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In electrodialysis process, polyelectrolyte multilayer membranes (PEMMs) are introduced as a novel ion ex-
change membrane (IEM), as they can adjust different membrane structures according to the requirement.
However, due to the influence of membrane structure on ion permeability and its mechanism have not been
deeply studied, it is difficult to select the optimal structure under service conditions, resulting in low separation
efficiency or increased energy consumption. Herein, a theoretical method is proposed to establish the struc-
ture-activity relationship of PEMMs, and then select the optimal membrane structure. The fixed charge was
described by a specific trigonometric function to simulate the PEMMs. The effects of different membrane
structures and charges on ion permeability and flux were studied by the modified Poisson-Nernst-Planck (MPNP)
equations, and the competitive control relationship between the bilayers number and the charge density of each
layer on the membrane performance was found. With our theoretical model, the selectivity and efficiency of

PEMMs in electrodialysis can be comprehensively evaluated to guide its design and application.

1. Introduction

Electrodialysis is a traditional technology that uses the selective
permeability of semi-permeable membrane to separate different solute
ions [1,2]. It is developed for seawater desalination [3-5]. In the long-
term development, new materials, membranes and technologies are
gradually added to it. Now it is widely used in the chemical industry
[6,7], light industry [8], metallurgy [9,10], papermaking [11,12] and
pharmaceutical industry [13]. The core component of the electrodialysis
process is the ion exchange membrane (IEM) [14]. It limits the passing
ability of positively or negatively charged ions and is used to remove
ions from water. IEM is mainly divided into anion exchange membrane
and cation exchange membrane. Its essence is ion exchange resin,
including polymer skeleton and fixed ions. However, due to the limita-
tion of structure and process, the traditional IEM has the disadvantages
of low component transfer flux, low selectivity, difficulty in flexible
adjustment and high cost [15,16]. These limits the development of
electrodialysis. ~ Therefore, many scholars have introduced
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polyelectrolyte multilayer membranes (PEMMs) into electrodialysis
field as anion and cation exchange membranes [17,18]. Recently, some
scholars have used the layer-by-layer polyelectrolyte functionalization
approach to achieve the multicomponent separation of organic acids in a
redox-flow electrodialysis platform, which can precisely tune the
selectivity of organic acids [19]. Fig. 1b shows a more realistic micro-
structure of PEMMs, the polycations and polyanions were adsorbed
alternately on the porous supporting membrane by layer-by-layer
method [20,21]. The ion selectivity can be more easily controlled and
optimized by adjusting the layer properties and adsorption conditions
[22,23]. PEMMs are heterogeneous membranes, the charges cannot be
evenly distributed layer-by-layer, so there will be an interlayer infil-
tration (interlacing) phenomenon. The great flexibility of PEMMs in
structure and preparation can achieve specific selectivity and applica-
tion. Since the above advantages, PEMMs have become a novel hot
material in electrodialysis field. However, due to the influence of
membrane structure on ion interception and its mechanism have not
been deeply studied, it is difficult to choose the optimal membrane
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structure under service conditions, resulting in low separation efficiency
or increased energy consumption [24,25]. This has been a major pain
point in electrodialysis field at present.

Previously, many researchers have made contributions to the
research of IEMs to improve the separation performance of electrodial-
ysis. Most of them focused on experiments and explored the relationship
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between structure and performance [26-28]. Many scholars have
studied the transport process of salt through PEMMs through experi-
ments, and reported the influence of the top layer, coating conditions
and the increase of the increasing number of bilayers on the separation
performance [29-32]. It is found that the concentration and sign of fixed
charge in IEM are very important for the transport of mobile ions in the
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Fig. 1. Schematic diagram of (a) electrodialysis process and (b) a set of electrodialysis chambers. The PEMMs prepared by alternating deposition layer by layer is
mathematically treated as a specific trigonometric function ofy(x) = g-sin(bax) + r. (c) A coarse-grained one-dimensional model of electrodialysis cell and its

boundary conditions.
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membrane. However, due to different industrial application purposes
and use conditions, the evaluation criteria of the membrane are also very
different, which makes it difficult to predict the separation effect and
efficiency of the membrane.

According to the current situation of the field, rapid screening of the
optimal polyelectrolyte membrane for different applications has become
a thorny problem [33]. It can be seen that in essence, a theoretical
prediction model is needed to quantitatively reveal the relationship
between polyelectrolyte membrane and electrodialysis effect, so as to
guide the use of membrane in electrodialysis. Previously, many re-
searchers also focused on the modeling of IEM structure. Most of them
use square wave charge model (fixed charges) to simulate the existence
of IEMs, and use an approximation of the Poisson-Nernst-Planck (PNP)
and the Navier-Stokes (NS) equations to study the transport through a
nanochannel [34-36]. These works promote the scientific application of
membrane in electrodialysis. However, most theoretical studies do not
connect theory with practical systems, which has very limited guiding
significance for industry. To sum up, our work aims to establish the
structure-activity relationship between membrane structure and elec-
trodialysis through a model and guide how to quickly find the optimal
membrane.

In this work, the influence of different polyelectrolyte membrane
structures on electrodialysis performance and efficiency was studied
based on the modified PNP (MPNP) equations, which have been proved
as an efficient approach to describe the dynamic process of charged ions
in an electric field environment [37-39]. This method has been intro-
duced into the study of polyelectrolyte or layer-by-layer membranes and
has shown considerable accuracy [40-43]. We propose a new model,
which uses the fixed charge in the form of a trigonometric function to
simulate the PEMMs with alternating cation and anion layers. This
setting is more realistic than the previous square wave charge model
(Section 2.2 for details). The MPNP equations also consider the size of
ions, which is more accurate than PNP equations in dealing with electric
double layer structure and actual ion model [44-47]. The optimal
membrane structure can be found by adjusting the concentration of
fixed charges, the bilayers number within the unit width, and the net
charge carried by the membrane. The influence of membrane structure
on ion flux is also studied. The framework of this work is as follows.
Firstly, the trigonometric function model and research system of PEMMs
are described, and the MPNP method used in this work is briefly intro-
duced. Next, we discuss the effects of different membrane structures and
charge distributions on ion permeability and ion flux, and make sug-
gestions on the structural design of IEM. Finally, the main results and
possible implications for the future are summarized.

2. Molecular model and theory
2.1. Model description

As shown in Fig. 1la, a complete electrodialysis process includes
many identical electrodialysis chambers for layer-by-layer filtration,
which are separated by electrodialysis membranes. Anion and cation
exchange membranes are used alternately to create ion rich and ion
depleted channels. The same principle applies to electrodialysis using
PEMMs. PEMMs can be flexibly manufactured as anion and cation ex-
change membranes by adding any positive or negative charges. It can
adapt to different electrodialysis conditions. In order to explore the in-
fluence of membrane structure on electrodialysis effect, we only need to
model a set of electrodialysis chamber (Fig. 1b). Similar to previous
studies [44,47], we have established a coarse-grained one-dimensional
model, with a certain thickness of membrane in the middle, which is
surrounded by two free electrolyte domains with the same length. We
simulated the transport of three ions (A", B and C), and added fixed
charges to the intermediate IEM domain in the form of sine function. For
this experimental system, the cation exchange membrane is simulated. A
scenario of ion removal is simulated, similar to seawater desalination.
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The direction of the electric field is to the left, so the anion moves to the
right, and the cation exchange membrane will block it. Cations move to
the left and can freely pass through the cation exchange membrane. The
left side will form an ion rich chamber, and the right side will be an ion
depleted chamber. A" ion can pass through freely, while B~ ion is
blocked. On the leftmost and rightmost outer boundaries, because it is
connected with the outside world, turbulence can ensure good mixing
effect, so it can be considered that the concentration outside the diffu-
sion boundary layer on both sides of the membrane is constant.

2.2. Mathematical treatment of PEMMs

In the model, the space charges need to be divided into moving ions
and fixed ions, in which the fixed ions are the composition of the
membrane. As shown in Fig. 2a, in the previous simulation work
[48,49], most IEM assumed that the ion concentration is fixed (constant)
and the adsorbed ions are arranged orderly. Therefore, square wave
charge function is used to describe IEM, which is very unsatisfactory and
inaccurate. Although this model has also been used in some studies, it is
too idealistic and divorced from the actual situation. Some scholars have
previously discovered the ionic crosslinking effect, known as intrinsic
compensation [50,51], as shown in Fig. 2b. Considering this phenom-
enon, we creatively propose to describe PEMMs in the form of sine
function, which is in good agreement with the structure of alternating
cation and anion multi-layers [34,48,49]. Therefore, our model can
more accurately simulate the IEM structure based on keeping simplicity.
As shown in Fig. 1b&2, our simplified fixed ion form is as follows:

0 (x) = g-sin(bmx) +r @

The model can also adjust the charge on the membrane. Where g is
the amplitude of the charge density of each layer (the charge of each
adsorption layer), b is used to control the bilayers number within the
unit width, that is, the arrangement tightness, r determines the vertical
shift of the function and can adjust the net charge density of the mem-
brane. Fig. 2b shows the physical meaning of the parameters g, b, r on
the model function. Electrodialysis usually uses alternating anion and
cation membranes to control the ion permeability, which is equivalent
to the positive and negative adjustment of parameter r. Although
different processes and conditions will affect the specific morphology of
the membrane, it is reasonable to regard it as a sine function within the
range of actual membrane thickness.

2.3. Governing equations and chemical potential

In order to describe the dynamic process of electrodialysis, we need
to establish the continuity and diffusion equations.

ap;
Pi_ _Ng+R @
ot
D;
Ji= 7mﬁivﬂi ()]

where p; represents the local number density of specie i, J; stands for the
mass flux, y; stands for the local electrochemical potential, kg is the
Boltzmann constant, T is the absolute temperature, D; is the diffusion
constant. The R; is the source term, representing the unsteady term that
cannot be included in the governing equation.

According to the basic principle of MPNP equations, the intrinsic
chemical potential is obtained by minimizing the grand potential, as
described in SI. It can be seen from the derivation that the MPNP
equation additionally considers the size effect of matter based on PNP
equation, so it has higher accuracy. However, in order to balance ac-
curacy and calculation speed, MPNP does not consider more subtle in-
teractions, such as direct Coulombic energy, electrical correlations, etc.
At the mesoscopic scale, the impact of these interactions is very small.
The chemical potential of each ionic species is
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where e represents the unit charge, a stands for the diameter of hard
spheres, and y stands for the local electrical potential. The potential of
each point of the system can be accurately solved by Poisson equation:

(Zziﬂi + ﬂﬁx> )

where ¢, the relative permittivity, o = 8.854 x 10"2F/m is the absolute
dielectric constant, z; the valence of specie i. Then, we substitute equa-
tion (4) into (3) to obtain

Vi =

e
&€&

Ji=—-D

e ap;
ipiva+VPi +12:i‘13piv<zpi) :| (6)

Substitute Eq. (6) into (2) to get the complete continuity equation. In
summary, the MPNP equation applicable to the electrodialysis system is:

(Z:z,-p,- + ﬂﬁx>

Ppir(x) = g-sin(bmx) +r

Vi =

e
€€
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In order to simplify the calculation, the equation is dimensionless.

We turn the continuity equations into the following equations and solve
them simultaneously:

A

e« gsin(bax') +r
Pa(x) = pi)

B

op’, Pp, 0 ( . a¢> a np. 0, . .
= 3 :t_* — = x|T 7 * =N * —
or <<0x2 o Vo) Tor [T, 1 7)o (b +07)

)

where x' = x/L, ¢ = (ey)/(kaT), p; (i =+, ~.fix) = py/p, with p, being
the bulk number density of cations or anions, t* = t/tzc With 7g¢ =
ApL/D, Ap = \/€0eksT/2€2p; is the Debye screening length, 5 = a®p,. In
order to facilitate the control and discussion of simulation, we introduce
a dimensionless scaling factor, ¢ = ip/L. Therefore, for the dimension-
less variables in the equations, their numerical results are controlled by
only two basic parameters, i.e., # and ¢. In physical sense, regulating
these two parameters is to adjust the ionic density p, and the system size
L.

()

2.4. Parameter setting and boundary conditions

When describing electrodialysis dynamics, MPNP equation needs
three kinds of parameters related to system characteristics, boundary
conditions and initial values. For this work, for the simplicity and uni-
versality of the model, considering the diameter of general hydrated
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ions, the ionic system is defined by particle size a = 0.5 nm, valence
|z;| = 1, a single diffusivity for all particles D = 2 x 10" m?/s. In this
work, whenever the ionic species are explicitly considered, the relative
dielectric constant is adopted ¢, = 78 to explain the dispersion interac-
tion and ionic polarizability of the aqueous solution not included in the
coarse particle model. The same diffusion coefficient is used in the
membrane and solution. The set ions have no other difference except the
valence. The main influence of diffusion coefficient on the system is the
ion diffusion rate. Our result analysis is based on the result that the
system relaxation is stable. Therefore, the uniform setting of dielectric
constant and ion diffusion coefficient will not affect the law of the
membrane structure on ion permeability [52,53]. System temperature T
= 293.15 K, and simulated dialysis chamber width L = 100 Ap. We have
Ap = 1nm, L ~ 100nm.

When studying the dynamics of electrodialysis, we assume that the
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bias potential ¢, = 10 is initially applied to two electrodes (at t = 0).
According to the one-dimensional model shown in Fig. 1¢, the boundary
conditions of the electric field are as follows:

= ¢,
=0

¢(+L,t>0)

¢(—L,t>0) ©

Due to we consider a stable electrodialysis process, we need to set the

ion concentration at different boundaries to make them flow at a certain
ion concentration field.
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The MPNP equations can describe the dynamic relaxation process of
ionic density distributions under electric field until a new equilibrium is
established in the system. The time range we simulated is from 0 to 500
TRC with TRCc = ADL/D

According to the research scheme of the variable-controlling
approach, the amount of charge on each layer g =1 (charge density
0.1 mol/L) and the net charge density r = O are fixed first, and the bi-
layers number within the unit width b is explored. For electrodialysis,
the IEM with charge density less than 1 mol/L is generally used. More
concentrations (0.1 ~ 0.9 mol/L) are also explored later. After deter-
mining the optimal b, r =0 is still fixed to explore the impact of g.
Finally, fix b and g to explore the effect of r. The optimal membrane

(a)
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structure is explored in a step-by-step manner.
3. Results and discussion
3.1. Serrated potential distribution in membrane

According to MPNP equations, the potential distribution under
different membrane conditions can be obtained directly. The electric
field, as the driving force of ion transport, determines the ion distribu-
tion of the chamber, which is the basic factor for the study of membrane
structure and ion permeability. Since the influence of membrane struc-
ture on electric field and ion distribution is the fundamental reason for
ion transport and permeability, this is the starting point for analysis.

It can be seen from Fig. 3 that the membrane structure directly de-
termines the potential distribution. We adjust the bilayers number
within the unit width, the charge of each layer and the overall elec-
tricity, and observe the potential distribution. In Fig. 3a&b, more dense
membrane layers (more bilayers per unit length) will lead to more
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oscillation cycles of the potential, but the extreme value of the potential
will decrease, which is because the dense alternating structure of cation
and anion leads to serious ion interlacing (Fig. 3e). This makes the
charges on each layer shield each other to some extent. In addition,
higher g means higher layer charge, which will lead to higher interlayer
potential difference (Fig. 3¢). As shown in Fig. 3d, if we adjust the net
charge on the membrane (r), it will lead to the overall change of the
membrane potential. Fig. 3f shows the schematic diagram of the po-
tential changing with different membrane parameters. The alternating
layer-by-layer membrane structure leads to serrated potential distribu-
tion, which will directly determine the selective passage of ions, and
provide a theoretical basis for the experimental results.

3.2. Ion distribution trapped by the membrane

The changing potential leads to different ion distribution, which in
turn affects the potential. After the system begins to relax, the potential
and ions reach equilibrium in the interaction. As shown in Fig. 4a&b, A™
and B~ are alternately distributed in the membrane, regardless of the
membrane charge, the direction of the electric field will drive A" to
transfer to the left. The boundary conditions of B and C™ concentrations
determine the overall flux direction of these ions. The direction of the
electric field explains why B™ transmits to the right at a faster rate and C~
transmits to the left at a slower rate. As previously mentioned, this
membrane is a cation exchange membrane. A™ can pass through freely,
while B™ is blocked. In this way, ion rich and ion depleted channels can
be obtained. The A concentration on both membrane sides is basically
the same, so the permeability of B™ is selected to describe the membrane
ion selectivity. Fig. 4c-f shows the distribution of B~ under various
conditions. According to Fig. 4c-f, each polyelectrolyte layer will
intercept some ions, so the B~ concentration on the left is higher than
right. Theoretically, more bilayers will bring better selectivity, but the
compact bilayers lead to the reduction of moving ion concentration on
each layer, which is due to the charge shielding caused by ion interlacing
(Fig. 4¢). This also leads to the competitive control relationship between
the bilayers number within the unit width and the charge density of each
layer on the membrane permeability. Therefore, there will be an optimal
bilayers number within the unit width. Furthermore, increasing the
charge density of each layer is also a solution to improve the intercep-
tion rate (Fig. 4d). As can be seen from Fig. 4e&f, the potential shows a
controlling effect on the ion distribution, and the change of membrane
net charge will lead to great differences in the ion distribution, which is
one of the decisive factors of the interception effect.

3.3. Effect of membrane structure on ion permeability

Based on obtaining the ion distribution, we need to quantitatively
describe the effect of different membrane structures on ion selective
permeability. As described in Section 2.1, this is a scenario of ion
removal. Cations can move freely to the left. The anion moves to the
right, and the cation exchange membrane will block it. For this cation
exchange membrane, it is necessary to explore its blocking effect on
anions. Therefore, the permeability of B™ is selected to describe the
membrane ion selective permeability, which is more representative and
helps to draw conclusions. After obtaining the ionic concentrations
value of each x-coordinate in the known domain, the ion interception
effect of the membrane can be calculated using the following formula
[54]:

R=1-52 11
Cif

where ¢;, and c;f is the concentration of i ions on the membrane

permeate (right) and feed (left) side, respectively, which is selected as

the concentration close to the surface on both sides of the membrane.

The system potential only determines the overall driving force, and will
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not affect the general law of interception effect under the same poten-
tial. Therefore, it is only necessary to explore the structure-activity
relationship at one potential ¢,.

Firstly, according to the needs of the simulation scene, the perme-
ability of B~ is selected to describe the membrane ion selectivity. The
influence of the bilayers number on the ion repulsion rate under various
membrane charges is studied. A higher R value means that the cation
exchange membrane has better blocking effect on anions. It can be found
that b = 36 has the best ion selectivity (Fig. 5a-d). The reason can be
obtained from the potential distribution and ion distribution. More bi-
layers per unit width (larger b value) results in more frequent potential
alternations and lower potential extremes. For ion interception rate,
more bilayers will bring better selectivity, but the reduced potential
extreme value will worsen the results. Therefore, when changing b, these
two factors compete to determine the ion interception rate (Fig. 5e).
When b less than 36, the bilayers number is the dominant factor (Fig. Se
upper part). However, when b > 36, the extreme value change of po-
tential in each layer becomes the dominant factor (Fig. 5e lower part).
Based on this, we can determine the optimal number of bilayers. Since
the PEMMs is adsorbed on the substrate layer-by-layer, the parameter b
can be adjusted by controlling the thickness of each layer. In addition,
some scholars have also studied the dependence of ion permselectivity
on the layers number in experiment [55]. Similar to the results obtained
in Fig. 5, the corresponding curves have the same trend of change.

After obtaining the optimal number of bilayers, the result b = 36 can
be used to explore the influence of each layer charge density g on the
interception rate. As shown in Fig. 6a&b, set b = 36 and r = 0, the in-
crease of charge will lead to a larger potential difference, which will
bring stronger repulsion and increases the ion interception concentra-
tion of each layer. Therefore, larger g leads to better interception rate.

To sum up, the optimal membrane structure can be determined,
including the bilayers number within the unit width and layer charge
density. On this basis, the effect of net charge r on the interception was
evaluated (Fig. 6c&d). Adding a negative charge to the membrane will
greatly reduce the permeability of anions and improve the interception
rate, but it will soon reach stability at the charge density of 0.2 mol/L.

3.4. Effect of membrane structure on ion transport efficiency

The structure difference of IEM will lead to different separation
properties and seriously affect the resistance of ion permeation, which
means that the ion flux will be different under the same concentration
difference and electric field driving force. Therefore, it is necessary to
study the ion flux under different conditions, which will have important
guiding significance for the energy consumption under working condi-
tions. Due to the use of solution diffusion coefficient for the entire sys-
tem, the flux value may be slightly higher, but it does not affect the flux
variation pattern. We find that the flux decreases first and then increases
with b except g = 1, and the flux is the smallest when b = 20 (Fig. 7a&Db).
This is because more layers will increase the ion transmission resistance,
but the increase of membrane layers means the decrease of layer fixed
charge density, which will reduce the ion transmission resistance. There
is a competitive control relationship between them on ion flux. Fig. 7¢
shows the relationship between ion flux and membrane net fixed charge
concentration. Select parameter r from 0 to 10 (net charge of membrane
0 ~ 1 mol/L). Higher charge density means greater resistance. In
addition, we also found that some scholars have tested the ion fluxes
through the studied membrane during the electrodialysis process [56],
which is similar to the research results in Fig. 7a&b. As the layers
number increases, the flux first decreases and then increases, and there
is a lowest point.

In addition, according to the following formula, the current effi-
ciency was calculated, which reflects the energy utilization of the ion
removal.
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is more efficient. At the same g, the current efficiency is also highest
around b = 36. Considering energy consumption, membranes with
higher current efficiency should be selected.

. 3600(cis — ¢ip) VF

100 12
It X 100% a2

where V is the volume of effluent from the dialysis chamber, m°>, Fis the
Faraday constant, 96,485C-m01’1, I is the operating current, A, t is the
time, s. As shown in Fig. 7d, higher g leads to better separation, and
therefore higher current efficiency, which means that energy utilization

3.5. Optimization of microstructure of PEMMs

Through the above results, the effects of various factors on mem-
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brane properties can be summarized, and then the required membrane
structure can be designed. Due to the dimensionless treatment of our
model, parameter of the bilayers number in membrane b = 36 brings the
best ion interception rate under the common ion size a = 0.5 nm,
because it balances the arrangement density of fixed ions and the charge
density of each layer. If the ion size is fixed, this parameter is fixed in the
dimensionless model. Owing to x* = x/L, the thickness of each bilayer in
the membrane is

2L L

L(b=36) =7 =1

13

Since L = 100 nm, this means that the thickness of each bilayer is
about 5.55 nm. The thickness of each layer of anions or cations is half of
L., which is L/b. It can be adjusted by controlling the thickness of each
adsorption layer in PEMM:s. In this work, the most common situation is
set, but the optimal bilayers number varies depending on the size and
charge of the ions. Therefore, in order to obtain the optimal bilayers
number under actual working conditions, it is necessary to set param-
eters (including ion size, valence, concentration, membrane thickness,
etc.) based on actual usage conditions, and then use the above model to
simulate to find the optimal bilayers number. If our optimization goal is
to maximize the interception rate, we also need to improve each layer
charge density g and net charge density r as much as possible. A larger
parameter g will improve the interception rate of each layer, which can
be achieved by doping more ions into the polyelectrolyte. And the net
charge density r can be achieved by branching ions on the membrane.

Higher interception generally leads to higher membrane resistance,
the ion flux will be greatly reduced. In this usage scenario, it is necessary
to reduce the transport of B” ions (b approaching 20) and increase the net
charge density r. In addition, considering the impact of current effi-
ciency, b should be between 20 and 36. For important applications of
electrodialysis (including seawater desalination), the main target ions
are metal ions, such as sodium and potassium ions. Their hydration
diameter is approximately 0.6 nm, which is close to the diameter set in
this work. The main conclusions of this work are applicable to seawater
desalination systems. However, there may be subtle differences in values
(specific b or g values). The specific membrane structure should be set
according to the corresponding working conditions, and then the con-
clusions can be drawn through simulation. The performance focus of the
PEMMs should match the applying purposes.

4. Summary and conclusions

In summary, a new fixed charge model in trigonometric function
form is proposed to simulate the IEM, and the dynamic process is
simulated by MPNP equations. The ion interception rate and flux are
obtained, and the influence of IEM structure on ion permeability is
explored. The main conclusions are as follows.

1. The membrane structure affects the ion density distribution by
affecting the potential distribution, which is the fundamental reason
for affecting the membrane performance.

2. It is discovered that the bilayers number within the unit width and
the charge density of each layer have a competitive control rela-
tionship over the ion permeability. The compact alternation of cation
and anion leads to serious ion interlacing, shielding a certain po-
tential, and then reducing the interception rate.

3. The flux decreases first and then increases with the bilayers number,
with a minimum value. Higher net charge density of the membrane
brings greater resistance (smaller flux), which means higher energy
consumption.

4. According to the model, the ion selectivity and efficiency of different
membranes were evaluated, and guiding opinions were put forward
for screening the optimal structure according to the applying pur-
poses. The membrane structure can be regulated by the thickness of
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the adsorption layer, the addition of ions, and the branching of
specific charged ions.

Importantly, this model can be used to describe any polyelectrolyte
membrane separation system. We believe that this work has a certain
guiding significance for the industrial application of membrane sepa-
ration, and hope that it will stimulate future research of membrane
separation industry.
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