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a b s t r a c t

Electrochemically switched ion exchange (ESIX) is an effective technology for extracting high-value-
added ions from dilute solutions. This study focuses on Liþ extraction by employing a comprehensive
model to analyze interaction between fluidic dynamics, electric field and ion transport. The model
combines ButlereVolmer equation modified by electroactive site concentration, NernstePlanck equation
and NaviereStokes equation. It is found that the chamber width affects solution phase resistance,
thereby altering the potential distribution and influencing the current distribution within the membrane.
A narrow chamber increases current density in the solid phase of the membrane, enhancing Liþ

extraction. The solution flow-field not only enhances convective transport but also increases the current
density in the solid phase, promoting Liþ extraction. There is a synergistic effect between fluid-flow-field
and electric-field for ion separation, which is only significant when the chamber width is greater than
2 mm. The synergistic mechanism differs from that in the capacitive deionization system. Therefore, the
performance decline caused by a wide chamber can be compensated for by increasing the fluid-flow rate,
utilizing the synergistic effect between the fluid-flow-field and electric-field to optimize the lithium
extraction efficiency in the ESIX system.
© 2025 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights are reserved, including those for text and data mining, AI training, and similar technologies.

1. Introduction

Driven by carbon neutrality goals and policies, lithium-ion
battery energy storage systems are increasing in many fields such
as new energy vehicles and smart grids [1e3]. The market demand
for lithium resources is surging at an annual increasing rate of 20%
[4,5]. The current development of lithium resources is mainly
concentrated in spodumene mines (hard rock mines) and salt-lake
brines [6e8], with ore resources accounting for 30% and salt-lake
resources for over 70%. Nearly 80% of China's lithium resources
are found in the salt-lakes of Qinghai and Tibet [9,10].

The main methods for extracting lithium from salt-lake brines
include precipitation [11e13], extraction [14e16], adsorption

[17,18], electrodialysis [19], and electrochemical methods [20e22].
Among these, the electrochemical method stands out due to its
high selectivity, low energy consumption, and high efficiency
[23,24], aligning well with China's current carbon neutrality policy.
The electrochemically switched ion exchange (ESIX) technology
studied by our research group is a novel ion separation technology
derived from the combination of electrochemical methods and
traditional ion exchange techniques. This method involves depos-
iting electroactive ion exchange functional materials onto a
conductive substrate to form a nanoscale thin film and utilizing
electrochemical methods to adjust the oxidation/reduction state of
the film to control the insertion and release of ions [25,26], as
shown in Fig. 1. Currently, the development of this technology
mainly focuses on electroactive ion exchange functional mem-
branes, including the design and development of membrane ma-
terials [27e29], potential loading methods [30], and membrane-
phase electrochemical potential adjustment methods [31]. A
theoretical model has also been established to describe the mass
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transfer and electrochemical reaction processes within the mem-
brane [32]. This technology demonstrates promising application
prospects in the field of Liþ recovery.

The process by which Liþ ions enter the interior of an electrode
material from solution and its reverse process are the main trans-
port processes involved in the ESIX lithium extraction technology
(as shown in Fig.1). Theoretically, this transfer process is influenced
by the fluid dynamics and electric field within the chamber. Zeng
et al. [33] and Ye et al. [34] utilized ESIX technology to extract Csþ

and Br� ions, respectively. The experiments showed that when the
chamber width was reduced from 8 to 2 mm, the extraction effi-
ciencies for both Csþ and Br� ions improved. As for the fluid flow
rate, there exists a specific optimal value; when the fluid flow rate
reaches this value, the ion extraction capacity can bemaximized. Yu
et al. [35] developed a method for extracting lithium ions from
seawater using electrochemical methods, which is similar to the
ESIX system. The study found that increasing the seawater flow rate
can significantly enhance the extraction rate of Liþ ions. Unfortu-
nately, the aforementioned research did not delve into the mech-
anism by which flow and electric field synergistically promote ion
separation.

The literature that provides a more in-depth elaboration on the
convection-electric synergy mechanism is primarily found in the
fields of capacitive deionization (CDI) and electrodialysis technology.
Experiments by Sano et al. [36] demonstrate that fluid mixing in
porousmaterialswithin an electrodialysis systemcan serve to reduce
concentrationpolarization,which iscrucial forenhancing the limiting
current density. Mahendra et al. [37] and Lee et al. [38] measured the
functional relationship between the limiting current density and
velocity, as well as concentration, in an electrodialysis system. Ac-
cording to the literature [36e39], the mechanism underlying the
flow-electric synergy effect is as follows:When the ion transport rate
near the electrode surface cannot keep up with the ion adsorption
rate driven by the electric field, the current density approaches its
limiting value. At this point, severe concentration polarization occurs
in the solution region near the electrode surface (the diffusion
boundary layer), and the ion concentration near the electrode surface
approaches zero, leading to insufficient ion supplyandpreventing the
current from further increasing. Increasing the flow rate can reduce
the thickness of the diffusion boundary layer, enhance ion transport,
and thereby increase the limiting current density.

The ion adsorption behavior in the electroactive ion exchange
material coated electrode is different from that in the CDI
[32,40,41]. There are likely differences in the flow-electric synergy
mechanism, but existing literature rarely addresses this issue. In
this work, a mathematical model is established for the mass
transfer phenomenon in the ESIX lithium extraction process to
investigate the influence of fluid flow characteristics on lithium-ion
extraction capacity. The emphasis is on exploring the mass transfer

mechanisms behind the performance data. Especially the main
mechanism of flow-electric synergy promoting ion adsorption.
Providing a reference for the development of ESIX technology
applied to lithium extraction from salt-lake brines.

2. Methods

2.1. ESIX system

The ESIX system simulated in this paper is a three-dimensional
model. The ESIX system for lithium recovering consists of two
electrodes and a chamber located between them, with a dilute
solution of lithium chloride circulating between the chamber and a
storage tank. The storage tank is equipped with strong stirring,
ensuring that the incoming solution mixes uniformly with the so-
lution in the tank. When the total processing volume remains
constant, differences in chamber width will lead to variations in the
overall volume of the chamber, which in turn will result in incon-
sistent amounts of residual liquid in the storage tank. As shown in
Fig. 2, there are two electrodes, one of which is coatedwith l-MnO2

electroactive functional material for adsorbing Li þ while a graphite
electrode is chosen for electrostatic extraction of Cl�.

Based on previous studies [33,34], the effects of width and flow
rate are significant, therefore a research plan as shown in Table 1
has been developed.

2.2. Mass transfer kinetics model

2.2.1. l-MnO2 coated electrode
On the l-MnO2 coated electrode, the extraction equation for Liþ

is:
2l-MnO2þ Liþþee/LiMn2O4

The following assumptions are made: the transport of water
through the ion exchange membrane is negligible and ions on the
membrane are immobile; only ions in the chamber can cross the
membrane under the influence of voltage [42,43]. The current is
uniformly applied to various positions on the l-MnO2 electrode.
The extraction process on the l-MnO2 coated electrode follows the
principles of mass balance and electroneutrality, described by [32]

ε vCi = vt þ V$Ji ¼ Ri (1)

X
i

zici ¼0 (2)

where ε is the solid phase volume fraction, ci (mol$L�1) is the
concentration of ion i, Ji (mol$m�2$s�1) is the diffusion flux of ion i,
Ri (mol$m�2$s�1) is the source term, with Ri ¼ � nLiaviloc=nF ,
representing the extraction rate of ion i, zi is the valence of ion i.

The flux of ion i in the electrolyte is described by solving the
NernstePlanck equation [44,45].

Ji ¼ � DiVci � ziFDiciVfl=RT þ ciu (3)

The three terms on the right side represent the diffusion flux,
migration flux, and convective flux of ion i, respectively. Di (m

2$s�1)
is the diffusion coefficient of ion i, F ¼ 96485.33 C$mol�1 is the
Faraday constant, fl (V) is the electrolyte potential,
R ¼ 8.314 J$mol�1 $ K�1 is the molar gas constant, T ¼ 298 K is the
temperature, and u (m$s�1) is the fluid velocity.

Since the l-MnO2 coated membrane electrode is porous, the
current density includes both the liquid-phase current density and
the solid-phase current density, which can be expressed as follows
[46].

Fig. 1. Mechanism diagram in the ESIX process for Li þ extraction.
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ilm ¼ F
X
i

ziJi ¼ F
X
i

zið � DiVci � ziFDiciVflm =RT þ ciuÞ (4)

ism ¼ � ss vfs=vx (5)

where ilm (A$m�2) is the liquid-phase current density in the l-
MnO2 coated membrane electrode, flm (V) is the liquid-phase po-
tential of the l-MnO2 coated membrane electrode, ism (A $ m�2) is
the solid-phase current density in the l-MnO2 coated membrane
electrode, ss (S$m�1) is the solid-phase conductivity in the l-MnO2
coated membrane electrode, and fs (V) is the solid-phase potential
of the l-MnO2 coated membrane electrode. Meanwhile, is, the
solid-phase current density, includes iloc, the faradaic reaction
current density, and idl, the double-layer current density.

ism ¼ iloc þ idl (6)

The local faradaic current density is derived by introducing the
electroactive site concentration through the ButlereVolmer equa-
tion [47]:

iloc ¼ i0ðexpðaa Fh=RT Þ � expð � ac Fh=RTÞ Þ (7)

i0 ¼nFkaa
a kac

c

h
ðX �WESCÞ

�
CLi

.
Cref

�i0:5ðWESCÞ0:5 (8)

h¼fs � fl � Eeq (9)

dWESC =dt ¼ aviloc=nF (10)

where iloc (A $m�2) is the local faradaic current density, i0 (A $m�2)
is the exchange current density, aa and ac are the anodic and
cathodic transfer coefficients, respectively, with aa ¼ ac ¼ 0.5, ka
and kc (m$s�1) are the kinetic rate constants for oxidation and
reduction, respectively. X (mol$m�3) is the total concentration of
electroactive sites, WESC (mol$m�3) is the concentration of acti-
vated electroactive sites, CLi (mol$m�3) is the concentration of Liþ

in the chamber, Cref (mol$L�1) is the reference concentration, which
is 1 mol$L�1, Eeq (V) is the equilibrium potential of l-MnO2 in the
LiCl solution, and av (m�1) is the specific active surface area in the
l-MnO2 coated membrane electrode.

The double-layer current density, idl, refers to the charging and
discharging current of the double layer, also known as non-Faradaic
current, and its expression is:

Fig. 2. ESIX system simulation process and structure.

Table 1
Variation in chamber width.

Lt/mm V/ml Q/ml$min�1 Am/mm2 u/m$s�1

0.5 30 9
45
90
135

2.5 0.06
0.30
0.60
0.90

1.0 30 9
45
90
135

5.0 0.03
0.15
0.30
0.60

1.5 30 9
45
90
135

7.5 0.02
0.10
0.20
0.30
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idl ¼Cdlvfs=vt (11)

where Cdl (F$m
�2) is the double-layer capacitance.

2.2.2. Graphite electrode
In a graphite electrode, charge transfer is accomplished through

electrostatic extraction. The extraction process involves [47].

We þWCl ¼ 0 (12)

where We (mol$m�3) is the electron charge concentration on the
graphite surface, andWCl (mol$m�3) is the charge concentration of
Cl� ions.

2.2.3. Chamber
The electrolyte solution in the chamber follows charge conser-

vation and mass conservation, and since the electrolyte solution
does not participate in the reaction, there are no reaction source
terms. Therefore, the mass conservation equation (continuity
equation) and charge conservation equation for the electrolyte are
as follows [48,49]:

vCLi = vt þ V$JLi ¼ 0 (13)

X
i

zici ¼ 0 (14)

Since the electrolyte solution is entirely composed of electro-
lytes, the total current is solely composed of the electrolyte current,
and there is no solid phase present.

il ¼ F
X
i

ziJi ¼ F
X
i

zið � DiVci � ziFDiciVfl =RT þ ciuÞ (15)

and

il ¼ � slDfl=Lt (16)

is ¼0 (17)

where sl (S$m
�1) is the liquid-phase conductivity.

2.3. Charge conservation in the ESIX system

Both experiments and simulations are conducted with a con-
stant current l-MnO2 coated electrode while the electrostatic po-
tential of the graphite electrode is set to 0 V. The constant current
Icell is the sum of the solid-phase current density is in the l-MnO2
coated electrode and the liquid-phase current density il in the
electrolyte [46,50].

Icell ¼ is þ il (18)

and

Vil ¼ � Vis (19)

2.4. Flow model of dilute solution

The momentum equation for the electrolyte solution is [42,51]:

rðu $VÞu¼ �VP þ mV2uþ g (20)

where r (kg$m�3) is the fluid density, P (Pa) is the pressure, m (Pa $

s) is the dynamic viscosity, and g (N$m�3) is the gravitational body
force term.

Assuming the fluid is incompressible, the continuity equation is:

V $u ¼ 0 (21)

2.5. Initial conditions

At t ¼ 0:
In the chamber: cLi ¼ cCl ¼ 49.2 mol$m�3, fl ¼ 0 V.
On the l-MnO2 coated electrode: WESC ¼ 0 mol$m�3, fs ¼ fl ¼

0 V.
On the graphite electrode: We ¼ 0 mol$m�3, WCl ¼

e42.9 mol$m�3.

2.6. Boundary conditions

The inlet boundary is set as the velocity inlet with the velocity
values shown in Table 1. The outlet boundary condition is set as the
pressure outlet with a static pressure value of 0. For the flow
equations, a no-slip boundary condition is applied at the interface
between the liquid and the membrane phase [52].

Assuming that the solution flowing out of the ESIX system can
mix rapidly and uniformly with the solution stored in the tank, the
concentration of the mixed solution is assigned to the inlet as a
boundary condition. Therefore, the inlet solution concentration
varies with time and is calculated using the following equation:

ct ¼ððV �VmÞct�Dt þuDtAcOtÞ = ððV �VmÞþuDtAÞ (22)

where ct (mol$m�3) is the inlet LiCl concentration at time t (s), ct�Dt
(mol$m�3) is the inlet LiCl concentration at time teDt, cOt is the
outlet LiCl concentration at time t, Vm (ml) is the chamber volume,
V (ml) is the total processing volume, u (m$s�1) is the average flow
velocity, Dt (s) is the iteration time and A (mm2) is the membrane
area.

2.7. Solution

The aforementioned system of equations can be solved using the
finite element method. The computation process is in transient
mode. Since the Reynolds number (Re) corresponding to the
maximum flow rate is 1605.6, which is below the critical value of
2000, we choose a laminar flow interface to calculate the fluid
dynamics problem. The electrochemical module is calculated using
a cubic current distribution, boundary ordinary differential equa-
tions, and differential-algebraic equations interfaces. The

Fig. 3. Mesh independence verification.
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extraction process of Liþ is quantitatively described by introducing
changes in the concentration of electroactive sites [45]. A free
tetrahedral mesh is used, with mesh refinement near the bound-
aries, inlets, and outlets. To ensure that the quality and accuracy of
the simulation results are not affected by the number of meshes,
three differentmesh quantities of 21972, 38307, and 52778 are used
to discretize the computational domain. The results are shown in
Fig. 3. To obtain more accurate results while improving computa-
tional efficiency, the case with a mesh count of 38307 is selected for
the simulation. Table 2 summarizes the descriptions and values of
all parameters used in the simulation.

3. Results and Discussion

3.1. Model validation

The model was validated using the experimental method for
Li þ extraction using the ESIX system by Zhang et al. [9] from our
research group. To fully verify the effectiveness of themathematical
model, the input parameters used in the model were all derived
from experimental parameters. As can be seen from Fig. 4, the
simulation results align with the experimental data within the er-
ror range.

3.2. Li þ extraction performance

To investigate the impact of chamber width on the Liþ extraction
performance, the specific scheme by changing the chamber width
is as shown in Table 1.

Under a flow rate of 45 ml,min�1, the influence of chamber
width on the Liþ extraction rate is shown in Fig. 5(a). From the
provided data, we can observe the impact of chamber width on Liþ

extraction rate in both simulated and experimental conditions. In

the simulated scenario: when the chamber width is 0.5 mm, the Liþ

concentration drops from 300 to 38 mg,L�1; when the chamber
width is 1.5 mm, the Liþ concentration decreases from 300 to
196 mg,L�1. It can be inferred that as the chamber width decreases
from 1.5 to 0.5 mm, the Liþ extraction rate increases by 1.52 times.
In the experimental situation: with a chamber width of 0.5 mm, the
Liþ concentration reduces from 300.0 to 247.5 mg,L�1 while with a
chamber width of 1.5 mm, the Liþ concentration falls from 300.7 to
284.2 mg,L�1. It is evident that as the chamber width narrows from
1.5 to 0.5 mm, the Liþ extraction rate increases by 2.18 times. Both
the simulated and experimental results indicate that reducing the
chamber width significantly enhances the extraction of Liþ.

The experiment shown in Fig. 4 was conducted in a lithium
chloride solution, and one can see that its experimental results are
highly consistent with the simulation predictions. In contrast, the
experiment in Fig. 5(a) was carried out in brine under the same
environmental condition, and it is found that there are certain
numerical deviations between the experimental data and simula-
tion results. Nevertheless, there is still a certain similarity in the
trend of the two sets of data. This deviation is attributed to the fact
that the current simulation model primarily focuses on the sepa-
ration effect in a pure solution environment and has not fully
incorporated the characteristics of the complex brine system,
which constitutes a limitation of the current mathematical model.
In light of this, we plan to further optimize and improve the model
based on the existing simulation framework in future work to more
accurately reflect the separation process under brine conditions.

Since the flow rate is the same, different chamber widths
correspond to different flow velocities. To analyze whether the
difference in Liþ extraction rate is due to the change in flow ve-
locity, four flow rates were set for each of the three chamber widths
to study the effect of flow velocity. The results are shown in
Fig. 5(b), (c) and (d) which indicate that in a wider chamber, the
flow rate has a significant impact on Liþ extraction ratewhereas in a
narrower chamber, the influence of flow rate is very slight. When
the chamber width is 1.5 mm, increasing the flow rate from 9 to
135 ml,min�1 results in a 33.3% increase in Liþ extraction rate;
whereas when the chamber width is reduced to 0.5 mm, with the
same increase in flow rate, the Liþ extraction rate only increases by
0.4%. On the other hand, there is a marginal effect of flow rate on
enhancing Liþ extraction rate. For a chamber with a width of
1.5 mm, the Liþ extraction capacities at flow rates of 90 and
135 ml,min�1 are almost the same.

Table 2
Relative parameters used in experimental model validation.

Parameter Value Reference

Flow rate, Q/ml$min�1 45
Speed, u/m$s�1 0.10
Constant current for extraction, Icell/A$ m

�2 1
Chamber width, Lt/mm 0.5,1.0,1.5
Inlet cross-sectional area, Am/mm2 2.5,5,7.5
Length of l-MnO2 electrode, Ll/cm 8
Width of l-MnO2 electrode, Lw/cm 4
Thickness of l-MnO2 electrode, Lfilm/mm 0.2
Diffusion coefficient of Liþ, DLi/m

2$s�1 9.9✕10�10 [48,49]
Diffusion coefficient of Cl�, DCl/m

2$s�1 1.98✕10�9 [48,49]
Initial concentration of LiCl, C0/mol$m�3 42.9
Solid-phase conductivity, ss/S$m�1 12.7
Faraday constant, F/C$mol�1 96485.33
Molar gas constant, R/J$mol�1$ K�1 8.314
Temperature, T/K 298
Anodic and cathodic faradaic transfer coefficient,

aa ¼ ac

0.5

Specific rate constant of faradaic reaction, ka ¼
kc/m$s�1

10�11

Electrolyte reference concentration, Cref /mol$L�1 1
Total concentration of electroactive sites, X/

mol$m�3
25000

Specific active surface area, av/m�1 107

Stoichiometric number of Liþ extraction reaction, nLi �1
The charge number of Liþ, zLi 1
The charge number of Cl�, zCl �1
Volume fraction of solid phase, ε 0.5
Chamber volume, Vm/ml 1.6,3.2,4.8
Processing capacity or volume, V/ml 30
Dynamic viscosity, m/Pa$s 0.75
Membrane area, A/mm2 32
Double-layer capacitance, Cdl/F$m

�2 0.8

Fig. 4. Comparisons of calculation results with experimental data.
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More importantly, even at the maximum flow rate, the Liþ

concentration in the outlet solution of the 1.5 mm-wide chamber is
still much higher than that of the 0.5mm-wide chamber. Therefore,
the difference in Liþ extraction rate at different widths is notmainly
due to the influence of flow velocity. In the ESIX system, there is an
electric field on both sides of the solution, so it is necessary to
explore the voltammetric characteristics of the system to investi-
gate the causes of the aforementioned phenomena.

3.3. Analysis of the voltammetric characteristics of the system

Fig. 6 shows the potential difference across the chamber. At the
initial moment, the potential differences across the three chambers
exhibit a ratio of 1:2:3, which is the same as the ratio of the
chamber thicknesses. The initial ion concentration and conductiv-
ity of the solution are the same, so the resistance in the direction of
the chamber thickness is proportional to the width. Since the sys-
tem operates with a constant current, according to Ohm's law, the
potential difference across the chamber is proportional to the
thickness. As the electro-extraction process progresses, the poten-
tial difference across the chamber is no longer proportional to the
thickness, but it remains that the greater the thickness is, the higher
the potential difference is.

Fig. 7 presents the voltammetric characteristics of the mem-
brane phase and the solution phase at the initial moment. This

study focuses on lithium-ion extraction and simplifies the elec-
trode as electrode plate, maintaining a potential of 0. When the
chamber width is reduced from 1.5 to 0.5 mm, the potential

Fig. 5. Li þ extraction rates with (a) varying chamber width at 45 ml,min�1; (b) varying flow rate at 0.5 mm; (c) varying flow rate at 1.0 mm; (d) varying flow rate at 1.5 mm.

Fig. 6. Potential differences across the chambers for different chamber widths.
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difference decreases from 3.11 to 1.03 mV, representing a
reduction of approximately 67%. At the same time, the potential
at the interface between the membrane electrode and the solu-
tion also decreases by a corresponding amount. Considering that
the thickness of the membrane electrode is only 200 mm, which
is much smaller than the width of the chamber, the difference
between the liquid-phase potential in the membrane electrode
and the potential of the solution at the interface is very small.
Based on this change, when the chamber width is reduced from
1.5 to 0.5 mm, the liquid-phase potential in the membrane
electrode decreases by approximately 59%. In a porous electrode
system, this reduction in the liquid-phase potential of the
membrane electrode leads to a decrease in the liquid-phase
current density (according to Eq. (4)), specifically by approxi-
mately 43%. Since the system operates under the constant cur-
rent condition, the decrease in liquid-phase current density
prompts an increase in solid-phase current density (according to
Eq. (18)), resulting in a solid-phase current density increase of
approximately 65%. According to the Liþ extraction reaction
equation, the electroactive material l-MnO2 acquires
Li þ extraction capability only in the presence of free electrons.
Therefore, an increase in solid phase current density implies that
more free electrons are distributed in the porous electrode ma-
terial, activating more electroactive substances and forming a
stronger extraction rate.

In summary, the chamber structure determines the resistance of
the solution phase, which affects the distribution of potential be-
tween the membrane phase and the solution phase. This influence
propagates to the membrane phase, altering the distribution of
current between the solid and liquid phases within the membrane.
This is the key mechanism by which the chamber structure
significantly modulates the Liþ extraction capability.

3.4. Synergistic effect by fluid-field-flow

3.4.1. Formation mechanism
The reason for the enhanced Liþ extraction performance with

the increase in fluid flow rate, as shown in Fig. 6, can be reasonably
explained by the dynamic effect of solution flow on the voltam-
metric characteristics of the membrane phase.

As shown in Fig. 8, the potential difference decreases with the
increase in fluid flow rate in chambers of all three widths. The
essence of solution current is ion transport, and the ion transport
mechanism includes the effects of concentration diffusion, elec-
tromigration, and convective transport (Eq. (3)). When the system
operates under the constant current conditionwith the total rate of
ion transport remaining unchanged, increasing the flow rate en-
hances the convective transport, which necessarily leads to a
decrease in other transport mechanisms. At the initial moment,
ions are uniformly distributed in the solution with no concentra-
tion diffusion. Therefore, the only way to balance the enhanced
convective transport caused by the increased flow rate is to reduce
the electromigration rate by decreasing the potential difference.
Based on the analysis in Section 3.3, the reduction in the potential
difference across the chamber will alter the distribution of the
liquid-phase and solid-phase potentials in the membrane, increase
the solid-phase current density, activate more electroactive mate-
rials, and improve the Liþ extraction rate. The enhancement of fluid
dynamics within the chamber not only strengthens the convective
transport of ions in the solution phase but also increases the solid-
phase current density in the membrane, promoting Liþ extraction.
In the ESIX system, there exists a synergistic effect between fluid-
flow-field and electric-field for the enhancement of mass transfer
as well as separation processes. This is significantly different from
the flow-electric synergy effect in CDI systems.

Fig. 7. Relationship between potential and current in the membrane phase and solution phase.
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In CDI systems, the field-flow synergy effect is mainly man-
ifested in the calculation of the limiting current density, ilim
(A$m�2)

ilim¼ aCub (23)

where C (mol$L�1) is the concentration of the diluate, u (m$s�1) is
the flow velocity of the solution, and a and b are the characteristic
constants for a given.

Where an increase in flow rate enhances the limiting current
density ilim, thereby improving ion extraction efficiency. When the
current approaches its limiting value, the ion concentration at the
electrode/membrane surface tends to zero, leading to mass transfer
rate limitations. By increasing the flow rate, the thickness of the
diffusion boundary layer can be reduced, enhancing convective
mass transfer of bulk ions to the interface, thereby increasing ilim
and mitigating the concentration polarization phenomenon
[36e39].

The ion adsorption behavior in the electroactive ion exchange
material coated electrode is different from that in the CDI
[32,40,41]. In the ESIX system, there exists a Donnan equilibrium at
the solutionemembraneeelectrode interface, and the ion concen-
tration does not become too low to cause a bottleneck in the mass
transfer rate. Therefore, the increase in flow rate alters the potential

distribution at the solutionemembraneeelectrode interface,
thereby changing the Donnan equilibrium state, rather than due to
the influence of flow on the boundary layer. In terms of the for-
mation mechanism, the flow-electric synergy effect in the ESIX
system differs significantly from that in the CDI system.

3.4.2. Application
The influence of fluid flow rate on the potential difference be-

tween the two sides of the chamber is shown in Fig. 8. When the
chamber width is 1.5 mm, as the flow rate increases from 9 to
135ml,min�1, the potential difference between the two ends of the
chamber decreases by 5.6%. Correspondingly, the Liþ extraction rate
increases by 33.3%. When the chamber width is reduced to 0.5 mm,
with the same increase in fluid flow rate, the potential difference
between the two ends of the chamber decreases by only 1.2%, and
the Liþ extraction rate remains basically unchanged. The synergistic
effect of fluid-flow-field and electric field becomes more significant
as the chamber width increases.

To analyze the conditions under which the synergistic effect of
fluid-flow-field and electric field occurs, the chamber width stud-
ied was extended to 8 mm, with the flow rate range as indicated in
Table 1. As shown in Fig. 9(b), within the chamber width range of
0.5 to 1.5 mm, the contours of extraction rates are almost parallel to
the vertical axis. Taking the chamber width of 1 mm as an example,

Fig. 9. Variations of chamber type and flow extraction rate: (a) 3D multi-response surface plot; (b) 2D contour plot.

Fig. 8. Potential differences across the chambers under different chamber widths and fluid flow rates (2 min).
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when the flow rate is increased from 9 to 135 ml,min�1, the in-
crease in Liþ extraction rate is only 16%, indicating that the syner-
gistic effect of fluid-flow-field and electric field is not significant.
When the chamber width increases to 2 mm or more, the contours
of extraction rates are no longer parallel to the vertical axis. Taking
the chamber width of 2 mm as an example, when the flow rate is
increased from 9 to 135 ml,min�1, the Liþ extraction rate increases
significantly by about 36%. Therefore, the synergistic effect of fluid-
flow-field and electric field is significant only when the chamber
width is greater than 2 mm.

As shown in Fig. 9(a), when the chamber width is greater than
2 mm, the loss of Liþ extraction capability exceeds 50%. Ye et al. [34]
conducted research on the performance of ESIX systems for
extracting Br� and proposed that a chamber thickness of 2 mm is
optimal. While narrowing the chamber width can improve adsorp-
tion performance, it may easily lead to the contact of two electrodes,
causing a short circuit. This poses hidden risk to the long-term safety
and stable operation of the device. Based on the analysis of the syn-
ergistic effect of fluidic dynamics and electric field in this study,
increasing the flow rate can partially compensate for the perfor-
mance loss caused by the increase in chamber width. According to
the calculations in this study,when the chamberwidth is increased to
3 mm and the flow rate is increased to 135 ml,min�1, the Liþ

extraction rate is approximately 21.7%; whereas with a chamber
width of 2mmandaflow rate of 9ml,min�1, the Liþ extraction rate is
about 20.7%. That is, under these two conditions, the performances of
the ESIX devices are comparable.

4. Conclusions

In this study, a comprehensive model was set up to analyze
interaction between fluidic dynamics, electric field and ion trans-
port Liþ extraction by the ESIX system. The following results were
obtained.

(1) The width of the dilute solution chamber is a key factor
affecting the lithium extraction performance of the ESIX
system. The influence mechanism lies in the fact that the
chamber width determines the resistance of the solution
phase, which affects the distribution of potential between
the membrane phase and the solution phase. This influence
propagates to the membrane phase, altering the distribution
of currents between the solid and liquid phases within the
membrane. The smaller the chamber width is, the higher the
current density in the solid phase of the membrane is, and
the stronger the Liþ extraction capability is.

(2) In the ESIX system, there is a synergistic effect between
fluidic dynamics and electric field for enhancing the mass
transfer and separation processes. The increase in fluid flow
rate within the chamber not only enhances the convective
transport of ions in the solution phase but also increases the
current density in the solid phase of the membrane, pro-
moting Liþ extraction.

(3) The flow-electric synergy mechanism in the ESIX system is
significantly different from that in the CDI system. In the CDI
system, the field-flow synergy effect is mainly manifested in
the influence of flowon the limiting current density, whereas
in the ESIX system, it is manifested in the influence of flowon
the potential difference.

(4) The synergistic effect of fluidic dynamics and electric field is
only significant when the chamber width is greater than
2 mm. Utilizing this synergistic effect, in the design of the
ESIX process, the flow rate of the dilute solution can be
increased to partially compensate for the decrease in lithium
extraction capacity caused by an increase in chamber width.
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