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Numerical Simulation of the Saline
Water Electrolysis Process using
Electromagnetic Waves

The electromagnetic waves have been used to accelerate chemical
reactions in comparison of conventional reactions. In this article,
a numerical method has been used to compare saline water
electrolysis (EL) and saline water electromagnetic electrolysis
Mohammad Reza f reactor (EMER) in order to realize the effect of electromagnetic
- Karafi" B waves on electrolysis process. At the first, the effect of
Assistant Professor il g|ectromagnetic waves on the ion separation has been investigated.
In the following, influence of main operating parameters such as
cell potential (10-16 v), salinity (110-440 mol/m3 NacCl), electrode
diameters (8-20 mm), and microwave frequency (0.3-2.4 GHz) on
Mohammad Hosein the ion concentrations have been investigated numerically for an
Sadeghi* up-flow axisymmetric cylinder. The ion separation in EMER
Professor process has been improved dramatically in comparison with EL
process. Also, the ion separation has been enhanced linearly by
increasing the cell potential and initial salinity.
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1 Introduction

Most of the surface area of the Earth has been covered by seawater, which can be used as a
sustainable resource. In order to produce fresh water from seawater, water and energy have
been closely interlinked and interdependent valuable resources that underpin economic growth
and human prosperity [1, 2]. The energy consumption of desalination processes has highly
depended on quality of the source water, the nature of any contamination, and the types of
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process employed [3]. Since the conventional desalination technologies have been operating at
very low efficiency, 10-15%, they have not been noble solution for sustainable future water
supplies [4]. Production of huge amount of reject brine in desalination processes has been
presented and several methods have been used to manage this problem. [5]. The zero liquid
discharge (ZLD) as an engineering approach has been introduced to recover a large amount of
water from the reject brine, decrease impacts on the planet and achieve sustainability [6]. A
series of treatments such as pretreatment have been introduced in ZLD approaches [7].
Seawater electrolysis as a pretreatment in ZLD approach, has been known as a highly potential
and widely used in industrial systems and processes [8, 9]. Hsu et al. have studied seawater
electrolysis and its chlorine generation efficiency, product quality, and storage stability [10].
Seawater electrolysis have been used in some areas such as marine and offshore industries to
produce active chlorine for drinking water and wastewater treatment [11].

Electrolyzed water has been known environmentally friendly with significant disinfection
effects [12]. Although many applications of electrolyzed seawater have been reported in
aquaculture and seafood processing, few applications have been reported in the agriculture or
food processing industries, probably due to sanitary concerns. Plankton and bacteria are
abundant in seawater, and certain coastal seawaters suffer from severe contamination [13, 14].
Seawater electrolysis has been attracted much attention in marine and offshore industries over
the past few years. Active chlorine has been widely used as one of the oxidants for drinking
water and wastewater treatment. The electrolyzed seawater, containing mainly active chlorine
species, has attracted extensive attention in marine and offshore industries recently [11]. Lacasa
et al. have investigated the power consumption comparison of some electrodes and the energy
consumption depending on the salinity level for the target oxidants production [15]. They have
shown that the best energy consumption has been received in the same range of current density
(30-50 mA/cm?) for IrO,/Ti and Pt/Ti electrodes. Also, the influence of salinity, current density
and operation mode (batch and single-pass) on inactivation and total residual chlorine
production rates have been reported by Nanayakkara et al. [16].

The microwave energy has been used to enhance chemical reactions such as organic and peptide
synthesis, polymer chemistry, material sciences, nanotechnology, and biochemical processes
has been growing at a rapid rate [17]. The saline water has generated dipoles when placed in a
microwave field which then has developed orientation polarization, and the lag between the
dipole orientation and the electric field leads to heating of the water [18, 19]. In addition, non-
thermal effects such as local super heating and generation of nanobubbles have been associated
with microwave irradiation [20-22]. Selective interactions of the electromagnetic field with
specific substrate molecules, reagents, or catalysts not connected to a macroscopic bulk
temperature effect (so-called nonthermal microwave effects) [23, 24]. Also, the microwave
process has been known to decrease the activation energy of physical and chemical processes,
break down bonded structures and reduce the average particle size salts in aqueous environment
[25-28].

A significant microwave selective effects on oxygen inhibition removal have been found for
NO decomposition through microwave catalysis over BaMnxMgxOz catalysts by Xu et al. [29].
Also, they have investigated the effects of a series of reaction parameters, including microwave
heating behavior, reaction temperature, outlet gas temperature, Mn,Os loading, microwave
input power and O2 concentration [30]. They have found that the microwave irradiation has
exhibited microwave selective effect in the microwave catalytic reaction mode. In addition,
they have found that using microwave irradiation to selectively heat the carbon has led to
dramatically different observed thermodynamics for the reaction [31]. The highly effective
conversion of NO and decomposition of H>S via MW catalysis have been investigated by
Toukoniitty et al. [32]. They have found that the apparent activation energy (Ea’) has decreased
substantially under microwave irradiation. Microwave irradiation into advanced oxidation
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processes (AOPs) for wastewater treatment has increased the reaction rate of AOPs [33]. Xia
et al. have reported that the combination of microwave and oxidants (e.g., H.O2, PS, PMS) has
a synergistic effect and effectively reduces reaction activation energy [34]. The effects of the
pyrolysis temperature, heating rate, microwave absorbers, sludge properties and catalysts on
microwave pyrolysis (MWP) efficiency and characterization of products have been studied by
Li et al. and reducing energy consumption and saving resources have been presented [35].

The chlorine removal rate and energy consumption of microwave-assisted saline water
electrolysis were experimentally studied and analyzed by Eghbali et al. [36]. They have
observed a rapid energy consumption decrease in the microwave assisted electrolysis process
compared to the conventional electrolysis process due to decreasing the activation energy (Ea’)
under microwave irradiation. An overview of advances in freeze desalination (stand-alone and
hybrid) technologies has been provided by Najim [37]. He has reported that the electrical energy
consumption and cost of potable water production for this method without latent heat recovery
have been less than membrane distillation (MD) and humidification-dehumidification (HDH)
methods, similar to the multi effect distillation (MED) and multistage flash distillation (MSF)
methods, and higher than the membrane-based desalination method without phase change.

A numerical simulation for electrolytic pickling of stainless steel has been reported by Ipek
[38]. Lu et al. [39] have been developed a steady state numerical model for multi-ion parallel-
plane electrode (PPE) system to investigate the concentration and electric distribution in the
process of salt water electrolysis under forced convection. Navier-Stokes and Nernst-Planck
equations have been solved using finite element technique to solve this model coupled with
ionic diffusion, convection and ionic migration. Numerical studies for spatial evolution of the
ionic concentration of an electrolyte in an isothermal electrochemical cell having a porous
separator between electrodes have been performed by Borg et al. [40].

Qin and Bau [41] have reported coupled solutions of Nernst-Planck, Navier-Stokes and
Maxwell’s equations to simulate the MHD (magneto hydrodynamic) flow.

Though there have been several studies on saline water electrolysis, simulation of the
electromagnetic electrolysis has not been reported so far. The objective of this work is to
numerically investigate whether the performance of the saline water electrolyser can be
improved by introducing the electromagnetic waves. Computational approach used in the
simulations has been validated with the results reported in an earlier study [39]. Saline water
electrolysis (EL) and saline water electromagnetic electrolysis reactor (EMER) have been
simulated and compared in present study and the electromagnetic enhancement in results has
been observed. Also, the effects of several parameters such as salinity, cell potential, electrode
diameter, and frequency of electromagnetic waves have been represented in the saline water
electromagnetic electrolysis.

2 Geometry and computational domain

The present study considers the geometry and boundary conditions shown in Figure 1(a). The
computational domain has a total of four boundaries (Figure 1(b)). An axisymmetric cylinder
has been used as the reactor of electrolysis process. The annular domain has been considered
with the outer radius of 18 mm as the cathode, inner radius of 4, 6, 8 and 10 mm as the anode,
and the height of 50 mm. The mass inlet with the several salinities of 110, 220, 330, and 440
mol/m3 NaCl has been employed on the bottom surface and with specified velocity profile. The
outlet boundary has been defined on the top surface of domain. The grid in the near wall regions
has been considered to be finer because of the large velocity and concentration gradients in
those regions. Also, an imaginary line (cutline) has been considered to calculate the parameters
in the middle of channel.
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Figure 1(a) Schematic diagram and (b) computational area of microwave assisted electrolysis reactor system

3 Electrode and overall reactions
The electrochemical chlorine evolution reaction (CER) and hydrogen evolution reaction (HER)

are two half reactions, which have been occurred at the anode and cathode electrodes of saline
water electrolysis, respectively [42].
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These reactions have been written as following:

2Cl- (aq) — Cl2 (g) + 2e- (1)
2H20 (1) + 2e— - 20H- (aq) + Hz2 (g) (2)
2 NaCl (aq) + 2H20 (1) —» Cl2 (g) + Hz2 (g) + 2 NaOH (aq) 3)

Two harmful reactions often occur in saline water electrolysis process are generating
hypochlorous acid (HOCI) at pH less than 7.46 (Equation (5)) and hypochlorite ions (ClO") at
pH more than 7.46 (Equation (6)) [43].

Cl= + 2H20 —» HOCI + H* + 2e- (5)

Cl= + 20H- - ClO~ + H20 + 2e~ (6)

Na*, CI~ and OH" are the ions carrying currents.

4 Mathematical equations

The saline water has been assumed as an incompressible Newtonian fluid and the fluid flow
under the prescribed inlet velocity has been supposed laminar. The applicable Navier-Stokes
equations for continuity and momentum balance have been presented as follow:

ap — . 7 —
5=V 0.1) =0 (7
% = 9(W.V)d = Vp + V[u(Vi + (Vi)T)] + F 8)

where p, u, p and p are the density, the velocity vector, the gauge pressure, and the dynamic
viscosity, respectively. When an ionic solution has been subjected to an electric field, transport
of species has been occurred by three mechanisms: (1) migration (because of potential
gradient), (2) convection (because of bulk flow) and (3) diffusion (because of concentration
gradient). Migration has implied that negative ions migrate from a negative potential to a
positive potential along the opposite direction of the electric field and vice versa for positive
ions [44]. Convection does not contribute to the electric currents because of the constraint
condition of electroneutrality. Therefore, the electric current is only transported by diffusion
and migration of each ionic species. The mass flux of species i in the electrolyte is given by
Nernst-Planck equation [39]:

ﬁ; = —DiVCi - Zi/,liCiV(D + 'l_iCi (9)
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where ci, Di, Zi, pi (Wi = DiF/RT Nernst—Einstein equation, where F is the Faraday constant, R
is the gas constant, T is the thermodynamic temperature), @ and u are concentration, diffusion
coefficient, charge number of species i, ionic migration, electric potential, and the flow velocity
vector respectively. Also, the equation for mass conservation of species i is the following [39]:

Jt
Maxwell’s equations are a set of equations indicating the relationships between the fundamental
electromagnetic quantities [45]. For general time-varying fields, Maxwell’s equations can be
written as following [45]:

—~ . 0D
—j oY 11
VXH=]+—2 (11)

- 0B
__ 12
VXE - (12)
vD=r (13)
v.BE=0 (14)

where E, D, H, B, J and r are the electric field intensity, the electric displacement or electric
flux density, the magnetic field intensity, the magnetic flux density, the current density and the
electric charge density, respectively. The first two equations (11 and 12) are also referred to as
Maxwell-Ampere’s law and Faraday’s law, respectively. Equation 13 and 14 are two forms of
Gauss’ law in the electric and magnetic fields, respectively. The equation of continuity is
another fundamental equation, which can be written as following [43]:

v.)=— % (15)

5 Summary of numerical approach

In this simulation, COMSOL v6.0 has been used to solve the above-mentioned governing
equations with specified boundary conditions. The working conditions included the geometric
parameters and other working parameters are listed in Table (1). The electromagnetic wave has
been simulated to improve the saline water electrolysis process with the frequencies of 0.45-
2.4 MHz.

The migrative and diffusive charge and species transport in the electrolyte are modelled using
the Nernst—Planck equations, assuming electroneutrality. The electrochemical model uses the
Tertiary Current Distribution, Nernst-Planck interface to predict the transport and reaction in
the saline water electrolysis. Charge transport is assumed to take place radially to and from the
electrodes. The Frequency Domain interface has been used to solve the Electromagnetic and it
assumes that all variations in time occur as sinusoidal signals. Also, it is assumed that all
material properties used to solve Maxwell’s equations are constant over a single period of
oscillation of the electromagnetic wave.
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Table 1 Basic parameters used in the model

Akbar Eghbali et al.

Value Description

10-16 V DC potential
2.5E-9 m?¥s Diffusion coefficient, Na
2E—9 m?%/s Diffusion coefficient, Cl

298.15 K Temperature

110-440 mol/m?
110-440 mol/m?3
0.05m
4-10 mm
18 mm
0.45-2.4 GHz

Inlet concentration, Na
Inlet concentration, ClI
Channel length
Anode Radius
Cathode Radius

Frequency

In order to verify the accuracy of the simulation results, the calculated fluid velocity in the
channel has been compared with the analytical solution of Abbasov et al. [46]. As shown in
Figure (2), it is obvious that the present numerical results have been in good agreement with
the analytical solutions. Therefore, the analytical profile has been introduced as inlet velocity
profile to simplify the model simulation. 2D and 3D velocity contour of the saline water
electrolysis reactor for electrode diameter of 20 and 8 mm have been illustrated in Figure (3).
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Figure 2 Comparison between the numerical and analytical results of the axial velocity in the channel
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Figure 3 2D and 3D velocity contour of the saline water electrolysis reactor with (a) 20 and (b) 8 mm electrode
diameter
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6 Results and discussion
6.1 Evaluation of grid size independence

(a) Mesh | (b) Mesh Il
Figure 4 Several computational grid sizes (a) Mesh I, (b) Mesh 11, (c) Mesh Il and (d) Mesh IV
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Figure 5 The (a) CI- and (b) Na+ concentrations at the EMER outlet and several grid sizes

Table 2 Mesh size independence of present simulations

Gid  Ny*Nr  GridNumber CFSepEaion  Deviaonfrom
Mesh | 90 * 60 5400 32.3 13.64
Mesh 11 120 * 80 9600 36.4 2.67
Mesh 111 150 * 100 15000 37.4 -
Mesh IV 225 * 150 33750 37.7 0.80

In order to ensure the mesh size independence of the present simulations, four typical different
grid sizes demonstrated in Figure (4) (i.e., grids I to IV representing 5,400, 9,600, 15,000 and
33,750 cells, respectively) are examined at the cell potential of 14 V, initial salinity of 20 mS
and anode diameter of 16 mm. From Figure (5) displaying the ion concentrations at the EMER
outlet and several grid sizes and also from Table (2), it can be observed that mesh Ill with
15,000 cells produces minor percentages of deviations concerning the results on ion separation
as compared with mesh IV (i.e., the finest mesh). Therefore, grid Il is chosen throughout the
present work.

6.2 Verification of Present Simulations

In order to verify the relative accuracy of the present results, direct comparisons of Cl-
concentrations with the author’s experimental data [36] are made at four various anode
diameters, as depicted in Figure (6). The experimental setup has employed the same geometry
with Al and Fe metal as anodes. As represented in Table (3), the present results demonstrate
reasonable agreement with the experiments, giving deviations of approximately 5.94% and
5.21% on average with experimental results with Al and Fe anode, respectively.
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Cl- Concentration f[mol/m3]

Cl- Concentration [mol/m3]

D [mm]

Experimental, Al Experimental, Fe —&— Numerical
Figure 6 The CI- concentrations at the EMER outlet: Comparison of present model with experimental data [36]

Table 3 The CI- concentration predictions by model as compared with experiment [36]

Experimental Cl-  Experimental CI- Numerical Def\:z)arﬂon Deviation from

[mm] contf\?t[r;ot]lons, conclggt[c)%]lons, conce[r;}or]atlons experi(g)snt, Al expen(rg/:snt, Fe
8 40.5 43.3 43.1 6.26 0.45
12 38.3 40.5 38.0 0.68 6.17
16 35.1 40.3 374 6.56 7.25
20 36.3 43.0 40.0 10.26 6.95

The rate of chemical processes, or what may loosely be termed the speed of reaction, can be
influenced by changing the concentrations of reactants. Also, the rate of electrochemical
processes also can be manipulated by changing the electrode potential. In addition, the rate of
an electrochemical reaction can best be described as the electric current density.

6.3 Influence of electromagnetic wave

The concentration comparison of CI" and Na" ions between EL and EMER for V=16V and
D=20mm have been depicted in Figure (7). The Anode and cathode electrodes have been
corresponded to the left side and right side of diagrams, respectively and the horizontal axis of
diagrams has been corresponded to anode to cathode distance. It seems that Cl- and Na* ions
have been inclined to anode and cathode electrodes, respectively. Electromagnetic enhancement
in ion distributions is clearly observed. The differences between EMER and EL ion
concentrations can be explained by the decreasing the energy requirement and increasing the
reaction rate in the presence of electromagnetic waves, which illustrates a significant
electromagnetic effect. The microwave irradiation has exerted nonthermal effects through
interaction between electric fields and specific polar molecules. The microwave nonthermal
effects can reduce the resistance of ions by rotating dipolar water molecules.
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These nonthermal effects have changed the mobility of molecules to move easier and more
through electric field. This phenomenon has caused to more ion separation in EMER process
in comparison with EL process.
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Figure 7 Comparison of (a) CI and (b) Na* concentrations (mol/m3) between EL and EMER (V=16V, D=20mm)
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In order to verify the ion separation along the channel, the CI- and Na* concentrations for EL
and EMER and in outlet and cutline (middle of channel) have been shown in Figure (8). These
results have depicted that more than 75% of ion separation in outlet has been done until cutline
for all cases.

CI Concentrations, V=14 V& EC 20 mS & D 20 mm
30000 T T T T T T T T T

28000 + — CI Cutline -
26000 — CI Outlet

24000+ .
22000 -
20000+ .
18000 .
16000+ .
14000 -

Concentration

12000 -
10000 |- -
8000 |- -
60001 | .
a00of \

2000+

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008
Radius

Na® Concentrations, V=14 V & EC 20 mS & D 20 mm
30000 T T T T T T T T T

— Na™* Cutline -
—— Na™ Outlet

T

28000

26000

24000

T
1

22000

20000

18000
16000

14000

Concentration

12000

T
1

10000

8000
6000

4000

2000

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008
Radius

@)

The Iranian Journal of Mechanical Engineering Transactions of ISME Vol. 24, No. 2, 2023



118 Akbar Eghbali et al.

CI Concentrations, V=14 V & EC 20 m5 & D 20 mm
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Figure 8 Comparison of CI- and Na* concentrations (mol/m?) between cutline and outlet for (a) EL and (b)
EMER (V=16V, D=20mm)
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6.4 Influence of anode diameter

By increasing anode diameter from 8 to 20 mm, anode and cathode distance decrease from 14
to 8 mm and the effective area of anode increase. The space between two electrodes also affects
the reactions in the electrolysis reactor. During electrolysis, the solution close to the cathode
becomes more concentrated because of the different mobilities of the ions present, and this
effect can be reduced by agitation of the bulk solution. The gap between electrodes gets partially
filled with products during electrolysis, which increases its electrical resistance. Figure (9) has
illustrated the CI- and Na* concentrations at four different electrode diameters and EL process.
In the conventional electrolysis process, as diameter is increased (or as anode to cathode
distance is decreased) the ion separation is decreased due to increasing of electrolyte resistance
and instability of ion separation. The anode to cathode distance has significant effect on the
performance and the efficiency of the electrolysis cell. Lower removal efficiencies of the ion
separation in the lower distance between the electrodes would be based on this fact that the
power dissipations could be increased in lower anode to cathode distance and higher anode
diameter. Also, the mobility of ions has been declined while anode to cathode distance
decreased.

Also, 3D molar concentration contours along the four different electrode diameters of EL
process and for CI- and Na* have been shown in Figures (10) and (11), respectively. It can be
seen that by moving the solution from inlet to outlet, the mole concentration near the electrodes
increased. In addition, when the distance from electrode increased, the molar concentration
dropped evidently. It would be because of electric field distribution between the electrodes.
Electric field has been decayed exponentially with increasing distance from the electrodes.
Therefore, the electric field would be stronger near the electrodes and positive and negative
ions have been gathered in the near region of cathode and anode electrodes, respectively.
Moreover, it is obvious that the most part of ion separation has been done until cutline.
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Figure 9 The (a) Cl-and (b) Na* concentrations at the EL outlet and several electrode diameters
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Figure 11 3D Na* concentration contours along the EL channel and the electrode diameter of (a) 8, (b) 12, (¢)
16, and (d) 20 mm

The CI- and Na* concentrations at four different electrode diameters and EMER process have
been depicted in Figure (12). In the conventional electrolysis process as diameter is increased
(or as anode to cathode distance is decreased) the ion separation is decreased. However, the
results of EMER simulation indicate that increasing anode diameter would decrease ion
separation but not beyond a value.

It appears in Figure (9) that the minimum ion separation at the electrode diameter of 16 mm
according to anode and cathode distance of 10 mm. Decreasing the ion concentration while the
electrode diameter increased from 8 to 16 mm is attributed to the increasing of electrolyte
resistance and instability of ion separation. In addition, this result can be explained by the fact
that, the anode to cathode distance should be just sufficient to provide sufficient turbulence in
between the electrodes that initiates mass transfer within the reactor. On the other hand, the
higher ion concentration at anode diameter of 20 mm could be due to decreasing in mass transfer
and the movement of participant species, leading to the decline of the reaction rate.

In here, it is appropriate to restrict the anode to cathode distance, since the saline water
electrolysis may require frequent polarity reversal because of the frequent mass transfers
induced by the lower level of turbulence in between the electrodes. In addition, since the ohmic
potential drop is proportional to the anode to cathode distance, reducing this gap is of great
importance in reducing the electrolysis energy consumption and improving the ion separation.
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Figure 12 The (a) ClI- and (b) Na* concentrations at the EMER outlet and several electrode diameters

The Iranian Journal of Mechanical Engineering Transactions of ISME

Vol. 24, No. 2, 2023



126 Akbar Eghbali et al.

In addition, Figures (13) and (14) have demonstrated the 3D molar concentration contours along
the four different electrode diameters of EMER process and for Cl- and Na™, respectively. It is
obvious that because of a very high electric field near the electrodes, the mole concentration
has been increased by getting close to the electrodes.
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Figure 13 3D CI- concentration contours along the EMER channel and the electrode diameter of (a) 8, (b) 12, (c)
16, and (d) 20 mm
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Figure 14 3D Na* concentration contours along the EMER channel and the electrode diameter of (a) 8, (b) 12,
(c) 16, and (d) 20 mm
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Figure 15 The influence of anode diameter on the outlet Cl- concentration in the EL and EMER processes

The effect of anode diameter on the molar concentration of CI™ at the outlet is illustrated in
figure 15 for both EL and EMER processes. Also, the percentage of Cl™ separation is written in
the figure. The maximum and minimum molar concentrations in EMER process equals 94.7
and 82.2 mol/m3 for anode diameters of 8 and 16 mm, respectively. A rapid CI™ separation
increase has been observed in the EMER process compared to the EL process that could be due
to the interactions between electromagnetic waves and molecules in chemical reaction systems.
The ratio between EMER and EL processes Cl concentration has been obtained in the range of
3.17-3.74 for all anode diameters. The maximum and minimum CI" separation improvement
have been occurred for anode diameter of 20 and 12 mm, respectively.

6.5 Influence of cell potential

The potential difference is caused by the ability of electrons to flow from one half cell to the
other. The cell potential has determined the direction of electron flow and the efficiency of the
overall cell reaction. The migration of species in the ionic solution has been influenced directly
by cell potential. Therefore, cell potential strongly influences both ion separation and mass
transfer at the electrodes based on the quantity of electricity that passed through the electrolytic
solution. As cell potential increased, the migration of species in solution increased. Figure (16)
displays the molar concentration at different cell potential. As expected, the ion separation
enhanced as cell potential increased. When higher cell potential has been applied to the
electrodes, more positive ions move to the cathode while more negative ions move to the anode.
At higher cell potential, an accumulation of ions is caused by the increased electron transfer.
The amount of ion separated or collected near the electrodes is dependent on the quantity of
electricity that passed through the electrolytic solution. At high cell potential, the extent of
electron transfer increases, which results in an increase in the ion separation. It means that
performance of ion separation has been improved by increasing the cell potential.
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Figure 17 The influence of cell potential on the outlet CI- concentration in the EL and EMER processes

Figure (17) depicts the influence of cell potential on the molar concentration of CI- and
percentage of Cl™ separated at the outlet for EMER process. The results have shown that the CI
concentration and CI" separation increase linearly with increasing cell potential. The CI
concentration has increased from 55.66 mol/m? (corresponding to 25.3% CI- separation) for cell
potential of 10 V to 95.70 mol/m?® (corresponding to 43.5% CI- separation) for cell potential of
16 V.

6.6 Influence of salinity

The salinity (and/or conductivity) is an important parameter to optimize electrochemical
processes. It is expected that by increasing the conductivity, the saline water electrolysis has
been improved. Figure (18) illustrates the molar concentrations of CI- and Na* at several inlet
salinities. It is obvious that the solution conductivity (EC) increases as the salinity increased.
Figure 18 depicts that as salinity is increased the molar separation is increased because of raising
reaction rates due to increasing the solution conductivity.

This result can be potentially explained by the fact that, when the initial salinity (conductivity)
were higher, less electron transfer (and less current density and energy) were needed to separate
ions. The 40 mS electric conductivity (corresponding to 40 PSU salinity) has been found the
best value for achieving higher ion separation.

The influence of initial salinity on the molar concentration of CI- and percentage of CI” separated
at the outlet is demonstrated in Figure (19) for EMER process. It seems that as initial salinity
increases, the CI” concentration and dichlorination are increased. The value of Cl- concentration
enhances from 41.3 to 163.4 mol/m3, while the initial salinity increases from 10 to 40 mS. In
addition, the percentage of dichlorination has remained relatively stable for all salinities.
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Figure 18 The (a) Cl- and (b) Na* concentrations at the EMER outlet and several salinities
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Figure 19 The influence of initial salinity on the outlet Cl- concentration in the EL and EMER processes

6.7 Influence of frequency
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Figure 20 The (a) CI- and (b) Na* concentrations at the EMER outlet and several frequencies

Microwave is a form of electromagnetic wave in the frequency range 300 MHz (i.e., 0.3 GHz)
to 300 GHz, with corresponding wavelengths of 1 mm to 1 m. The EMER process has been
simulated in eight microwave frequencies (300 MHz, 450 MHz, 700 MHz, 900 MHz, 1.1 GHz,
1.4 GHz, 1.8 GHz, and 2.4 GHz) to demonstrate the effect of frequency on EMER process.
Figure (20) illustrates the molar concentrations of ClI" and Na* at several frequencies of
electromagnetic wave. As seen, the ion separation slightly decreased as microwave frequency
increased. When the frequency range of the oscillations has been in appropriate range, adequate
inter-particle interaction would be enabled. At the high frequency range of the oscillations,
inter-molecular forces have tried to stop the motion of a polar molecule before it tried to follow
the field. On the other hand, the polar molecule has gotten sufficient time at the low frequency
range of the oscillations to align itself in phase with the field. Therefore, less random
interactions have been occurred between the adjoining particles in the lower frequencies.
Although the presence of electromagnetic wave has an impressive effect on ion separation, the
frequency of microwave in the range of 300 MHz to 2.4 GHz has not a significant influence on
the performance of saline water electromagnetic electrolysis. Since the microwave radiation
has the appropriate frequency to oscillate polar particles and enable enough interparticle
interaction, the ion separation changes versus frequency in the microwave range are so limited.
Figure (21) displays the effect of frequency on the molar concentration of Cl- and percentage
of CI" separated at the outlet for EMER process. The CI" concentration has slightly decreased
from 85.6 mol/m3 (corresponding to 38.9% CI" separation) for frequency of 300 MHz to 77.6
mol/m3 (corresponding to 35.3% CI separation) for frequency of 2.4 GHz.
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Figure 21 The influence of electromagnetic wave frequency on the outlet CI- concentration in the EL and EMER
processes

7 Conclusion

(1) In this paper a numerical method based on the finite element is developed and comparison
of saline water electrolysis (EL) and saline water electromagnetic electrolysis reactors (EMER)
have been done numerically. The effect of parameters such as cell potential, salinity, electrode
diameter and frequency on the ion concentration have been studied.

(2) A rapid ion separation increase is observed in EMER simulation in comparison with EL
because of decreasing the energy requirement under electromagnetic irradiation. The ion
separation ratio between EMER and EL processes was calculated in the range of 3.17-3.74.
(3) In the EL model as anode to cathode distance is decreased (correspond to higher anode
diameter), the ion separation is decreased. The results show that the maximum ion separation
is observed at the anode diameter of 8 mm for both EL and EMER models. However, the anode
diameter correspond to the minimum ion separation is 20 and 16 mm for EL and EMER models,
respectively.

(4) As the cell potential increased the ion separation raised linearly due to better migration of
species in solution. The best CI” separation was obtained 43.5% for cell potential of 16 V.

(5) Optimum salinity corresponding to maximum ion separation is equal to 40 mS. However,
the percentage of CI™ separation was remained relatively stable, while the initial salinity was
increased.

(6) As the microwave frequency decreased, the EMER performance enhanced slightly. The
frequency in the range of 300 MHz to 2.4 GHz has not a considerable effect on the CI
separation.

The Iranian Journal of Mechanical Engineering Transactions of ISME Vol. 24, No. 2, 2023



Akbar Eghbali et al. 137

References

[1] D. Conway et al., "Climate and Southern Africa’'s Water—energy—food Nexus,” Nature
Climate Change, Vol. 5, No. 9, pp. 837-846, 2015, doi: https://doi.org/10.1038/nclimate2735.

[2] S. G. Rothausen and D. Conway, "Greenhouse-gas Emissions from Energy Use in the Water
Sector,” Nature Climate Change, Vol. 1, No. 4, pp. 210-219, 2011, doi:
https://doi.org/10.1038/nclimate1147.

[3] A. Plappally, "Energy Requirements for Water Production, Treatment, End Use,
Reclamation, and Disposal,” Renewable and Sustainable Energy Reviews, Vol. 16, No. 7, pp.
4818-4848, 2012, doi: https://doi.org/10.1016/j.rser.2012.05.022.

[4] M. W. Shahzad, M. Burhan, L. Ang, and K. C. Ng, "Energy-water-environment Nexus
Underpinning Future Desalination Sustainability,” Desalination, Vol. 413, pp. 52-64, 2017,
doi: https://doi.org/10.1016/j.desal.2017.03.0009.

[5] A. Mohamed, M. Maraga, and J. Al Handhaly, "Impact of Land Disposal of Reject Brine
from Desalination Plants on Soil and Groundwater,” Desalination, Vol. 182, No. 1-3, pp. 411-
433, 2005, doi: https://doi.org/10.1016/j.desal.2005.02.035.

[6] J. Morillo, J. Usero, D. Rosado, H. El Bakouri, A. Riaza, and F.-J. Bernaola, "Comparative
Study of Brine Management Technologies for Desalination Plants,” Desalination, VVol. 336, pp.
32-49, 2014, doi: https://doi.org/10.1016/j.desal.2013.12.038.

[7] J.-H. Tsai et al., "Membrane-based Zero Liquid Discharge: Myth or Reality?," Journal of
the Taiwan Institute of Chemical Engineers, Vol. 80, pp. 192-202, 2017, doi:
https://doi.org/10.1016/j.jtice.2017.06.050.

[8] J. Shibata, M. Kimura, K. Ueda, and Y. Seika, "Ship Hull Anti-fouling System Utilizing
Electrolyzed Sea Water,” Mitsubishi Technical Bulletin, 1972, Vol. 80, Available:
http://resolver.tudelft.nl/uuid:7ce04783-18fa-4788-8e01-0fe7d6917eae.

[9] J. E. Bennett, "On-site Generation of Hypochlorite Solutions by Electrolysis of Seawater,"
1978. [Online]. Available: http://pascal-
francis.inist.fr/vibad/index.php?action=getRecordDetail &idt=PASCAL 7960140578.

[10] G.-S. W. Hsu, C.-W. Hsia, and S.-Y. Hsu, "Effects of Electrode Settings on Chlorine
Generation Efficiency of Electrolyzing Seawater,” Journal of Food and Drug Analysis, Vol.
23, No. 4, pp. 729-734, 2015, doi: https://doi.org/10.1016/j.jfda.2015.06.007.

[11] S. Yang, Z. Wang, Z. Han, and X. Pan, "Performance Modelling of Seawater Electrolysis
in an Undivided Cell: Effects of Current Density and Seawater Salinity,” Chemical Engineering
Research and Design, Vol. 143, pp. 79-89, 2019, doi:
https://doi.org/10.1016/j.cherd.2019.01.009.

[12] Y.-R. Huang, Y.-C. Hung, S.-Y. Hsu, Y.-W. Huang, and D.-F. Hwang, "Application of
Electrolyzed Water in the Food Industry,” Food Control, Vol. 19, No. 4, pp. 329-345, 2008,
doi: https://doi.org/10.1016/j.foodcont.2007.08.012.

The Iranian Journal of Mechanical Engineering Transactions of ISME Vol. 24, No. 2, 2023


https://doi.org/10.1038/nclimate2735
https://doi.org/10.1038/nclimate1147
https://doi.org/10.1016/j.rser.2012.05.022
https://doi.org/10.1016/j.desal.2017.03.009.
https://doi.org/10.1016/j.desal.2005.02.035
https://doi.org/10.1016/j.desal.2013.12.038
https://doi.org/10.1016/j.jtice.2017.06.050
http://resolver.tudelft.nl/uuid:7ce04783-18fa-4788-8e01-0fe7d6917eae
http://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=PASCAL7960140578
http://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=PASCAL7960140578
https://doi.org/10.1016/j.jfda.2015.06.007
https://doi.org/10.1016/j.cherd.2019.01.009
https://doi.org/10.1016/j.foodcont.2007.08.012

138 Akbar Eghbali et al.

[13] B. D. Hoyle. and R. Robinson. "Microbes in the  Ocean."
http://www.waterencyclopedia.com/Mi-Oc/Microbes-in-the-Ocean.html (accessed).

[14] H. W. Jannasch and G. E. Jones, "Bacterial Populations in Sea Water as Determined by
Different Methods of Enumeration 1," Limnology and Oceanography, Vol. 4, No. 2, pp. 128-
139, 1959, doi: https://doi.org/10.4319/10.1959.4.2.0128.

[15] E. Lacasa, E. Tsolaki, Z. Sbokou, M. A. Rodrigo, D. Mantzavinos, and E. Diamadopoulos,
"Electrochemical Disinfection of Simulated Ballast Water on Conductive Diamond
Electrodes,” Chemical Engineering Journal, Vol. 223, pp. 516-523, 2013, doi:
https://doi.org/10.1016/j.cej.2013.03.003.

[16] K. N. Nanayakkara, A. K. Alam, Y.-M. Zheng, and J. P. Chen, "A low-energy Intensive
Electrochemical System for the Eradication of Escherichia Coli from Ballast Water: Process
Development, Disinfection Chemistry, and Kinetics Modeling,” Marine Pollution Bulletin,
Vol. 64, No. 6, pp. 1238-1245, 2012, doi: https://doi.org/10.1016/j.marpolbul.2012.01.018.

[17] C. O. Kappe and D. Dallinger, "Controlled Microwave Heating in Modern Organic
Synthesis: Highlights from the 2004-2008 Literature,” Molecular Diversity, Vol. 13, pp. 71-
193, 2009, doi: https://doi.org/10.1007/s11030-009-9138-8.

[18] A. A. Barba and M. d’Amore, "Relevance of Dielectric Properties in Microwave Assisted
Processes,” Microwave Materials Characterization, Vol. 6, pp. 91-118, 2012, doi:
https://dx.doi.org/105772/51098.

[19] D. Mingos and D. Baghurst, "Applications of Microwave Dielectric Heating Effects to
Synthetic Problems in Chemistry, Microwave-enhanced Chemistry,” In Eds.: HM Kingston, St.
J. Haswell. ACS, Washington (DC), 1997, p. 33, doi: https://doi.org/10.1039/CS9912000001.

[20] G. Baffou, J. Polleux, H. Rigneault, and S. Monneret, "Super-heating and Micro-bubble
Generation around Plasmonic Nanoparticles under CW Illumination," The Journal of Physical
Chemistry C, Vol. 118, No. 9, pp. 4890-4898, 2014, doi: https://doi.org/10.1021/jp411519k.

[21] L. Wang, X. Miao, and G. Pan, "Microwave-induced Interfacial Nanobubbles,” Langmuir,
Vol. 32, No. 43, pp. 11147-11154, 2016, doi: https://doi.org/10.1021/acs.langmuir.6b01620.

[22] Y. Asakuma, R. Nakata, M. Asada, Y. Kanazawa, and C. Phan, "Bubble Formation and
Interface Phenomena of Aqueous Solution under Microwave Irradiation,” International Journal
of Heat and Mass Transfer, Vol. 103, pp. 411-416, 2016, doi:
https://doi.org/10.1016/j.ijheatmasstransfer.2016.07.086.

[23] C. O. Kappe, D. Dallinger, and S. S. Murphree, Practical Microwave Synthesis for Organic
Chemists. Wiley Online Library, 2009, doi: https://doi.org/10.1002/9783527651313.

[24] A. de la Hoz and A. Loupy, Microwaves in Organic Synthesis. John Wiley & Sons, 2013,
doi: http://dx.doi.org/10.1002/9783527651313.ch14.

[25] Z. Ji, J. Wang, Z. Yin, D. Hou, and Z. Luan, "Effect of Microwave Irradiation on Typical
Inorganic Salts Crystallization in Membrane Distillation Process,” Journal of Membrane
Science, Vol. 455, pp. 24-30, 2014, doi: https://doi.org/10.1016/j.memsci.2013.12.064.

The Iranian Journal of Mechanical Engineering Transactions of ISME Vol. 24, No. 2, 2023


http://www.waterencyclopedia.com/Mi-Oc/Microbes-in-the-Ocean.html
https://doi.org/10.4319/lo.1959.4.2.0128
https://doi.org/10.1016/j.cej.2013.03.003
https://doi.org/10.1016/j.marpolbul.2012.01.018
https://doi.org/10.1007/s11030-009-9138-8
https://dx.doi.org/105772/51098
https://doi.org/10.1039/CS9912000001
https://doi.org/10.1021/jp411519k
https://doi.org/10.1021/acs.langmuir.6b01620
https://doi.org/10.1016/j.ijheatmasstransfer.2016.07.086
https://doi.org/10.1002/9783527651313
http://dx.doi.org/10.1002/9783527651313.ch14
https://doi.org/10.1016/j.memsci.2013.12.064

Akbar Eghbali et al. 139

[26] R. Cai, H. Yang, J. He, and W. Zhu, "The Effects of Magnetic Fields on Water Molecular
Hydrogen Bonds," Journal of Molecular Structure, Vol. 938, No. 1-3, pp. 15-19, 2009, doi:
https://doi.org/10.1016/j.molstruc.2009.08.037.

[27] L. Zhao, K. Ma, and Z. Yang, "Changes of Water Hydrogen Bond Network with Different
Externalities,” International Journal of Molecular Sciences, Vol. 16, No. 4, pp. 8454-8489,
2015, doi: https://doi.org/10.3390/ijms16048454.

[28] J. Sun, W. Wang, and Q. Yue, "Review on Microwave-matter Interaction Fundamentals
and Efficient Microwave-associated Heating Strategies," Materials, VVol. 9, No. 4, p. 231, 2016,
doi: https://doi.org/10.3390/ma9040231.

[29] W. Xu, J. Zhou, Z. Su, Y. Ou, and Z. You, "Microwave Catalytic Effect: A New Exact
Reason for Microwave-driven Heterogeneous Gas-phase Catalytic Reactions,” Catalysis
Science &  Technology, Vol. 6, No. 3, pp. 698-702, 2016, doi:
https://doi.org/10.1039/C5CY01802A.

[30] J. Zhou et al., "A New Type of Power Energy for Accelerating Chemical Reactions: The
Nature of a Microwave-driving Force for Accelerating Chemical Reactions,"” Scientific Reports,
Vol. 6, No. 1, p. 25149, 2016, doi: https://doi.org/10.1038/srep25149.

[31] W. Xu, X. Hu, M. Xiang, M. Luo, R. Peng, L. Lan, and J. Zhou, "Highly Eeffective Direct
Decomposition of H2S into H2 and S by Microwave Catalysis Over CoS-MoS2/y-Al203
Microwave Catalysts,” Chemical Engineering Journal, VVol. 326, pp. 1020-1029, 2017, doi:
https://doi.org/10.1016/j.cej.2017.06.027.

[32] B. Toukoniitty et al., "Ethyl Pyruvate Hydrogenation under Microwave Irradiation,"
Chemical Engineering Journal, Vol. 126, No. 2-3, pp. 103-109, 2007, doi:
https://doi.org/10.1016/j.cej.2006.09.016.

[33] A. L. Garcia-Costa, J. A. Zazo, J. J. Rodriguez, and J. A. Casas, "Intensification of
Catalytic Wet Peroxide Oxidation with Microwave Radiation: Activity and Stability of Carbon
Materials," Separation and Purification Technology, Vol. 209, pp. 301-306, 2019, doi:
https://doi.org/10.1016/j.seppur.2018.07.054.

[34] H. Xia et al., "A Review of Microwave-assisted Advanced Oxidation Processes for
Wastewater  Treatment,” Chemosphere, Vol. 287, p. 131981, 2022, doi:
https://doi.org/10.1016/j.chemosphere.2021.131981.

[35] S. Li, C. Li, and Z. Shao, "Microwave Pyrolysis of Sludge: A Review," Sustainable
Environment Research, Vol. 32, No. 1, p. 23, 2022, doi: https://doi.org/10.1186/s42834-022-
00132-z.

[36] A. Eghbali, M. R. Karafi, and M. H. Sadeghi, "The Effects of Current Density, Cell
Potential, Time, Salinity, Electrode Diameter, and Material on Microwave-assisted Saline
Water Electrolysis: An Experimental Study,” Water Conservation Science and Engineering,
Vol. 8, No. 1, p. 13, 2023, doi: https://doi.org/10.1007/s41101-023-00186-z.

[37] A. Najim, "A Review of Advances in Freeze Desalination and Future Prospects,” Npj
Clean Water, Vol. 5, No. 1, p. 15, 2022, doi: https://doi.org/10.1038/s41545-022-00158-1.

The Iranian Journal of Mechanical Engineering Transactions of ISME Vol. 24, No. 2, 2023


https://doi.org/10.1016/j.molstruc.2009.08.037
https://doi.org/10.3390/ijms16048454
https://doi.org/10.3390/ma9040231
https://doi.org/10.1039/C5CY01802A
https://doi.org/10.1038/srep25149
https://doi.org/10.1016/j.cej.2017.06.027
https://doi.org/10.1016/j.cej.2006.09.016
https://doi.org/10.1016/j.seppur.2018.07.054
https://doi.org/10.1016/j.chemosphere.2021.131981
https://doi.org/10.1186/s42834-022-00132-z
https://doi.org/10.1186/s42834-022-00132-z
https://doi.org/10.1007/s41101-023-00186-z
https://doi.org/10.1038/s41545-022-00158-1

140 Akbar Eghbali et al.

[38] N. Ipek, N. Lior, and A. Eklund, "Improvement of the Electrolytic Metal Pickling Process
by Inter-electrode Insulation,” Ironmaking & Steelmaking, Vol. 32, No. 1, pp. 87-96, 2005, doi:
http://dx.doi.org/10.1179/174328105X23996.

[39] J. Lu, D.-J. Li, L.-L. Zhang, and Y.-X. Wang, "Numerical Simulation of Salt Water
Electrolysis in Parallel-plate Electrode Channel under Forced Convection," Electrochimica
Acta, Vol. 53, No. 2, pp. 768-776, 2007, doi: https://doi.org/10.1016/j.electacta.2007.07.051.

[40] K. Borg, K. Birgersson, and F. H. Bark, "Effects of Non-linear Kinetics on Free Convection
in an Electrochemical Cell with a Porous Separator,” Journal of Applied Electrochemistry, VVol.
37, pp. 1287-1302, 2007, doi: https://doi.org/10.1007/s10800-007-9418-x.

[41] M. Qin and H. H. Bau, "When MHD-based Microfluidics is Equivalent to Pressure-driven
Flow," Microfluidics and Nanofluidics, Vol. 10, pp. 287-300, 2011, doi:
https://doi.org/10.1007/s10404-010-0668-2.

[42] S. Jiang, Y. Liu, H. Qiu, C. Su, and Z. Shao, "High Selectivity Electrocatalysts for Oxygen
Evolution Reaction and Anti-chlorine Corrosion Strategies in Seawater Splitting,” Catalysts,
Vol. 12, No. 3, p. 261, 2022, doi: https://doi.org/10.3390/catal12030261.

[43] G. Amikam, P. Nmingativ, and Y. Gendel, "Chlorine-free Alkaline Seawater Electrolysis
for Hydrogen Production,” International Journal of Hydrogen Energy, Vol. 43, No. 13, pp.
6504-6514, 2018, doi: https://doi.org/10.1016/j.ijhydene.2018.02.082.

[44] P. Shukla, K. K. Singh, P. Tewari, and P. Gupta, "Numerical Simulation of Flow
Electrolysers: Effect of Obstacles,” Electrochimica Acta, Vol. 79, pp. 57-66, 2012, doi:
https://doi.org/10.1016/j.electacta.2012.06.047.

[45] D. K. Cheng, Field and Wave Electromagnetics. Pearson Education India, 1989.
https://www.academia.edu/38727457/David_K_Cheng_Field_and_Wave Electromagnetics
Addison_Wesley, 1989.

[46] T. Abbasov, H. Bilgili, and A. Sarimeseli Pagaci, "Quasi-Newtonian Approach
Determination of Velocity Profile for the Fully Developed Axial Power Law Fluid Flow in
Concentric Annuli," Asia-Pacific Journal of Chemical Engineering, Vol. 16, No. 6, p. €2710,
2021, doi: https://doi.org/10.1002/apj.2710.

The Iranian Journal of Mechanical Engineering Transactions of ISME Vol. 24, No. 2, 2023


http://dx.doi.org/10.1179/174328105X23996
https://doi.org/10.1016/j.electacta.2007.07.051
https://doi.org/10.1007/s10800-007-9418-x
https://doi.org/10.1007/s10404-010-0668-2
https://doi.org/10.3390/catal12030261
https://doi.org/10.1016/j.ijhydene.2018.02.082
https://doi.org/10.1016/j.electacta.2012.06.047
https://www.academia.edu/38727457/David_K_Cheng_Field_and_Wave_Electromagnetics_Addison_Wesley
https://www.academia.edu/38727457/David_K_Cheng_Field_and_Wave_Electromagnetics_Addison_Wesley
https://doi.org/10.1002/apj.2710

Akbar Eghbali et al.

Nomenclature

English symbols

B
G
D
Dj
E
EC
EL
EMER
F
H
J
Nr
Ny

SIS

'ﬂ“"

<K<

Vel
Zi

Magnetic flux density
Concentration of species i
Electric displacement or electric flux density
Diffusion coefficient of species i
Electric field intensity

Electrical conductivity

Saline water electrolysis

Saline water electromagnetic electrolysis reactor
Faraday constant

Magnetic field intensity

Current density

Grid number in radial direction
Grid number in axial direction
Gauge pressure

Electric charge density

Gas constant

Anode diameter

Cathode diameter

Time

Thermodynamic temperature
Velocity vector

Cell potential

Axial velocity

Charge number of species i

Greek symbols

Yo,
U

Ui
/]

Density

Dynamic viscosity

lonic migration of species i
Electric potential
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