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A B S T R A C T

The recent growing demand for lithium worldwide, led by the Li-ion battery market, has sparked research into 
alternative sources of this material. In this context, selective lithium recovery from concentrated brines repre
sents a sustainable and economical alternative to lithium mining activities. In this work, we developed a 
mathematical model of the recently implemented Lithium Membrane Flow Electrode Capacitive De-Ionization 
(Li-MFCDI) process, used to selectively extract lithium from a synthetic geothermal brine. The model was 
validated against the available experimental data and was used to perform a comprehensive parametric analysis. 
The model predicts the effects of the applied voltage, flow rates, and the adopted membranes on the process 
performance. These findings highlight the importance of the membrane conductivity-selectivity trade-off for 
process productivity. Furthermore, this simulation tool will substantially contribute to the development of this 
novel technology.

1. Introduction

Recently, the growth in the global population and issues with the 
scarcity of natural resources (e.g., freshwater, essential metals) have 
increased research interest in alternative, sustainable sources of raw 
materials. As one of the most in-demand commodities globally, lithium 
is of significant importance for industry. Indeed, the fast growth of the 
Li-ion batteries market has markedly increased the demand for lithium, 
which is expected to rise to 2.43 million tons per year by 2030 [1]. 
Moreover, lithium is typically produced through environmentally 
harmful mining activities, and the lithium trade is vulnerable to 
geopolitical events, as only a few countries, such as Australia, Argentina, 
and China, have access to the world’s most abundant lithium reserves 
[2]. To reduce the demand for raw lithium and meet the growing global 
market demand, new non-conventional lithium sources are needed. For 
instance, geothermal brines and seawater bitterns, which have naturally 
high lithium concentrations, and thus, these sources are currently under 
investigation [3–5]. The use of such alternative lithium sources requires 
an effective way to fractionate complex multi-ionic solutions. However, 
despite several research efforts, an efficient and environmentally 

friendly lithium recovery method remains unavailable. Indeed, the se
lective extraction of lithium from waste brines is hindered by the higher 
concentrations of other elements, such as sodium, potassium and mag
nesium, with similar chemical properties [6]. Electro-driven separation 
technologies, such as ElectroDialysis (ED) and Capacitive De-Ionization 
(CDI) [7,8], widely adopted for brackish water desalination, have also 
recently been investigated for the selective recovery of raw materials 
from concentrated brines [9,10]. In these technologies, the ions are 
transported by an externally applied electric field, and selective ion 
transport occurs due to the use of selective Ion-Exchange Membranes 
(IEMs) or adsorbent electrodic materials [10]. One of the most novel and 
promising electro-driven separation technologies is Flow Electrode 
Capacitive De-ionization (FCDI), firstly proposed in 2013 by Jeon et al. 
[11]. Recently, extensive experimental investigation on FCDI, as a more 
efficient alternative to conventional CDI, has been carried out to opti
mize the process [12,13]. The main difference between CDI and FCDI is 
related to the nature of the electrodes. In both these technologies, ions 
migrate from the bulk solution towards the electrodic compartments, 
where they are adsorbed on the porous structure of the electrodes, which 
act as electrochemical capacitors. However, in conventional CDI, fixed 
porous electrodes are used to adsorb the ionic species. This feature 
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makes the process intrinsically non-stationary since, when the elec
trodes are saturated, they need to be regenerated through short- 
circuiting or polarity reversal in order to release the adsorbed ions 
[14]. Conversely, in FCDI, the bulk electrodes are substituted with a 
slurry, typically made of carbon-based materials such as activated car
bons, which are usually pumped through a path carved directly into the 
current collectors [15]. The carbon particles can then be externally re
generated and recirculated to the electrodic compartment to ensure 
continuous operation. In 2023, Saif et al. [16] proposed a novel version 
of FCDI, called Lithium Membrane Flow Electrode Capacitive Deion
ization (Li-MFCDI), in which a Lithium-Selective membrane (LiSM) was 
employed to selectively recover lithium from a multi-ionic synthetic 
geothermal brine. Starting from a multi-ionic solution containing Li+

and other competing cations such as Na+, K+, and Mg2+, the authors 
were able to separate lithium from the other cations with a process 

selectivity of 141 ± 5.85 for Li+/Na+ and 46 ± 1.46 for Li+/K+ and a 
specific energy consumption of 16.70 ± 1.63 kWh/kg of Li+ recovered. 
However, despite these promising results, the effect of the key process 
parameters, such as the applied voltage and the electrodes’ flow rates, 
on the process performance was not further examined, meaning there is 
a significant opportunity for process optimization in terms of specific 
energy consumption and separation efficiency. Nonetheless, further 
experimental investigation, required to clarify these aspects, would be 
time-consuming and resource intensive. The use of process models, on 
the other hand, can help provide insights into the process, guiding to
ward the best operating conditions while limiting experimental effort. 
Being a relatively new technology, only a few FCDI process models can 
be found in the literature [17,18]. Most of these papers focused on the 
modelling of the electrodic compartments and the electrochemical 
capacitive phenomena at the electrodes’ interfaces and did not account 

Nomenclature

Am Membrane area [m2]
C Molar concentration [mol m− 3]
C Average concentration
Cel Specific capacitance [F kg− 1]
d width [m]
D Diffusion coefficient [m2 s− 1]
Eext External electromotive force [V]
F Faraday constant [C mol− 1]
h height [m]
itot Total current [A]
I Current density [A m− 2]
IEC Ion-Exchange Capacity [mol kgdry polymer

-1 ]
J Ionic flux [mol m− 2 s− 1]
L Length [m]
M Molar mass [kg mol− 1]
N Number of data points [-]
Q Flow rate [m2 s− 1]
R Areal resistance [Ω m2]
Rg Universal gas constant [J mol− 1 K− 1]
S Selectivity [-]
SBET Specific surface [m2 g− 1]
SEC Specific energy consumption [kWh kg− 1]
SP Specific productivity [kg m− 2 year− 1]
t Transport number [-]
ttot Test duration [s]
T Temperature [K]
v Linear velocity [m s− 1]
V Volume [m3]
wel Mass concentration of suspended particles [kg m− 3]
wu Water uptake [kgwater kgdry polymer

-1 ]
x Flow direction
y Ionic flux direction
z Ion valence [-]

Greek symbols
δ Thickness [m]
δi,j Kronecker delta [-]
ε Volumetric fraction [-]
η Non-ohmic voltage drop [V]
ϑ Polarization coefficient [-]
κ Conductivity [S m− 1]
φ Electrostatic potential [V]
ρbulk Bulk density [kg m-3]
σ Charge density [C kg− 1]
ω Mass fraction [-]

Subscript
AEM Anion exchange membrane
co Co-ion
cond Ionic flux conductive component
cou Counter-ion
diff Ionic flux diffusive component
D Donnan
el Flow electrode/Electrodic compartment
exp. Experimental point
f Feed/Feed compartment
fix Fixed charges
int Interface
i, j Component
LiSM Lithium selective membrane
m Membrane
N Nernst
P Polarization
pred. Predicted point
r Receiver/Receiver compartment
s Solution/Solution compartment
tot Total
+ Left side
− Right side

Acronyms
AC Activated Carbons
AEM Anion-Exchange Membrane
ARED Assisted Reverse Electrodialysis
CEM Cation-Exchange Membrane
CDI Capacitive De-Ionization
DBL Diffusion Boundary Layer
ED Electrodyalisis
EDBM Electrodyalisis with Bypolar Membranes
EDL Electrical Double Layer
FCDI Flow Electrode Capacitive De-Ionization
ICC Isolated Closed-Cycle
IEM Ion-Exchange Membrane
LiSM Lithium Selective Membrane
Li-MFCDI Lithium Membrane Flow Electrode Capacitive De- 

Ionization
MRD Mean Relative Deviation
SC Single-cycle
SCC Short-circuited Closed-Cycle
SEC Specific Energy Consumption
SP Specific Productivity
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for the presence of mixed electrolytes. In this work, we aim to propose a 
simple yet effective model for the Li-MFCDI process, with a focus on the 
multi-ionic transport phenomena across the IEMs, which are funda
mental for this separation process. Such a simple and flexible model can 
be applied to simulate operation with saline streams of different com
positions. The model’s equations and structure are first presented, along 
with its relevant assumptions. Subsequently, the results of the simula
tions are compared with the experimental data reported by Saif et al. to 
validate the model. Finally, the Li-MFCDI model is used to perform a 
parametric analysis, in order to better analyse the influence of the main 
process variables on the process performance, considering three 
different LiSMs: the glass ceramic membrane Ohara AG-01; the 
monovalent-selective polymeric membrane Selemion CSO and an ideal 
LiSM that merges the best features of both.

2. Description of the simulated system

The following section provides a brief description of the modelled Li- 
MFCDI unit while fundamental information regarding the experimental 
procedures can be found in the reference paper [16].

2.1. Li-MFCDI cell

The cell is composed of four separate compartments: the feed and 
receiver compartments, with identical volumes (10.75 mL) and the two 
electrodic compartments, which were carved directly into two graphite 
plates. The feed and receiver compartments are separated by a LiSM, 
whose effective area inside the cell is 10.75 cm2, while the electrodic 
compartments are separated from the solutions compartments using 
commercial Anion-Exchange Membranes (AEMs). All the cell relevant 
geometrical properties are reported in Table 1 [16].

The LiSM employed for the experimental campaign is the commer
cial lithium-conductive glass ceramic membrane AG-01 (Ohara Corpo
ration, Japan), whereas the AEMs (FAB-PK-130, Fumatech BWT, 
Germany) are dense, reinforced polymeric membranes with high proton- 
blocking capability, typically employed for ED and EDBM [19]. All the 
relevant properties of the IEMs adopted for the experimental campaign 
are reported in Table 2.

Despite the associated error, likely due to the complexity of the 
measurements, the values of membrane areal resistance and conduc
tivity reported in Table 2 were taken from the manufacturer’s technical 
datasheet, as a direct experimental measurement of these properties falls 
beyond the scope of the present work. The tests were run in a closed-loop 
configuration for 7 days, during which an external potential of 1.2 V was 
applied. The initial composition of the feed, receiver and flow electrodes 
is reported in Table 3.

2.2. Process configuration

Li-MFCDI can be operated in several process configurations, 
depending on the recirculating path of the solutions and flow electrodes. 
Fig. 1 reports a schematic representation of the cell under investigation.

Based on the flow electrodes circulating path, FCDI is typically 
operated in two main configurations, namely: i) isolated closed-cycle 
(ICC) and ii) short-circuited closed-cycle (SCC) [13]. In the ICC config
uration, the flow electrodes are recirculated separately in the anodic and 

cathodic tanks and the regeneration is performed by polarity reversal or 
short-circuiting, thus the process cannot be run in steady-state mode. 
Conversely, the SCC configuration allows a steady-state operation by 
regenerating the anodic and cathodic flow electrodes by mixing them in 
an external reservoir (see Supplementary Material). In this work, a third 
flow electrode configuration (depicted in Fig. 1) was adopted, namely 
the Single-Cycle (SC) configuration, in which the flow electrodes are 
recirculated in closed-loop between the cathodic and anodic compart
ments. Compared to the configurations above, the latter is easier to 
implement and allows running the process in a steady-state mode with a 
lower energy consumption [13,14]. In SC configuration, charge and 
discharge, which correspond respectively to electro-sorption and 
desorption of the charged species from the Electric Double Layers (EDLs) 
of the carbon particles, occur simultaneously in the electrodic com
partments, reducing the dissipation of electrostatic energy, thus 
increasing the energy efficiency of the process [12]. Concerning the flow 
path of the feed and receivers, the two solutions were externally recir
culated in two different tanks in a closed-loop configuration as depicted 
in Fig. 1. During the process, the feed tank is depleted of Li+ ions, which 
migrate towards the receiver’s tank. The total volumes and flow rates of 
the solutions are summarized in Table 4.

3. Modelling

The model developed for the Li-MFCDI process is a 1D pseudo 
steady-state model with distributed parameters in the flow direction (i. 
e., x-direction in Fig. 1). Although the simulated closed-loop configu
ration (as in the experimental set-up) is intrinsically a non-stationary 
configuration, we assume the time-dependent dynamics of the cell to 
be negligible compared to the dynamics of the storage tanks. Therefore, 
in the pseudo steady-state approach, all process variables defined within 
the Li-MFCDI cell are time-independent. No water transport is assumed 
across the membranes in the y-direction, as no appreciable volume 
variation was experimentally observed in the external tanks. Moreover, 
the diffusive fluxes superimposed on the convective flux in the x-di
rection are neglected, and the fluid density is assumed to be constant. 
Finally, no faradic reactions are supposed to take place in the electrodic 
compartments. In the following sections, the terms “conduction” and 
“conductive” refer to the fraction of ionic fluxes associated with the 
passage of current, due solely to the ohmic potential gradient [22]. This 
term differs from the migrative term commonly reported in the litera
ture, which also accounts for ionic transport due to the diffusion po
tential that develops in the presence of concentration gradients as a 

Table 1 
Geometrical properties of Li-MFCDI unit.

Property Electrodic channel (el) Solution channels (s)

Width − d [cm] 0.2 3.7
Heigth − h [cm] 0.2 1.0
Length − L [cm] 27.5 3.7*

* Solution channels are circular; thus, the length corresponds to the width 
(diameter) of the channels.

Table 2 
Relevant properties of FAB-PK-130 and Ohara AG-01 membranes.

δ [μm] κ [mS/ 
cm]

R [Ω 
cm2]

wu 

[gw/ 
gdry]

IEC 
[mmol/ 
gdry]

Cfix 

[mmol/ 
gw]

FAB-PK- 
130

125 ±
15[20]

1.75 ±
0.75[21]

7 ± 2 
[21]

0.1 ±
0.05 
[21]

0.85 ±
0.015 
[21]

5[20]

OHARA 
AG-01

250 
[16]

0.0019* 12900
*

− − −

* The value was fitted from experimental data.

Table 3 
The initial composition of feed, receiver and flow electrodes. The flow electrode 
is a 10 wt% slurry of YP50F activated carbon.

NaCl [g/ 
L]

KCl [g/ 
L]

LiCl [g/ 
L]

MgCl2 [g/ 
L]

HCl [g/ 
L]

FEED 26.170 0.195 0.096 0.196 0
RECEIVER 0 0 0 0 3.646
FLOW 

ELECTRODE
1.000 0 0 0 0
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result of the differing mobility of ionic species (See section 3.3).

3.1. Mass balance in channels

In order to evaluate the concentration profiles inside the channels, 
mass balances must be performed for each species. The cell is discretized 
into 100 elements in the flow direction (i.e., along x), and mass balances 
are applied to each discretized element in the channels. Taking as pos
itive the fluxes concordant with the y direction and assuming no 
chemical reaction occurs in the system, the following differential mass 
balance equations hold: 

Qf
dCi,f

dx
=
(
Ji,AEM,f − Ji,LiSM

)
del (1) 

Qr
dCi,r

dx
=
(
Ji,LiSM − Ji,AEM,r

)
del (2) 

(1 − εel) Qel
dCi,el,f

dx
= − Ji,AEM,f ,diff del (3) 

(1 − εel) Qel
dCi,el,r

dx
= Ji,AEM,r,diff del (4) 

where Ci,f and Ci,r are the volumetric molar concentrations (mol m− 3) of 
the species i respectively in the feed and receiver channel at the generic x 
position; Ci,el,f and Ci,el,r are the concentrations in the electrodic com
partments facing respectively the feed and receiver compartments; Qf , 
Qr and Qel are the volumetric flow rates (m3 s− 1) of the feed, receiver and 
flow electrodes streams, respectively; del is the width of the electrodic 
channels and εel is the volumetric fraction of suspended solids in the flow 
electrodes; Ji,AEM,f and Ji,AEM,r are the total molar fluxes (mol m− 2 s− 1) of 
the i-th species across the AEMs facing, respectively, the feed and 
receiver compartments, while Ji,AEM,f ,diff and Ji,AEM,r,diff correspond to the 
diffusive component of the total flux across the AEMs. Ji,LiSM is the molar 

flux of the i-th species across the LiSM. In the previous equation, the 
mass exchange surface (i.e., the active membrane surface) corresponds 
to the surface of the electrodic channels in contact with the AEMs. 
Despite the electrodic path tortuosity, the active surface is assumed to be 
uniformly distributed along the x direction, as this simplifies the 
expression of the mass balances without appreciably affecting the results 
of the simulations. The term on the right side of equations (1) and (2)
contains all the contributions due to transport phenomena across the 
IEMs such as ionic diffusion and conduction. Conversely, the right-hand 
sides of equations (3) and (4) only account for the diffusive component 
of the flux. Indeed, in the absence of faradic processes, the conductive 
component of the ionic flux is assumed to be entirely electro-sorbed onto 
the surface of the carbon particles, thereby it does not cause a net 
variation in the ionic concentration of the electrodic solution (see sec
tion 3.5). The previous equations can be applied to each channel for each 
ionic species to obtain the concentration profiles in the unit, providing 
suitable boundary conditions and an expression for the ionic fluxes 
across the membranes.

3.2. Ionic transport in LiSM

The first LiSM considered in this study is a glass–ceramic membrane 
with an amorphous glass phase containing dispersed lithium-ion 
conductive crystal particles which was the one used in the experi
mental tests. The ion-conduction mechanism in this type of LiSM is the 
“vacancy diffusion” or “hopping” [23]. Inside the membrane, which can 
be regarded as a solid-state ionic conductor [23], mobile ions can cross 
the membrane jumping among the lattice cavities of the crystal structure 
forced by an applied electric field. The transport rate of each ionic 
species depends on its jump activation energy, which in turn depends on 
its ionic radius and the size of the lattice cavities [24]. The selectivity of 
the membrane towards lithium is due to the size of vacancies in the 
crystal lattice, which is regulated to be similar to the ionic radius of 
lithium, thus reducing its activation energy for hopping. Conventional 
diffusion across this material is assumed to be negligible compared to 
ionic conduction, due to the very low diffusivities in glassy materials. 
Consequently, the conductive transport rate of the ionic species across 
the LiSM can be described by the following equation [22]: 

Ji,LiSM =
ti,LiSM I

ziF
(5) 

Fig. 1. Schematic representation of the Li-MFCDI cell with Single-Cycle (SC) configuration.

Table 4 
Feed, Receiver and flow electrode flow rates and total volume.

Feed Receiver Flow electrodes

V [L] 2 0.2 0.25
Q [mL/min] 10 10 100
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where zi and ti,LiSM are, respectively, the valence and the transport 
number of the i-th species in the LiSM, I is the current density and F is the 
Faraday constant. In particular, ti,LiSM physically depends on the indi
vidual ions’ activation energy. However, the measurement of such 
quantities would require separate physicochemical investigation to be 
determined, which is beyond the scope of this work. Therefore, ion 
transport numbers in the LiSM were inferred via calibration of the model 
on the available experimental data (see paragraph 4.1).

3.3. Ionic transport in AEMs

Ionic transport through dense polymeric membranes, such as the 
AEMs adopted in the unit, is typically described through the Nernst- 
Plank equation [20,22]. Assuming a linear concentration profile inside 
the membrane, the equation can be expressed as follows: 

Ji,AEM = Ji,AEM,diff + Ji,AEM,cond = −
∑n

j=1
Di,j,AEM

(
Cj,AEM,− − Cj,AEM,+

)

δAEM
+

ti,AEMI
ziF

(6) 

where Ji,AEM is the total ionic flux of the i-th species across the generic 
AEM, Ji,AEM,diff and Ji,AEM,cond are the diffusive and conductive component 
of the total flux, ti,AEM is the average transport number in membrane, 
δAEM is the membrane thickness, Cj,AEM,− and Cj,AEM,+ are the molar con
centrations of the j-th species in membrane respectively at the right and 
left interfaces and Di,j,AEM are the cross-diffusion coefficients defined as 
follows: 

Di,j,AEM = Di,AEMδi,j + ti,AEM
zj

zi

(
Di,AEM − Dj,AEM

)
(7) 

where Di,AEM and Dj,AEM are respectively the ionic diffusion coefficients 
of the i-th and j-th species in the membrane phase, while δi,j is the 
Kronecker delta, which assumes the value of 1 or 0 when i = j and i ∕= j, 
respectively. Equation (6) presents the diffusion-conduction form of the 
Nernst-Plank equation, derived from the traditional diffusion-migration 
form by substituting the total electric potential gradient with the sum of 
the ohmic and diffusion potential gradients [22]. Indeed, the cross- 
diffusion coefficients are defined to take into account the diffusion po
tential arising as a consequence of the electrical coupling of charged 
species fluxes in a neutral system [22]. The transport numbers in the 
membrane, ti,AEM, can be related to the diffusivity and average concen
tration in the membrane of each ionic species, according to the following 
equation: 

ti,AEM =
z2

i Di,AEM Ci,AEM
∑

nz2
j Dj,AEM Cj,AEM

(8) 

where Ci,AEM is the average concentration in the membrane of the i-th 
species. Note that equation (8) can be applied to evaluate the transport 
number in solution by substituting the diffusivities and average con
centrations in the membrane with the ionic diffusivities and concen
trations in the bulk solution. In order to apply equation (6), the 
equilibrium concentrations of each mobile species at each solution- 
membrane interface must be known. When an ion-exchange mem
brane is contacted with an electrolytic solution, mobile ions are absor
bed inside the membrane to satisfy the electrochemical equilibrium at 
the solution-membrane interface. Because of the presence of fixed 
charged groups inside the polymeric matrix, the ions bearing a charge 
opposite to the fixed charges (i.e., the counter-ions) are preferentially 
sorbed within the membrane. On the contrary, the sorption of ions with 
charges similar to the fixed charges (i.e., co-ions) is hindered, according 
to the well-known mechanism of Donnan exclusion [7]. A qualitative 
representation of the concentration and potential profile across a generic 
AEM is reported in Fig. 2.

Assuming an ideal behavior of each thermodynamic phase, ion 

partitioning between the AEMs and the external solutions can be 
described using the ideal Donnan equilibria [7,25]: 

Ci,AEM = Ci,intexp
(

−
ziF
RgT

ΔφD

)

(9) 

where Ci,AEM is the equilibrium concentration of the i-th species at the 
membrane side of the interface, Ci,int is the concentration at the solution 
side of the interface, Rg is the ideal gas constant, T is the absolute 
temperature and ΔφD is the Donnan potential, i.e., the potential differ
ence arising at the solution-membrane interface due to the difference in 
the counter-ions concentration between the two phases [26]. The 
equilibrium concentrations of the ions in the membrane phase are also 
related to each other by the electroneutrality condition, which states 
that the net charge density in the membrane phase must be null 
everywhere: 
∑

i
ziCi,AEM + zfixCfix = 0 (10) 

where zfix is the valence of the fixed charges (usually equal to 1) and Cfix 
is the concentration of fixed charges in the membrane phase. Given the 
solution-side interface concentrations, equations (9) and (10) form a 
finite set of equations that can be applied to each side of the AEMs to 
obtain the equilibrium concentrations of the ions in the membrane 
phase.

3.4. Concentration polarization phenomena

Concentration polarization typically arises at the interface between 
the solution and membrane phases because of the diverse ions’ transport 
numbers in the two phases [7,8]. This phenomenon is typically quan
tified in terms of polarization coefficients, defined as the ratio between 
the interface concentration and the bulk concentration [20,27]: 

ϑi =
Ci,int

Ci,s
(11) 

where ϑi is the polarization coefficient at a generic solution-membrane 

Fig. 2. Qualitative representation of concentration and potential profile across 
a generic AEM. The superscript + and – denote, respectively, the left and right 
side of the membrane, according to the chosen y direction. The subscripts “cou” 
and “co” refer to a generic counter-ion and co-ion in a multi-ionic solution. The 
superscript s, m and int refer to, the bulk solution, membrane phase and 
solution-membrane interface, respectively.
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interface and Ci,s is the concentration of the i-th species in the bulk so
lution. In the classical approach, the polarization coefficients can be 
evaluated by performing a steady-state mass balance at the DBL, 
applying Fick’s law to describe the diffusion of the neutral salt using an 
average diffusion coefficient [28]. However, such an approach is rather 
cumbersome in a multi-ionic system. A rigorous formulation can be 
obtained by expressing the ionic fluxes through the Nernst-Plank 
equation (6) into the mass balance at the DBL. Neglecting the contri
bution of the diffusive flux across the membrane, which is negligible 
(due to the low concentrations and high permselectivity of the mem
branes) and often neglected in similar studies [7], the following 
formulation for the polarization coefficients can be obtained: 

ϑi,+ = 1 −

(ti,m − ti,s,+)I
ziF

−
∑

j∕=i
Di,j,s

δj,DBL,+
Cj,s,+

(
1 − ϑj,+

)

Di,s
δi,DBL,+

Ci,s,+
(12) 

ϑi,− = 1+

(ti,m − ti,s,− )I
ziF

−
∑

j∕=i
Di,j,s

δj,DBL,−
Cj,s,−

(
1 − ϑj,−

)

Di,s
δi,DBL,−

Ci,s,−
(13) 

in the previous equation, + and − identify the left and right side of the 
membrane (consistently with the direction of the current density), ti,s 
and ti,m are respectively the transport numbers in the bulk solution and 
in the generic membrane while δi,DBL is the DBL thickness. The difference 
between the original formulation and the previous one lies in an extra 
contribution at the numerator, accounting for the electrical coupling of 
the ionic fluxes (theoretical derivation of equations (12) and (13) can be 
found in Supporting Material). Equations (12) and (13) can be written 
for each species to get a system of linear equations that can be solved to 
evaluate the polarization coefficients at both membrane interfaces. In 
the absence of mixing promoters and for not fully developed flow, the 
DBL thickness can be estimated through the Leveque equation [29,30]: 

δi,DBL =
hs

1.47

(
dsDi,s

h2
s vs

)1/3

(14) 

where hs and ds are respectively the height and diameter of the channel 
and vs is the fluid velocity (m s− 1) that can be evaluated from the flow 
rate. Equation (14) can be reasonably applied to the feed and receiver 

channels but not to the electrodic compartments. In fact, given the 
particular geometry and flow field of the electrodic channels and 
considering that flow electrodes are structured fluids, a specific CFD 
analysis should be performed to obtain Sherwood number correlations 
to estimate δi,DBL. However, according to the correlation proposed by 
Rommerskirchen et al. [17], the DBL thickness in the electrode com
partments is less than 3 % of that in the feed and receiver channels. This 
implies that, under the applied process conditions, concentration po
larization in the electrode compartments is negligible in comparison 
with the other compartments. Therefore, in the present study, only po
larization phenomena in the solutions’ channels are considered.

3.5. Circuital equations

In order to evaluate the ionic fluxes (equations (5) and (6)) and solve 
the mass balances in each compartment, the current density associated 
with the conductive term of the fluxes must be calculated. Given the 
distributed nature of the model, the current density profile along the 
x-direction can be obtained by solving an equivalent distributed elec
trical circuit in which each circuital component (i.e., resistances, ca
pacitances and electromotive forces) corresponds to an element of the 
unit (i.e., membranes, electrodes and solutions). A qualitative potential 
profile inside the cell is depicted in Fig. 3, along with the chosen 
equivalent circuital elements.

Assuming the current collectors are equipotential surfaces, the 
resulting equivalent circuital model is a distributed parallel circuit made 
of a certain number of branches, all subjected to the same applied 
voltage, as depicted in Fig. 4. Consequently, if not differently specified, 
all the electrical variables that will be henceforth introduced will be 
distributed along the x-direction.

Regarding the flow electrodes, various circuital models have been 
proposed to describe the electrical response due to the presence of 
porous carbon particles [31]. According to the so-called “vertical ladder 
model”, in the presence of particles with a non-uniform pore size dis
tribution and at very low current frequencies, the flow-electrodes can be 
conveniently described as a parallel of resistances and capacitances in 
series (as depicted in Fig. 4), which usually corresponds to the capaci
tance reported by the manufacturer for the specific material [32,33]. 
Therefore, the potential drop througheach flow electrode can be 

Fig. 3. (A) Equivalent electrical components for flow electrodes, ion-exchange membranes and solutions. (B) Qualitative potential profile across the electrodes.
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evaluated withthe following equation: 

Δφel =
σel

Cel
+RelI (15) 

where Cel is the specific capacitance of the carbon particles per unit of 
mass, σel is the charge density accumulated on the carbon particles at the 
generic x position, and Rel is the equivalent areal resistance. In general, 
the resistive behaviour of the flow electrodes is related to different 
contributions. It depends on various parameters such as the carbon 
loading, the salt concentration, the flow rates and, of course, the nature 
of the carbon material. The equivalent conductivity adopted in the 
present work was measured by Porada et al. for a carbon slurry of similar 
composition to the one used in this study (10 % YP50F in 1 g/L NaCl) 
[34]. This conductivity is mainly related to the electronic conductivity 
of the carbon particles, which would represent the main contribution to 
the total areal resistance of the flow electrode. Following their approach, 
the equivalent resistance of the flow electrodes was evaluated through 
the following equation: 

Rel =
hel

κel
(16) 

where hel is the electrodic channel depth, and κel is the carbon slurry 
equivalent conductivity, assumed to be constant. All the required carbon 
slurry properties were taken from the literature and are reported in 
Table 7. Concerning the electrical behaviour of the membranes, they can 
be modelled as a series of resistance and electromotive force. Therefore, 
the overall potential drop across the membrane, Δφm, can be expressed 
as follows: 

Δφm = RmI+ ηP + ηN (17) 

where Rm is the membrane areal resistance while ηP and ηN represent the 
non-ohmic voltage drop, respectively due to the concentration polari
zation at the two solution-membrane interfaces, and the Nernst potential 
raise/drop across the membrane due to the concentration difference of 
the two solutions facing the membrane itself. Note that the subscript m 
refers to a generic membrane, including the LiSM. Assuming ideal 
thermodynamic behaviour and linear concentration profiles across the 
membrane, and considering the average transport numbers for the ionic 
species, the well-known Nernst equation [25] can be used to evaluate 
the non-ohmic potential drop across the membrane: 

ηm = ηP + ηN =
RT
F
∑

i

ti,m
zi

ln
(

θ−
i

θ+
i

)

+
RT
F
∑

i

ti,m
zi

ln
(

Ci,s,−

Ci,s,+

)

(18) 

Although ηm is defined as a voltage drop, its sign depends on the 
difference in concentration between the two compartments facing the 
membrane. Consequently, ηm could provide a net negative contribution, 
acting as an electromotive force. The feed and receiver channels behave 
like simple ohmic resistances and, thus, can be straightforwardly 
modelled through Ohm’s law as follows: 

Δφs =
hs

κs
I (19) 

where κs is the conductivity of the generic solution and hs is the height of 
the solution channels (reported in Table 1). κs depends on the ionic 
concentration of the solution and was evaluated by applying the 
McCleskey model [35]. Ultimately, the current density in each branch of 
the equivalent circuit can be evaluated by applying the second Kirchh
off’s law, according to which the sum of the voltage drops along the 
branch must be equal to the applied electric potential: 

Eext =
∑

i
Δφi = Δφel,f +ΔφAEM,f +Δφf +ΔφLiSM +Δφd +ΔφAEM,r +Δφel,r

(20) 

By substitution of the previous equations ((15)–(19)) and following 
rearrangements of terms, equation (20) can be rewritten as follows: 

Eext =
σel,f + σel,r

Cel
+RtotI+ ηm,tot (21) 

where Rtot is the sum of areal resistances of flow electrodes, membranes 
and solutions, ηm,tot is the sum of the membranes non-ohmic voltage 
drops, while σel,f and σel,r are the charge densities accumulated on the 
carbon particles at a certain position x, which are related to the current 
density by the following charge balance equation:

I = −
Qelwel

del

dσel,f

dx
=

Qelwel

del

dσel,r

dx
(22) 

where wel is the mass concentration of suspended AC. Equations (21) and 
(22) form a system of ODEs that can be solved numerically, along with 
mass balances and transport equations, to obtain the charge and current 
density profiles along the flow direction. Finally, the total current can be 
straightforwardly evaluated by integration of the current density: 

itot =

∫ Lel

0
Ideldx (23) 

Fig. 4. Equivalent electrical circuit of the Li-MFCDI cell, with the x-direction discretisation of all variables.
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3.6. Mass balance in tanks

The set of equations presented in the previous paragraphs can be 
solved to obtain the steady-state concentration and current density 
profiles inside the cell. However, the lithium recovery process is 
intrinsically non-stationary, as in the closed-loop configuration, the 
concentration of each species in the storage tanks changes over time. 
The following mass and charge balances are then applied to the tanks to 
evaluate the change in concentration of each species and charge density 
onto the carbon particles over time: 

Vf
dCi,f ,out

dt
= Qf

(
Ci,f ,in − Ci,f ,out

)
(24) 

Vr
dCi,r,out

dt
= Qr

(
Ci,r,in − Ci,r,out

)
(25) 

Vel

2
dCi,el,f ,out

dt
= Qel

(
Ci,el,f ,in − Ci,el,f ,out

)
(26) 

Vel

2
dCi,el,r,out

dt
= Qel

(
Ci,el,r,in − Ci,el,r,out

)
(27) 

Vel

2
dσel,f ,out

dt
= Qel

(
σel,f ,in − σel,f ,out

)
(28) 

Vel

2
dσel,r,out

dt
= Qel

(
σel,r,in − σel,r,out

)
(29) 

In the previous equations, Vf , Vr and Vel are, the total volume of feed, 
receiver and carbon slurry, respectively, Qf , Qr and Qel are their volu
metric flow rates, while Ci,f ,out, Ci,r,out , Ci,el,f ,out and Ci,el,r,out are the ionic 
concentrations of the i-th species in the solutions and electrodic tanks, 
corresponding to the inlet concentration in the unit (i.e. concentration 
evaluated at x = 0), Ci,f ,in, Ci,r,in, Ci,el,f ,in and Ci,el,r,in are the tanks’ inlet 
concentrations, corresponding to the outlet concentrations from the unit 
(i.e., evaluated at x = L) , σel,f ,out and σel,r,out are the charge densities 
accumulated onto the carbon particles in the two electrodic tanks, cor
responding to the inlet charge densities in the two electrodic compart
ments, while σel,f ,in and σel,r,in are the tanks’ inlet charge densities, 
corresponding to the charge densities accumulated at the outlet of the 
unit’s electrodic compartments.

4. Results and discussion

The following section compares the outcomes of the simulations 
performed with the proposed model with the experimental data 
collected by Saif et al. [16]. The developed model is then used to 
perform a parametric analysis to understand the impact on the lithium 
recovery process of the main parameters, such as applied voltage, flow 
rates, and flow electrodes’ properties, providing deep insight into the 
main dependences affecting the Li-MFCDI unit performance. The Li- 
MFCDI model was utilized to simulate the performance of the unit 
using different types of LiSM. Particularly, the Ohara AG-01 LiSM was 
compared with the Selemion CSO cation-exchange membrane (Asahi 
Glass Company, Japan) and an ideal LiSM that integrates the best fea
tures of both. All the simulations were carried out using MatLab® and 
concern tests with a total process time of 7 days.

4.1. Model parameters

In order to apply the model presented in the previous sections, 
transport numbers in the LiSM and ionic diffusivities in the AEMs, which 
are specific properties of the membrane/ions, were determined through 
a fitting procedure based on the experimental time-concentration trends 
observed in the receiver tank. Instead, the areal resistance of the Ohara 
AG-01 membrane was directly obtained from the experimental current- 
voltage profile. The input membrane parameters are reported in Table 2

and the resulting fitting parameters are listed in Table 5.
For comparison purposes, the model was used to predict process 

performance when different types of LiSMs were employed. The prop
erties of the LiSMs used for comparison are listed in Table 6.

Transport parameters for the comparison LiSMs were similarly 
retrieved from the experimental data reported by Nie et al. [36] and are 
provided in Table 5. Further discussion about the fitting procedure can 
be found in the Supporting Material.

4.2. Model validation

The model was tested against the experimental data collected in a 
previous work presenting the operational data of a Li-MFCDI unit using 
the Ohara AG-01 membrane [3]. This test was executed under the pro
cess conditions reported in Table 3 and Table 4. The applied voltage was 
set to 1.2 V. The main results are reported in Fig. 5. Since the volume of 
the feed solution was ten times that of the receiver solution, no appre
ciable variation in concentration occurred in the feed tank after 7 days; 
thus, only the receiver tank concentration was reported. As shown in 
Fig. 5A, we successfully calibrated the model using experimental con
centration data, thereby validating its applicability. The experimental 
concentration profiles in the receiver tank are substantially linear 
because the main transport mechanism of the cations from the feed to 
the receiver compartment is of conductive type. Therefore, the slope of 
the concentration vs. time profiles can be related to the transport 
numbers of the ionic species: the steeper the slope, the greater the 
passage of the ionic species through the LiSM. Indeed, conventional 
diffusion across a dense ceramic material, such as the one of the adopted 
LiSM, is supposed to be strongly hindered. In this way, the proposed 
model quantitatively predicts the concentration profiles in the receiver 
tank.

Another variable monitored during the test was the receiver 
compartment pH, which is reported in Fig. 5B. As the adopted receiver is 
a 0.1 M HCl solution, H+ can move from the receiver compartment 
across the adjacent membranes either by diffusion or conduction. The 
proposed model captures the increase in pH in the receiver compart
ment. However, as shown in Fig. 5B, from a quantitative stand point, the 
pH variation in the receiver tank after 7 days is negligible and corre
sponding to a H+ concentration difference of less than 0.01 M. As dis
cussed before, conventional diffusion across the LiSM is hindered. 
Consequently, pH variation in the receiver tank has to be attributed to 
H+ transport across the adjacent AEM. Nevertheless, the anionic mem
brane used in the tests (FAB-PK-130) are known to have very good 
proton-blocking properties [21]. Hence, H+ transport from the receiver 
compartment is strongly impeded in both directions. Therefore, ac
cording to the model, under the proposed operating conditions, the use 
of HCl as a supporting electrolyte in the receiver compartment is not 
expected to reduce the specific energy consumption. The current ob
tained from the simulation under potentiostatic conditions was sub
stantially constant around 0.05 mA, similar to what was observed during 
the experimental test. This result suggests that the electrical behavior of 
the system is stable as well, and therefore it can be conveniently 
described through a pseudo-steady-state model. To clarify the signifi
cance of each element in the equivalent electric circuit of the unit on the 
applied external potential, the individual contributions to the total po
tential drop are illustrated in Fig. 6A. The main contribution is provided 

Table 5 
FAB-PK-130, Ohara AG-01, Selemion CSO and Ideal LiSM parameters obtained 
from experimental data fitting.

Na+ K+ Li+ H+ Mg2+ Cl-

Di,AEM [m2/s] 0 0 0 6.7E-10 0 1.12E-10
ti,AG-01 0.400 0.009 0.310 0 0.041 0.240
ti,CSO 0.989 0.006 0.004 0 0.001 0
ti,IDEAL LiSM 0.319 0.322 0.273 0 0.086 0
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by the ohmic drops, while a negligible contribution is provided by the 
polarization phenomena at the interfaces of the membranes. This is 
clearly due to the very low current density achieved during the opera
tion (around 0.1 A/m2). In fact, according to equations (12) and (13), 
the magnitude of polarization phenomena increases at high current 
density while it is negligible at low current density [8,29]. The overall 
contribution of Nernst potential is negative, i.e., it provides an addi
tional electromotive force to be added to the external potential. This 
non-negligible contribution must be ascribed to the adopted process 
configuration in which the LiSM is used to separate a highly concen
trated feed solution from a dilute receiver. Consequently, the units work 
similarly to an Assisted-Reverse Electrodialysis (ARED) cell, where the 
spontaneous salt transport from the more concentrated compartment to 
the less concentrated compartment is further promoted thanks to an 
externally applied electric field [37].

The capacitive contribution to the overall voltage drop is not re
ported because, according to the assumption reported in the modelling 
section, the capacitive flow electrodes are modelled as ideal capacitors 
in charging and discharging phases. Hence, in a steady-state condition 
and assuming a symmetric charge distribution on the two electrodes, the 
net capacitive voltage drop is zero. Although not strictly true, this result 
aligns with the previous literature, indicating that in a closed-loop 
configuration, the capacitive contribution of the electrodes minimally 
impacts the performance of the unit [38]. The results of the analysis 
suggest that, in order to reduce the system’s energy loss, greater effort 
should be focused on minimizing the unit’s ohmic losses. To further 
investigate the origin of these losses, an analysis of the ohmic voltage 
drops is presented in Fig. 6B, showing the percentage contribution of 
each source to the overall ohmic drop. The results clearly demonstrate 
that the primary contributor to the unit’s overall electrical resistance is 
the LiSM, accounting for over 90 % of the total areal resistance. This fact 
is attributed to the Ohara AG-01 structure characterized by an extremely 
low ionic conductivity. Unlike conventional polymeric membranes, this 
non-porous ceramic material does not absorb water. Consequently, ion 
mobility within the membrane phase is significantly limited, leading to 
poor ionic conductivity. The second major factor contributing to ohmic 
voltage drops is the electrical resistivity of the electrodic compartments. 
All other resistances are essentially negligible. In conventional FCDI 
processes, the dilute compartment contributes non-negligibly to the 
ohmic drops due to the low conductivity of the desalinated solution. 
However, in this work, a diluted HCl solution was used as the receiver 
stream, thus markedly reducing the solution resistivity, thanks to the 
high mobility of H+ ions.

Table 6 
Properties of the Selemion CSO and of the ideal LiSM. For the sake of compar
ison, the main properties of the Ohara membrane (already reported in Table 2) 
are reported below as well.

δiem 

[μm]
κiem 

[mS/ 
cm]

Riem 

[Ω 
cm2]

wu [gw/ 
gdry]

IEC 
[mmol/ 
gdry]

Cfix 

[mmol/ 
gw]

SELEMION 
CSO

100 4.35 2.3 0.2–0.25 2 8.9

IDEAL LiSM 100 4.35 2.3 0.2–0.25 2 8.9
OHARA AG- 

01
250 0.1 250 − − −

Fig. 5. (A) Concentration of species in the receiver tank vs time. The empty circle represents the experimental data while the solid lines represent the model 
prediction. (B) Receiver compartment pH versus time. The blue columns represent the experimental data while the solid red line represents the model prediction. 
Membrane: Ohara AG-01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. (A) Average voltage drops in the Li-MFCDI unit. (B) Ohmic drops percentage contributions. Membrane: Ohara AG-01.
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4.3. Effect of voltage and flow rates

In order to understand the effect of the applied voltage and solutions’ 
flow rate on the lithium recovery process, a parametric analysis was 
performed. Although the model was developed under the assumption 
that no faradaic reactions occur at the electrodes—an assumption which 
remains valid provided that the externally applied potential is not 
excessively high—a parametric analysis was nonetheless performed by 
varying the applied voltage to investigate its effect on lithium recovery. 
The Specific Energy Consumption (SEC) and the lithium Specific Pro
ductivity (SP), respectively expressed in terms of kWh kg− 1 of recovered 
lithium and kg m− 2 year− 1, are used to quantify the Li-MFCDI unit 
performances: 

SEC =

∫ttot

0
Eext itot dt

3.6 106 ΔCLi,r,outVr MLi
(30) 

SP =
3.154 107 ΔCLi,r,out Vr MLi

Am ttot
(31) 

In equations (30) and (31) ΔCLi,r,out is the variation of the lithium 
molar concentration in the receiver tank, MLi is the lithium molar mass, 
Am is the membrane area while ttot is the overall test duration. All the 
simulations were performed over a simulated time of 7 days at the same 
initial concentrations adopted for the model validation. The results are 
reported in Fig. 7 A and B. The estimated value of SEC at 1.2 V and 10 
mL/min is 12.7 kWh/kgLi (i.e., per kilogram of recovered lithium), with 
a SP of 7.9 kgLi/(m2 year), corresponding to a productivity of 0.131 
molLi/(m2 h). According to the simulation performed, the previous value 
could be reduced to 2.3 kWh/kgLi by reducing the applied voltage to 0.5 
V. Conversely, an increase in the applied voltage results in an increase in 
both SEC and SP by 10.6 kWh/kgLi and 5.8 kgLi/(m2 year), corre
sponding to a productivity of 0.096 molLi/(m2 h)) per unit of applied 
voltage respectively. These productivity values are relatively low 
compared to other similar technologies [39] due to the high lithium 
selectivity of the adopted LiSM. Indeed, high selectivity is associated 
with lower ionic conductivity, i.e., lower ionic recovery. Conversely, 
high ionic conductivity allows achieving high SP but results in lower 
separation selectivity. The results of the simulation indicate that 
doubling the SP by increasing the applied voltage leads to a fourfold 
increase in SEC. The rise in SEC and SP is due to the increase in current 
density, which grows linearly with the applied voltage. In fact, this 
causes an increase of the ohmic losses, which are proportional to the 
current, but also of the SP which is related to the lithium recovery and 
hence to the partial current density carried by lithium ions. The linear 

trend in SEC and SP is likely to be an artifact due to the assumption of 
AEMs ideal selectivity. Rigorously, the increase in SP should reduce at 
high applied voltage because of the diffusion of lithium from the 
receiver toward the electrodic compartment. However, the maximum 
lithium recovery obtained corresponds to less than 16 % (at 8 V applied 
voltage). Even in this condition, the concentration gradient between the 
receiver and the cathodic compartment would likely result in a negli
gible lithium diffusive flux, given the very low concentration achieved in 
the receiver compartment and the very low partitioning coefficient of 
lithium in conventional polymeric IEMs [40,41]. Consequently, the 
AEMs ideal behaviour assumption (i.e., no diffusive flux of cations 
except for H+) will not cause a consistent deviation between the simu
lations and the experimental outcome. It is worth noting that, although 
the model does not take into account Faradaic reactions, the model is 
still valid as the potential electro-chemical reactions at the electrodes 
are not directly related to the ionic transport across the LiSM.

The effect of the feed and receiver flow rates on the recovery per
formance was investigated as well. The simulations were performed 
changing simultaneously the flow rates in both the feed and receiver 
compartments. The SEC evaluated at different flow rates and applied 
voltages is reported in Fig. 7B. According to the simulations, the SEC is 
only slightly influenced by the flowrates of the feed and receiver solu
tions, with a very slight decrease for high flowrates at high applied 
voltage. In particular, the SEC decreases by only 0.8 % when increasing 
the flowrates from 5 to 100 mL/min. However, this slight reduction 
would likely be offset by the increased pumping power. Therefore, the 
results suggest that, under the chosen operating conditions, the solution 
flow rate is not an effective optimization decision variable. This can be 
explained by considering that the effect of flowrates on the SEC arises 
from the polarization phenomena, which tend to reduce the available 
electromotive force. Typically, polarization phenomena decrease when 
the mixing condition in the channels improves. However, as previously 
discussed, polarization phenomena have a minor impact on the overall 
energy efficiency of the process due to the low current density achieved 
and, thus, changing the flow rates have no appreciable impact on the 
SEC. Nevertheless, the mathematical modeling of polarization phe
nomena is important, as they may not be negligible in the case of 
polymer membranes. Moreover, taking also into account the power 
consumption of the pumps, an increase in the flow rates would increase 
the energy consumption of the process, making working at high flow- 
rates inconvenient.

4.4. Effect of flow electrodes’ composition

In conventional FCDI, the flow electrodes play a significant role in 

Fig. 7. (A) Specific Energy Consumption (SEC) and lithium Specific Productivity (SP) versus applied voltage at flow rates of 10 mL/min (See Table 4). (B) SEC versus 
feed and receiver flow rates at different applied voltages.
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the overall process performance. Changing the composition of the flow 
electrodes may have a considerable impact on the operation. For 
instance, using different types of activated carbon may lead to variations 
in conductivity and capacitance, influenced by factors such as pore size 
distribution, specific surface area, and the intrinsic electronic conduc
tivity of the material [42–44]. To explore the impact of varying flow 
electrode compositions, simulations were performed using different 
types of activated carbons selected among the most commonly available 
commercial types. The properties of the flow electrodes used in the 
simulations are detailed in Table 7.

The results of the simulations are reported as SP vs SEC curves in 
Fig. 8. For all the ACs investigated, the SP is linearly related to the SEC. 
Consequently, the maximum achievable SP corresponds to the 
maximum achievable SEC, which is typically evaluated through a 
techno-economic assessment. The linear trend is associated with the 
absence of detrimental phenomena under the applied operating condi
tions, apart from ohmic losses and diffusive fluxes. At fixed SEC, the SP 
achieved using YEC200D and Norit SX Ultra AC is almost equal and only 
slightly higher than the one achieved with the YP-50F adopted by Saif 
et al.. This result can be attributed to the higher electronic conductivity 
of these ACs, as reported in Table 7. The difference in SP between the 
reference and comparison AC becomes more pronounced at higher SEC, 
as ohmic losses increase with higher current densities. However, the 
most significant difference in SP observed at 8 V amounts to only 6 %. 
This result is related to the high resistance of the LiSM investigated, 
compared to the flow electrode resistance. The effect of the LiSM 
properties, such as ionic conductivity, will be further examined in 
paragraph 4.5.

4.5. Effect of LiSM properties

Based on the analysis presented earlier, the performance of the Li- 
MFCDI unit is only marginally affected by operating conditions and 
the composition of the flow electrodes. However, it is significantly 
influenced by the properties of the selected LiSM, particularly the ionic 
conductivity of the membrane. Therefore, simulations were performed 
to compare the performance of the lithium recovery process when 
different types of LiSM are employed. For this analysis, the commercial 
Selemion CSO membrane was chosen first. This polymeric Cation- 
Exchange Membrane (CEM) exhibits selectivity towards monovalent 
cations, thanks to a thin positively charged coating that hinders the 
transport of multivalent cations, reducing their partitioning coefficient 
via Donnan exclusion [10,49]. The main properties of the membrane are 
reported in Table 2. Moreover, to provide further insight into the 
dependence of the process performance on the LiSM properties, simu
lations were also performed with an ideal LiSM, sharing the same ionic 
conductivity of the polymeric Selemion CSO membrane but with a 
lithium selectivity comparable to the Ohara AG-01 membrane. Indeed, 
as previously discussed, the main drawback of the Ohara AG-01 mem
brane is its low ionic conductivity, which significantly limits the SP. The 
transport properties of both the Selemion CSO and the ideal LiSM were 
derived from literature data on lithium-selective recovery from multi- 
ionic solutions using an ED set-up [36], following the procedure 
described in the Supporting Material. The inferred transport numbers 

are reported in Table 5. To quantify the impact of LiSM transport 
properties on the lithium recovery process, a process selectivity was 
defined as follows: 

SLi,i =
CLi,r,out(ttot)/CLi,f ,out(0)
Ci,r,out(ttot)/Ci,f ,out(0)

(32) 

In equation (32), CLi,f ,out(0) and Ci,f ,out(0) are respectively the con
centration of lithium and the generic species i in the feed tank at the 
beginning of the test, while Ci,r,out(ttot) and Ci,r,out(ttot) are evaluated at the 
end of the test. The process selectivity achieved with the three different 
LiSM is reported in Fig. 9.

Clearly, the performance of the Selemion CSO is the worst among the 
membrane simulated. Particularly, Li/Na and Li/K selectivity approach 

Table 7 
Carbon slurry properties (taken from literature). The volumetric fraction of 
activated carbon in the slurry (εel) was evaluated from the available data ac
cording to the formula reported in Supporting Material.

Activated 
Carbon

Cel [F/g] SBET [m2/ 
g]

ρbulk [g/ 
mL]

κel [mS/ 
cm]

εel 

[-]

YP-50F 28.6 [45] 1692 [45] 0.30 [45] 0.004 [34] 27 %
YEC-200D 183.7 

[42]
2054 [42] 0.40 [46] 0.016 [13] 22 %

Norit SX Ultra 65.0 [47] 1082 [47] 0.32 [48] 0.024 [13] 26 %

Fig. 8. SP versus SEC for different flow electrode compositions. The simula
tions were performed changing the applied voltage in the range 0.5–8 V.

Fig. 9. Process selectivity achieved using different LiSMs. All the simulations 
were performed at similar process conditions in terms of test duration (7 days), 
applied voltage (1.2 V) and flow rates (10 mL/min for feed and receiver, 100 
mL/min for flow electrodes).
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unity, implying that the membrane exhibits no selectivity towards spe
cific monovalent species. The poor lithium selectivity may be attributed 
to the composition of the membrane: the CSO membrane is a charged 
polymeric membrane, whose ion selectivity is primarily governed by 
electrostatic and dielectric effects [49,50]. Li+ has a higher charge 
density than Na+ and K+, which leads to a lower affinity of lithium ions 
for the membrane. The results clearly indicate that conventional poly
meric membranes cannot be used to effectively separate lithium from 
other competing monovalent cations. On the other hand, the Ohara AG- 
01 membrane exhibits excellent Li/Na and Li/K selectivity due to its 
selectivity mechanism, primarily based on a steric size-dependent effect, 
that hinders the transport of the ions with an effective radius higher than 
that of Li+. However, one of the drawbacks of this ceramic membrane is 
its inability to block Mg2+ ions, given that Mg2+ and Li+ have compa
rable ionic radii. This results in poor Li/Mg selectivity. Indeed, the dif
ference in selectivity must be attributed to the different nature of the 
membranes. From an industrial standpoint, the use of a ceramic LiSM, 
such as the one simulated, would require a prior treatment step to 
separate the Mg2+ ions, for instance, through reactive crystallization 
technologies [51]. When considering the performance of the ideal LiSM, 
the Li/Na and Li/K selectivity are comparable to those of the Ohara AG- 
01, yet its Li/Mg is significantly high. This result stems from the fact that 
the chosen ideal LiSM has transport properties comparable to a Selemion 
CSO membrane equilibrated with an equimolar mixture of Na+, K+, Li+

and Mg2+, as reported in the Supporting Material. Since CSO is a 
monovalent selective membrane, the ideal LiSM is effectively able to 
hinder the Mg2+ ion passage through electrostatic repulsion mechanism. 
Such kind of ideal LiSM could be obtained for instance by doping 
polymeric monovalent-selective IEMs with solid-state electrolytes [52] 
to achieve lithium selectivity comparable to a ceramic membrane. 
Further comparisons of the performances of the three different mem
branes, in terms of SEC and SP, were carried out by simulating different 
applied voltages and feed and receiver flow rates. The results are pre
sented in Fig. 10.

As it can be seen in Fig. 10A, the SEC achieved with the CSO mem
brane is almost 2 orders of magnitudes higher than the one achieved 
with the ceramic membrane, primarily because of the different current 
densities achieved The ionic conductivity of the CSO membrane, in fact, 
is several orders of magnitude higher than that of the AG-01 membrane. 
However, given the low Li/Na selectivity of the membrane, most of the 

electrical current is associated with the transport of Na+ to the receiver 
compartment, resulting in a very poor SEC. Specifically, the higher 
current density, mainly driven by Na+ ions transport, drastically in
creases the electrical power required per unit mass of lithium recovered. 
Moreover, the Selemion CSO SEC is insensitive toward the flow rates, 
meaning that polarization phenomena have negligible effect on SEC. 
This can be easily explained considering that Na+, which carries most of 
the electrical current, is the most abundant species in the system. 
Therefore, polarization phenomena at the LiSM interface are limited. 
Similarly, SP and SEC of the Ohara AG-01 are not influenced by the 
flowrates because, as explained in the previous sections, the high 
membrane resistance reduces the current density and consequently 
mitigates the effect of the polarization phenomena. In contrast, the SEC 
obtained with the ideal LiSM, which has an ionic resistance comparable 
to that of a conventional polymeric membrane, is significantly reduced 
when increasing the flowrates from 10 to 100 mL/min, especially at high 
applied voltage. Particularly, the effect of the polarization phenomena 
accounts for about 63 % of the SEC at 4 V and at a feed flow rate of 10 
mL/min. The same value drops to 30 % if the flow rate is increased to 
100 mL/min. This major outcome difference between the two mem
branes must be attributed to the different magnitudes of polarization 
phenomena occurring at the membranes’ interfaces, due to the differ
ence in the ionic conductivity of the two membranes. As the current 
density achieved with the ideal LiSM membrane is about one order of 
magnitude higher (1.2 A/m2 A vs 0.1 A/m2 at 1.2 V) than the one ob
tained with the AG-01 membrane, the polarization phenomena are more 
pronounced and hence, the effect of flow rates on the SEC is more 
evident. This analysis is also consistent with the SP vs voltage trend 
shown in Fig. 10B. The SP achieved with the AG-01 membrane is lower 
and insensitive toward the flow rates due to the low current densities 
achieved. On the contrary, the SP of the ideal LiSM is higher and strongly 
dependent on the applied flow rates. Moreover, at high external voltage, 
the SP achieves a plateau value dependent on the flow rates of the so
lutions. This is clearly due to the achievement of the limiting current 
regime for lithium at which, an increase in the applied voltage does not 
produce any increase in the lithium flux across the LiSM. Consequently, 
the SP remains constant even though the SEC keeps increasing due to the 
net increase in the overall current, which is supported by the ionic fluxes 
of the other species. The plateau in lithium productivity can be enhanced 
by increasing the flow rate. In particular, by increasing the flowrates 

Fig. 10. (A) Ohara AG-01, Selemion CSO and Ideal LiSM SEC versus external voltage at different feed and receiver flow rates. (B) Ohara AG-01, Selemion CSO and 
Ideal LiSM SP versus external voltage at different flow rates. Feed and receiver flow rates are set equal and changed simultaneously.

G. Purpura et al.                                                                                                                                                                                                                                Separation and Puriϧcation Technology 364 (2025) 132400 

12 



from 10 to 100 mL/min, the limiting SP is increased by 89 %. Indeed, the 
lithium limiting current density is equal to 1.31 A/m2 at 10 mL/min, 
while it increases to 2.82 A/m2 at 100 mL/min of feed flow rate. 
Therefore, at high applied voltage and low flow rates, a reduction in 
lithium selectivity is expected. To corroborate this thesis, the lithium 
selectivity of the ideal LiSM membrane against the applied voltage and 
flow rates was reported in Fig. 11.

From Fig. 11 it is evident that the lithium selectivity decreases at 
high applied voltage, i.e., at high current density, demonstrating that 
working at higher applied voltage would be inconvenient. This happens 
because the limited amount of lithium in the feed solution reduces the 
maximum lithium partial limiting current density. Indeed, according to 
the definition of polarization coefficient (equation (12)), the polariza
tion phenomena are more pronounced for the species with either the 
highest transport number (i.e., with the highest membrane selectivity) 
[53] in the membrane or the lowest concentration in the bulk solution. 
Consequently, at fixed external voltage, an increase in the flow rates 
leads to an increment in Li/Na and Li/K selectivity because, in terms of 
transport rate, the reduction of the DBL thickness is more beneficial for 
Li+ than for Na+ or K+. Regarding the Li/Mg selectivity, the higher 
values achieved at 1.2 V compared to the selectivity achieved at 0.5 V 
can be explained considering that, at fixed transport numbers, the moles 
of Li+ recovered per unit of charge is double that of Mg2+. Hence, an 
increase in the applied voltage, i.e., an increase in the current density, 
causes an increase in the process selectivity. The same does not occur at 
5 mL/min of flow rates because the polarization phenomena reduce the 
lithium flux and hence the process selectivity. Interestingly, at high 
external voltage there is a slight decrease of Li/Mg selectivity at 
increasing flow rates. The effect of polarization phenomena on the 

actual membrane selectivity has already been investigated by several 
authors [28,49] who have reported an increased selectivity of cations 
with lower mobility in water at increasing flow rates. This nontrivial 
point may be explained considering the order of bulk mobility of the 
cations considered in the present study (K+>Na+>Li+>Mg2+), which is 
related to their hydrated radii. Mg2+ has a lower mobility compared to 
Li+ and consequently, an increase in flow rate would be more beneficial 
for the transport rate of magnesium across the DBL than for lithium. In 
fact, the polarization coefficient tends to decrease as the diffusivity in 
the solution increases. Indeed, polarization phenomena must be 
considered when performing a selective recovery of trace elements, such 
as lithium. In the case of the ideal LiSM membrane, for example, an 
increase in voltage from 1.2 to 3 V can lead to an increase in SP. How
ever, this increase may result in a significant reduction in selectivity, 
which could be unacceptable. When reaching the limiting regime, the 
process selectivity tends toward a value that, rather than being depen
dent on the membrane selectivity, is significantly influenced by the 
applied current density and the flow regime [49].

5. Conclusions

In this work, a simple, flexible, and easy to implement pseudo steady- 
state model for selective lithium recovery with a FCDI unit was devel
oped. The model was successfully calibrated against experimental data 
collected in SC closed-loop configuration. The results showed that the 
performance of the Li-MFCDI unit equipped with the Ohara AG-01 
membrane was mainly influenced by the extremely high resistivity of 
the solid-state LiSM. Despite high Li/Na and Li/K selectivities achieved, 
low lithium flux is an limitation when using Ohara AG-01 membrane. 

Fig. 11. Li/Na, Li/K and Li/Mg selectivity of the ideal LiSM versus applied voltage and feed and receiver flow rates.
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The simulations demonstrated that acceptable lithium selectivity cannot 
be achieved when using currently available commercial, mono-selective 
polymeric CEM.

However, using an ideal monovalent-selective polymeric membrane, 
the lithium selectivity would be comparable to the Ohara AG-01 mem
brane. The simulations showed that lithium productivity rises by more 
than 1 order of magnitude if the membrane ionic conductivity is 
increased up to the average values of a standard polymeric membrane. 
Furthermore, with low-resistive membranes, both SP and selectivity are 
significantly affected by the flow rate and applied voltage (with the ef
fect of the applied voltage being predominant). Ultimately, the proposed 
theoretical model is a robust tool for process simulations aimed at 
optimizing lithium recovery from multi-ionic brines. The proposed 
model does not account for the occurrence of Faradaic processes at the 
electrodes, concentration polarization within the electrode compart
ments, and hydraulic calculations. In future, such phenomena should be 
incorporated to enhance the model’s predictive capabilities.
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