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ABSTRACT

Simulation of multiphysics field was carried out for seawater desalination using capacitive
deionization (CDI). For the multiphysics field of a CDI unit capacitance electrode, a mathematical
model was constructed using transient coupling analysis. The flow field, concentration field, and
potential distribution within the CDI electrode were determined, and the pattern of adsorption on
the electrode plate and mass transfer process in solution in the CDI unit was studied. In addition, the
effects of different voltages, plate spacings, inlet flow rates, inlet concentrations, and porous materials
on the adsorption of the CDI unit were investigated. The higher the voltage between the plates, the
smaller the plate spacing. A lower inlet flow rate improved the performance of the CDI desalina-
tion unit. With all other parameters fixed, the adsorption performance and desalination efficiency
of the CDI desalination unit mainly depended on the conductivity and pore structure of the porous
electrode materials. When the porous electrode pore parameters and conductivity were fixed, the
adsorption and desalination efficiency of the CDI desalination unit remained unchanged. Excellent
adsorption and optimal desalination could be achieved using highly conductive porous electrode

materials, which possessed a medium hole structure and the maximum surface area.
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1. Introduction

Capacitive deionization (CDI), a new technology for
seawater desalination, uses an electric double layer (EDL)
formed at the interface between the electrode and the solu-
tion for desalination, in which ions are forced to move to the
electrode side, resulting in an effluent product stream with
a reduced ion concentration (Fig. 1) [1]. The charged species
can be released back into the flow solution when the potential
difference is reversed or removed. This technology requires
a simple device and has low energy consumption and a
low operation cost; it also produces no secondary pollut-
ants. Therefore, it can be used for desalination [2]. Oda and
Nakagawa [3] found that the electrosorption (“adsorption” for

* Corresponding author.

short) capacity of an activated carbon (AC) electrode surface
is determined by the pore size and specific surface area of AC,
and the amount of ions removed corresponds to the surface
area. Kotz et al. [4] proved that double layer capacitors with
high-surface-area ACs have low capacitance limits, and their
differential capacitance functions exhibit extreme points.
The first CDI plant was designed by Caudle et al. [5], using
series electrodes made of AC materials. Although they were
able to remove the ions from solution, it was not significant.
At that time, the carbon material used to be scarce and also
suffer from poor stability, among other issues, which lim-
ited the development of the CDI desalination technology. In
recent years, new materials have been developed, which have
helped rapid development of the CDI desalination technology
[9-11]. Xin et al. [12] found that ions with smaller hydrated
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Fig. 1. Schematic view of one CDI cell.

radius exhibited higher removal efficiency with lower energy
consumption, and the difference of hydrated radius can be
further enhanced when increasing the working voltage. Lang
et al. [13] fabricated flexible and free-standing electrode by
depositing SR-PE2 onto a nonwoven carbon nanotube textile
(CNT-T), and assembled into symmetrical, flexible superca-
pacitors where the addition of polymer resulted in a boost
in volumetric capacitance by 400% compared with the bare
CNT-T electrode. Wu et al. [14] prepared an electrode mate-
rial by chemical oxidation of polypyrrole/CNTs using the
CDI desalination technology. The chemically modified poly-
pyrrole/CNTs showed higher specific capacitance than poly-
pyrrole and their good mechanical properties and electrical
conductivity helped achieve an electrosorption capacity of
21.55 mg/g for Na* during the charging period. Khan et al.
[15] prepared 3D intercalated graphene sheet-sphere nano-
composite architectures as high-performance CDI electrodes
by using graphene oxide and [Ni,(EDTA)] as precursors. By
using 3D mesoporous graphene sheet—sphere nanocompos-
ite architectures as an electrode, an ultrahigh electrosorp-
tive capacity of 22.09 mg/g is achieved in a 500 mg/L NaCl
solution at 1.2 V. Hu [24] made use of activated carbon fiber
(ACF) electrode to study the desalination efficiency of CDI
unit, which achieved only 8.3% CI~ removal efficiency. The
removal efficiency of other ions using ACF electrode unit
electric adsorption was analyzed, as well as a preliminary
explore for enhancing the desalination efficiency for ACF
electrode electric adsorption. However, current studies on
CDI desalination are still at the experimental stage [16-19].
In a recent publication, Suss [32] extended the existing
models by accounting for ion volume exclusion interactions
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to demonstrate selective ion removal based on ion size, in the
area of EDLs modeling. Tang et al. [33] studied the removal
of sulfate in MCDI and observed more sulfate removal in a
mixture of sulfate and chloride with equal molar concentra-
tions. As diffusion of the ions through the IEMs occurs prior
to ion adsorption inside the micropores, these are crucial in
controlling the diffusion. Moreover, multiphysics numerical
analysis for CDI electrode adsorption/desorption processes
and the analysis of the mechanism involved [20-22] are not
sufficient. Thus, the impact factors of CDI desalination and
the mechanism of action are still not clear.

In this study, we investigate mass transfer in solution in a
porous cell electrode in a seawater desalination unit, charge
transfer between the plates, and various interactions involve
in the porous adsorption process on the plate. We utilize the
coupling of the different principles of mass, momentum, and
charge conservation; the porous Darcy flow equation; and
the kinetic equation to construct a transient analysis model
employing multiphysics coupling in the desalination process
in a CDI unit. The effects of different working voltages, plate
spacings, inlet flow rates, inlet concentrations, and porous
electrode on the desalting performance of the CDI electrode
are investigated by numerical simulation.

2. Physical model and parameters

Fig. 2(a) shows a schematic diagram of the three-
dimensional structure of a CDI desalination unit (100 mm
wide and 300 mm long). In Fig. 2(b), the red cuboid rep-
resents the negative electrode, the green cuboid represents
the positive electrode, and the middle is the flow channel.
The thickness of the monolithic porous electrode is 0.4 mm.
The length of the X direction is defined as the thickness of
the CDI unit, the length of the Y direction is the width of the
CDI unit, and the length of the Z direction is the length of
the CDI unit.

Since the positive and negative electrodes of the CDI
desalination unit are porous materials, the flow channel
and the positive and negative plates are filled with the elec-
trolyte solution. We divided the CDI unit into three parts:
the positive electrode, the negative electrode, and the flow
channel. The positive and negative plates comprised bipha-
sic solid-liquid components: the solid phase was a porous
material and the liquid phase was Na or Cl ions in solu-
tion for mass transfer in the porous plate. The fluid flow,

b)

Fig. 2. (a) Capacitive deionization unit used in this study. (b) A corner of the capacitive deionization unit 3D structure.
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mass transfer, and charge transfer occurred within the
flow channel.

The main parameters used in the model analysis are
listed in Table 1.

3. Mathematical model and boundary conditions
3.1. Model assumptions

We made the following assumptions:

e Effects from gravity were neglected.

¢ Side reactions such as hydrogen and oxygen evolutions
were not considered.

¢ The fluid flow was treated as an incompressible flow.

e Physical properties of the electrode and solution were
isotropic and homogeneous.

* Anisothermal condition was assumed for all domains.

3.2. Model validation

In order to verify the correctness of the model for
multiphysics coupling simulation analysis of the capacitance
method used in the seawater desalination unit, we deter-
mined the desalination curves at different voltages changes
with time for the inlet concentration of C*f = 500 mol/m?,
inlet velocity of 0.1 m/s, and plate spacing d = 0.5 mm (as
shown in Fig. 3), using Langmuir isothermal adsorption
equation for linear regression of the first-order adsorption
rate equation.

The adsorption equilibrium concentration C, and the
adsorption amount g were substituted into the linear form
(Eq. (1)) of the Langmuir adsorption isothermal equation
(Eq. (2)), and the g, and b values were obtained at different
voltages.

q,bC,
— _Im e 1
1+bC, )
r. 1 .1
q q,bC, g, @

Here g is the adsorption capacity (mg/g); g, is adsorption
saturation (mg/g); b is Langmuir adsorption constant (L/mg);
and the quantity of carbon electrode used in simulation was
1356 g.

The results are shown in Table 2. The average correlation
coefficient R*= 0.90, and the adsorption rate accorded with

Table 1

Main parameters of model simulation
Parameter Value
Solution viscosity (Pa s) 0.003139
Na* diffusion coefficient (m?/s) 2.5 %107
CI- diffusion coefficient (m?/s) 2x 10710
Ambient temperature (K) 295.13
Conductivity of solution (S5/m) 1
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Fig. 3. Sodium ion concentration curves at the outlet under
different voltages.

Table 2
Parameters for the estimation of Langmuir adsorption isothermal
equation

Voltage q, b x10° R?

0.6 9.4 19.3 0.863
0.8 23.7 7.9 0.844
0.9 35.1 5.4 0.897
1.1 46.2 4.3 0.931
1.2 51.0 4.0 0.945

that obtained using Langmuir first-order kinetics [24]. In
summary, the multiphysics coupling model proposed in
this paper is suitable for the numerical simulation of CDI
desalination unit.

3.3. Basic control equation

The physical model, established by a desalination unit
and composed of a flow channel, a positive electrode, a
negative electrode, and an electrolyte, was used to describe
the physical processes involved in the flow of the solution,
adsorption of the solution with the electrode, and transfer
of the solute of the solution to the CDI desalination unit, by
coupling the principles of mass, momentum, and charge con-
servation, and by using the porous Darcy flow equation and
the adsorption kinetic equation.

Continuity equation:

v(ii)=0 )
Momentum conservation equation:

V-(piiii) = =Vp+V-(uVii) 4)
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Since the solution is assumed to be a dilute solution, the
viscosity coefficient p is constant.

The process of liquid phase mass transfer through the
flow channel involves three stages: convection, diffusion, and
electric field migration. The efficiency of the convective mass
transfer is the highest. Fick’s law can be used to describe the
diffusive transport. The Nernst-Planck equation is used to
describe electric field migration in the solution. The last term
in parentheses represents convection.

Liquid phase [23]:

D,
v ‘(—DIVC,. -7 R%jFC1V¢[ +iC, = R, 6)

The convection is not considered in the mass transfer
process of the porous electrodes, and therefore, the mass
transfer equation can be expressed as follows:

Solid phase:

i Df’ff
V.| -D#VC, -7~ |FCVg, =R,
PVC-Z— o |FCVe, =R, (6)

where p is the fluid pressure, # is the velocity vector, p is the
fluid density, u is the dynamic viscosity, D, denotes the diffu-
sion coefficient of species i; C, denotes the concentration of spe-
cies i; ie{Na’, ClI'}; Z, denotes the charge of species i; ¢ and ¢,
denote the potential of the solid and the liquid phase, respec-
tively; and R, denotes the component source term of species i.

Egs. (5) and (6) can be expressed as ion transport flux as
follows [23]:

N_

i

D, B}
DVC, ~Z, - FCVp,+iC, )

eff

’T FCVo, (8)

Niz = _Die“VCi -Z
R
where N, is flux, which denotes the flow rate of the diffused
substance per unit time through the unit cross-sectional area
perpendicular to the diffusion direction; D®is the effective
diffusion coefficient in the porous electrode, expressed by the
Bruggemann correction equation as follows [20]:

Dleff — 83/2Dl (9)

The value of i is calculated by the Darcy formula as
follows [22]:

& 3
i=——Lx—2_vp (10)
Ku (1—8)

where K is the permeability of the porous media, which
is often described by the Carman-Kozeny equation as
follows [29]:

aie’
K=t (11)
16k, (1-¢)

The electromigration equation can be written in the
following form:

D=g, (1 + xe) E=¢gE (12)

where x, is the electric susceptibility and D is the electric
displacement.

3.4. Boundary conditions

At the entrance of the CDI unit, both the speed and
concentration of the solution were uniform.
The fluid—solid interface was a no-slip boundary:

i=0 (13)

At the exit, the boundary condition of the solution was
set to the pressure of the outlet boundary, and the diffusion
flux of each substance was set to zero, and then, the bound-
ary condition was given by the following;:

P ou=0and -n-DVc, =0, z=300mm (14)

The electrode potential boundary was set as follows:

{(p(X)—cpo,x—O;

(p(oo):O,x:oo (15)

The initial conditions for the concentration of each com-
ponent of the solution in the domain were given by the
following;:

C =C* (16)

where p_  is the pressure of the outlet and C* denotes the
concentration of the initial substance.

4. Analysis and comparison of simulation results

In Sections 4.1-4.4, we first describe the simulation of the
porous electrode material using the following parameters:
electrode porosity epsilon, &€ = 40%; permeability (which is
the reciprocal of the pore density), x = 0.9 x 10™°; and con-
ductivity, K =450 S/m for the AC material. Using the control
variable method, we changed a single parameter (working
voltage, plate spacing, inlet velocity, and inlet concentration)
that affected the desalination performance of the CDI unit.
Then, in Section 4.5, we discuss the changes in the porous
electrode material that we simulated to determine the
impact of porous electrode materials with different param-
eters (shown in Table 3) on the desalination performance of
the CDI unit.

4.1. Effect of voltage on adsorption desalination

Since electrolysis of water might occur at voltages higher
than 1.2 V [30,31], the simulated voltages were 0.6, 0.8, 0.9,
1.1, and 1.2 V. Fig. 3 shows how the average Na*concentration
of the desalting unit at different voltages changes with time
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for the inlet concentration of C™f = 500 mol/m?, inlet velocity
of 0.1 m/s, and plate spacing d = 0.5 mm. It is seen that in
the voltage range of 0.6-1.2 V, the adsorption rate acceler-
ated with increase in the voltage. The average Na* concentra-
tion at the outlet decreased gradually, that is, the adsorption
capacity of NaCl enhanced. At the maximum voltage of 1.2V,
the adsorption efficiency of NaCl solution was the highest.
This implied that the higher the applied voltage of the elec-
trode, the better was the desorption performance of the CDI
desalting unit, without occurrence of water electrolysis. This
is because both the charge in the interchannel flow and the
thickness of the EDL increased with increasing voltage [24],
which enhanced the ion adsorption capacity.

4.2. Effect of plate spacing on adsorption desalination

Plate spacing values used in the simulation were 0.5, 0.6,
0.8, 1, and 1.2 mm. Fig. 4 shows how, at the inlet concen-
tration C™ = 500 mol/m?, inlet velocity of 0.1 m/s, and inter-
plate voltage of 1.2 V, the average Na' concentration of the
desalting unit under different plate spacings changed with
time. The figure shows that with decreasing plate spacing,
the desalination effect gradually increased. The adsorption
efficiency of the NaCl solution was the highest when the
plate spacing was d = 0.5 mm. This is because, for a constant
width of the plate, changing the plate spacing changed the
ion lateral diffusion distance. As the plate spacing became
smaller, the ion transport resistance reduced, making the
ions more favorable for adsorption by the two porous plates
[24]. Therefore, when other conditions remain unchanged,
the plate spacing should be minimized in order to improve
the CDI desalination performance.

4.3. Effect of inlet velocity on adsorption desalination

The inlet flow rates used for the desalting units were
0.08, 0.09, 0.1, 0.11, and 0.12 m/s. Fig. 5 shows how, at the
inlet concentration of C* = 500 mol/m’, plate spacing of

—=—1.2mm
——1.0mm
—4—0.8mm
—x—0.6mm
—e— (0.5mm

"
480 P

A s aaahAAAALy,

o \
E 4001 o\
§ >\/\g SR HAHHHH
440
\.\r e S o'—"""f' °
420 ®
T T T T T T T T
0.0 05 1.0 15 20

Fig. 4. Sodium ion concentration curves at the outlet for different
plate spacings.
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Fig. 5. Sodium ion concentrations at different inlet flow rates.

® = 0.5 mm, and inter-plate voltage of 1.2 V, the average
Na* concentration of the desalting unit under different inlet
velocities changed with time. When the inlet velocity was
0.08 m/s, the adsorption efficiency of NaCl solution was the
highest. With increase in the inlet velocity, the concentration
of Na* in the outlet increased and the desalination perfor-
mance decreased. This was mainly due to the increase in
the inlet velocity, which shortened the residence time of the
solution in the flow channel. The ions were not completely
adsorbed, as the solution flowed out of the device. Thus,
the adsorption capacity decreased and the concentration
at the outlet increased. Thus, to enhance solution purifica-
tion and desalination, the choice of a smaller inlet velocity
is appropriate. However, in practical applications, if the
inlet velocity is too slow, the hydraulic retention time will
increase significantly, and then, the time required for desali-
nation of seawater is bound to decrease a lot; thus, trade-offs
need to be considered.

4.4. Effect of inlet concentration on adsorption desalination

Because the concentration of seawater varies significantly
with the season and the region of the sea, the salt concen-
trations considered herein were 300, 500, and 700 mol/m?®.
Fig. 6 shows how the average Na* concentration of the desalt-
ing unit under different inlet concentrations changed with
time when the inlet velocity was 0.08 m/s, plate spacing was
d=0.5 mm, and interplate voltage was 1.2 V.

In order to facilitate comparison, salt removal efficiency
n was introduced.

C -C
0 x100%

n= (17)

0

where C is the concentration of the outlet solution (mol/m?);
C, is the concentration of the inlet solution (mol/m?); and 1 is
the desalination efficiency.
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Fig. 6. Concentration of sodium ions at different inlet concen-
trations.

According to the definition of the desalination efficiency,
Fig. 6 further shows outlet desalination efficiency curves for
different inlet concentrations.

As seen in Fig. 7, the change in the inlet concentra-
tion had little effect on the removal efficiency at a given
pore material parameter (e = 40%, « = 0.9 x 107, and con-
ductivity = 450 S/m). When all other parameters (design
and operating parameters) were fixed, the CDI adsorption
desalting performance and efficiency of the desalination
unit depended on the porous electrode pore parameters and
electric conductivity. When the pore parameters and conduc-
tivity of the porous electrodes were fixed, the desalination
efficiency of the CDI desalination unit remained unchanged.

4.5. Effect of plate material on adsorption desalination

According to the analysis discussed in Section 3.4, the
porosity of the porous electrode plate material and its conduc-
tive ability are very important in determining the CDI desalt-
ing efficiency, mainly due to the large differences between
the different porosities of the macroporous electrode mate-
rials ¢, permeability x (which is the reciprocal of the pore
density), and electrical conductivity K [25-27]. According
to the currently available material parameters, five typical
porous electrode plates were selected for simulation, and the
specific material parameters are given in Table 3.

Fig. 8 shows the average Na* concentration of the desalt-
ing unit for different materials when the inlet concentration

Table 3

Simulation electrode material parameters
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Fig. 7. Salt removal efficiency at different outlet concentrations.

was C = 500 mol/m®, plate spacing was d = 0.5 mm, and
interplate voltage was 1.2 V. It can be seen that after activa-
tion treatment of the graphene electrode, it provided the best
adsorption performance and best desalting efficiency, owing
to the stable two-dimensional hexagonal planar structure,
the dimension of the pore structure, and larger pores, which
led to higher pore density and a large specific surface area.
At the same time, the graphene electrode itself has excellent
electrical conductivity, and further enhancement in the con-
ductivity showed that graphene, as a porous electrode plate
material, has advantages that other materials cannot match.
For example, woodiness AC materials have a large number
of micropores, and the pore size is mostly less than 10 nm,
and the pore density is much higher than that of graphene.
Although the pore size can lead to a larger specific electrode
surface area, the “overlap effect” [2] easily occurred in the
channel, significantly decreasing the utilization ratio of the
surface area in the porous material, which deteriorated the
desalination performance. Moreover, the conductivity of the
electrode materials not subjected to activation showed great
changes. It was seen that after activation modification, both
the electrode conductivity and the amount of electric migra-
tion increased, which was more conducive to desalination.
This suggests that the adsorption performance and desalina-
tion efficiency of the CDI desalination unit mainly depended
on the conductivity and pore structure of the porous elec-
trode materials. Excellent adsorption performance and opti-
mal desalination efficiency could be achieved for a high

Number Plate material Porosity € (%) Permeability 1 Conductivity K (5/m)
1 Nonactivated shell AC 314 6.27 x 10°® 12

2 Nonactivated woodiness AC 40 0.9 x 10710 12

3 Nonactivated graphene 78.7 2.9 x107 1,000

4 Activated graphene 78.7 2.9x107 4,000

5 Activated woodiness AC 40 0.9 x 1071 450
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Fig. 8. Sodium ion concentrations for different outlet materials,
where number corresponds to the Number column in the Table 3.

conductivity of the porous electrode materials, when the
porous materials possessed a medium hole structure and the
large specific surface area.

5. Conclusions

Based on a numerical analysis model for a desalination
unit, this study carried out a detailed simulation analysis
to determine the influence of ion-related parameters on the
deionization process of the CDI desalting unit. The following
results were obtained:

¢ Theoretically, the higher the electrode voltage of the CDI
desalting unit, the better the desalting effect. Considering
that the voltage not only influences the desalting effect,
but also affects the energy consumption of the CDI
device, when it is higher than the water electrolysis volt-
age, a side reaction of hydrogen evolution will occur.
Thus, the maximum voltage for which water electrolysis
would not occur was chosen as the optimum desalination
voltage of the CDI desalting unit.

* Reducing the plate spacing was beneficial to the desalina-
tion of seawater. However, a small plate spacing resulted
in a small channel, leading to a constant flow rate, and
hence, the amount of seawater treated per unit time was
low. At the same time, difficulty of manufacturing the
unit also increased with decrease in plate spacing.

e Theoretically, the lower the inlet velocity of the CDI
desalting unit, the better the adsorption desalination
effect. However, in actual operation, it is necessary to
consider the capacity of desalination of system and units.
Therefore, it is necessary to weigh carefully and finally
select the appropriate inlet flow rate.

e The adsorption performance and desalting efficiency of
the CDI desalination unit were not affected by changes
in the inlet concentration for a given design and oper-
ation parameters of the CDI desalting unit and porous
electrode materials.

® Porous electrode materials are the key factors affecting
the CDI desalting effect. Simulation showed that the
adsorption performance and desalination efficiency of
the CDI desalination unit mainly depended on the con-
ductivity and pore structure of the porous electrode
materials. Excellent adsorption performance and optimal
desalination efficiency could be achieved with highly
conductive porous electrode materials and when the
porous materials possessed a medium hole structure and
maximum surface area.
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Appendix A

Nomenclature

C, —  Concentration, mol/m?

d —  Carbon electrode fiber diameter, m

l‘_i — Diffusion coefficient of species i, m?/s

1—: —  Faraday’s constant, C/mol

N, —  Flux, mol/m?s

p —  Fluid pressure, Pa

R —  Universal gas constant, J/mol K

R, —  Component source term of species i, mol/m®s

t — Time, s

T —  Temperature, K

i —  Velocity vector, m/s

Z, —  Charge of species i, dimensionless

D —  Electric displacement, C/m?

D#f —  Effective diffusion coefficient in the porous
electrode, m?%/s

Greek

€ —  Porosity of the carbon electrode, dimensionless

&, —  Potential of the liquid phase, V

o, —  Dotential of the solid phase, V

vl —  Dynamic viscosity, Pa s

X, —  Electric susceptibility, dimensionless

Subscript

in — Inlet

out — Outlet

X —  Component in the X direction

Y —  Component in the Y direction

Superscript

eff — Effective value

i — Species i e{Na"*, CI'}
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