Int. J. Electrochem. Sci., 17 (2022) Article Number: 220741, doi: 10.20964/2022.07.48

International Journal of

ELECTROCHEMICAL

SCIENCE
www.electrochemsci.org

Numerical simulation of the water desalination process based on
a modified Gouy-Chapman-Stern (GCS) model for a membrane
capacitive deionization (MCDI) unit

Rui Liu, Shouguang Yao®, Yan Shen, Qigi Zhang, Zhenyu Jiang
School of Energy and Power Engineering, Jiangsu University of Science and Technology, Zhenjiang

212003, China
“E-mail: zjyaosq@126.com

Received: 5 April 2022 / Accepted: 9 May 2022 / Published: 6 June 2022

To accurately predict the dynamical behavior of the desalination process by membrane capacitive
deionization (MCDI), a modified Gouy-Chapman-Stern (GCS) model is developed by considering the
finite ion size effect. Three-dimensional multiphysical simulations were performed to investigate the
desalination processes of MCDI units using the classical and modified GCS models. The simulation
results indicated that the modified GCS model is better than the classical model in terms of feasibility
and accuracy. The modified GCS model corrects the overestimation of salt removal predicted by the
classical GCS model. The modified GCS model is further adopted to investigate the effects of operation
conditions (inlet velocity and cell voltage) and cell geometric characteristics (thicknesses of porous
electrode, spacer and membrane) on the desalination performance. The ion adsorption ratio increases
with an increase in cell voltage, and the maximum ion adsorption ratio reaches 0.28 at the highest cell
voltage (1.2 V). A high inlet velocity reduces the flow residence time in the spacer and affects the ion
electrosorption process. In the current work, a suitable flow velocity ranges from 0.05 to 0.10 m/s. The
decrease in the space thickness reduces the resistance of ion diffusion and migration in the spacer,
improving the desalination performance. The ion adsorption ratio increases to 0.6 for the narrowest
spacer (0.4 mm). In addition, the ion exchange membrane has a minimal effect on the desalination
performance due to its small adjustable thickness range. The change in electrode thickness mainly affects
the adsorption ratio at the stage of absorption tending to saturation..

Keywords: membrane capacitive deionization; electric double layer theory; desalination; numerical
simulation

1. INTRODUCTION

The growing freshwater crisis is now curbing the sustainable development of human society [1],
causing more people to embark on an exploration of sustainable and energy-efficient brine purification
methods. Among various desalination methods, capacitive deionization (CDI) stands out due to its high-
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efficiency, energy savings, pollution-free nature and simplicity [2-3]. However, the CDI desalination
performance is degraded due to certain inherent limitations of CDI, such as the coion repulsion effect
during the formation of electric double layers (EDLs) and the secondary adsorption effect when the
electrodes regenerate [4-6]. With the development of CDI technology, the introduction of ion exchange
membranes in the CDI (referred to as MCDI) [6-8] can overcome the coion repulsion effect, thus
improving the energy utilization and desalination performance.

In 2006, Lee et al. [7] discovered that the salt removal rate of MCDI was approximately 19%
higher than that of CDI, and that the maximum salt removal rate was 92%. Subsequently, Omosebi et
al. [9] compared the performance difference between CDI and MCDI for long-term operations by
performing 50 complete desalination cycles. For the quantitative analysis of the sustainability
performance of CDI and MCDI, Fritz et al. [10] adopted the exergy analysis method to evaluate the
energy utilization efficiency. In addition to experimental studies, Biesheuvel et al. [8,11] established a
theoretical model of the MCDI adsorption process based on the classical electric double layer model,
describing the ion migration process in the diffusion layer near the ion exchange membrane, and
confirming the inhibition of the coion repulsion effect of the membrane. Dlugoleckia et al. [12]
investigated the ion diffusion resistance in the membrane, electric double layer and diffusion boundary
layer and analyzed the ion diffusion resistance for different influent concentrations and flow velocities.

Undoubtedly, an in-depth and accurate understanding of the internal mechanism of the MCDI
desalination process is important for improving and optimizing the desalination performance of MCDI.
However, current CDI research focuses on experimental studies of performance comparison [13-17],
material synthesis of electrodes or membranes [18-21], studies and comparisons of improved models
[22, 23], and basic theoretical research [24,25]. Research on the internal mechanism of the MCDI unit
by multiphysics coupled numerical simulation is still rare, and previous work [26] employed the classical
GCS model for the electric double layer of the MCDI unit.

The classical GCS model can provide a good foundation model for research on the (M)CDI
mechanism to some extent [27]. However, the actual de5salination process is too complicated, and it is
unreasonable to directly apply the classical GCS model to the (M)CDI modeling. The classical GCS
model assumes that ions are treated as point charges [28]. This assumption is reasonable only in the case
of weak voltage and low salt concentration. As a result, the concentration distribution within the unit
predicted by the GCS model may be higher than the actual possible concentration. The hypothesis that
the electrode charged surface is flat and isolated will cause the GCS model to overestimate the potential
and concentration of the porous surface where the electric double layer overlaps. Hence, the calculation
of the (M)CDI salt removal amount is not as accurate as expected. Therefore, the GCS model needs to
be modified to account for the finite ion size [29] to reduce the error in the calculation of the internal
potential and concentration distribution of the (M)CDI unit. The Carnahan-Starling equation (hereafter
referred to as the CS equation) [30], developed by Norman Carnahan and Kenneth Starling in 1969, is a
theoretical equation that takes the finite ion size into account. The CS equation uses a dimensionless
excess electrochemical potential term to describe the finite ion size by approximating the additional
electrochemical potential required to concentrate a unit volume of ions [31,32]. Once the CS equation is
incorporated into the GCS model, the CS equation can provide very precise adjustments for the finite
ion volume effects that occur in (M)CDI.
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Based on the above considerations, this paper introduces the modified electric double layer model
(GCS-CS model), which can more accurately describe the mechanism of the MCDI desalination process.
After verifying its applicability and accuracy, multiphysical simulations based on the GCS-CS model
are performed to investigate the effects of operation conditions and cell geometric characteristics on the
desalination performance of MCDls.

2. MODEL SPECIFICATION

2.1. Geometric model and hypothesis

Salt adsorption Salt desorption
® Anion @ Cation ® H,0

=== Anionexchange membrane pmmmsmmEm Porous carbon electrode

Cation exchange membrane [ Current collector

Figure 1. Schematic of MCDI

As shown in Figure 1, the current work considers the classical flow-by MCDI unit [33] as the
research object. A 3D geometric model including a pair of porous carbon electrodes, anion/cation
exchange membranes and the spacer channel as shown in Figure 2 is established. Figure 2(a) gives a
three-dimensional view of the MCDI unit, and Figure 2(b) gives a two-dimensional view of the z-x
plane. The geometric sizes of the model are shown in Table 1. The x direction is defined as the thickness
direction of the MCDI unit; the y direction represents the width direction, and the main flow direction
in the spacer channel is the z direction. In general, X, y, and z represent Cartesian coordinate components.

Freshwater/ o Freshwater/ o
Concentrate Concentrate
outlet outlet
Porous Porous
carbon -+ ~~ carbon
electrode electrode
(+) O]
£ Spacer
é Porous channel
- carbon Anion Carion
clectrode hang —— exchange
© membrane membrane
Cation
| exchange
} 5:;:0“: Anion Spacer membrane
% electrode  €Xchange channel
b ?;,}) (+) membrane z
Fccdwarcr/ - I_. Feedwater
inlet y\t/-" x inlet
(2) MCDI unit (b) z-x plane of the MCDI unit

Figure 2. Geometric structure of the MCDI unit.
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The following assumptions are made to simulate the salt ion adsorption and desorption process
in the MCDI unit [26]:

(1) The solution is a dilute NaCl solution, and the solute exists in a free form of monovalent
anions and cations.

(2) The flow is considered a single-phase, incompressible, low-velocity, laminar flow, and the
influences of the entrance are disregarded.

(3) The electrodes, ion exchange membranes and solutions in the unit are isotropic, and the
material property parameters are constant values.

(4) The active groups in the ion exchange membrane are evenly distributed. The fixed charge
concentration is uniform, and it is considered that only one ionic conductor exists. The water molecules
cannot pass alone, and the fluid flow in the membrane is not considered.

(5) The desalination process is carried out under the applied cell voltage (<1.2V). Only the
physical process is considered, and the chemical reactions (electrolysis of water or hydrogen evolution
and oxygen evolution of the electrode) are disregarded.

(6) The target unit has no heat exchange with the outside environment, and the influence of
gravity is disregarded.

(7) The ion was deemed a sphere.

2.2. Parameter setting

The modeling parameters of the MCDI unit are set as shown in Table 1.

Table 1. Parameter settings of the MCDI unit

Nomenclature Unit Value Others
Electrode plate length L, (in the z-axis) mm 150
Electrode plate width W, (in the y-axis) mm 50
Geometric parameter Electrode plate thickness D, (in the x-axis) mm 0.08 original
lon exchange membrane thickness D,, mm 0.02 original
Channel spacing D, mm 0.8 original
Electrode plate porous carbon density ( 0, ) kg/m?3 2260
Electrode plate conductivity ( o, ) S/m 5000
Electrode plate porosity (&, ) - 04
Electrode plate permeability (x ) - 1.0x101°
NaCl solution dynamic viscosity ( £ ) Pa-s 0.003139
Physical parameter NaCl sc_)lution c.ondu_ctivity_ (oy) S/m 1
NaCl solution relative dielectric constant - 80
Na* diffusion coefficient ( Dy, ) m%s  2.5x10°
CI- diffusion coefficient ( D, ) m%s  2.0x10°
NaCl solution inlet concentration in ( C;;, ) mol/m? 500
Na* diffusion coefficient ( DNa,m ) in cation exchange membrane m?/s  3.52x101

Cl-diffusion coefficient ( D¢, ,, ) in anion exchange membrane m?/s  3.91x10M
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Unit voltage (V,i; ) \% 1.2 original
Operating parameter Ambieht te.mperature.(T ) K 293.15
NaCl solution inlet velocity (U;,) m/s 0.1 original
Desorption phase start time node S 120

2.3. Mathematical model

The porous media flow is utilized to solve the velocity field distribution and pressure distribution
of the main channel and porous electrode region. The fluid flow in the main flow channel satisfies the
continuous Navier-Stokes momentum conservation equation [34] as follows

Vi(pu)=0 1)

ou

p5+p(u.V)u=/N-[(Vu+(Vu)T )}—Vp )

where p is the fluid density (kg-m?), u is the fluid velocity field vector (m-s™), p is the

internal pressure of the unit (Pa), and 4« is the hydrodynamic viscosity (Pa-s).

The fluid flow in the porous electrode region satisfies the continuous Navier-Stokes momentum
conservation equation and conforms to Darcy's law.

Vi pu)=S, (3)
o2+t Jum v [ v () ) -ve (@
u:—%Vp ()
k=ap )| xn (12, ) | (6)

where S; is the source item (kg-m3-s?) that is usually set to zero, ¢, is the porosity of the porous

p
electrode, k is the permeability of the porous electrode, x is the Kozeny-Carman constant, and A is

the specific surface area (m™) of the porous electrode.

The ion transport processes in the MCDI are driven by flow convection, diffusion and
electromigration. Dilute solution transport theory is applied to describe the ion mass transfer and
concentration distribution of each ion. Poisson’s equation is selected to solve the electrostatic field and
the Nernst Planck equation is adopted to describe the ion mass transfer. The above set of equations is
also known as the Nernst-Planck-Poisson (NPP) equation [35].

The relationship between the potential change and the electrode surface charge density in the unit
is solved using the Poisson equation:

V- (-&¢&Ve)=p. =F(c,—c_) (7)

where &g, is a dielectric constant, @ is a local potential (V), p, is an electrode surface charge
density (c-m™), and C, and C. represent the cation concentration and anion concentration (mol-m)

respectively.
The ion transport in the solution is described by the NPP equation, and the ion flux J; is

described as:
z;F
Ji=-D (Vci +ﬁciv¢j+uci (8)
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where D, is the ion diffusion coefficient (m?-s), ¢; is the ion concentration (mol-m™), z is the
ion valence, F is the Faraday constant (96485 C-mol™?), R is the ideal gas constant (8.314 J-mol*-K™?)
and T is the temperature (K).

In the ion exchange membranes, Eq. 8 is also used to calculate the ion flux by setting the velocity
to zero, as given in Eq. 9, since the flow is disregarded in the ion exchange membrane.

uc, =0 (9)

The ion diffusion coefficient in the porous electrode region is related to the porous structure. The
coefficient is corrected to the effective diffusion coefficient D according to the Bruggemann modified

equation as follows:
D-eff = 83/2 Di (10)

Based on mass conservation, the ion concentration needs to satisfy:

oc;
EI"’V'Ji:Ri (11)

V-J.=0 (12)
where R; is the reaction source term for ion adsorption or desorption. In the porous electrode and
ion exchange membrane region, ion conservation needs to meet the following requirement due to the
influence of porosity.
0

where £ is the correction factor. In addition, the fixed charge and counterion in the ion

exchange membrane need to meet the condition of electroneutrality

ol +> .76 =0 (14)
i=FY3, (15)
V-j=0 (16)

where o is the surface fixed charge density (mol/m?) and ] is the current density (A/m?) of

the ion exchange membrane.

When the dilute mass transfer and electrostatic physics field are solved in the coupling manner,
the electric double layer model is defined because the electric double layer is considered coupling of the
Nernst-Planck equation and Poisson’s equation. One of the simplest and most classic electric double
layer models is the Gouy-Chapman-Stern (GCS) model, which starts with Poisson’s equation of the
Cartesian coordinate system. It is assumed that the electrode plates are infinite in the y and z directions,
and that x starts from the surface of the electrode plates. The coupling between Poisson’s equation, which
describes the potential distribution, and the Boltzmann equation, which describes the concentration
distribution, can obtain the following relation [34]:

d?y () _ F
=2 h -
e 2¢,8in [z(y/(x) W, )J T

(17)

where ¢, is the ion concentration (mol-m) in the solution, V; =KgT /e is the thermal voltage
(V), Z is the ionic valence charge, and w(x) and y, are the local potential and solution potential,

respectively.
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The relationship among the electrode applied voltage Vg, , potential of the electrode surface y,,
Stern layer potential w and solution potential v, is given as follows [11]:

Vcell

E:(‘//St_l/lb)_*'(l//o_‘//&) (18)
The voltage distribution of the Stern layer in the electric double layer is expressed as follows:
[d_Vj Y

dx ) & (19)

where Vg, is the voltage (V) on the Stern layer and & is the thickness of the Stern layer, which
is also known as the hydrated ionic radius (m).

For the classic GCS model, the capacitance of the Stern layer Cg; can be determined as

Cs = grg(gAS

To determine the charge on the electrode surface, it is assumed that the charge is equal to the
sum of the charge on the surface of the Stern layer and that on the diffusion layer according to the
principle of electric neutrality

. 1
42 24Cey pSINN (E 2(Vs — Vo )j F=CqVr (vo—vs) (21)

(20)

where /, is the Debye length (m) and c,, is the surface excess salt concentration (mol/m?). To
apply the correction of the finite ion size effect based on the Carnahan-Starling equation of state, the

basic framework needs to be established. According to the GCS model, the local charge in the Stern
layer can be expressed as

o =4c,Aysinh [@) (22)

The charge in the Stern layer and diffusion layer are equal to the charge on the electrode surface,
which satisfies the electric neutral condition. The capacitance of the Stern layer is expressed as follows:

CoVr (‘//o ~Vst ) =ocF (23)

Poisson’s equation and the electrochemical equilibrium equation of ions are expressed as
follows:

d?y(x) F
=- c, ¢
dx? £ &Vr (c.-¢c) (24)
106 (8) 20 (3) &y =1y + £+ 5)

The electrochemical equilibrium equation correlates the local ion concentration ¢ (x) to the

solution ion concentration C, by the balance among the supplied voltage, local excess electrochemical
potential &, , and excess electrochemical potential &, of the solution. The excess electrochemical

potential term is determined by the volume fraction of ions. When the volume fraction of ions is large,
the excess electrochemical potential is large. This item explains the difficulty of filling ions, which
consumes a portion of the applied potential. This excess electrochemical potential term determined by
the CS equation of state is described here. The excess electrochemical potential at a given location is
given as

£, = 89 +31°

(1- 77)3 (26)
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3

n:v(n++n_)=%(n++n_) (27)
3
Ve ﬂ%on (28)

In the above formulas, 7 is a partial ion fraction. Vv represents the volume of one ion, and d,
refers to the ion diameter. n, and n_ are the quantitative concentrations of cations and anions,

respectively.
According to the ion distribution in the GCS-CS model corrected by the Carnahan-Starling
equation of state, the ion concentration C; (X) from the electrode charging surface to any given distance

X is given by the previously described ion chemical equilibrium (Eqg. 25).
Next, the total ion concentration ¢; (mol-m) from the surface to x is expressed as follows:

G = 2cbe(§e*“§w)cosh(w(x) ~¥) (29)
The local charge concentration o (x) (mol-m3) is
o (x)= 226,65~ sinhz (w(X)-v) (30)

The surface distribution of the porous structure of the electrode can be determined by replacing
the local charge concentration with the complete Poisson-Boltzmann equation, as follows:

d—2¢ = [ZZCbe(ée“’gexvx)sinh(zgﬁ(x))} (31)
dx? PRATA
The dimensionless potential on the Stern plane is expressed as follows:
o 0 dign FSA
Vst =¥o Tocv (32)

This series of modeling formulas are GCS-CS models, and there is no analytical solution, so they
must be numerically solved. The boundary condition is that the potential of the Stern plane is equal to
the g, calculated from the charge distribution, and the solution potential v, far from the electrode plate

is equal to zero.
2.4. Boundary conditions

(1) Concentration boundary conditions:
At the inlet, the concentration C; of each component is constant, such as

cn . =c"=c" =500mol/m? (33)
At the outlet, the flux of each component is zero, i.e.,
-n-D,ve, =0 (34)

(2) Velocity boundary conditions:

The constant velocity is set at the inlet, i.e.,

u=u, =0.1m/s (35)

The nonslip boundary condition is applied at the fluid-solid interface, i.e., the velocity (or relative
velocity) of the fluid at the wall is zero.

(3) Electric potential boundary conditions:
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A constant cell voltage is applied, that is,

¢ =9 =V =12V (36)

The potential of the Stern plane (x=6) of the electric double layer is @ , and the potential away
from the charged surface of the electrode ¢, is zero, that is,

¢(5) =
{¢(w>=¢o -0 87

3. VALIDATION AND ANALYSIS

3.1. Comparison of the two models

Based on the classical and modified electric double layer models, simulations of MCDI are
performed under the same conditions and parameters given in Table 1. The simulation results of the
effluent concentration obtained from the two electric double layer models are compared and shown in
Figure 3. In addition, there is also a modified Donna model (mD) [36] for comparison. The variations in
effluent concentrations with time are generally consistent between the modified model and the mD
model. After charging, the effluent concentration rapidly drops to the lowest point within 5 s and
gradually increases to the value of the inlet concentration at 120 s.
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Figure 3. Curve diagram of salt ion concentration in effluent with time

After the effluent concentration reaches the lowest point, the concentration increasing rate of the
original model is basically kept constant, while the concentration increasing rate of the modified GCS
model and mD model gradually slows. The original GCS model assumes that ions are point charges so
that the ions can continuously and infinitely move near the Stern plane. As a result, the ion adsorption
rate remains constant, that is, the rate of rise of the effluent salt concentration curve is nearly constant.
The applicable range of the original GCS model may exceed the limit of the thermal voltage even though
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it considers the Stern layer of the electric double layer. The GCS-CS modified model considers the finite
volume effect of ions. With the volumetric ions enriched in the electric double layer of the electrode
surface, the absorbable volume is gradually reduced and the ion migration resistance is further increased
due to the expulsion of ions with the same charge. Thus, the ion adsorption rate predicted from the
modified model decreases in the late stage.

In addition, the minimum effluent concentration of the classic model can reach 343.23 mol/m?,
while the minimum effluent concentration of the modified model is 360.67 mol/m3. The original model
assumes that ions are point charges, which makes it suitable for applications where the voltage applied
to the (M) CDI device is less than or slightly greater than the thermal voltage (applied voltage of
approximately 25.7 mV). However, the voltage selected in the simulation calculation is 1.2 V for general
engineering applications or experiments, which is equivalent to 0.6 V applied to the electric double layer
of each electrode. This value is more than 20 times the thermal voltage. This voltage is much higher than
the allowable voltage value in the classic GCS model, so the predicted concentration distribution within
the unit will be higher than the actual possible concentration. The assumption of a flat and isolated
electrode charged surface is effective only when a slit-like porous electrode with an infinite width and
length is utilized. Notably, the carbon material used as the electrode is more complex in morphology
than this porous electrode and contains a variety of geometrical pores. This porous surface morphology
causes a substantial overlap of the diffusion layer. Thus, the potential and concentration at these locations
as well as the salt removal of (M)CDI will be overestimated by the original GCS model.

The desorption process is achieved by removing the applied cell voltage. In the beginning of the
desorption process, the effluent concentration rapidly rises to the highest point. At this time, the
extremely high concentration gradient between the flow channel and the electrode is the main driving
force for ion diffusion. The electric double layers formed in the electrodes disappear with the rapid
desorption of ions. The effluent concentration predicted by the classical GCS model is higher than that
obtained by the modified model. This is also an indirect proof that the ion adsorption is overestimated
by the classical GCS model in the adsorption phase. Afterward, the effluent concentration drops rapidly,
and the difference in ion concentration between the electrode region and the main channel decreases.
Next, the concentration decreasing rate gradually slows, and the final concentrations of inflow and
effluent water remain constant, that is, the desorption equilibrium state is reached.

3.2. Fitting tests of models

A comparison of the effluent concentration curves predicted by the two models in Figure 3,
reveals that the modified model seems to be more realistic than the classical model, and more consistent
with the description and prediction of the revised theory. Below, the verification is provided.

Based on previous work [8,37], the results of the MCDI experiment are fitted by a kinetic
equation and an adsorption isothermal curve from the perspective of adsorption
kinetics/thermodynamics, and the credibility of the modeling results is confirmed by the high correlation
coefficient. Therefore, the correctness of the model is indirectly verified by testing the conformity with
the adsorption kinetic/thermodynamic equation.
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Table 2. Fitting results of adsorption kinetics and adsorption thermodynamic equations

Verification equation Comparison model Simulation parameters CJ;Z;ELT;S?
Quasi-1st-order kinetic (1 0 K, R12
equatlonK Classical model 18.4098 0.5859 0.9699
—Kt
q=0 (1—9 ' ) Modified model 17.2447 0.5906 0.9864
Quasi-2nd-order kinetic (2) 00 K, R2
equa:wn Classical model 19.2836 0.0056 0.9471
gs Kyt
14 o I2<_2t Modified model 22.9938 0.0008 0.9625
Langmuir adsorption (3) Unn K, R?
1S(;thel}'<mc Classical model 15.516 0.0347 0.9876
%=1%K.C. Modified model 13.455 0.0360 0.9921
Friendlies adsorption 4) n Ke RZ
isotherm Classical model 46.489 0.1811 0.9479
G = KeCe" Modified model 50.667 0.2103 0.9640

Table 2 shows the fitting results. By comparing the fitting results of the adsorption Kinetic
equation, the correlation coefficients of the classical and modified models satisfy R > R7, indicating that
the fitting result of the quasi-first-order Kinetic equation is better than that of the quasi-second-order
Kinetic equation, which corresponds to the experimental results [38]. The adsorption process of these
two models is more consistent with the characteristics of the first-order reaction. However, the fitting
correlation coefficient of the modified model RZ is higher than that of the classical model and achieves
a better fitting result, indicating that the simulated adsorption process is more accurate.

By comparing the fitting results of the adsorption thermodynamic equation R? >R?, the modified
model can better conform to the Langmuir adsorption isotherm equation. The adsorption isotherm
equation seems to follow a single layer of adsorption. However, note that a single physical adsorption
curve model, such as the Langmuir isotherm, is only utilized as a fitting reference. Although the data of
the model simulation are very consistent with the Langmuir isotherm, the isotherm does not consider the
electric double layer effect and potential driving force of ion transport [39].

In summary, it can be seen from the above correlation coefficient R? that the fitting result of the
modified GCS-CS model is optimal. Therefore, the modified electric double layer model proposed in
this work can more accurately describe the mechanism of the MCDI desalination process, and is more
suitable for numerical analysis of the desalination process in MCDI unit.
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4. COUPLING ANALYSIS OF THE MODIFIED MODEL

4.1. Analysis of the ion concentration field

Figure 4 shows the concentration field distributions at 0.5 s and 2.0 s in the MCDI unit during
the adsorption process and the variations in concentration with time in the adsorption-desorption cycle.
Figure 4(a) shows the concentration distribution at 0.5 s in the MCDI unit after the solution with a
concentration of 500 mol/m?® flows into the unit. Figure 4(b) shows the concentration distribution in the
MCDI at 2.0 s. It can be seen that the concentration in the space is low and that the concentration is high
in the porous electrode due to ion adsorption in the electric double layers formed in porous electrodes.
Figure 4(c) shows the variation in effluent concentration as a function of time, and Fig. 4(d) shows the
variation in ion concentration in porous electrodes as a function of time.
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Figure 4. The concentration field distribution nephogram and concentration curve at 0.5 s and 2.0 s after
adsorption begins in the MCDI unit

Figure 4(a) shows that the salt concentration in the spacer channel is much higher than that in the
porous electrode and the membrane in the beginning of desorption at 0.5 s. The diffusion coefficient in
the porous electrode is smaller than that in the spacer, causing an indistinct change in concentration in
the porous electrode at the beginning of adsorption. The ion concentration distribution is mainly affected
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by convection. Subsequently, the ions gradually diffuse into the porous electrode region and become
concentrated at the electrode surface under a combination driving force of electric field and
concentration gradients. At this time, the ion concentration decreases in the spacer channel and increases
at the electrode surface. The concentration distribution in the MCDI shows the characteristics of low
concentration in the spacer channel region and high concentration in the electrode region as shown in
Figure 4(b). In addition, the seepage velocity inside the electrode is low due to the complex pore
structure, small pores of the porous electrode and selective permeability of the ion exchange membrane.
The ions are difficult to diffuse to the electrode plate away from the spacer channel side. Therefore, the
ion concentration away from the channel side is very low.

According to the partial enlargement of the first 5 s after adsorption begins in Figure 4(c), the
ions adsorbed on the surface of the electrode are not attracted to the opposite ions by the opposite
polarity, because the solution in the spacer channel acts on the electric field force and the ion membrane
exists, effectively preventing the coion repulsion effect. At this time, the ions in the solution start to be
largely directed and steadily migrate to the electrode surface, while only a small number of ions migrate
into the interior of the electrode. In the first 5 s, the selective permeability of the ion exchange membrane
and the small porosity of the porous electrode generate a slow diffusion rate in the pores of the electrode.
After 5 s, the large concentration gradient on the surface of the electrode and inside the electrode
accelerates the ion diffusion rate in the pores of the electrode. However, at this time, the diffusion of
ions from the flow channel to the electrode surface gradually slow due to a decrease in the difference in
the concentration of the electrode and flow channel. Therefore, the concentration of the effluent salt in
the outlet of the spacer channel rapidly decreases to approximately 350 mol/m? (at 2 s) and slowly rises
again, as shown in Figure 4(c). Accordingly, the salt ion concentration in the porous electrode region
rapidly increases, and the increasing tendency subsequently slows, as shown in Figure 4(d). The curve
trends of the effluent salt concentration are correlated to the experimental results [40,41]. In addition,
the time to reach saturation during the adsorption process is approximately 120 s.

Desorption is achieved by setting the applied cell voltage to zero. During the desorption process,
ions on the surface of the electrode are desorbed under the concentration gradient. The high
concentration difference between the electrode and the spacer accelerates the desorption of ions. As the
salt concentration in the electrode region decreases, the ion concentration in the spacer channel
continuously returns to the initial level, and electrode regeneration is achieved. The highest concentration
in the porous electrode region is almost 1200 mol/m?® when the ion adsorption amount is saturated. This
value is higher than the highest water concentration (approximately 900 mol/mq) in the desorption phase
because the ion desorption of the porous electrode region is not instantaneously completed but is
continuously performed under the concentration gradient.

4.2. Analysis of electric field potential

Figure 5(a), (b) and (c) show the distributions of electric field potential in the positive and
negative electrodes and in the flow channel at 0.5 s after adsorption begins in the MCDI unit.
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Figure 5(d) and (e) show the potential distribution and potential contours in the intermediate flow
channel at 120.0 s (desorption begins) and at 240.0 s (later desorption period) in the desorption process
under zero voltage.

Figure5 shows that in the MCDI adsorption stage, under an applied voltage within 0.5 s, the
positive electrode potential is the largest, 1.2 V, and the negative electrode potential is the smallest, 0 V.
The porous electrode material has a high electrical conductivity and a small electrical resistance, so the
voltage drop is small. The potential of the spacer region gradually decreases from the positive electrode
plate to the negative electrode plate. The nanoscale electric double layer effect on both sides of the flow
channel is extremely weak under this macroscopic electric field. Therefore, the effect of the ion charge
enriched in the electric double layer on the potential distribution is small and unsuitable for mapping.
However, this effect on the diffusion and spatial distribution of the electric field is actually present.
According to the modified model, we can predict that the potential of the ions in the electric double layer
is exponentially decreasing along the direction away from the electrode that adsorbs it and that the near
surface potential of the electrode is approximately equal to the Stern potential. When the adsorption is
nearly completed, due to the zero-voltage desorption of the electrode, the overall electric field of the
MCDI CDI is weak at this time (120.0 s). The potential distribution falls within the range of 0~0.14 V.
At the end of the desorption stage (240.0 s), the positive electrode basically reaches the potential balance
and the potential is zero.

5. INFLUENCE OF PARAMETERS ON DESALINATION PERFORMANCE

To evaluate the effects of cell voltage, inlet velocity, channel spacing, thickness of ion exchange
membrane and electrode thickness on the desalination performance of MCDI, 3~4 equal differences of
each parameter are selected in the appropriate range and the ion adsorption/desorption rates are applied
as the evaluation indices of MCDI performance. According to Table 1, the numerical simulation is
carried out according to the control variable method under the same conditions of other parameters. The
MCDI performance evaluation indices are based on the effluent salt concentration and inlet salt

concentration. Among them, the adsorption rate n, of the adsorption stage is defined as the difference
between the effluent concentration c,, and the influent concentration c;, divided by the influent

concentration c;, Similarly, the desorption rate 7, of the desorption stage is also defined as previously
mentioned.

5.1. Applied voltage influence

To investigate the effect of cell voltage, four voltages are selected as 0.6 V, 0.8V, 1.0V and 1.2
V. The end of adsorption is set to 120 s. Figure 6 shows the ion adsorption/desorption rate curves of
MCDI units at different voltages.
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Figure 6. Curves of (a) ion adsorption rate and (b) ion desorption rate at different voltages

Figure 6 shows that as the voltage increases in the voltage variation range of 0.6 to 1.2 V, the
electric field between the electrode plates increases, the ion adsorption rate increases, and the adsorption
amount of the electrode gradually increases. Moreover, the ion absorption/desorption rate also stably
and uniformly increases at a voltage increase interval of 0.2 V. Since the adsorption principle of the
electrode conforms to the GCS-CS electric double layer theory, the larger the cell voltage is, the larger
the ion storage of the electric double layer formed on the electrode surface. As the adsorption continues,
the ion storage of the electric double layer inside the porous electrode and on the surface of becomes
saturated, and the adsorption rate drops to zero. Figure 6 shows that the adsorption voltage of 1.2 V has
a maximum adsorption rate of 0.28. In the desorption stage, the variation in the desorption ratio with the
cell voltage is consistent with that in the adsorption process. The higher the cell voltage is, the greater
the desorption rate and the longer the time needed to complete the desorption process and same
conclusions summed in [42].

5.2. Inlet velocity influence

To investigate the effect of inlet velocity, four flow velocities are selected as 0.05 m/s, 0.10 m/s,
0.15 m/s and 0.20 m/s.

The end of adsorption is set to 120 s. Figure 7 shows the ion adsorption rate curve of the
absorption stage and the ion desorption rate curve of the desorption stage of the MCDI unit at different
flow velocities.

Figure 7 shows that, as the flow velocity decreases from 0.20 m/s to 0.05 m/s, the maximum ion
adsorption rate (salt removal rate) increases from approximately 0.15 to more than 0.55. The adsorption
amount of the electrode gradually increases. Similarly, the ion desorption rate is also improved to the
same extent. In the range of 0.05~0.10 m/s, the range of change is large, while in the range of 0.10~0.20
m/s, the range of change is small and similar results present in [42]. In practical applications, the long
retention time caused by the excessively low flow velocity will greatly reduce the amount of purified
water per unit time, which will reduce the economics of MCDI. High flow velocity causes a decrease in
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the electrode ion adsorption amount and ion absorption and desorption rates. This problem can be solved
by increasing the number of MCDI units connected in series, that is, increasing ion migration and mass
transfer time to improve purification at high flow rates.
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Figure 7. Curves of the (a) ion adsorption rate and (b) ion desorption rate at different current velocities

5.3. Spacer channel size influence

To investigate the effect of spacer size, three spacer sizes are selected as 0.4 mm, 0.8 mm and
1.2 mm. The end of adsorption is set to 120 s. Figure 8 shows the ion adsorption/desorption rate curves
of the MCDI unit for different spacer channels.
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Figure 8. Curves of (a) ion adsorption rate and (b) ion desorption rate for different sizes of spacer
channels

Figure 8 shows that the smaller the spacer channel is, the larger the adsorption/ desorption rate
is. The variation range is larger in the range of 0.4 to 0.8 mm and the variation range is smaller in the
range of 0.8 to 1.2 mm. When the space is 0.4 mm, the maximum adsorption rate can be 0.6. The smaller
the spacer channel is, the smaller the distance and resistance that ions in the flow channel need to migrate
to the surface of the plate, so the higher the adsorption efficiency. The smaller the spacer channel is, the
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greater the electrostatic force in the unit after the cell potential is applied. The ion adsorption capacity
of the electric double layer becomes stronger, which enhances the desalination capacity of the electrode.
Conversely, as the spacer channel increases, the flow path volume and the diffusion distance of the ions
perpendicular to the flow direction increase, and the salt removal rate is greatly reduced.

As analyzed above, to accelerate the removal of salt ions inside the MCDI, the spacer channel
should be reduced as much as possible. For example, a flow-through electrode (FTE) structured MCDI
unit [43] can be employed, in which the solution no longer flows through the center of the electrode pair
but penetrates the pores of the porous electrode by applying pressure. The intermediate channel is no
longer the main channel in the FTE-type MCDI unit, so the intermediate channel thickness can be
minimized (provided that the electronic isolation is still sufficient), thereby increasing the desalination
rate and making the unit structure more compact.

5.4. lon exchange membrane thickness influence

To investigate the effect of the thickness of the ion exchange membrane, three ion exchange
membranes are selected as 0.01 mm, 0.02 mm and 0.003 mm. The end of adsorption is set to 120 s.
Figure 9 shows the ion adsorption rate curve in the adsorption stage and the ion desorption rate in the
desorption stage of MCDI for different membrane thicknesses.
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Figure 9. Curve of (a) ion adsorption rate and (b) ion desorption rate at a various membrane thicknesses

Figure 9 shows that in the adsorption stage, the maximum ion adsorption rate increases from 0.26
to 0.29 with an increase in the membrane thickness. However, after 10 s in the adsorption stage, the
adsorption rate decreases with an increase in the membrane thickness. In the desorption process, the ion
desorption rate of the MCDI unit also increases with the membrane thickness at the beginning of
adsorption. However, in the middle stage of desorption, the ion desorption rate of the MCDI unit
decreases with an increase in the membrane thickness. When the membrane thickness is large, the
Coulomb force driving ion migration will gradually become gentler with an increase in the film thickness.
When the membrane thickness is moderate, the Coulomb force driving ion migration will be enhanced
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with an increase in the membrane thickness. When the film thickness is small, the Coulomb force that
drives ion migration decreases as the membrane thickness increases [31]. The three membrane
thicknesses selected in this paper fall within the moderate thickness range, and a higher ion adsorption
rate is obtained when a thickness of 0.03 mm is selected. Therefore, selecting a larger thickness of ion
exchange membrane within a suitable range of thickness is advantageous for the improvement of the
desalination performance of the MCDI.

5.5. Influence of the porous carbon electrode thickness

To investigate the effect of the thickness of the porous carbon electrode, three ion exchange
membranes are selected 0.1 mm, 0.2 mm, and 0.3 mm. The end of adsorption is set to 120 s. Figure 10
shows the curves of the ion adsorption rate and ion desorption rate of the MCDI for different electrode
thicknesses.
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Figure 10. Curves of the (a) ion adsorption rate and (b) ion desorption rate for various electrode
thicknesses

Figure 10 shows that in the adsorption stage, the peak value of the ion adsorption rate does not
change significantly with an increase in the electrode thickness. The peak value is approximately 0.27
for different thicknesses. However, when adsorption tends to be saturated, the adsorption rate of 0.1 mm
electrode thickness is significantly better than that of the 0.3 mm electrode thickness. The adsorption
rate decreases as the electrode thickness increases. In the desorption process, the desorption rate of the
0.1 mm electrode thickness is also significantly better than that of the other two thicknesses. When the
thickness of the porous carbon electrode is increased, not only do the migration distance and migration
resistance of ions diffused inside the electrode increase but also, the resistance of the electrode itself
increases [44]. Therefore, a porous electrode should have a smaller thickness in the appropriate range of
electrode thicknesses (for example, a thickness of 0.1 mm is selected in this paper). The diffusion rate
that is conducive to the stable migration of ions is not too small, and the internal adsorption capacity
exerts a large effect, thereby enhancing the adsorption effect.
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6. CONCLUSION

In this paper, the prediction of the internal dynamical behavior of MCDI is demonstrated to be
inaccurate with the classical GCS model of EDL theory, thus the CS state equation accounting for the
finite ion size effect is employed to modify the GCS model, and applied to the multifield coupling
numerical simulation. The result shows that the modified model works better than the classical model in
terms of both predictability and predictive accuracy. Since the overestimation of the amount of removed
ions by the classical model is corrected, the minimum value of the effluent concentration curve of the
modified model increases by approximately 20mol/m?3, and the rate of rise is gradually reduced when
the ion concentration tends to achieve balance at the end of adsorption. The modified model also corrects
the concentration curve of desorption. The modified GCS model is further adopted to investigate the
desalination performance of MCDI. It is demonstrated that the performance is better when the voltage
reaches 1.2 V (avoiding the Faraday reaction on the electrode surface), with the ion adsorption ratio
reaching the highest, value of 0.28. However, the flow velocity can affect the overall performance of
desalination. When the flow velocity increases, it causes a decline in the adsorption ratio, so 0.05~0.10
m/s is a suitable flow velocity range. The wider spacer channel increases the resistance to ion diffusion
and migration, but a narrower channel (with a size of 0.4 mm) can increase the ion adsorption ratio to
the highest, value of approximately 0.60. In addition, the ion exchange membrane has a minimal effect
on the desalination performance due to its small adjustable thickness range. However, if selected
moderately (within 0.01~0.03 mm), the Coulomb force driving ion migration increases with an increase
in its thickness, which is beneficial to the improvement of the ion adsorption ratio. The change in the
thickness of the porous carbon electrode plate mainly affects the adsorption rate in the stage of absorption
tending to saturation. The increase in thickness will increase the diffusion distance and migration
resistance of ions in the electrode, and the resistance of the electrode itself, resulting in a decline in
adsorption ratio. However, the peak adsorption ratio did not change significantly, and the numerical
simulation showed that it remained at approximately 0.27.
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