidizing AC particles with large particle sizes 
and broad-size distributions on desalination performance have yet to be 
explored.

On the other hand, if we consider ACs, which are commonly used in 
water treatment applications, they lack in high specific surface areas due 
to their limited porosity, which restricts charge storage, while their 
tortuous porosity hinders ion diffusion, leading to lower adsorption 
capacity. To overcome these issues, new ACs with a specific surface area 
greater than 2000 m2/g and a high volume of mesopores and 

micropores, known as super-activated carbons, are increasingly being 
developed [27]. In this context, Zhang et al. [28] have shown that mi-
cropores can increase the specific surface area and provide an effective 
electrical double layer for ion electro-sorption, while mesopores can 
reduce the resistance to ion diffusion. This results in a higher surface 
area availability for ion adsorption and, thus, a higher FCDI desalination 
efficiency. To achieve these morphological properties, the synthesis 
process of ACs must involve chemical activation with KOH, NaOH, or 
H₃PO₄, as it offers better properties compared to physical activation, 
such as higher specific surface area, greater number of functional 
groups, shorter preparation time, and higher product yield [29–32].

In this study, an AC material named KUA, with a very high specific 
surface (~2800 m2/g), prepared from Spanish anthracite by chemical 
activation using KOH, was used for the first time to prepare flow elec-
trodes. Other flow electrodes prepared when using commercially 
available ACs, including YP80F, YP50F, Norit, and Powdered Acti-
carbone® (PAC), were also tested. Their electrochemical, morpholog-
ical, and rheological properties were thoroughly investigated. In 
addition, desalination efficiency, desalination rate, current efficiency 
and specific energy consumption of FCDI with different activated car-
bons at 5 wt%, 10 wt% and 15 wt% of mass loading in the flow elec-
trodes were comprehensively evaluated. Furthermore, to study the 
impact of surface chemistry while keeping other factors constant, the 
oxidized version of PAC (PAC-OX) was prepared and tested as all other 
carbons. This AC has a larger particle size and broader size distribution, 
but a similar specific surface area compared to the YP50F. This approach 
allows to assess how carbon surface oxidation, when using carbon ma-
terials with larger particle sizes and broader size distribution, affects the 
desalination performance in FCDI applications.

2. Materials and methods

2.1. Materials

The following commercially available activated carbons (ACs) were 
used: YP80F and YP50F, specifically designed for electric double-layer 
capacitors, were purchased from Chemviron, Germany. Norit, a steam- 
activated and acid-washed carbon, was obtained from Alfa Aesar, Ger-
many. Powdered Acticarbone® (PAC), typically used in water treatment 
applications, was purchased from CalgonCarbon, Germany. Nitric acid 
(ACS Reagent, 70 %, Honeywell Fluka™) was used to oxidize the PAC to 
obtain the PAC-OX. NaCl salt (Honeywell Fluka™ Chemicals, Germany) 
was used to prepare the electrolyte and feed solution. Milli-Q water 
(Millipore), with approximately 18 MΩ cm, was used to prepare all 
solutions.

2.2. Preparation of lab-made activated carbons

2.2.1. Synthesis of KUA activated carbon
The super porous AC (KUA) used in this work was prepared by 

chemical activation of Spanish anthracite using KOH (Merck KGaA, 
Germany). The impregnation ratio of KOH to carbon precursor was set at 
4:1. The activation was performed at 750 ◦C (heating rate: 5◦/min, 
holding time: 1 h) in a tubular furnace (CTF12 & TZF12, Carbolite Gero 
Ltd., UK) under inert N2 atmosphere (Air Liquide, France) with a flow 
rate of 800 mL/min. Subsequently, the mixture was stirred three times 
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for 1 h with 500 mL of 5 M HCl (Fisher Scientific, Spain), followed by 
three consecutive rinses with distilled water for 1 h to achieve neutral 
pH. The KUA material was recovered by filtration and dried at 120 ◦C. 
More details about the preparation and optimization of KUA preparation 
can be found elsewhere [33–35].

After preparation, the KUA material was ground in a ball mill (50 mL 
milling ZrO2 container, MM 500 Nano, Retsch), using a 25 Hz crushing 
frequency for 15 min, to prepare fine KUA (KUA–F). This step was 
necessary due to the large size of the pristine KUA particles and the 
inability of its slurry electrode to flow in desalination experiments, even 
at a concentration as low as 5 wt%.

2.2.2. Oxidation of PAC activated carbon
PAC material was oxidized by a mild oxidation method using nitric 

acid to minimize the morphological changes and variation in the specific 
surface area of the PAC carbon. 1.5 g of PAC was added into 20 mL of 
0.5 M HNO3 solution and stirred for 3 h at room temperature. Then, it 
was filtered using a 0.2 μm polyether sulfone (PES) membrane and 
thoroughly washed with deionized water until the pH of the washing 
water equalled the deionized water. The obtained filter cake was dried 
in an oven at 100 ◦C for 2 h and then stored in an airtight container [19].

2.3. Physical characterization

AC powders were scanned using a JEOL JSM 7001F scanning elec-
tron microscope (SEM) to analyse their morphology. An Au/Pd thin film 
was sputtered onto the samples using a Q150T ES apparatus (Quorum 
Technologies) prior to that. Also, energy dispersive spectroscopy (EDS) 
with a light element detector (Oxford, model INCA 250) for semi- 
quantitative element identification was used to examine PAC and 
PAC-OX to verify the oxidation. The porous texture of all the tested ACs 
was determined by physical adsorption-desorption of N2 at 77 K in a 
liquid nitrogen bath, and this was done using Micromeritics equipment, 
model ASAP 2010. For this analysis, the samples were outgassed at 
150 ◦C under vacuum for at least 8 h. The specific surface area of the AC 
particles was determined by the Brunauer− Emmett− Teller (BET) 
method. The micropore volume of activated carbon materials was 
evaluated using the t-plot method. The average particle size and distri-
bution of ACs were measured by laser scattering particle size distribu-
tion analyzer LA-960, HORIBA, Japan. The surface charge of ACs was 
assessed by measuring their zeta potential (ZP) in an aqueous medium 
(deionized water pH = 6.5) with a ZetaSizer Nano ZS particle size 
analyzer (Malvern Instruments, ZS 90, UK). The data was collected and 
analysed using the ZetaSizer Software 7.1 that integrates the device.

2.4. Rheological characterization

The rheology of carbon slurries was characterized using a coaxial 
cylinder (Rotor CC25 DIN Ti) in a controlled stress rheometer (Thermo 
Scientific, HAAKE MARS III, Germany) equipped with a Peltier heating 
system. Viscosity values were recorded as a function of shear rate, 
ranging from 1 to 215 s− 1, at a constant temperature of 20 ◦C.

2.5. Electrochemical characterization

2.5.1. Specific capacitance
The specific capacitance of carbon slurry electrodes was investigated 

using a symmetric two electrode electrochemical cell with platinum- 
coated titanium current collectors (210 mm length x 60 mm width). 
This cell was created by modifying an electrodialysis stack manufac-
tured by MEGA in the Czech Republic [36]. Fig. 1 shows the schematic of 
this cell, while the specific details of the actual cell can be found in 
Fig. S1 of the Supporting Information. Slurries containing 20 wt% car-
bon were prepared in a 1 M NaCl electrolyte and stirred for 24 h in order 
to achieve homogeneity. The slurries were injected using a syringe into 
cell channels defined by rubber gaskets. The dimensions of each channel 
were: length = 150 mm, width = 2 mm, and depth = 1 mm. A polyether 
sulfone (PES) membrane with a pore size of 10 nm (NADIR® UP010 P, 
Germany) was used as a separator between two slurry electrodes. Cyclic 
voltammetry was conducted using a Vertex 5 A potentiostat (Ivium 
Technologies, The Netherlands). The experiments were carried out at a 
scan rate of 2 mV/s, over a voltage range of 0–1 V, with a step size of 1 
mV. Five cycles were performed for each measurement and average 
values are reported. From cyclic voltammetry, the specific gravimetric 
capacitance (Csp) was determined using Eq. (1): 

Csp =
1

(ΔVmυ)

∫

idV, (1) 

where ΔV is the width of the voltage window (V), i is the current (mA), υ 
is the scan rate (mV/s) and m is the total mass of carbon (g) inside the 
electrochemical cell [37,38].

2.5.2. Maximum salt adsorption capacity
The maximum salt adsorption capacity (max-SAC) was measured in 

an isolated close cycle (ICC) mode of flow electrode capacitive deion-
ization (Fig. 2). This configuration was selected to ensure that the car-
bon materials reached their saturation point. This is achieved by having 
both, the cathodic and anodic flow electrodes operating in a closed 
cycle, and continuously charging them until all the carbon material in 
the flow electrode saturates. The same electrodialysis stack (MEGA, 
Czech Republic) was used to create an isolated close cycle flow electrode 
capacitive deionization (ICC-FCDI) cell (with one feed compartment and 

Fig. 1. Schematic representation of experimental set-up employed for measuring the specific capacitance.
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two flow electrode compartments) as reported in Section 2.5.1, but 
instead of a rubber gasket, 3D printed polyethylene terephthalate glycol 
(PET-G) gaskets were used to provide the path for the flow of carbon 
slurry. The details of flow electrode channel design and the 3D printing 
of gaskets can be seen in our previous study [39]. The assembly details of 
the FCDI cell with 3D-printed gaskets can be seen in Fig. S2 in the 
Supporting Information. A Fumasep® FAB-PK-130 anion-exchange 
membrane was placed between the feed channel and the anode 
compartment, and a Fumasep® FKB-PK-130 cation-exchange membrane 
was placed between the feed channel and the cathode compartment. Ion 
exchange membranes and the feed channel were 150 μm and 0.8 mm 
thick, respectively. The picture of the employed ICC-FCDI set-up is 
shown in Fig. S3 in the Supporting Information.

In this study, a 1.5 g/L solution of NaCl was used as the feed, which 
was introduced into the middle channel of the flow capacitive deion-
ization (FCDI) cell at a flow rate of 10 mL/min using a peristaltic pump 
(Lead Fluid – BT100S, China). Carbon slurries, with a load of 5 wt% in a 
1 g/L NaCl electrolyte, were prepared for these experiments. The flow 
electrodes, consisting of 50 mL of cathodic and anodic suspensions, were 
circulated at a flow rate of 60 mL/min via a peristaltic pump (Master-
flex® L/S® Digital Peristaltic Pump Drive, UK). A constant potential 
difference of 1.2 V was applied using a Vertex 5 A potentiostat (Ivium 
Technologies, The Netherlands). The current generated within the FCDI 
cell, resulting from ion movements from the feed stream to the flow 
electrodes, was recorded. The conductivity of the effluent was measured 
at the outlet of the FCDI cell every 2 s using a conductivity meter (Horiba 
Laqua-PC1100, Japan). The experiments were conducted until the 
effluent stream conductivity matched that of the feed stream, indicating 
that the carbon electrodes had reached their saturation point and could 
no longer adsorb more salt. Maximum salt adsorption capacity (max- 
SAC) (mg of salt per gram of carbon at both electrodes) was calculated 
using the following Eqs. [39]: 

Γmax =

∫ t,charge

0
Q(c, feed − c, effluent)dt, (2) 

max − SAC = Γmax*M salt/m electrodes, (3) 

where Γmax is the cumulative salt removed (mol), Q is the feedwater 
flow rate (L/s), c is the concentration (M), t is the time (s), M_salt is the 
molar mass of salt (58.44 g/mol) and m_electrodes is the total mass of 
active carbon material in both electrodes (g).

2.6. Desalination experiments

A single-cycle with separate concentrate chamber (SCSC) FCDI cell 
configuration (Fig. 3) was used in desalination experiments. A contin-
uous flow of the AC suspension allows for simultaneous desalination and 
electrode regeneration within the same system, enabling efficient and 
continuous desalination operation [40]. A 1.5 g/L NaCl salt solution was 
used as synthetic brackish water feed. Flow electrodes with 5 wt%, 10 wt 
% and 15 wt% of ACs dispersed in 1 g/L NaCl aqueous solution were 
prepared. The volume of carbon slurry for each experiment was 100 mL 
and circulated through the FCDI cell at a flow rate of 60 mL/min. The 
flow rates of the concentrate and dilute streams were 1 mL/min. Each 
desalination experiment was performed for 1 h, during which a constant 
voltage of 1.0 V was applied using a Vertex 5 A potentiostat (Ivium 
Technologies, The Netherlands). The conductivity and pH of dilute and 
concentrate streams were recorded every 2 s using a conductivity/pH 
multimeter (Horiba Laqua-PC1100, Japan). The associated error with 
the conductivity measurements was ±0.5 %. The conductivity values 
were converted into NaCl concentration using the calibration curve re-
ported in the Supporting Information (Fig. S4).

The desalination efficiency was calculated as follows [41]: 

Desalination efficiency (%) =

(
Cfeed,D − Cdilute

)

Cfeed,D
⋅100, (4) 

where Cfeed,D is the feed NaCl concentration (g/L) and Cdilute is the 
effluent NaCl concentration in the dilute stream (g/L).

Current efficiency (CE), which relates the amount of transferred salt 
with the required electric current, was calculated at 1 h after the FCDI 
system reached its steady state. Current efficiency.

was determined as follows [8]: 

Fig. 2. Schematic illustration of isolated close cycle (ICC) mode of flow capacitive deionization experimental set-up employed for measuring the maximum salt 
adsorption capacity.
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CE (%) =
F.V̇dilute

(
Cfeed,D − Cdilute

)

I.MNaCl
⋅100, (5) 

where F is the Faraday constant 96,485 (C/mol), V̇dilute is the volumetric 
flowrate of dilute (L/s), I is the current (A) and MNaCl is the molar mass of 
NaCl (58.44 g/mol).

Specific energy consumption (Wh/mol) at 1 h of FCDI operation was 
calculated using eq. 6 [42]: 

SEC =
E.J.A.MNaCl

(
Cfeed,D − Cdiluted

)
.V̇diluted.3600

, (6) 

where E is the applied voltage (V), J is the current density (A/m2), A is 
the effective contact area between the flow electrode and IEM (m2), and 
3600 is the unit conversion factor.

3. Results and discussion

3.1. Morphological characterization

The YP80F and YP50F carbon materials (Fig. 4a and b) have a finely 
textured composition consisting of small particles that are relatively 
uniform in size. This observation was further confirmed by measuring 

the particle size distribution of these carbons (Fig. 5), which was be-
tween 2 and 20 μm, representing the narrowest size distribution among 
all tested carbons. The Norit carbon (Fig. 4c) consists of larger and more 
irregularly shaped particles, some of which form aggregates. Further-
more, this carbon exhibited a bimodal particle size distribution where 
the first peak represents the average particle size of 10 μm while the 
second one depicts an average size of around 90 μm (Fig. 5). This 
bimodal particle size distribution might be helpful to lower the viscosity 
of Norit's slurry, as this fact has previously been reported [43]. The PAC 
and PAC-OX carbons (Fig. 4d-e) show similar heterogeneous 
morphology consisting of small granules and larger, random fragments. 
The surface modification (oxidation) of PAC to obtain PAC-OX does not 
significantly alter the particle size distribution (Fig. 5), as desired, since 
a mild oxidation method was performed. This will help assess the 
desalination performance variation only caused by surface chemistry 
modification and not by size reduction or size distribution variations.

Regarding the lab-made KUA and KUA-F materials, the SEM images 
show clear morphological differences (Fig. 4f and g) compared with the 
commercially available ACs (YP80F, YP50F, Norit, and PAC). The SEM 
image of pristine KUA (Fig. 4f) shows a heterogeneous surface with 
irregularly shaped particles, sharp edges, and varying sizes. The pres-
ence of larger particles might hinder the ability of the material to flow 

Fig. 3. The schematic diagram of the FCDI set-up used in desalination experiments.

Fig. 4. Scanning electron microscope (SEM) top view images at 500× magni-
fication of (a) YP80F, (b) YP50F, (c) Norit, (d) PAC and (e) PAC-OX (f) pristine 
KUA (g) KUA-F after 15 min of ball milling. Fig. 5. Particle size distribution of activated carbons.
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smoothly in an electrode slurry, potentially resulting in the occurrence 
of channelling effects or the blockage of channels, as indeed it was 
observed in the case of pristine KUA. Therefore, grinding was necessary 
to ensure the flowability of KUA slurry. After 15 min of ball milling, the 
KUA shows an important decrease in the mean particle size from 56.84 
± 0.10 μm to 12.70 ± 0.04 μm for KUA–F, with a significantly narrower 
size distribution (Fig. 5). The smaller particle size, smoother surface, and 
reduced number of sharp edges (Fig. 4g) improved particle contact and 
increased accessibility of the surface area, which could potentially have 
a positive impact on the desalination performance. The SEM images of 
all the analysed carbons at higher magnifications (5000× and 10,000×) 
can be seen in Fig. S5 of the Supporting Information.

An Energy Dispersive Spectroscopy (EDS) analysis was also per-
formed on PAC and PAC-OX samples to evaluate their atomic compo-
sition, specifically focusing on the oxygen atom to verify the oxidation of 
PAC. The analysis covered a large representative area (Fig. S6 and 
Table S1 in the Supplementary Information). The elemental analyses 
show higher oxygen content in PAC-OX (18 %) compared to PAC (11 %), 
thus confirming the oxidation of the PAC sample.

3.2. Specific capacitance and salt adsorption capacity

The specific capacitance (Fig. 6a-b) and maximum salt adsorption 
capacity (Fig. 6c-d) of ACs were measured to assess their electro-
chemical performance in FCDI. The cyclic voltammograms (CV) of all 
carbon materials exhibited a quasi-rectangular shape although, in some 
cases, the CV are tilted due to higher resistance. These CV confirm the 
efficient capacitive charge transfer between the carbon flow electrode 
and the platinum coated titanium current collectors.

KUA-F exhibited the highest specific capacitance of 55 F/g among 
the tested materials, a remarkable 38 times increase compared to the 
pristine KUA, which only had a specific capacitance of 1.5 F/g. As 
confirmed by the SEM analysis, the milling process is responsible for this 
substantial improvement, as it reduced the particle size and improved 
the uniformity of the carbon particles. It is also interesting to note that 
the specific surface area of KUA (2800 m2/g) after milling did not 
change significantly (KUA-F = 2817 m2/g), thus the milling process did 
not significantly affect the KUA internal structure in terms of mesopores 

and nanopores as the slight increase in SBET is just due to the increase 
associated with the creation of smaller particles. This means that the 
access of nitrogen to the internal surface of the material is basically the 
same, but the wetting by the electrolyte and diffusion of ions into 
adsorption sites is facilitated by the shorter diffusion paths. Thus, the 
smaller particle of KUA-F is an important factor for the observed 
improvement in electrochemical performance as it increases the surface 
area accessibility and promotes better particle-particle contact that de-
creases the resistance for charge percolation. Additionally, KUA-F has a 
maximum salt adsorption capacity of 185 mg/g, which is 26 % higher 
than that of YP80F, a commercially available AC known for its high 
performance.

YP80F showed superior electrochemical performance compared to 
YP50F, with a specific capacitance of 44 F/g against 9 F/g, respectively. 
Despite their comparable morphologies, the substantial difference in 
specific capacitance, an increase of approximately five-fold for YP80F, 
can be attributed to their specific surface areas. YP80F has a signifi-
cantly higher SBET of 2226 m2/g than YP50F, which has 1606 m2/g. The 
increased surface area means greater availability of active sites and 
micropores for the adsorption of ions, resulting in enhanced electro-
chemical performance [44]. YP80F exhibited a notable salt adsorption 
capacity of 147 mg/g, surpassing YP50F's capacity of 122 mg/g by 21 %, 
further highlighting the influence of surface area on salt removal per-
formance [45].

The Norit AC, with a 750 m2/g surface area, exhibited a specific 
capacitance of 6 F/g and a maximum salt adsorption capacity of 66 mg/ 
g. The inferior performance of Norit, which exhibits a specific capaci-
tance approximately 6.5 % lower than that of YP50F, can be attributed 
to its larger and more irregular particle morphology with reduced sur-
face area and inefficient ion transport caused by larger particle size. This 
observation is in agreement with previous studies that have associated 
similar morphological characteristics with decreased capacitance [46]. 
Despite the relatively high SBET values of 1454 m2/g for PAC and 1325 
m2/g for PAC-OX, their specific capacitances were 0.9 F/g and 0.7 F/g, 
respectively. The oxidation process in PAC-OX, validated by EDS-SEM 
through the analysis of oxygen content, adversely affected the mate-
rial specific surface area due to the introduction of oxygen-containing 
functional groups (such as carboxyl, hydroxyl, and carbonyl groups) 

Fig. 6. (a) Specific capacitance, (b) cyclic voltammograms at a scan rate of 2 mV/s, (c) salt adsorption capacity over time and (d) maximum salt adsorption capacity 
and specific surface area of all the tested activated carbons (except Max SAC for KUA since it did not flow).
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on the surface of AC. These groups can partially block the pores, espe-
cially micropores, substantially affecting the specific surface area [47]. 
Furthermore, their inadequate performance is likely due to larger frag-
ment sizes and irregular morphology, which can impede efficient ion 
transport and diminish the effective surface area available for charge 
storage. This is reflected in their low salt adsorption capacities of 14 mg/ 
g for PAC and 7 mg/g for PAC-OX.

Another important factor that might influence the electrochemical 
and ion adsorption performance of activated carbons is the balance 
between micropore and mesopore volumes. While the accessibility of 
active sites is enhanced by smaller particle sizes and higher specific 
surface areas, the pores' structure affects ion transport and storage. 
Mesopores serve as transport pathways, with reduced resistance, 
enabling faster access of ions to the micropores, which are the primary 
sites for ion adsorption and charge storage [48]. The mesopore volume 
of KUA-F was found to be 0.15 cm3/g, which is higher than that of KUA 
(0.10 cm3/g) as shown in Table 1. The synergistic effect of having higher 
mesoporosity, promoting easy access to the active sites, and smaller 
particle size could be the reason for the exceptional specific capacitance 
(55 F/g) and salt adsorption capacity (185 mg/g) for KUA-F in com-
parison to KUA.

Additionally, this interplay between micro and mesopores is high-
lighted by the performance comparison with other activated carbons. 
For example, Norit and PAC exhibit higher mesopore volumes (0.51 and 
0.53 cm3/g, respectively) but lower micropore volumes (0.18 and 0.07 
cm3/g, respectively), which leads to suboptimal adsorption and capac-
itance. This emphasizes the importance of maintaining a balance be-
tween the volumes of micropores and mesopores [49]. YP80F's specific 
capacitance of 44 F/g is further validated by its moderate mesopore 
volume (0.20 cm3/g) and substantial micropore volume (0.96 cm3/g), 
which demonstrate the impact of pore accessibility in achieving high 
performance. So, the enhanced electrochemical performance of KUA-F is 
not only due to the smaller particle size and higher specific surface area 
but also results from an optimised mesopore to micropore ratio.

3.3. Rheological properties of activated carbon slurries

The viscosity of all carbon slurries decreased as the shear rate 
increased, indicating that they exhibited a shear-thinning behaviour 
(Fig. S7 in the Supporting Information). This behaviour can be explored 
in flow electrode applications to reduce the energy required to pump the 
slurry through the system by smartly decreasing its viscosity [19]. The 
behaviour of shear thinning systems can be modelled using the Ostwald- 
de Waele power law, described by eq. (7): 

η = κ⋅γ̇n− 1, (7) 

where η (Pa.s) is the effective viscosity, κ (Pa⋅sn) is the consistency index, 
γ̇ (s− 1) is the shear rate, and n (dimensionless) is the shear thinning 
index.

The parameter n represents the degree of shear-thinning, where 
smaller values indicate a higher level of shear-thinning, and n = 1 cor-
responds to a Newtonian fluid [50,51]. The viscosity curves in relation 
to shear rate and their corresponding fitting parameters can be found in 
Fig. S7 and Table S2 of the Supporting Information. The viscosity of the 

carbon slurries increases with the increase of the weight percentage of 
ACs, as depicted in Fig. 7a. YP80F and KUA-F demonstrated the highest 
viscosities among the tested slurries, specifically at higher solid loadings 
of 20 wt%, with values of 0.4477 Pa⋅s and 0.4475 Pa⋅s at a shear rate of 
215 s− 1, respectively. This increased viscosity is due to the finer particle 
size distribution and increased surface area, which lead to extensive 
particle-particle interactions and a more cohesive slurry structure [52]. 
The significant negative zeta potential values observed for YP80F 
(− 27.25 mV) and KUA-F (− 34.60 mV) are in agreement with the higher 
viscosity, indicating stronger electrostatic repulsion between particles 
(Fig. 7b). This repulsion contributes to maintain a stable dispersion, 
thereby reducing the tendency for aggregation and resulting in the 
higher viscosity observed at these concentrations.

KUA-F (finely milled in a ball mill) has a higher viscosity than pris-
tine KUA, especially at 20 wt% of carbon loading. Decreasing the par-
ticle size increases the number of particles and surface area, thereby 
increasing the number of interaction sites. This results in a denser 
network of particles within the slurry. The densification is reflected in 
the zeta potential values, with KUA-F exhibiting a considerably more 
negative potential (− 34.60 mV) than KUA (− 7.34 mV). The higher 
negative zeta potential of KUA-F indicates a greater level of stability in 
suspension, which is likely responsible for its increased viscosity by 
ensuring the dispersion of particles and preventing settling.

YP80F, although sharing a similar morphology with YP50F, exhibits 
significantly greater viscosity. The larger surface area of YP80F is likely 
to enhance the potential for interparticle interactions, consequently 
raising the resistance to flow, a phenomenon already reported in the 
literature [50]. The zeta potential values further confirm this observa-
tion, as YP80F demonstrates a more pronounced negative potential 
(− 27.25 mV) compared to YP50F (− 24.65 mV), suggesting a more 
stable suspension with reduced particle aggregation. In contrast, Norit 
and PAC slurries, characterized by reduced specific surface areas and 
increased particle sizes, demonstrated lower viscosities at a concentra-
tion of 20 wt% (0.1139 Pa⋅s and 0.3437 Pa⋅s at a shear rate of 215 s− 1, 
respectively). Furthermore, they exhibited a broader range of particle 
size distribution (Fig. 5) compared to other activated carbons, which 
may account for the lower viscosity. It is a known fact that an increase in 
particle size distribution leads to a decrease in viscosity [53]. In addi-
tion, Norit exhibits a lower zeta potential of − 0.85 mV, indicating a 
reduced level of electrostatic stabilization and an increased probability 
of particle aggregation.

The slurry of PAC-OX exhibits a lower viscosity at a shear rate of 215 
s− 1 (0.0959 Pa⋅s at 20 wt%) than its original counterpart. This reduction 
in viscosity can be attributed to the oxidation process, which increased 
the oxygen functional groups on the surface (as confirmed by EDS-SEM 
analysis) by reducing the hydrophobic interactions between carbon 
particles and increasing the surface's hydrophilicity and particle solva-
tion [19]. Furthermore, the zeta potential of PAC-OX (− 29.30 mV) is 
slightly less negative than that of PAC (− 30.30 mV), suggesting a 
marginally reduced electrostatic repulsion that could contribute to the 
lower viscosity by enabling particles to come closer together, thereby 
reducing the resistance to flow. In general, the rheological properties of 
these carbon slurries are connected to their zeta potential, surface area, 
and particle size. The data indicates that higher viscosities, which are 
accompanied by more negative zeta potentials, are associated with 
improved suspension stability and interparticle interactions. These 
properties are essential for optimizing the performance of carbon slur-
ries in FCDI applications.

3.4. Desalination performance

The chronoamperometric curves of all the tested carbons are shown 
in Fig. 8a-c. YP80F shows the highest current response compared to 
other commercial tested counterparts (YP50F, Norit and PAC), indi-
cating its higher capacity for salt removal. The observed higher current 
values could be due to its highest specific surface area and smaller 

Table 1 
The pore volume of activated carbon samples.

Activated carbon Vtot (cm3/g) Vmicro (cm3/g) Vmeso (cm3/g)

KUA 1.41 1.31 0.10
KUA-F 1.44 1.29 0.15
YP80F 1.16 0.96 0.20
YP50F 0.73 0.61 0.12
Norit 0.69 0.18 0.51
PAC 0.60 0.07 0.53
PAC-OX 0.54 0.09 0.45
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particle size among the tested commercial ACs, which enhanced the 
particle-particle interaction and facilitated the charge transfer. All other 
commercial ACs follow the same trend of a higher specific surface area 
corresponding to a higher current response in FCDI (YP50F > Norit >
PAC). A general trend between AC loading and current response was also 
observed; the higher the AC loading, the higher the registered current in 
the FCDI cell, regardless of the type of AC used in the flow electrodes.

On the other hand, the fine form of the lab-made AC, KUA–F, 
exhibited the highest current response compared to all the tested car-
bons, including YP80F, which showed the highest current values among 
the commercial ACs. This observation indicates KUA-F's superior salt 
removal capability. At a loading of 15 wt%, KUA-F demonstrated a 
consistently high and stable current during the desalination process, 
surpassing the other carbons by a significant margin. For example, when 
KUA-F was used as a flow electrode, 1.2 and 3.9 times higher current 
was recorded compared to YP80F and PAC-OX, respectively. This 
pattern persisted regardless of the carbon loading, demonstrating KUA- 
F's robust performance in the FCDI setup.

Higher recorded currents during the FCDI process correlate with 

higher salt removal, as evidenced by the corresponding decrease in the 
dilute stream conductivity (Fig. 8d-f). The faster drop in dilute con-
ductivity and consistently lower values across all carbon loadings when 
KUA-F was used as the flow electrode confirm the increased salt removal 
and are in direct correlation with the higher currents measured. The 
enhanced desalination performance was particularly evident at higher 
loadings (10 wt% and 15 wt%), where KUA-F showed a 20–30 % higher 
decrease in conductivity compared to YP80F. This emphasizes the po-
tential of KUA-F as a superior substitute for commercial ACs in FCDI 
applications.

The oxidation of PAC to PAC-OX did not result in a substantial 
enhancement of desalination performance. It only led to a slight (2 %) 
improvement in desalination efficiency, as shown in Fig. 9c. Thus, the 
overall performance of PAC and PAC-OX remained inferior to the other 
tested carbons. This result highlights how crucial it is to optimize not 
only the surface chemistry but also the particle size, morphology and 
accessible surface area to attain optimal desalination performance. The 
stability of the FCDI system was also evaluated by monitoring the pH of 
the dilute stream. The pH of the treated water remains relatively stable, 

Fig. 7. (a) Viscosity of activated carbon at the shear rate of 215 s− 1, (b) Mean particle size and zeta potential of activated carbons.

Fig. 8. Chronoamperometric curves and dilute stream conductivity for FCDI stacks using different carbon materials in flow electrodes at (a, d) 5 wt%, (b, e) 10 wt%, 
and (c, f) 15 wt% of carbon loadings during desalination of a 1.5 g/L NaCl solution mimicking brackish water.
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with minor fluctuations across all tested carbon materials. This suggests 
that in the tested FCDI configuration, the desalination process has a 
minimal impact on the pH of the treated water, thus ensuring the desired 
quality (Fig. S8 in the Supporting Information).

Building on these findings, the desalination efficiency and rate 
further demonstrated the superiority of KUA–F, which consistently 
outperformed commercial carbons across different loading levels. 
Fig. 9a-c shows that the differences in desalination efficiency and rate 
are more evident when higher carbon loadings are used in flow elec-
trodes. KUA-F (at 15 wt% loading) achieved a desalination efficiency of 
79 %, surpassing YP80F by 29 %, YP50F by 46 %, and Norit by 80 %. 
This trend is mirrored in the desalination rate, where KUA-F exhibited a 
rate of 0.06 mg/cm2.min, outperforming YP80F by 33 %, YP50F by 52 % 
and Norit by 88 %. Although the improved desalination rate and effi-
ciency indicate KUA-F better ion removal performance, it is also essen-
tial to consider the current efficiency and energy consumption, in order 
to fully understand its effectiveness.

KUA-F achieved a current efficiency of 98 % at 15 wt% of its loading 
in the flow electrode, which is 11 % higher than YP80F, 16 % higher 
than YP50F, and 17 % higher than Norit. This is accompanied by a 
decrease in specific energy consumption to 27 Wh/mol, which repre-
sents a 10 % drop compared to YP80F, 14 % less compared to YP50F, 
and 15 % less compared to Norit. These findings highlight superior KUA- 
F energy efficiency in FCDI applications.

4. Conclusions

This study systematically evaluated the desalination performance of 
flow electrode capacitive deionization (FCDI) using flow electrodes 
prepared from both commercial (YP80F, YP50F, Norit, PAC) and lab- 
made (KUA, KUA–F, PAC-OX) activated carbons (ACs). Among the 
tested materials, lab-made KUA–F, characterized by a high specific 
surface area, small particle size, narrow size distribution, high volume of 
micropores and superior specific capacitance, demonstrated the most 
efficient desalination performance. In contrast, despite its high surface 
area (~2800 m2/g), pristine KUA lacked flowability due to its larger 
particle size and broad distribution. Improvement in desalination per-
formance was observed with increased carbon loading in flow electrodes 
for all activated carbons. The performance differences become more 
prominent at higher loadings (15 wt%). Surface oxidation of PAC (PAC- 
OX) introduced oxygen functional groups but yielded only marginal 
improvements (~2 %) in efficiency, likely due to its larger particle size 
and broader distribution. Therefore, effective FCDI flow electrode ma-
terials require a high specific surface area, small particle size (1–10 μm), 
optimised ratio of micro and mesopores, hydrophilic surface chemistry 
for easy dispersion in aqueous electrolytes, and excellent electro-
chemical properties like high specific capacitance. The optimised 
morphological and electrochemical properties of KUA-F significantly 

improved desalination efficiency and energy savings, underscoring its 
potential for scalable FCDI applications. Future work should focus on 
scaling KUA-F production and exploring its broader applicability in 
electrochemical processes.
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