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a b s t r a c t
The paper is focused on the study of controlling the path of ions causing hardness and salinity 
of water by a combination of electrolysis process and electric and magnetic fields and explaining 
the mechanism of the process based on magnetohydrodynamic (MHD) and magnetophoretic (MP) 
forces. The results showed that the highest removal efficiency of total dissolved solids (TDS) was 
7.64%, the highest removal efficiency of electrical conductivity (EC) was 38.32% and the highest 
removal efficiency of total hardness (TH) was 36.04%. The greatest impact occurred when these 
two forces were applied simultaneously. Moreover, MgSO4 and CaCO3 had the greatest effect on 
the reduction of ions. This effect was due to the presence of oxygen atoms of MgSO4. Oxygen atoms 
are considered to be strong paramagnetic particles (magnetic susceptibility of +7,699 × 10–6 m3/mol) 
due to their unpaired orbitals, which makes them more affected. Besides, the ions that increase 
the TDS and EC of water (such as NaCl and MgSO4) have a larger rotation diameter or Larmore 
radius than ions that increase water TH. The circulation of soluble ions around the central elec-
trode was formed by the MHD force that was based on the Lorentz force, and the difference in the 
concentration of ions in the column was caused by the MP force that was based on the Kelvin force 
and as a result, more ions were transferred to the spiral paths.

Keywords:  Mechanical trajectory; Mineral impurities; Magnetohydrodynamic force; Magnetophoretic 
force; Larmore radius; Lorentz force; Kelvin force

1. Introduction

Desalination is the process of removing excess salts 
and other dissolved minerals from the seawater that 
reduces salt concentrations at or below the World Health 
Organization’s drinking water limit of 500 mg/L [1,2]. 

Brine is the concentrated stream of the desalination pro-
cess that has an adverse impact on the environment. 
Hence, cost-effective brine stream management methods 
are needed to reduce environmental pollution [3]. At pres-
ent, various disposal methods have been used, includ-
ing surface water discharge, sewer discharge, deep-well 
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injection, evaporation ponds and land applications [3]. 
However, these brine disposal methods are unsuitable 
and are limited by high capital costs and non-global appli-
cation [3]. The most important parameters considered in 
such concentrated flows are salinity and hardness. Salinity 
can make water non-drinkable and damage aquatic life [4]. 
Moreover, the presence of high hardness in water causes 
the formation of sediments in water facilities and reduces 
operating costs [5]. Brine treatment is considered one of the 
most promising alternatives to brine disposal [3]. Chemical 
treatment is the main method used in brine treatment to 
reduce and remove water minerals. This method is costly 
and not environmentally friendly [6]. Therefore, it is nec-
essary to provide an effective method of water treatment 
that is low cost and at the same time creates minimal envi-
ronmental pollution [7]. Physical water treatment systems 
include magnetic, electrostatic, ultrasonic and hydro-
dynamic processes [8]. Magnetism is a unique physical 
property that independently helps in water treatment by 
influencing the physical properties of impurities in water. 
The contact of water with magnetic fields causes many 
phenomena in water, even if the magnetic field intensity is 
weak and the contact time is short [9]. Many researchers 
believe that magnetic water treatment is one of the most 
effective non-chemical methods [6]. Han et al. [10] inves-
tigated the influence of alternating electromagnetic fields 
and ultrasonic on calcium carbonate crystallization in the 
presence of magnesium ions. The effects of magnetic and 
electric fields on physicochemical properties of water have 
been the most controversial field for at least 50–60 y [11,12]. 
In water treatment by electric forces, an electric field is 
applied around the water that has metal electrodes. In mag-
netic systems, a coil is placed around the water pipe and a 
magnetic field is applied to the water [8]. Although these 
methods have not been specifically used on a commercial 
scale, they have been considered as pretreatments in mem-
brane processes [13]. This process incorporates a set of elec-
trochemical, magnetic, and hydrodynamic concepts. The 
interaction of the magnetic field with the current density 
causes water to rotate around the electrode, which is called 
the magnetohydrodynamic effect (MHD) and occurs in uni-
form magnetic fields [14]. The origin of this rotational force 
is the driving force of electric motors known as Lorentz 
force. In this process, the electrodes are placed in water 
and an external magnetic field is applied to the system [13]. 
Most recent studies in the field of magneto-electrochemis-
try have been devoted to the study of the effect of Lorentz 
force on the rotational current in an electrochemical cell 
[14]. Gatard et al. evaluated the use of magnetic fields in 
electrochemistry [15]. MHD effects involving the interac-
tion of the magnetic field with the local electric current den-
sity are the contained mechanism in the process [13]. In the 
process also a force is applied directly on paramagnetic 
species in the electrolyte that is named magnetophoretic 
(MP) or Kelvin force [14]. The force is due to the gradient 
concentration of paramagnetic ions. Besides, the electro-
magnetic force is the other force acting on electric cur-
rents [13]. Both types of force are usually present, because 
any redox process where a single electron is transferred 
necessarily involves paramagnetic species, but one or 
the other is often dominant [14]. A study on the effects 

of magnetic field gradients on paramagnetic free radicals 
in solution was stimulated by White [16]. The interaction 
creates local paramagnetic concentration gradients and 
induces convection near an electrode [13]. MHD is the 
study of the flow of electrically conducting liquids in elec-
tric and magnetic fields [17]. The equations of the MHD 
principles come from two parts, classical fluid dynam-
ics and electromagnetics [18]. The former includes mass 
continuity equation and Navier–Stokes equation and the 
latter include Maxwell’s equations, current continuity 
equation and constitutive equations [17]. Recent progress 
in MHD has gone beyond a study of the influence of the 
Lorentz force on convection on different length scales. 
Attention is turning to non-uniform fields, and the Kelvin 
force, which can be very large at ferromagnetic electrodes. 
Monzon and Coey [13] studied the magnetic fields in elec-
trochemistry and focused on the electromagnetic forces 
acting on electric currents. They showed that the Lorentz 
force was the predominant mechanism in magneto-elec-
tric interaction. Monzon and Coey [14] also surveyed 
the influence of magnetic field gradients on paramag-
netic species in an electrochemical cell and explained the 
mechanism based on the Kelvin force. In another study, 
Terentiev et al. [19] also carried out a study on the electro-
magnetic effects of water impurities. They have controlled 
the mechanical trajectory of impurities by a magneto-elec-
tric device using the combination of the Lorentz force and 
the Larmore force and removed them from the main flow. 
Although the influence of an applied magnetic field on 
the operation of an electrochemical cell has been studied 
for over 40 y, MHD remains relatively unfamiliar territory 
to all but a few specialized research groups [20]. The topic 
is concepts from electrochemistry, hydrodynamics and 
magnetism. Magnetic water purification is an attractive 
method, but it still raises controversial issues and its phe-
nomena cannot be clearly explained. Regarding increas-
ing demand for drinking water and a decrease in fresh-
water resources, the use of membrane technology is a 
common approach. One of the disadvantages of this treat-
ment method is the production of a concentrated stream 
containing high hardness and salinity. In recent years, 
the use of physical methods such as the use of magnetic 
and electrical forces to water treatment in terms of min-
eral depletion has significantly increased. However, in 
the methods magnetic and electrical forces have been sep-
arately studied. Besides, these forces have been used to 
prevent the deposition of water mineral components and 
also to change the structure of sediments. In the method 
presented in this study, magnetic and electric forces were 
applied simultaneously in a reactor in order to deflect 
the minerals of water. This method is a new deionization 
technique in the field of magnetic-electric water purifi-
cation, and the optimization of this system based on the 
physical parameters of the reactor has not been carried 
out in previous studies. Magnetic treatment is a technique 
that has been separately applied to dissolved chemicals 
in the water. In this research, magnetic and electric forces 
were used simultaneously in a reactor to deflect the mag-
netic particles of water. The purpose of this study was to 
present a physical method for the separation of hardness 
and salinity agents by magnetic and electrical forces.
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2. Materials and methods

2.1. Design and construction of the electrochemical- 
magnetic system

The designed system had a glass cylinder with a diam-
eter of 5 cm, in the upper part of which two graphite anode 
and cathode electrodes were placed opposite each other 
to separate cations and anions. The potential difference 
between these electrodes was considered to be 0.5–1 V, 
which was supplied from a DC power supply. This potential 
difference was considered to prevent the occurrence of the 
electrolysis process. In addition, two permanent neodym-
ium magnets (with a magnetic field strength of 0.18 around 
the tube and 0.05 T in the center of the tube) were placed 
around the electrodes so that the magnetic field lines were 
perpendicular to the direction of electric charge movement 
of the two electrodes. The applied magnetic field causes 
the ions to better separate from each other. In the center of 
the column, a steel cathode electrode was placed to guide 
the ions to the center tube. The voltage applied to the central 
electrode was also supplied by a DC variable power sup-
ply. In the middle of the tube, a coil was designed to pro-
duce a non-uniform magnetic field around the column. The 
height of the coil was 10 cm and the number of turns of the 
coil was 1,500 turns. The magnetic flux density generated 
in water was calculated using the following equation:

B
NI
L

=
µ0  (1)

where µ0 is the vacuum permeability coefficient, N is the 
number of turns of the coil, I is the intensity of the elec-
tric current and L is the length of the coil. In this study, 
the water permeability coefficient is used instead of the 
vacuum permeability coefficient. The magnetic perme-
ability constant of water is 1.256627 × 10−6. By changing 
the current intensity of the coil (0.55, 2.22, 3.88, 5.55 and 
7.22 Å), the different magnetic flux densities of 0.01, 0.04, 
0.07, 0.1 and 0.13 T were created, respectively. DC power 
supply with an adjustable electrical voltage of 0–30 V 

and a current intensity of 0–10 A (Dazheng Co., China) 
was used for magnetic fields generation. To drain the 
condensed water, a tube with adjustable diameters of 
0.1, 1, 1.5, 2 and 2.5 cm was installed at the bottom of 
the central electrode. Distances of 1.5, 2, 2.5, 3 and 3.5 cm 
from the central electrode to the central tube were stud-
ied. At the end of the column, two valves were discon-
nected and connected to remove desalinated water and 
condensed water from the column, as well as to adjust 
the flow rate of the outlet flows. The intended water flow 
rates in this study were 2, 4, 6, 8, and 10 mL/s. The electro-
chemical-magnetic reactor is depicted in Fig. 1.

2.2. Preparation of electrolyte solutions

To prepare the electrolyte solutions, NaCl, CaCO3 and 
MgSO4 salts were used in different proportions. The NaCl 
electrolytes were prepared by sodium chloride salt with a 
purity of 99.5% (Merck Company, Frankfurter Str. 250, 64293 
Darmstadt, Germany) at the concentrations of 0.5, 1, 1.5, 2 and 
2.5 g/L. The CaCO3 electrolytes were prepared by CaCO3 salt 
with a purity of 99.5% (Merck Company, Frankfurter Str. 
250, 64293 Darmstadt, Germany) at the concentrations of 0.1, 
0.2, 0.3, 0.4 and 0.5 mg/L. The MgSO4 electrolytes were pre-
pared by MgSO4 salt with a purity of 99.5% (Merck Company, 
Frankfurter Str. 250, 64293 Darmstadt, Germany) at the con-
centrations of 0.1, 0.2, 0.3, 0.4 and 0.5 g/L.

2.3. Experimental design

To determine the number of experiments and statisti-
cal analysis of data, experimental design (ED) and response 
surface methodology (RSM) were used. Experimental 
design of the system was carried out using central compos-
ite design (CCD) methodology. The CCD is widely used 
for the RSM. The design was conducted in 5 blocks. RSM 
is a collection of mathematical and statistical methods for 
the modeling and analysis of a process in which a response 
of interest can be influenced by several variables. Indeed, 
it is used to determine the optimum operating conditions or 

 

Fig. 1. Schematic diagram of the electrochemical-magnetic reactor for chlorine gas production: (1) sample inlet; (2) submerged pump; 
(3) peripheral graphite electrodes; (4) neodymium magnet; (5) coil; (6) central steel electrode; (7) central drainage tube; (8) deionized 
outlet water; (9) concentrated outlet water; (10)–(12) DC power supply.
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to determine a region for the factors in which certain spe-
ciation are met. The CCD was used to describe the process 
in the experimental domain and also for the optimization 
of this process to have the best reduction in total dissolved 
solids (TDS), electrical conductivity (EC) and total hardness 
(TH). This design is formed by uniformly distributed points 
within the space of the coded variable (Xi). One of the 
advantages of CCD is the possibility to explore the entire 
experimental region and the usefulness of interpolating 
the response. For the axial runs matrix, α has been chosen 
in order to have iso-variance property by using rotation. 
The experimental response associated with a CCD matrix 
is represented by a quadratic polynomial model [21]:

Y b b X b X b X Xi i
i

k

ii i
i

k

ij i j
i

k

j
= + ⋅ + ⋅ + ⋅

= = =
∑ ∑ ∑∑0

1

2

1 2
 (2)

where Y experimental response; b0 average of the experi-
mental response; bi estimation of the principal effect of the 
factor j for the response Y; bii estimation of the second effect 
of factor i for the response Y; bij estimation of the interaction 
effect between factors i and j for the response Y.

The coefficients of this model are calculated in the 
experimental region using the least square method [22]:

B X X X YT T= ( )−1  (3)

where B, vector of estimates of the coefficients; X, the model 
matrix; Y, the vector of the experiment results. A seven- 
factorial and a two-level CCD, with 12 replicate at the center 
point led to a total number of 154 experiments employed 
for response surface modeling. The independent process 
variables used in this study were: the NaCl concentration 
(X1), CaCO3 concentration (X2), MgSO4 concentration (X3), 
flow rate (X4), diameter (X5), distance (X6) and magnetic flux 
density (X7). The experimental values of Ui can be calculated 
from the coded variables Xi using the following equation:

X
UU
Ui
i i

i

= ,0

∆
 (4)

where Ui,0 = (Ui,max + Ui,min)/2, represents the value of Ui at the 
center of the experimental field; ΔUi = (Ui,max – Ui,min)/2, rep-
resents the step of the variation, with Ui,max and Ui,min which 
are the maximum and minimum values of the effective 
variable Ui, respectively. Total hardness reduction (Y1), total 
dissolved solids (Y2) and electrical conductivity (Y3) were 
considered as dependents factors (response). The values of 
process variables and their variation limits were selected 
based on the preliminary experiments. In studies where 
the number of variables is large, the design is done in more 
blocks. Each block is modeled separately in the form of a 
three-dimensional regression figure or RSM and its opti-
mal point is determined. In each block, the different points 
of the variables are placed next to each other based on the 
multiplication of the positive and negative symbols of the 
code of the variables (+1 and –1). Experimental data were 
analyzed using R 3.6.2 program software including analy-
sis of variance (ANOVA) in order to obtain the interactions 
between the process variables.

2.4. Reactor-related experiments

Various operating parameters, such as electrolyte con-
centration (NaCl, CaCO3 and MgSO4), water flow rate, cen-
tral tube diameter, the distance between the tube with the 
central electrode and magnetic flux density were evaluated. 
The types of variables and their levels based on the CCD 
design have been shown in Table 1. In this design, 154 exper-
iments were performed, which were designed in five blocks. 
The samples were poured into the storage tank and then 
pumped by the submerged pump inserted in the storage 
tank. A direct current (DC) is applied between the two elec-
trodes above the column and the coil around the column. 
The current applied between the electrodes and the coil was 
DC. The column outlet valve was then adjusted based on 
the considered flow rate of each experiment. When water 
containing ions was pumped into the column after 5 min 
detention time for the electrolysis process and the forma-
tion of helical paths around the central electrode, the end 
valve of the column was opened to release concentrated 
water. Treated water was discharged through the periph-
eral side of the column, and a concentrated stream was dis-
charged through the central tube. Furthermore, in order to 
influence the forces involved in this system, 3 experiments 
with 3 repetitions were performed (1) without MF force, 
(2) without MHD force, and (3) without MP and MHD forces.

2.5. Analytical experiments

TDS, EC and TH of the sample water entering the sys-
tem and the water leaving the column were measured 
and the reduction efficiency of these parameters in dif-
ferent conditions was reported. TDS and EC were mea-
sured by a digital conductivity meter (HACH conductivity 
meter CDC 401, Hach Company, P.O. Box 389, Loveland, 
Colorado 80539-0389) and the removal efficiency of each 
parameter was calculated. Moreover, the total hardness of 
the input and output samples was measured by ethylene-
diaminetetraacetic acid (EDTA) titration. Water hardness 
is due to the presence of calcium and magnesium cations. 
Although other cations such as iron and manganese can also 
produce hardness, because their concentration in water is 
very low, the sum of calcium and magnesium cations is called 
water hardness. Water hardness is usually divided into 
temporary hardness and permanent hardness. Temporary 
hardness (or carbonate hardness) refers to the calcium and 

Table 1
Experimental range and levels of independent factors

Factor Range and levels

–α –1 0 1 +α

NaCl, mg/L 0.5 1 1.5 2 2.5
CaCO3, mg/L 0.1 0.2 0.3 0.4 0.5
MgSO4, mg/L 0.1 0.2 0.3 0.4 0.5
Flow rate, mL/s 2 4 6 8 12
Diameter, cm 0.5 1 1.5 2 2.5
Distance, cm 1.5 2 2.5 3 3.5
Magnetic field, T 0.01 0.04 0.07 0.1 0.13



71M. Naderi et al. / Desalination and Water Treatment 238 (2021) 67–81

magnesium bicarbonate salts that become insoluble in solu-
tion when heated, as shown in the reaction below.

Ca HCO CaCO H O CO2
Heat

2( ) ↓ + ↑ →
2 2 2  (5)

Water hardness occurs mainly due to the presence of cal-
cium and magnesium ions, both of which are easily chelated 
in the presence of the sodium salt of EDTA. Magnesium pre-
cipitates as Mg(OH)2 at pH above 12 and calcium ions remain 
in solution. Therefore, at pH = 12–13, only the calcium ions in 
the sample combine with EDTA. At first, the Eriochrome™ 
Black T indicator (ECBT) was prepared. To prepare this 
indicator, 0.5 g of this reagent and 4.5 g of hydroxylamine 
hydrochloride were mixed and the resulting mixture was 
then dissolved in 100 mL of ethanol. In order to prepare the 
morxide indicator, dry morxide was primarily mixed with 
dry NaCl in a mortar in a ratio of 1:100 and 0.1 g of the mix-
ture was dissolved in 100 mL of ethanol. To prepare the buffer 
at pH = 10, 57 mL of concentrated ammonia was added to 7 g 
of ammonium chloride and brought to a volume of 100 mL. 
Moreover, to prepare a standard solution of 0.1 M calcium, 
1 g of anhydrous CaCO2 was poured into humans and 5 mL 
of 1:1 HCl and the minimum amount of distilled water were 
added and heated to dissolve completely and then it was 
increased to a volume of 1 L. To prepare the standard 0.01 M 
EDTA solution, 3.72 g of EDTA disodium salt was dissolved 
in water to a volume of 1 L. To standardize EDTA, 10 mL 
of standard calcium solution was poured into Erlenmeyer 
and 5 mL of pH = 10 buffer solution and 2 drops of ECBT 
indicator were added to produce a red color. Titration with 

EDTA solution was continued until the appearance of blue 
color and the volume of EDTA consumed was recorded and 
its exact concentration was subsequently calculated. In this 
study, in order to measure the total hardness of the samples, 
50 or 100 mL of the sample was poured into a beaker and 
5 mL of a buffer solution with pH = 10 and three drops of 
ECBT reagent were added to give a red color. The solution 
was then titrated with standardized EDTA (until blue color 
appeared). Calcium and magnesium ions were titrated and 
the total amount of these two cations was reported in mg/L of 
CaCO2. These reagents and chemicals can be obtained from 
Hach Chemical Company and are described in Standard 
Methods for the examination of Water and Wastewater [4].

3. Findings

Experimental range and levels of independent factors 
have been shown in Table 1. The results of the regression 
coefficients and the multiple-way ANOVA coefficients 
of the proposed model for the TDS reduction are given 
in Tables 2 and 3, respectively. Also, the results related to 
the regression coefficients and the multiple-way ANOVA 
coefficients of the proposed model for the EC reduction 
are shown in Tables 4 and 5, respectively. The results of the 
regression coefficients and the multiple-way ANOVA coef-
ficients of the proposed model for the TH are also given in 
Tables 6 and 7, respectively. In Table 8, the mean and stan-
dard deviation of the reduction of TDS, EC and TH in the 
presence of the MF force, in the presence of the MHD force 
and in the absence of the MF and MHD forces. The reduc-
tion efficiencies of the TDS, EC and TH in the presence of the 

Table 2
Regression coefficients of proposed model for TDS reduction

Regression coefficient Standard error T-value Pr. > F

Intercept 0.6135932 0.3779010 1.6237 0.107204
NaCl (X1) 0.0719118 0.0888309 0.8095 0.419894
CaCO3 (X2) 0.0092647 0.0888309 0.1043 0.917118
MgSO4 (X3) –0.0307353 0.0888309 –0.3460 0.729982
Flow rate (X4) 0.1154412 0.0888309 1.2996 0.196373
Diameter (X5) –0.0995588 0.0888309 –1.1208 0.264742
Distance (X6) 0.0123529 0.0888309 0.1391 0.889647
Magnetic flux density distance (X7) 0.0985294 0.0888309 1.1092 0.269687
CaCO3: diameter –0.1873438 0.0915648 –2.0460 0.043055
X2

4 0.5537850 0.1769420 3.1298 0.002222

Multiple R-squared: 0.2033; Adjusted R-squared: 0.1535

Table 3
ANOVA results for the response surface first-order model for TDS reduction

Source d.f.a Sum of square Mean square F-value Pr. > F

Model 7 17.130 2.4471 2.2802 0.0328001
Residual 144 122.341 1.0732
Lack of fit 107 117.833 1.1012 1.7101 0.2329521
Pure error 7 4.508 0.6439

aDegree of freedom
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MHD force were 4.64%, 26.26% and 21.64%, respectively. 
Furthermore, the reduction efficiencies of the TDS, EC and 
TH in the presence of the MP force were reported –1.63%, 
–3.51% and –3.04%, respectively (negative efficiency). The 
results of multiple-way ANOVA of variables at different 
levels of an independent variable type of force have been 
shown in Table 8. The RSM of the TDS reduction vs. NaCl 
concentration and CaCO3 concentration is demonstrated in 
Fig. 1, and the RSM of the TDS reduction against NaCl con-
centration and MgSO4 concentration is shown in Fig. 2 and 
also the RSM of the TDS reduction vs. NaCl concentration 
and magnetic flux density is depicted in Fig. 3. Moreover, 
the RSM of the EC reduction vs. NaCl concentration and 

CaCO3 concentration is demonstrated in Fig. 4 and the 
RSM of the EC reduction against NaCl concentration and 
central discharge pipe diameter is shown in Fig. 5 and also 
the RSM of the EC reduction vs. CaCO3 concentration and 
central discharge pipe diameter is depicted in Fig. 6. And 
finally, the RSM of the TH reduction as a function of MgSO4 
concentration and CaCO3 concentration is given in Fig. 7. 
The adequacy of the proposed models was also assessed 
by the residual values against the fitted values. The plots 
related to residual values analysis of TDS, EC and TH mod-
els are given in Figs. 8–10, respectively. These include the 
plot of the residuals vs. fitted values, the normal Q-Q plot, 
the plot of the standard residuals against the fitted values, 

Table 4
Regression coefficients of proposed model for EC reduction

Regression coefficient Standard error T-value Pr. > F

Intercept 3.166471 0.829865 3.8156 0.0002021
NaCl (X1) –0.319559 0.414933 –0.7701 0.4424925
CaCO3 (X2) –0.041765 0.414933 –0.1007 0.9199670
MgSO4 (X3) –0.623824 0.414933 –1.5034 0.1349481
Flow rate (X4) –0.139559 0.414933 –0.3363 0.7371103
Diameter (X5) –0.325735 0.414933 –0.7850 0.4337427
Distance (X6) 0.511029 0.414933 1.2316 0.2201357
Magnetic flux density distance (X7) 0.363824 0.414933 0.8768 0.3820624
X2

3 3.329673 0.757944 4.3930 2.154e-05
X2

5 –1.676577 0.757944 –2.2120 0.0285416

Multiple R-squared: 0.5776; Adjusted R-squared: 0.5359

Table 6
Regression coefficients of proposed model for TH reduction

Regression coefficient Standard error T-value Pr. > F

Intercept 13.955588 0.873388 15.9787 <2.2e-16
NaCl (X1) –0.234853 0.436694 –0.5378 0.59156
CaCO3 (X2) –0.843382 0.436694 –1.9313 0.05544
MgSO4 (X3) –1.757941 0.436694 –4.0256 9.211e-05
Flow rate (X4) 0.097059 0.436694 0.2223 0.82443
Diameter (X5) 0.328824 0.436694 0.7530 0.45271
Distance (X6) –0.496324 0.436694 –1.1365 0.25764
Magnetic flux density distance (X7) –0.483529 0.436694 –1.1072 0.27006
X2

3 –0.52810 0.85363 –0.6187 0.5371

Multiple R-squared: 0.4719; Adjusted R-squared: 0.431

Table 5
ANOVA results for the response surface first-order model for free EC reduction

Source d.f.a Sum of square Mean square F-value Pr. > F

Model 4 272.94 68.234 2.7330 0.03209
Residual 121 3,020.97 24.967
Lack of fit 114 2,922.63 25.637 1.8249 0.20364
Pure error 7 98.34 14.048

aDegree of freedom
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Fig. 2. Response surface for the TDS reduction as a function of 
NaCl and CaCO3 concentrations.

Fig. 5. Response surface for the EC reduction as a function of 
NaCl and CaCO3 concentrations.

Fig. 3. Response surface for the TDS reduction as a function of 
NaCl and MgSO4 concentrations.

Fig. 6. Response surface for the EC reduction as a function of 
NaCl concentration and central tube diameter.

Fig. 4. Response surface for the TDS reduction as a function of 
NaCl concentration and magnetic flux density.

Fig. 7. Response surface for the EC reduction as a func-
tion of CaCO3 concentration and central tube diameter.
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and the residuals-leverage plot. In addition, the separate 
effect of each of these forces that were evaluated has been 
shown in Table 9. For this purpose, the sample that had 
the highest reduction of these three parameters was con-
sidered. In order to find the difference between the means, 
the data were analyzed at 3 levels of the force type using a 

multiple-way ANOVA test (Table 9). Figs. 11–13 also show 
the comparisons of the forces (MP and MHD) in the TDS, 
EC and TH reduction efficiencies, respectively. Moreover, 
the relationship between the magnetic flux density param-
eter and the TDS variable has been demonstrated in Fig. 14.

4. Discussion

4.1. TDS, EC and TH reduction by 
magnetic-electrochemical reactor

In this study, the parameters of NaCl concentration (X1), 
CaCO3 concentration (X2), MgSO4 concentration (X3), water 
flow rate (X4), central drain pipe diameter (X5), central 
pipe-electrode distance (X6) and the magnetic flux density 
(X7) were studied. The results of the study indicated that 
the desalination system was able to reduce the parameters 
of TDS, EC and TH. The results showed that the highest 
reduction efficiency of TDS was 7.64% that occurred at 
NaCl 1 g/L, CaCO3 0.3 g/L, MgSO4 0.3 g/L, outlet water flow 
rate 10 mL/s, central pipe diameter 0.5 cm, central tube-elec-
trode distance 2.5 cm and magnetic flux density T 0.07, the 
highest reduction efficiency of EC was 38.32% that was 
reported at NaCl 1 g/L, CaCO3 0.3 g/L, MgSO4 0.1 g/L, flow 
rate 6 mL/s, central tube diameter 1.5 cm, central pipe-elec-
trode distance 2.5 cm and magnetic flux density T 0.07, and 
the highest reduction efficiency of TH was 36.04% that was 
achieved at NaCl 2 g/L, CaCO3 0.2 g/L, MgSO4 0.2 g/L, 

Fig. 8. Response surface for the TH reduction as a function of 
CaCO3 and MgSO4 concentrations.

Fig. 9. The residuals plots related to the results of the response surface first-order model for TDS reduction.
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Fig. 10. The residuals plots related to the results of the response surface first-order model for EC reduction.

Fig. 11. The residuals plots related to the results of the response surface first-order model for TH reduction.
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effluent flow rate 4 mL/s, central tube diameter 1 cm, cen-
tral pipe-electrode distance 2 cm and magnetic flux density 
T 0.04. The proposed model for TDS reduction was the qua-
dratic model (p-value = 0.032) and the only statistically sig-
nificant variable was the diameter of the central tube 
(p-value = 0.002) as shown in Table 2. Besides, the interac-
tion between CaCO3 concentration and the diameter of the 
central tube was significant (p-value = 0.043). The quality of 
the model was evaluated by the R2 coefficient and lack of fit 
(LOF). The LOF value of the model (0.23) guaranteed a rel-
atively good correlation between the predicted and experi-
mental values because this value was higher than the con-
sidered significant level (0.05) (Table 3). Similarly, the EC 
reduction was based on the quadratic model (p-value = 0.032) 
and the MgSO4 concentration and the diameter of the cen-
tral tube were statistically significant (p-value = 0.00002 and 
p-value = 0.028) as shown in Table 4. The LOF value of the 
model (0.20) showed a relatively good correlation between 
the predicted and actual values (Table 5). Moreover, the 
proposed model for TH reduction was the first-order model 
(p-value = 4 × 10–16) and the only statistically significant 
parameter was the MgSO4 concentration (p-value = 0.00009) 
shown in Table 6. The LOF value of the model (0.63) showed 
a very good correlation between the predicted and actual 
values (Table 7). Moreover, the residual analysis diagrams 
of the TDS, EC and TH reduction models showed that the 
residual values were relatively well dispersed against the 
predicted values of the proposed model and did not follow 
a specific linear pattern. Also, the distribution of residual 
values was normal and was on the altered normal line 
(Figs. 10 and 11). The results of optimizing the response 
variables of this study showed that the stationary point or 

the optimal point of TDS was 1%, which was obtained in the 
sodium chloride of 1.56 g/L, calcium carbonate of 28.2 g/L, 
magnesium sulfate of 0.27 g/L, the water flow rate of 
5.78 mL/s, the diameter of a central discharge tube of 
1.61 cm, central pipe-electrode distance of 2.47 cm and mag-
netic flux density of 0.075 T (Figs. 2–4). Furthermore, the 
optimum point of EC was about 5% that was achieved at the 
sodium chloride of 1.49 g/L, calcium carbonate of 0.30 g/L, 
magnesium sulfate of 0.30 g/L, the water flow rate of 
5.92 mL/s, the diameter of a central discharge tube of 
1.41 cm, a central pipe-electrode distance of 2.31 cm and 
magnetic flux density of 0.11 T (Figs. 5–7). Finally, the opti-
mal point (corresponding increment) of TH was about 12% 
that occurred at the sodium chloride of 0.05 g/L, calcium 
carbonate of 0.04 g/L, magnesium sulfate of 0.08 g/L, the 
water flow rate of 0.1 mL/s, the diameter of a central dis-
charge tube of 0.07 cm, a central pipe-electrode distance of 
0.11 cm and magnetic flux density of 0.006 T (Fig. 8). In this 
system, by MP and MHD forces, the first of which was gen-
erated by the electrolysis process and the second by the 
interaction of electric and magnetic forces, the laminar or 
plug flow of the existing ions changed, and the ions were 
directed in a conical direction and discharged into the cen-
tral tube. Generally, an increase in TDS and EC in the efflu-
ent from the central tube shows the presence of more ions. 
Consequently, the presence of more ions in the central out-
let water indicated that the ions were diverted to the central 
tube. Moreover, the ions of soluble salts were dissociated as 
a result of the process of electrolysis at the top of the 
column, resulting in a difference in ion concentration. The 
difference in the concentration of ions causes the formation 
of a concentration gradient. This gradient of ion concentra-
tion in magnetic fields creates a force called the Kelvin force 
[14]. This force is called the MP force. The reason for this 
naming is that this force is applied to the ions of an electro-
lyte that has a concentration gradient and is exposed to 
magnetic fields [14]. The electrolysis process was acceler-
ated by the neodymium magnet around the electrodes. 
The generated magnetic fields accelerate the oxidation and 
reduction performed on the surface of the electrodes [15]. 
The reason for this is the acceleration of electrons or any 
electrically charged particle in the magnetic fields [15]. 
The study by Monzon and Coey [14] showed that electro-
magnetic forces are applied to electric currents and 
electrophoretic forces are applied to paramagnetic compo-
nents. Their results also showed that the Kelvin force can 
occur due to both the gradient of magnetic fields and the 
gradient of paramagnetic components [14]. They conclude 
that in order to observe the Kelvin force, the magnetic field 

Table 7
ANOVA results for the response surface first-order model for TH reduction

Source d.f.a Sum of square Mean square F-value Pr. > F

Model 4 2,685.7 671.42 25.8880 4 × 10–16

Residual 142 3,682.8 25.94
Lack of fit 135 3,484.2 25.81 0.9093 0.633061
Pure error 7 198.7 28.38

aDegree of freedom

 
Fig. 12. Changes in the rate of reduction of TDS against 
changes in magnetic flux density.



77M. Naderi et al. / Desalination and Water Treatment 238 (2021) 67–81

gradient and the paramagnetic particle concentration gra-
dient should not be aligned. The Kelvin force can increase 
due to the presence of ferromagnetic elements and the for-
mation of concentration gradients [14]. The MHD was gen-
erated by the coil around the column and the central elec-
trode [29]. The mechanism of coil interaction with the cen-
tral electrode is similar to that of an electric motor. There 
are two windings in an electric motor. There is a coil in the 
center of the motor called the rotor and a coil around 
the rotor called the stator [6]. The electric current entering 
the stator causes magnetic field lines to form between the 
sides of the stator. When an electric current enters the 

central winding (rotor), an interaction occurs between the 
two windings [6]. If a wire is placed between two magnets 
with opposite poles so that the wire is perpendicular to the 
lines of the magnetic field and an electric current is applied 
to the wire, a force is applied to the wire by magnetic fields, 
which is perpendicular to the wire. This force is called the 
Laplace force [30]. In this study, the coil around the column 
acts as the stator and the center electrode of the column 
through which direct current flow passes through the rotor. 
As current flows through the coil, the movement of elec-
trons inside the coil creates magnetic fields around it. Half 
of this field, which is perpendicular to the direction of the 
electric current of the coil and aligned with the central elec-
trode, passes through the center of the column [29]. By 
applying a direct electric current to the central electrode, a 
force similar to that of the wire described above is applied 
to the electrode, but the electrode is fixed in the center of 
the tube and cannot move. However, this lack of movement 
of the central electrode, which acts as a rotor in the electric 
motor, does not mean that no force is applied [6]. The inter-
action of the coil and the central electrode creates force vec-
tors around the central electrode that form circular paths 
that are not visible. There is water around the electrode 
inside the column. The water in the column contains min-
eral salts. Mineral salts dissolve in water and form ions, 

Table 8
Summary of recent MF water treatment studies on water minerals

Ref.Magnetic field effectsMagnetic flux densitySolution

[23]MF (Magnetic Fields) was efficient to disperse 
nanoparticles and intensify the dispersion process, 
especially under turbulent flow

0.31 TAggregating a commercial LUDOX 
silica sol with 36 nm primary particle 
size aggregated using KNO3 solution 
to a size of 1,400 nm Deaggregation effect was a combination of 

hydrodynamic forces and Lorentz forces
Permanent magnets 
NdFeB block magnet

[24]Increasing water velocity decreased MF efficiencySolenoid coilCa2+ 318 mg/L; TH 540 mg/L as CaCO3; 
TDS 690 mg/L

[25]MF decreased conductivities by 17%–25% with 
different frequencies, whereas the untreated case 
dropped by 31%

0–100 V; 0–400 kHzConductivity 1,200 µS/cm

CaCO3 particle size became smaller and the crystals 
were loose with MF

Solenoid coils

[26]Increasing MF treatment time had negligible effect0.16 T500 mg/L CaCO3

There was a maximum efficiency at an optimal flow 
rate 1

[27]Suspended particles could be fragmented by MF at a 
turbulent flow

0.33 TPotable water: TH 373 mg/L as CaCO3; 
Ca2+ 117 mg/L; Mg2+ 14.7 mg/L

No effect of deaggregation under laminar regimeNdFeB block magnet
Turbulent flow conditions were required for 
effective MF

[28]MF increased the total precipitates and favored the 
homogeneous nucleation

0.16 TCa2+, CO3
2−, and HCO3−; 300–500 mg/L 

as CaCO3

MF effects depended on flow rate and residence time
[10]EMF (Electromagnetic Fields) increased the solu-

tion content of Mg2+, K+, Na+, Cl−, alkaline and SiO2, 
decreased Ca2+ and SO4

2−

0.05–0.2 TpH 6.4; alkalinity 16 mg/L; TDS 
38 mg/L; EC 56 µS/cm

MF is magnetic field, T is tesla (unit)

Table 9
Mean and standard deviation of TDS, EC and TH in the presence 
of the MF force, in the presence of the MHD force and in the ab-
sence of the MF and MHD forces

MHD forceMF forceWithout MHD 
and MF forces

4.64 ± 0.115–1.63 ± 0.2500.00 ± 0.000TDS
4.64 ± 0.115–3.51 ± 0.1560.00 ± 0.000EC
4.64 ± 0.115–3.04 ± 0.6840.00 ± 0.000TH
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which are called electrolyte solutions [31]. Electrolytes can 
conduct electricity through these ions. This type of conduc-
tor is called an ionic conductor [32]. The electric charge is 
transferred through ions from one electrode to another [33]. 
The ions in the electrolyte around the electrode are affected 
by the force vectors and are placed along the circular paths 
of the force or fields and begin to move [19]. According to 
the law of electromagnetic induction, electric fields can pro-
duce magnetic fields and magnetic fields can also create 
electric fields [34]. The magnetic fields generated by the coil 
passing through the center of the tube form electric fields 
around it [35]. The ions in solution, when beginning to 
move in the direction of the electric fields formed around 
the magnetic lines, intersect the magnetic field lines formed 
by the coil that passes vertically through the coil [19]. Based 
on Lorentz theory, whenever a charged particle is placed in 
magnetic and electric fields that are perpendicular to each 
other, the particle exerts a force perpendicular to the lines of 
both types of field, called the Lorentz force, which is the 
Laplace force applied to the wire [36]. Table 8 summarizes 
the details of recent MF water treatment including the feed 
water solution, MF devices and magnetic flux density, 
materials and operating conditions, characterization meth-
ods and major results. This table only shows the effect of 
magnetic fields because the simultaneous effect of magnetic 
and electric fields has not been studied in previous studies. 
As shown in the table, Han et al. [10] decreased Ca2+ and 
SO4

2− from synthetic brine solution at the magnetic field of 
0.05 to 0.2 T. The relationship between the magnetic flux 
density and the TDS reduction is shown in Fig. 12. 
According to the figure, the TDS removal efficiency 
increased with increasing magnetic flux density (due to 
increasing electric current intensity). This was due to the 
smaller Larmore radius (diameter of the spiral path of the 
particle), which caused more ions to discharge through the 
central tube. In other words, as the intensity of the electric 
current increased, more ions were directed to the central 
discharge tube, and as a result of this increase, the Larmore 
radius became smaller. Terentiev et al. [19] showed that dif-
ferences in the concentration of ions in water exposed to 
non-uniform magnetic fields give rise to a spiral current 
called Larmore. Also, they optimized the diameter of the 
Larmore discharge radius of mineral components in a mag-
netic system by changing the current intensity. They found 
that when the electric current was between 0.03 and 0.1 Å, 
the Larmore radius increased, but when the electric current 
increased to 0.1 Å, the Larmore radius became smaller and 
more ions left the tube, which confirmed the results of this 
study [19]. They also reported that when the current inten-
sity of the coil increased from 0.18 to 0.38 A, the Larmore 
radius of rotation of the ions decreased from 24 to 7 cm [19]. 
Monzon and Coey [13] reported in a review study that 
studies of the effect of magnetic fields on electric current 
focused on hydrodynamic magnetic currents. Their results 
also show that flow control on a millimeter-scale may be 
performed using an external magnetic field with paramag-
netic components in a water sample [14]. From their study, 
it was concluded that the interaction of the magnetic field 
with the current density causes water to rotate around the 
electrode, which is called the MHD force and occurs in uni-
form magnetic fields. They reported that the protrusions on 
the cathode surface, which can occur due to non-uniform 

deposition, cause micro hydrodynamic currents around the 
protrusions [13]. Moreover, as the magnetic fields in the 
center of the coil get closer to each other, ions are applied 
more force as they move downward, and the diameter of 
the electric fields becomes smaller. The radius of these fields 
is called the Larmore radius, which can be calculated [19]. 
The Larmore radius is directly proportional to the mass and 
velocity of the particle and is inversely related to magnetic 
flux density. Therefore, the ions around the central elec-
trode follow a spiral path. The Larmore radius in the center 
of the coil became zero and again began to enlarge as the 
distance between the magnetic fields opened [19]. In this 
study, the highest removal efficiency of TDS and EC was 
obtained at the diameter of the central tube of 1.5 cm and 
the central tube-electrode distance of 2.5 cm. Besides, the 
highest TH removal efficiency was obtained in the diameter 
of the central tube 1 cm and the central tube-electrode dis-
tance of 2 cm. These results indicate that ions that increase 
the TDS and EC of water (such as NaCl and MgSO4) have a 
larger rotation diameter or Larmore radius than 
ions that increase water TH (CaCO3).

4.2. Effects of MP and MHD forces

The MP force was created by the electrolysis process, 
which eliminated the effect of this force by cutting off the 
electric current between the two electrodes. The MHD force 
was also generated by the interaction of magnetic and elec-
tric fields. Each of these forces was separately considered. 
The mean and standard deviation of TDS, EC and TH in 
the presence of the MF force, in the presence of the MHD 
force and in the absence of the MF and MHD forces has been 
shown in Table 9. According to the table, the MHD force 
alone could reduce the TDS, EC and TH by 4.64%, 26.26% 
and 21.64%, respectively. Also, the MP force alone increased 
the TDS, EC and TH, which increased by 1.63%, 3.51% and 
3.04%, respectively (negative efficiency). The results of mul-
tiple-way ANOVA of variables at different levels of the type 
of force have been given in Table 10. This small increase in 
these parameters (negative efficiency) was due to the gener-
ated ions around the electrodes that were discharged along 
with the treated stream. Had no effect on the reduction of 
TDS, EC and TH in the absence of these forces (Figs. 13–15). 
The results of statistical analysis of the difference between 
the means at different levels of the independent force factor 
showed that this difference was significant and the absence 
of any of the forces had an effect on the reduction of TDS, 
EC and TH. The greatest effect occurred when these two 
forces were applied simultaneously.

4.3. Effects of the oxygen atoms on salinity and hardness 
reduction

The results of this study also showed that calcium car-
bonate and magnesium sulfate salts had the greatest effect 
on reducing TDS, EC and TH among the studied salts. The 
effect of MgSO4 was greater than that of CaCO3. The salts 
used in this study dissociate in water and form multi-atomic 
ions. There is no oxygen atom in the chemical composition 
of NaCl, but there are 3 oxygen atoms in the chemical com-
position of CaCO3 and 4 oxygen atoms in the MgSO4. One of 
the reasons that can justify this effect is the presence of more 
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oxygen atoms in the composition of MgSO4. Therefore, the 
most effective variable in the interaction of magnetic and elec-
trical forces and the conduction of water mineral components 
in a spiral flow around the central electrode was the pres-
ence of MgSO4 salt and with less effect CaCO3. The oxygen 
molecule has a paramagnetic property due to the presence of 

two unpaired electrons in the orbitals of the last layer of oxy-
gen [37]. Paramagnetic is a form of the magnetic property of 
materials such as certain chemical elements and compounds. 
Paramagnetic materials have a relative magnetic permeabil-
ity greater than or equal to one and are therefore slightly 
absorbed by the magnetic field. After removing the field, 

Fig. 13. Comparison of the mean of TDS against the force type.

Fig. 14. Comparison of average EC against the force type.

Fig. 15. Comparison of average TH against the force type.
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they do not retain their magnetic state because by removal 
of the thermal motion causes the spins to randomize [38]. 
Not only do electrons orbit the nucleus in atomic orbits, but 
they also spin. This rotation creates a magnetic field whose 
direction is indicated by a spin. Unpaired electrons, when 
exposed to magnetic fields, are aligned with the field lines 
and increase the effect of the magnetic field [39]. The mag-
netism coefficient and magnetic properties of the ions and 
salts studied in this study are given in Table 11. As shown in 
this table, dissolved oxygen (or ionic oxygen) has the highest 
magnetic susceptibility (+7,699 × 10–6 m3/mol). This property 
causes MgSO4 and CaCO3 ions to be considered strong para-
magnetic particles. And since there are more oxygen atoms 
in the composition of magnesium sulfate, the dissolved ion 
of this salt was more strongly affected by the magnetic field. 
Therefore, dissolved MgSO4 ions should be placed in spiral 
paths around the central electrode for a shorter time and 
leave the central discharge tube with greater speed. Monzon 
and Coey [14] showed that the magnetic components in an 
electrolyte usually include paramagnetic cations, free rad-
icals, and molecular species with unpaired spin, such as 
oxygen molecules. After experiments on the effect of a mag-
netic field on deionized water, Ozeki concluded that in the 
absence of air bubbles, the effect of a magnetic field was not 
observed even when electrolytes were added to pure water 
[40]. The results of the study showed that the effect of the 
magnetic field can be increased by the presence of oxygen 
and suggested that oxygen may be a dominant factor in 
the magnetic purification of water and it can be intention-
ally added to water. Brine water management is one of the 
most important problems in water desalination industries. 
The disposal of brine into the sea has adverse effects on the 
environment and marine life. Therefore, the development 
of this method for desalination of water can solve the seri-
ous problem of concentrated effluent in membrane systems. 
It is also cost-effective and environmentally friendly.

5. Conclusion

Due to the lack of sufficient methods to dispose of saline 
effluent produced during the desalination process, the use 
of a desalination system is limited. Salinity and hardness 
ions can be separated from the mainstream of water by the 
magnetic-electric desalination method. From the results of 

this study, it was concluded that the absence of any of the 
forces had a major effect on reducing the salinity and hard-
ness of water and that the effect of the MHD force (nega-
tive effect) was greater than that of the MP force (positive 
effect). The greatest impact occurred when these two forces 
were applied simultaneously. Besides, the ions that increase 
the TDS and EC of water (such as NaCl and MgSO4) have a 
larger rotation diameter or Larmore radius than ions that 
increase water TH. Furthermore, the most influential vari-
able in the interaction of magnetic and electrical forces and 
the conduction of mineral components of water in a spiral 
flow was the presence of MgSO4 and with less effect CaCO3. 
This effect occurred as a result of the presence of oxygen 
atoms of MgSO4 due to unpaired orbitals, which makes 
them more strongly affected by magnetic-electrical interac-
tions. This system can be used to reduce condensed water 
in membrane technologies, and compared to other methods 
of deionization of water, this method does not require the 
addition of chemicals, it is easy to operate and use, and also 
it consumes very little energy. This method is a new idea 
and requires more experimental studies in order to achieve 
greater efficiency.
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Table 10
Results of multiple-way ANOVA of variables at different levels of independent variable type of force

Sig.FMean squaredfSum of squares
0.000888.15031.776263.552TDS* Force Between Groups (combined)

60.215Within Groups
0.036863.767Total

0.0001.890E3794.30221,588.604EC* Force Between Groups (combined)
62.521Within Groups

0.4208591.126Total
0.000782.711453.47121,086.942TH* Force Between Groups (combined)

64.166Within Groups
0.69481,091.108Total

*Mean difference is significant at the 0.05 level.

Table 11
Magnetic susceptibility and magnetic properties of studied salts 
and ions

Magnetic susceptibility  
(m3/mol)

Magnetic propertySalt/ion

–30.2 × 10–6DiamagneticNaCl
+16 × 10–6ParamagneticNa+

–40.4 × 10–6DiamagneticCl–

–38.2 × 10–6DiamagneticCaCO3

+40 × 10–6ParamagneticCa+

–135.7 × 10–6DiamagneticMgSO4

+13.1 × 10–6ParamagneticMg+

+7,699 × 10–6ParamagneticO2–
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