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ARTICLE INFO ABSTRACT

Keywords: Efficient separation of specific ions from aqueous media is crucial for advanced water treatment and resource

Activated carbon recovery. Flow electrode capacitive deionization (FCDI) offers potential for selective ion removal through

Elatlonbfepa;ranor; ive deionizati continuous operation. This study evaluates the performance of selective cation separation using a commercial
owable electrode capacitive deionization activated carbon slurry in a multi-ion solution of monovalent (Li*, Na*, K) and bivalent (Ca%*, Mg?") cations.

We assess ion removal and cation selectivity under different operational parameters, such as applied potential,
slurry flow rate, and feed water flow rate. Our data show that bivalent cations, namely Ca%* and Mg?*, are
preferentially removal due to their higher charge-to-size ratio, aligning with hydrated ion sizes. The highest
separation rate was observed for Ca®*t (5.7 pg em 2 min’l), and the lowest for Li* (0.2 pg em 2 min’l), At the
highest applied voltage (1.2 V), charge efficiencies reached 70 %, with an energy consumption of 41 Wh mol
for nearly complete cation removal. Optimal conditions were identified with a slurry flow rate of 6 mL min ™},
feed water flow rate of 2 mL min’l, activated carbon content of 10 mass%, 1 mass% carbon black, and a cell
voltage of 1.2 V. These findings highlight the importance of optimizing operational parameters to enhance ion
removal.
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1. Introduction

The accessibility of freshwater is increasingly challenged by the
intersecting pressures of climate variability, burgeoning populations,
expanding industrialization, and escalating contamination of water
sources. [1] Commonly, water contains multi-salts like Li", Na®, K",
[2,3] hardness ions like Caz+, Mg2+, [2,4] and toxic metal ions like Pb%*
and cd?t [5,6]. Toxic metal ions removal is important owing to their
negative health and environmental impact, [7] while extracting
precious elements, especially lithium, is strongly motivated by com-
mercial interests in the wake of global electrification and rapid growth
of battery production. [8] Hardness ions are also important for selective
extraction due to scale formation in various applications employing
hardness-ion-containing aqueous media, including, depending on the
regional composition of the water, household devices like washing
machines or dishwashers. [4]

Present-day water treatment methods mainly include technologies
such as reverse osmosis (RO) [9] and thermal desalination methods such
as multi-stage flash (MSF) [10] and multiple effect distillation (MED).
[11] However, with a transition toward carbon neutrality and reduction
of energy consumption, alternative water remediation and ion separa-
tion technologies with higher overall efficiency, lower energy con-
sumption, and added functionality toward ion selectivity are intensively
explored. [12,13] As one of these technologies, capacitive deionization
(CDI) [14] is an electrochemical ion adsorption method used for the
separation of salts, [15,16] toxic metal ions, [17,18] hardness ions,
[19,20] and various anions [21] from water.

CDI typically uses static film electrodes, comprising either a layer of
electrode material cast onto the current collector by a binder or a free-
standing electrode placed in contact with the current collector. The
performance (per cycle) is mainly determined by the salt adsorption
capacity of the electrodes, which are charged and discharged cyclically.
[22] The change from static film electrodes to suspended carbon parti-
cles in the flow electrode transitions CDI from cyclic charge/discharge
(ion removal/ion release) operation toward continuous desalination.
[23,24] The continuous operation also aligns more closely with the
scalability requirements of electrochemical desalination in industrial
settings, as it enables a steady process flow, ensuring consistent effluent
water quality. [25] Another significant advantage of flow electrode CDI
(FCDI) over CDI is the separate control over the system’s capacity for ion
removal and its rate of ion removal, analogous to the decoupled energy-
power advantage of flow batteries. [26] That is, the desalination ca-
pacity in FCDI is determined by the volume of the flowable electrode
(slurry tank), whereas the ion separation rate depends on the cell size
(area of the membranes).

Over time, various FCDI cell and system configurations have
emerged, including one-cell and two-cell setups, modifications of the
current collectors, and an array of flow channel designs. [27-33] With
its different technological variants, CDI offers unique benefits, including
the capacity for precise or preferential removal of specific ions. [22,34]
Selective ion removal is crucial because it can potentially recover spe-
cific valuable ions from water as a resource and target the specific
removal of harmful species. [35] Various optimized materials and
strategies have been developed for CDI to achieve selective ion separa-
tion. [36,37] Activated carbon (AC) enables selective ion separation by
sieving specific ions based on the pore size. [38] For instance, Uwayid
et al. demonstrated perfect selectivity for bivalent cations (Ca®") while
excluding the competing monovalent Na* ions through an electrode
made of sulfonated AC. [39] Subnanometer porous carbon developed by
Zhang et al. achieved Cs" and K" selectivity factors of 3-4 compared to
Na*. [16]

Beyond nanoporous carbons, other electrode materials have been
explored. [40] For example, copper hexacyanoferrate (Prussian blue
analog) can selectively extract calcium ions. Xu et al. showed that
charging the cell from 0.4 V to 1.2 V removes 127 pmol g~ of bivalent
Ca?" while slightly expelling monovalent Na* in feed water containing
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15 mM NaCl and 3 mM CaCly,. [41] Demonstrated experimentally and by
modeling, vanadium hexacyanoferrate prefers bivalent Ca" ions over
monovalent Na® with a separation factor of fca/na ~ 3.5. [42] Addi-
tionally, multiple factors, such as ionic properties and operational pa-
rameters, affect the electrochemical ion-selective separation. Gao et al.
observed preferential adsorption of multivalent cations from aqueous
solutions with the order Fe>* > Cu®* > Zn%* > Na¥, attributed to larger
charge cations being more readily adsorbed onto electrode surfaces due
to the electric field. [43] Among cations with the same valency, those
with smaller hydrated radii were more effectively captured, as evi-
denced by Cu®* > zn?*. [43]

While the research on ion selectivity has mainly focused on static
electrodes, works have also started to explore ion selectivity for FCDI.
For example, Zhang et al. employed FCDI to selectively separate Cu®* in
the coexistence of competing Na® from a saline solution with the
assistance of electrodeposition in the short-circuited closed-cycle (SCC)
mode. [44] Another study investigated the selective phosphorous re-
covery through the adjustment of charging and discharging procedures
of the FCDI system, [45] which achieved a satisfactory phosphorus re-
covery performance (164 mg L™! at each cycle) and selectivity factors
above 2 (versus Cl) under optimized conditions (i.e., a carbon content
of 5 mass%, charge and discharge current densities of +10 A m~2 and
-15 A m~2, respectively). Other strategies to induce selectivity in FCDI
systems include functionalizing the ion-exchange membranes, where a
favorable sodium extraction from Na*/Ca%* mixtures has been reported.
[46]

Unlike the abundant research on mono—/multivalent cation-
selective separation via CDI, selective ion separation via FCDI remains
underexplored in the scientific community. This work systematically
investigates the selective cation removal performance of AC and other
carbon materials in multi-salt (Li*, Na*, K*, Ca?t, Mg?") mixed solu-
tions under different operational parameters. We investigated the
selectivity of AC toward cations (Na*, KT, Ca%t, Mg?*) compared to Li*
as a function of the AC content, cell voltage, flow rate, and the mass
loading of carbon black introduced as a conductive additive.

2. Materials and methods
2.1. Materials

Commercially available activated carbons (ACs) of YP-80F (AC1,
Kuraray Chemicals Co.), YP-50F (AC2, Kuraray Chemicals Co.), and
MSP-20 (AC3, Kansai Coke and Chemicals) were used. To serve as a
conductive additive, we used VULCAN XC72R Specialty carbon black
(CB, CAS No. 1333-86-4) from Cabot. Lithium chloride (LiCl, CAS: 7447-
41-8, 99 %), sodium chloride (NaCl, CAS: 7647-14-5, 99 %), potassium
chloride (KCl, CAS: 7447-40-7, 99 %), magnesium chloride (MgCl,, CAS:
7786-30-3, 99 %), and calcium chloride (CaCl,, CAS 10043-52-4, 99 %)
were purchased from Sigma Aldrich. Cation and anion exchange mem-
branes (Fumasep FKS-PET-130/ED-100 and Fumasep FAS-PET-130/ED-
100, Fumatech) were employed in the FCDI cells. Deionized water (re-
sistivity: 18 MQ cm2) obtained from a Mili-Q purification system was
utilized throughout this research.

2.2. Material characterization

Scanning electron microscopy (SEM) was performed using a ZEISS
GEMINI 500 with an accelerating voltage of 1 kV for imaging. The
electrode materials were attached to an adhesive Cu foil on the Al
sample holder without additional sputter-coating. Nitrogen gas sorption
analysis (GSA) was conducted by an iQ system (Quantachrome; formerly
Anton-Paar) at —196 °C. The samples were first degassed at +300 °C for
24 h to remove humidity. The specific surface area (SSA) was calculated
using the ASiQwin software following the Brunauer-Emmett-Teller
(BET) equation.

The viscosity of slurries was examined through rheological studies
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using an Anton Paar MCR 302e rheometer equipped with a stainless-
steel concentric cylinder cup geometry to minimize particle settling.
Measurements were conducted at shear rates ranging from 0.001 s™! to
200 s}, maintaining a constant temperature of 25 °C throughout all
experiments. The experimental data was evaluated with the Ostwald-de
Waele power-law model presented in Eq. (1):

n=key ! €h)

where 1) is the viscosity, k is the consistency index, and n is the shear
thinning index. The data analysis is reported in Table 1.

2.3. FCDI cell operation and performance calculations

10 mass% AC and 1 mass% CB were soaked in the solution, which
contained the same composition as the feed water. The mixture was
sonicated for 1 h and stirred for another 3 h before pumping into the cell.
The slurry was continuously stirred on a magnetic stirrer during the
experiment to maintain homogeneity and avoid precipitation. The
schematic diagram in Fig. 1 displays the experimental setup of our FCDI
system utilizing single cycle (SC) mode. [47] A single cell operates with
the feed water channel between the cation and anion exchange mem-
branes and flowable electrode channels on either side of the ion ex-
change membranes. The FCDI cell is powered using an electrochemical
potentiostat (VSP300, Bio-Logic). The feed electrodes (FE, carbon
slurry) stored in the reservoir are pumped through the flow electrode
channels. As they flow out of the flow channels, they are returned to the
reservoir and constantly recirculated, forming the SC mode in which the
anions and cations can neutralize in the reservoir. The bottom panel of
Fig. 1 shows the flow channel cut according to the cell structure using
the rubber sheet with ~4 mm width.

Previous studies have investigated the effect of initial feedwater salt
concentration on FCDI performance, demonstrating its significant
impact on desalination efficiency and energy consumption. [48,49] Our
multi-component salt solution contained 10 mM Li*, 10 mM Na™, 10
mM K*, 10 mM Ca?", and 10 mM Mg?*, used as both the feed water
channel and the supporting electrolyte of the slurry to maintain the same
concentration across those channels, to minimize ionic migration due to
unequal osmotic pressure. The latter solution was also used to soak all
ion exchange membranes overnight. To investigate the effect of the flow
rates on the cation separation performance, the flow rates of feed water
were setas 1 mL rnin’l, 2mL min’l, and 4 mL min’l, while the flow rate
of electrodes slurry was set at 6 mL min~!, 12 mL min~, and 24 mL
min .

Inductively coupled plasma optical emission spectroscopy (ICP-OES)
was used to quantify the cation separation in a mixed cation system.
Samples were extracted from the feed water reservoir of the FCDI system
at time intervals of 0 h, 4 h, 8 h, 12 h, 24 h, and 32 h, diluted with Mili-Q
water and tested by ICP-OES offline mode. This ICP-OES mode can be
flexible in sample collection and processing and can analyze samples in
batch mode rather than quasi-real-time. ICP-OES tests were repeated
three times for each sample, with the mean value used for analysis.
Before the offline test, we constructed the relationship between each ion
concentration and the correspondent ICP signal intensity following the

Table 1
Rheological parameters of the activated carbon suspension electrodes.

Carbon content Carbon black Consistency Shear thinning
content index (k) index (n)
10 mass% AC1 1 mass% 0.41 0.59
10 mass% AC2 1 mass% 0.25 0.41
10 mass% AC3 1 mass% 0.24 0.35
10 mass% AC1 0 mass% 0.38 0.40
10 mass% AC1 2 mass% 0.592 0.56
5 mass% AC1 1 mass% 0.22 0.46
15 mass% AC1 1 mass% 0.78 0.68

Desalination 592 (2024) 118161

procedure outlined in our previous work. [50] Briefly, mixed ion solu-
tions with known concentrations of 0.2 mM, 0.5 mM, 1 mM, 2 mM, 5
mM, and 10 mM LiCl, NaCl, KCl, CaCl,, and MgCl, were used for the
calibration.

The performance metrics of FCDI cells were analyzed regarding ion
separation ratio (ISR), average ion separation rate (AISR, pg em 2
min~1), ion selectivity factor (ISF), charge efficiency (CE, %), and
average energy consumption (AEC, Wh mol™1). ISR is defined as the
concentration ratio of a specific cation in the treated water to initial feed
water by following Eq. (2):

G

ISR =t 2
SR C 2)

where C; is the ion concentration (mM) at time t, and Cg is the initial ion
concentration (mM). As such, an ISR value of unity for a specific ion
indicates the system’s indifference toward that ion, whereas an ISR
value close to zero means a complete removal of that ion from the feed
by the system.

AISR is measured to assess the salt removal rate per unit geometric
contact area between target water and electrode slurry, which is
calculated following Eq. (3):

(C() *Ct) xV

AISR =
SA Xt

3
where V is the volume of feed water (mL), Sp represents the effective
contact area (cmz), and t is the operation time of the FCDI system.

ISF; is defined as the ion selectivity of the FCDI system toward a
specific ion compared to Li*, which is obtained using Eq. (4):

AC;
AC,

ISF; = @

where AC; represents the concentration change of a specific cation in the
outflow reservoir (mol L), and ACpi, is the molecular concentration
change of lithium in the outflow reservoir (mol L’l).

CE is defined as the ratio of ionic charge (salt) removed to the
invested electric charge (electrons) calculated using Eq. (5):

> ACGxzxVxF

CE T1d)

x 100% (%)

where F represents the Faraday constant (96,485 C mol™), z is the
valency (e.g., z = 1 for Na™ and z = 2 for Mg?"), S"AC is the sum of
concentration changes (mM) of all ionic species in the process, I is the
real-time current monitored by the electrochemical workstation, and dt
is the duration during which the latter current and concentration
changes were measured.

AEC (Wh mol™!) is defined as the invested energy to remove one
mole of salt. The latter could be expressed as the product of applied cell
voltage E (V) and the measured charge divided by the number of moles
of salt removed by the FCDI system, V is the volume of the feed water (L).
following Eq. (6):

(JIdt) x E

AEC =272
¢ (C—C())XV

©

3. Results and discussion
3.1. Cation separation performance of different carbon materials

Three commercial carbon materials with different pore characteris-
tics and surface features, AC1, AC2, and AC3, were used as flowable
carbon electrodes for our FCDI system (Fig. 2). Nitrogen sorption iso-
therms provided the total pore volume of AC1, AC2, and AC3 as 1.4 cm®
g1, 0.84 cm® g7! and 0.94 cm® g™, with the mean pore size of 1.6 nm,
0.76 nm, and 0.81 nm, respectively (Supporting Information, Table S1).
The size and shape of the AC particles differed for the different
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Fig. 1. Schematic illustration of the cell structure of flowable electrode capacitive deionization system, the experimental setup, and the operating principle.

materials. AC1 and AC2 are very similar (Supporting Information,
Fig. S1A-D), consisting mainly of large, coarse particles tens of micro-
meters wide and numerous smaller particles. In contrast, AC3 has a
relatively large particle compared to those surrounded by debris (Sup-
porting Information, Fig. S1F). Scanning electron micrographs of the
conductive carbon black additives sample show a finer and smaller
particle size (Supporting Information, Fig. SIG-H).

A decreasing concentration trend was observed for the three carbons,
gradually separating most of the monovalent and multivalent cations
from the bulk solution throughout 32 h (Fig. 2A-C). The FCDI system
followed the ion removal order of Ca>* > Mg?" > K > Na® > Li*. This
order relates to the varied valence and hydration radius of these ions.
[16] That is, the ions with higher valency are more effectively removed
via ion electrosorption in equilibrium, which is in agreement with the
order of the adsorption rate consistently observed in our FCDI system:
Ca®t and Mg2+ removal exceeded that of K, Na™, and Li*. [51,52]
Three carbon materials also showed different cation separation rates and
efficiency due to varied porous features. AC1 showed the fastest cation
separation and highest ion removal efficiency, almost completely
removing all ionic species after 32 h. Also, AC1 removed nearly 60 % of
Lit and 100 % of Ca®* from the solution within 24 h, whereas the Li*
removal was 24 % for AC2 (Ca": 88 %) and 39 % for AC3 (Ca*": 86 %)
after the same time. Accordingly, the calculated average cation sepa-
ration rates for AC1 were noticeably higher than the other two carbons,
as illustrated in Fig. 2D-F.

When operating the systems for 12 h, the average separation rate of
Ca%* (5.7 pg em ™2 min™1), Mg?* (2.8 pg em 2 min™1), K (3.3 pg cm 2
min’l), Na*t (0.9 ng cm™2 min’l) and Lit (0.2 ng cm 2 min’l) was
shown by AC1 flowable electrode. Within the same duration, AC2 and
AC3 showed lower average separation rates. The superior performance
of AC1 could be ascribed to its higher pore volume and broader pore size
distribution compared to AC2 and AC3 (Supporting Information,
Fig. S2B). Initially, the removal rate of bivalent cations (Ca®" and Mg?")
for all three carbon electrodes was generally much higher than that of
monovalent cations (K*, Nat, and Li*). Then, it decreased with pro-
longed operation time while more monovalent cations began to be
captured. The separation sequence of ions was determined by their va-
lance and hydration radius. The higher charge/hydration size ratio of
Ca?* and Mg?* ensured a more sensitive response to the electrical field,
facilitating the uptake of these bivalent cations by flow electrode.
Among the monovalent cations, K™ showed the highest separation rates,
attributed to the highest ion mobility for K" compared to Li* and Na™.
[53] According to the results above, AC1 was selected for the subsequent
optimizations of FCDI system performance.

The effect of the carbon additive was further evaluated with different
AC carbons, as displayed in Supporting Information, Fig. S3. Although
with slight deviations in the viscosity, attributed to the different particle
size and arrangement of the aggregated structures, the impact of the
different morphologies of each AC over the viscosity indicates a syner-
gistic behavior between AC1 and CB, enabling a more packed flow
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different electrode particles and the solid-liquid interface. Conductive
additives such as carbon black are commonly used to increase electrical
conductivity, as the added particles act as a conductive bridge between
suspended AC particles and the current collector or between different

network with higher conductivity, consequently increasing the selec-
tivity factor.

3.2. Effect of conductive additives and AC mass content suspended AC particles. [15,54] The carbon black additive is utilized in
this study to enhance the performance of poorly conductive suspension
The FCDI setup, with its flow electrode particles dispersed in the electrodes in our FCDI systems. We studied how introducing carbon

electrolyte solution, inherently limits effective charge transfer between
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Fig. 3. Ion separation curve and average ion separation rate at different CB content: no carbon black (A, D), 1 mass% CB (B, E), and 2 mass% CB (C, F). For all data,
the flow rate was 6 mL min ' for the flowable electrode and 2 mL min ™" for the feed water, with a mass loading of 10 mass% AC1.
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black as an additive affects the cation selectivity and/or removal rates.
To this end, different amounts of carbon black (no addition, 1 mass%,
and 2 mass%) were added to the carbon slurry to evaluate the effect of
conductive additives on FCDI performance (Fig. 3).

The addition of CB notably facilitated the separation of ions, espe-
cially the monovalent cations (Li™, Na™, and K™). This trend was further
observed at a high CB content of 2 mass%. With the CB content
increasing from 0 mass% to 2 mass%, the average CaZt separation rate
increased from 3.5 pg cm ™2 min~? to 5.3 pg cm ™2 min !, and there was a
significant increase from 0.1 pg em 2 min~! to 0.6 ng em 2min~! (~ 6
times higher than the blank) for Li". A similar trend was also observed
for the separation profile of Na* and K, increasing the separation rate
from 0.4 pg cm ™2 min~! and 1.6 pg cm ™2 min~! to 2.3 pg cm ™2 min~!
and 5.2 pg cm ™2 min~, respectively. Additionally, to study whether the
CB alone as a conductive agent in the flow electrode can adsorb cations,
we tested 1 mass% CB without any AC. As shown in the Supporting In-
formation, Fig. S4, having other parameters constant, no significant
reduction in ion concentration occurs when the AC is absent in the slurry
solution.

Viscosity analysis of the AC1 sample with different CB content
(Fig. 4A) demonstrated a shear-thinning, or pseudoplastic, behavior for
all the electrodes, indicating a fluid structure with a finite yield stress
with a viscosity of 64 mPaes at a shear rate of 20 s™1. [55,56] Upon
adding carbon additive (carbon black), the viscosity increased at the
same shear rate, achieving values of 180 mPaes with 1 % CB and 268
mPaes with 2 % CB. Simultaneously, the rheological behavior of the
samples with the CB additive displayed a rise in the viscosity at 20 s,
which can be attributed to the agglomeration of carbon particles. [57]

The impact of CB addition is also noted in the selectivity of lithium
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ions, as presented in Fig. 4B-D. This can be attributed to the packing
effect promoted by the different particle sizes of AC1 and CB (Supporting
Information, Fig. S1A,H), which increased the connectivity and electric
conductivity of the flow network while allowing the flow of aqueous
media. [58-60] Furthermore, the additive particles increase interactions
with the feed water and more friction between the carbon particles,
promoting repulsion forces that lead to higher viscosity at low shear
rates and facilitate the formation of agglomerates, as observed in 20 s~
[60-62] As the shear rate increases, the interactions between particles
are less effective, hence the drop in viscosity values. [61-63] Besides CB
additive effects, AC serves as the active mass content in the slurry that
predominantly determines the cation separation performance of our
FCDI system. The active electrode material allows charged ions to be
captured and stored in its nanostructure by ion electrosorption. In
addition, the AC content also dictates the viscosity of electrode slurry,
particle density, and, thereby, the slurry channel’s conductivity, which
could significantly affect operation stability and efficiency. [64] As such,
the effect of AC content in the slurry was studied at mass loadings of 5 %,
10 %, and 15 % (Fig. 5).

As observed in Fig. 5A-C, an enhanced ion removal was achieved at
higher AC1 mass contents. While only 14 % of Li* and 67 % of Ca®* were
captured after 36 h operation at a mass loading of 5 %, nearly all the ions
were removed at a mass loading of 10 %. Previous reports [4] linked this
trend to the decreased charge and ion transfer owing to fewer available
electrode sites and particle collision due to reduced viscosity and par-
ticle density of the electrode slurry. Although faster ion removals were
obtained from 10 mass% to 15 mass% ACI1, the latter composition
resulted in a very dense slurry and the consequent particle aggregation
and clogging issues (Supporting Information, Fig. S5) both in the flow
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channel and tubes. As such, 10 % of the carbon mass was chosen as the
highest content feasible for the efficient and stable operation of our FCDI
system. So far, various approaches have been reported to address the
limitation of flowability with high mass loading, e.g., by oxidizing the
active material (increased repulsion between particles) to achieve less
aggregation or by mixing two different particle sizes of activated carbon
(broadening the particle size distribution) to improve the flowability of
the slurry. [59] Additionally, surface-modified AC particles can be used
as a dispersant for hydrophobic AC particles in aqueous solutions.
[65,66] One can also modify the surface chemical properties of electrode
particles to suppress the flow electrode clogging in an FCDI cell.

To better understand the role of the AC1 mass loading, viscosity
analysis was performed on electrodes with different mass amounts and
the absence of carbon additives (carbon black). The viscosity curves are
presented in Fig. 5D, where the pseudoplastic behavior of the carbon
electrodes is maintained, although with a broader range of agglomera-
tion at small shear rate values due to the bigger particle sizes of AC1.
[59,63] The consistency of slurries is also affected, as shown in Table 1,
where the increase in the mass of AC1 with the rise in k (consistency)
values indicates a more viscous material. [63,67]

We further investigated the merits of our FCDI system in terms of
cation selectivity vs. Li" ions. Selectivity profiles (vs. Li") of the ions
with different carbon black contents were calculated from the data
presented in Fig. 3 and plotted in Fig. 4. Gradually reducing selectivity
factors of Ca?*, Mg?*, K*, and Na® with respect to Li* are observed

n 5 mass%
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within the investigated time intervals. Compared to Li*, other cations
were preferentially removed from the bulk solution within the first few
hours, with the selectivity order related to the hydrated radius and
valency of these cations (Fig. 6). When an electrostatic field is applied,
cations (Ca%" and Mg®") with higher valence charges undergo stronger
electrostatic driving force compared to monovalent cation, which causes
their faster electrokinetic behavior and migration from bulk solution to
slurry channel. [68] Regarding cations with the same valance, ion
selectivity will be mainly regulated by the hydrated radius of different
cations, which is related to the resistance and mobility of these ions in
solution. [69] According to the Stokes-Einstein relation, the self-
diffusion coefficient of an ion in water is inversely proportional to its
effective radius; [70] an ion with a smaller radius has higher mobility in
aqueous solution. The higher mobility and transport kinetic also facili-
tate ion diffusion into the inner pore structure of carbon particles,
causing preferable capture and storage within the pore volume. Bivalent
cations Ca®* have a smaller hydrated radius than bivalent Mg?* (4.12 A
vs. 4.28 A). As a result, Ca®" shows higher transport ability and pref-
erable selectivity compared to Mg2*. Overall, monovalent cations
exhibit lower removal rates and selectivity than divalent cations due to
valence difference and follow the removal order of K™ > Nat > Li¥,
which agrees with their hydrated radius difference (Supporting Infor-
mation, Table S2).

During continuous ion removal by flowing electrode, cations are
generally adsorbed onto the flowable carbon particles with a negative
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Fig. 5. Ion separation over time of different carbon content: (A) 5 mass%, (B) 10 mass%, and (C) 15 mass%, at a flow rate of 6 mL min~? for flowable electrode and 2
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Fig. 6. Schematic illustration of ion separation and selectivity in the FCDI system with and without the addition of carbon black.

charge under the force of an electric field and then carried along with the
carbon material into the slurry reservoir by pumping. Since our FCDI
system uses the SC mode, these cations will eventually be neutralized by
anions (C17) in the slurry reservoir. Hence, bivalent cations are more
readily adsorbed on the flowable electrode surface than monovalent
cations, resulting in higher electrosorption selectivity as well Regulated
by intrinsic hydrated radius and valency, the mobility and transport of
investigated cations in aqueous solution vary under the driving force of
the electrostatic field, rendering ion removal by flowable electrodes
following the consequence of Ca" > Mg?" > K* > Na' > Li". The
specific selectivity also comes from the preferable capture and storage of
divalent cation on electrode carbon nanopores to screen the negatively
charged AC surface. Compared to Li", other cations will preferably be
removed from the feed at the initial stage. Li* remains in the solution,
while other cations can be taken up more quickly from the feed.
Benefiting from higher residual concentration, Li* becomes more
competitive, and the dynamic interaction between Li + and electrode
surface increases, causing a gradual decrease in ion selectivity with time.

FCDI without carbon black additive, which had the slowest cation
separation kinetics (Fig. 3A), exhibited modest selectivity factors of
1.0-5.0 for Ca?*, Mg?", K*, and Na* vs. Li* at the end of experiments.
Although adding 1 % or 2 % mass carbon black could largely enhance
ion removal kinetics, the cation selectivity factors decrease to below 2.
Overall, adding CB could accelerate the migration and uptake of cations,
especially monovalent cations Na* and Li*, resulting in low selectivity
factors of Ca?*, Mg?*, K*, and Na't versus Li*. As Li* ions possess
significantly larger hydration sizes than hydrated Na* and K" ions, [71]
the system exhibits a reduced selectivity toward the uptake of Li* ions
and, hence, an overall preference for bivalent cations. In this case,
conductive carbon black could act as a conductive bridge (Fig. 6) be-
tween electrode particles and charged ions and between different elec-
trode particles, [47,72,73] enhancing charge transfer in the solid-
electrolyte interface and facilitating electrochemical migration and
storage of charged species on electrode materials (Fig. 6). Similarly,

Reale et al. reported that the size and mass fraction of conductive ad-
ditives could affect the effective electronic conductivity, ionic conduc-
tivity, and hydraulic permeability of porous electrodes, and increasing
any one of these properties could increases salt removal rate at fixed
specific energy consumption [74].

Considering ions separation performance, selectivity behavior, and
mass loading amount, 1 mass% of carbon black was used in this study as
a conductive additive content.

As illustrated by Fig. 2A-C, different types of AC show similar
selectivity trends for monovalent and bivalent cations (Ca%* > Mg?t >
K" > Na' > Li"). However, AC1 has a relatively higher affinity toward
monovalent cations than AC2, which prefers bivalent cations. The latter
is attributed to a broader pore size distribution of AC1 (Supporting In-
formation, Fig. S2B). With the same cation concentrations, cations with
smaller hydrated radius, for example, Kt (3.31 A, Supporting Information,
Table $2), show a higher selectivity than Li* (3.82 A, Supporting Infor-
mation, Table S2), exhibiting their size-affinity to access the pores in the
flowable carbon particles. A similar observation is found for bivalent
cations. For example, Ca®" with a smaller hydrated ion size (4.12 A,
Supporting Information, Table S2) shows a higher cation selectivity than
Mgt (4.28 A).

3.3. Effect of applied voltage

During FCDI operation, the applied potential bias serves as the
driving force that induces the migration of ions from the bulk solution
toward the electrode surface. [75] This migration process significantly
influences both desalination efficiency and adsorption capacity. In the-
ory, higher voltages result in stronger electrostatic forces. However, the
applied voltage in CDI is typically limited to below 1.2 V to prevent
faradaic side reactions like water electrolysis when the voltage exceeds
1.23 V. [76] Furthermore, excessive electrostatic forces may cause high
mobility of all ions, thereby reducing selectivity toward target ions. As
such, the applied voltage is an influential operational parameter that
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plays a crucial role in ion migration rates, influencing the overall cation
separation performance.

The cation separation behavior of the FCDI system was studied with
the applied voltages of 0.4 V, 0.8 V, and 1.2 V, as demonstrated by Fig. 7.
Additionally, the applied cell voltage and the current response profiles
of the latter 3 tested voltages can be found in Supporting Information,
Fig. S6. As seen, the overall ion removal performance was very low at
0.4 V, with only 13-68 % of initial ions removed after 32 h operation. In
contrast, cation separation (especially monovalent cations) was more
effectively accomplished at 0.8 V and 1.2 V. Going from 0.4 V to 0.8 V,
the Li", Na*, and K" separation performance experienced a notable
increase from 14 %, 21 %, and 40 % to 80 %, 84 %, and 98 %, respec-
tively. The Ca%" and Mg?* ions could be entirely removed by the FCDI
system already at 0.8 V. The cation separation was further enhanced at
1.2V, with the removal efficiency of all ions over 93 %. The CE profile at
different applied voltages was also enhanced from 63 % to 70 % when
the cell voltage increased from 0.4 V to 1.2 V. The energy consumption
increased slightly from 0.4 V to 1.2 V, with 40.6 Wh mol ™! required to
remove all cations from the feed water at 1.2 V (Fig. 7D).

Energy consumption data and the average cation separation rate of
the FCDI cell at different conditions were summarized in Supporting In-
formation, Table S3. Compared to AC2 and AC3, AC1 could maintain the
highest cation separation rate at the end of the experiment with the
lowest energy consumption. Adding 1 mass% conductive CB could
decrease systematic energy consumption from 49.2 Wh mol ™! to 40.6
Wh mol~!, whereas more energy-intensive operation of FCDI was
observed when CB content increased to 2 mass%. A similar trend was
also observed in the mass loading range of 5-15 mass%, showing that
the adjustment of operation parameters is of great significance in
improving the energy efficiency of the FCDI system.
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3.4. Initial techno-economic analysis

Understanding the economic viability of the FCDI system is crucial
for real-world applications in water treatment and resource recovery.
[77,78] The primary capital cost of the FCDI cell and infrastructure,
including the modules, pumps, power supplies, and control systems,
constitutes the major expense for a one-time setup of a pilot-scale sys-
tem. [79,80] Once the latter is installed, the operational costs encompass
material replenishment and energy consumption. The expenses for
activated carbon vary greatly based on its quality, which in turn depends
on the source of raw material used for its production and its pyrolysis
and activation routes. As such, prices as low as ~1 € per kg have been
reported for commercial-scale activated carbon production in Africa.
[81] For supercapacitor-grade activated carbons, higher costs of 10-15 €
per kg can be assumed. Taking a conservative estimate of 15 € per kg for
the price of high-performance AC1, the cost for the 4 g used in the slurry
solution would be 0.06 €. Since carbon black constituted only a minor
part of the slurry solution, it has been neglected in our calculations.

The energy consumption includes the electrical energy invested to
charge the system and the pumping energy. As outlined above, the
charging energy required to remove cations from the feed solution
within 32 h of operation at a cell voltage of 1.2 V is approximately 41
Wh mol ™. Given the volume of feed solution at 80 mL and each salt
concentration of 10 mM, this translates to total salt moles of 4 mmol. An
energy consumption of 41 Wh mol™! means 0.164 Wh of energy
consumed per cycle to remove all the cations from the feed solution.

Given the 32 h of operation of the peristaltic pump with a maximum
power of 15 W, the pumping energy is estimated at a maximum of 0.48
kWh. As the charging energy is negligible compared to the latter
pumping energy, the overall electricity consumption depends on the
pumping at 0.48 kWh per cycle. Assuming an average electricity price in
Germany in the second half of 2023 (0.402 € per kWh, Eurostat 04/
2024) for household consumers, the pumping energy consumption
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would translate to around 0.19 € and almost half of that for non-
household (such as industrial) consumers. In total, the material cost of
0.06 € and energy consumption of 0.19 € sum up to 0.25 € per cycle. The
latter value is estimated for our laboratory-scale setup, assuming no
energy recovery during discharging in a parallel system and that each
carbon slurry is discarded after one charge. As the FCDI technology
scales and matures, these costs could significantly decrease, making
FCDI a more competitive and sustainable option for large-scale water
treatment and resource recovery applications.

3.5. Effect of slurry and feed flow rate

In the last step to optimizing the FCDI system operation, we turned to
the flow rate of electrode slurry and feed water to examine their po-
tential impacts on the ion removal performance. Generally, a higher feed
water flow rate promotes more ion accessibility toward the electrode
surface in CDI, causing ions to be captured by electrode material to reach
saturation more rapidly. [82] However, an excessively high flow rate
could impede effective contact and interaction between ions and elec-
trode surface, reducing adsorption capacity and desalination efficiency.
[75] Hence, it is crucial to balance the cation separation efficiency and
energy consumption (for pumping) when aiming for optimal ion
removal through solution flow rate adjustments. As such, we investi-
gated the flow rate as another influential parameter for our FCDI system
by varying the slurry and feed flow rates and measuring the cation
separation performance.

By keeping a constant feed flow rate of 2 mL min~" and varying the
slurry flow rate from 6 mL min~! to 12 mL min~! (Fig. 8A-B), no
noticeable change was observed for the cation separation profiles of
different ions. Further boosting the slurry flow rate to 24 mL min ! also
barely resulted in performance enhancements. As such, a slurry flow rate
of 6 mL min™" is chosen as an optimum value for further tests. The lower
flow rate is also associated with lower pumping energy, minimizing the
operational cost and energy consumption for potential scaling-up ap-
plications. The negligible effect of increased slurry flow rate on the
cation separation could indicate that the ion migration and mobility on

u Slurry: 6 mL min!

E Slurry: 12 mL min!
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the slurry side are not rate-determining stages. Upon applying an elec-
tric field, the critical process and rate-controlling step will be the
migration of charged ions from the feed’s bulk solution side to the
electrode channel through the cation exchange membrane. This is seen
from the significant changes in ion separation profiles induced by
varying feed flow rates (Fig. 8D-F).

By keeping the slurry flow rate constant at 6 mL min ™~ and reducing
the flow rate of feed water from 2 mL min " to 1 mL min~!, the overall
removal performance of ions, especially bivalent cations Ca>" and Mg?*
decreased notably, which could be leveraged to adjust the ion selectivity
performance of the FCDI system. For instance, at the operation time of
12 h, calculated selectivity factors of bivalent Ca* and Mg?" ions versus
Li™ were 1.4 and 1.9, respectively, for a feed rate of 1 mL min~!. In
contrast, the selectivity factors of Ca>* and Mg?" vs. Li* were 5.8 and
4.7, respectively, at a feed rate of 2 mL min~'. Increasing the feed water
flow rate from 2 mL min~! to 4 mL min~! decreased the overall ion
removal performance kinetics, corresponding to fewer ions transported
from the feed channel to the slurry side due to the shorter retention time
of feed water in the cell.

4. Conclusions

This study highlights FCDI for continuous cation separation from
water. Our work evaluated a set of different activated carbon materials
together with various contents of carbon additives as flowable elec-
trodes. In addition, various operational parameters, including cell
voltage and feed water flow rate and slurry, were investigated to opti-
mize the FCDI ion sorption performance toward a multi-ion salt solution
(Li*, Na*, KT, ca®*, Mg2+). The bivalent Ca?* and Mg2+ ions were
preferentially removed with faster kinetics due to their higher charge-to-
size ratio, followed by K™, Na™, and Li* in the order of their hydrated ion
sizes. The optimum operational parameters for our FCDI system were
identified: flow rate of electrode slurry at 6 mL min ™! and feed water at
2 mL min~!, with 10 mass% activated carbon and 1 mass% carbon black
at a cell voltage of 1.2 V. The system achieved average ion separation
rates ranging from 5.7 pg cm ™2 min~! for Ca®* t0 0.2 pg cm ™2 min ™! for
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LiT. An average energy consumption of ~41 Wh mol~! was shown to be
required to remove almost all the cations in the feed solution within 32 h
of operation, which occurred at a cell voltage of 1.2 V with the highest
charge efficiency of 70 %. We further showed how the adjustment of
each operational parameter (except for slurry flow rate) could be
leveraged to induce selectivity toward specific ions. In our experiments,
we have seen the lowest uptake for lithium ions in competition with
other monovalent cations or bivalent cations. This can be used to pre-
treat, for example, hydrothermal water or hydrometallurgical battery
recycling leaching solutions so that ions other than lithium ions are
stripped to obtain an effluent stream with higher lithium ion contents.
Overall, the findings contribute to the understanding and insights into
FCDI technology and its potential application in sustainable water
treatment and resource recovery efforts.
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