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a b s t r a c t

This work aims to treat the decolourization of methyl orange (MO) by the electrocoagulation (EC) 
method with application of a magnetic field (MF) (EC-MF). Experimentally, the electrochemical cell 
consists of two iron electrodes, which are kept at 2 cm with an active surface of 12.5 cm2. The main 
experimental parameters, including supporting electrolyte, current density, pH and MO concentra-
tion, are optimized. After 12 min, the rate of  MO decolourization by EC-MF reached its maximum 
(95%) which is higher than that obtained with EC (74%) at pH 7.25 with a current density of 64 A/
m2. The XRD analysis proved the presence of hematite Fe2O3 in the formed flocs. The SEM/EDX 
analysis confirmed the presence of iron and oxygen in the flocs. The removal mechanism suggested 
that MO be reduced to sulfanilic acid and 2-naphtol. The energy consumption was decreased from 
28 to 19 kWh/kg of MO, for EC process and EC-MF, respectively. The obtained results depict that the 
application of the MF in the EC process is one of the most promising methods of increasing removal 
efficiency, accentuating process compactness and lowering energy consumption. More research is 
still needed to open the process of industrial application perspectives.
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1. Introduction

The textile industry is one of the most important indus-
tries throughout the world. In the textile industry, the 
water consumption, especially in the dyeing and wash-
ing processes, is very high. As a result, large amounts of 
wastewater are produced and discharged into the receiving 
environment. In recent times, the use of organic dyes has 
been dramatically increased. Indeed, the azo dyes repre-
sent approximately 60–70% of the synthetic chemical dyes 
which are widely used in textiles [1–3]. Azo dyes produc-
ers and users are interested in stability and fastness of dyes 

on the fabric and they are continually producing azo dyes 
which are more difficult to degrade after use, and this also 
poses a problem for the natural degradation of azo dyes in 
the environment [4,5]. About 50000 tonnes of textile dyes 
are discharged into the environment annually from the dye-
ing process [6]. The release of these dyes into wastewater is 
harmful not only because of their colours but also due to the 
fact that many azo dyes are toxic to nature [7,8] and can be 
carcinogenic [9].

The electrocoagulation (EC) technique is considered 
versatile for the treatment of textile wastewaters [10–14]. 
This process is the electrochemical production of desta-
bilization agents (such as Fe/Al) that bring about coagu-
lation, the adsorption or the precipitation of soluble or 
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colloidal pollutants [15–19]. A number of authors have 
reported the treatment of textile dye wastewaters by EC 
technique [14,15,20]. In addition, specific applications of EC 
have proved it as a promising process [16,21–23]. Although 
the textile dye wastewaters could be treated by some meth-
ods such as advanced oxidation processes, including UV/
H2O2 and O3 [24], and adsorption using activated carbon 
[25], the costs of these methods are relatively high for an 
economically feasible treatment of wastewater. 

The effect of a magnetic field (MF) on electrochemical 
reactions has been the subject of many investigations [26–
30]. These investigations were devoted to the study of dif-
fusion of excess charge carriers in an MF. The application 
of MF on an electrochemical system allowed the introduc-
tion of additional forces to the solution ions. The first effect 
one will probably encounter is the magneto-hydrodynamic 
action; its origin is attributed to the Lorentz force [29]. It 
acts on moving charges by accelerating them in the direc-
tion perpendicular to the current and the flux density and 
thus leads to a stirring effect of the electrolyte. This action 
can significantly enhance the mass transport. This phenom-
enon will lead to an increase in the limiting current density 
because the thickness of the Nernst layer is reduced in the 
presence of a perpendicular MF [28,30].

Electrode position was carried out to study the effects 
of a homogeneous MF, with different strengths and orien-
tations, on the deposition of Co, Fe and CoFe alloys. The 
results of these studies demonstrate that external homoge-
neous MF parallel to working electrode surface increases 
the limiting current densities and deposition rates [29]. The 
impact of external alternating MFs on suspended magnetic 
particles may lead to a forced and very intensive particle 
movement [31] and the precipitation process of calcium car-
bonate scale from hard water [32].

In the present work, we study the effect of MF on the 
decolourization of synthetic wastewater, methyl orange 
(MO), by an EC process using iron electrodes. These elec-
trodes are chosen to increase the magnetic field applica-
tion and Fe particles subsequent separation [27–30]. We 
are focusing on analyses of the flocs formed as well as the 
aqueous phase. Operating parameters, including electro-
lyte concentration, current density, pH, distance between 
the electrodes, and dye concentration, are investigated. 
The main EC process characteristics with and without MF 
are also compared.

2. Experimental

2.1. Experimental apparatus

The EC set-up with MF magnets used in our experiments 
is shown in Fig. 1. The EC unit was made of Plexiglas with 
the dimensions of 60 mm × 80 mm. There were two iron elec-
trodes used, each one with dimensions of 50 mm × 25 mm × 2 
mm, and the distance between them in the EC cell was fixed 
at 1 mm. The permanent magnets with 0.1 Tesla (T) were 
placed parallel to the cathode surface and the anode sur-
face, respectively (Fig. 1). The electrodes were connected to a 
direct current (DC) power supply (Elektrolyser, type Elyn1) 
with an ammeter and voltmeter used in controlling the cur-
rent and the voltage during the EC process, respectively.
Before each run, the electrode plates were cleaned manually 

by abrasion with sandpaper and by treatment with 15% HCl 
acid followed by washing with distilled water.

2.2. Experimental procedure

The dye Orange III (abbreviated as methyl orange MO) 
is used for preparing wastewater solution by dissolving 
this organic compound in distilled water. The solution con-
ductivity values were adjusted by adding NaCl as support-
ing electrolyte (SE) to the 200 mL solution of the synthetic 
wastewater. The pH of the tested solutions was measured 
by Hanna pH-meter and adjusted by adding HCL 0.05 N 
or NaOH 0.05 N. At the end of the EC experiments, all sam-
ples were filtered through a 0.45 μm pore size syringe filter. 
The MO concentration (CMO) was measured using a Jenway 
Model 6800 SC Double Beam UV/Vis spectrophotometer at 
a wavelength corresponding to the maximum absorbance of 
the MO (lmax = 465 nm). The colour removal efficiency R (%) 
was calculated using Eq. (1), where Absi and Absf are initial 
and final absorbance, respectively:

R
Abs Abs

Abs
i f

i

%( ) =
−



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× 100  (1) 

2.3. Scanning electron microscopy (SEM)

The surface morphology of the flocs was investigated 
using Scanning Electron Microscope (SEM), QUANTA 400 
from FEI Company. The elemental composition was identi-
fied using energy disperses X-ray (EDX) analysis detector 
from EDAX system (a division of AMETEK). The samples 
were separated by decantation, then dried at the ambient 
air and ground to fine powder.

2.4. X-ray diffraction (XRD)

The X-ray diffraction (XRD) analysis is the most widely 
used technique in the identification of crystalline com-
pounds and for both qualitative and quantitative analy-

Fig. 1. The apparatus of EC with MF magnets placed for the 
treatment of MO.
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sis. Our XRD measurements were carried out on an X’Pert 
PROP analytical diffractometer using filtered Cu Ka radia-
tion (k = 0.1541 nm) at 2 range from 10 to 70.

3. Results and discussion

The effects of electrolyte concentration (C), MO concen-
tration (CMO), current density (J), and pH of the MO solution 
were investigated in order to determine the optimum oper-
ating conditions for the MO maximum removal efficiency.

3.1. Effect of the supporting electrolyte (SE) nature 

The SE, consisting of anions and cations that are ini-
tially present in the solution or added in order to increase 
the solution conductivity, can potentially have considerable 
effects on (i) the rate of metal dissolution, (ii) the ohmic 
drop—and thus on the cell voltage and energy consump-
tion, and (iii) surface phenomena occurring between pollut-
ing species and the metal hydroxides [33].

Figs. 2 and 3 present the effect of the SE on the EC per-
formance in terms of dye removal and energy consumption. 
As illustrated in Fig. 2, the obtained results indicate that 
the removal efficiency depends on the SE types. Very high 
removal efficiencies were obtained in the range of 95 to 98% 
with chloride salt, potassium chloride and calcium chloride, 
whereas a lower removal efficiency of 79% was obtained 
using sodium sulphate. Besides, the experimental results 
depict that the sodium nitrate has a weak performance since 
its removal efficiency is only 16%. Some authors have found 
similar results about sodium nitrate [33].

Moreover, it has been found that chloride ions could 
significantly reduce the adverse effect of other anions such 
as HCO3

– and SO4
2– [34,35]. The existence of the carbonate 

or sulphate ions would lead to the precipitation of Ca2+ or 
Mg2+ ions that form an insulating layer on the surface of the 
electrodes [35].

The evolution of the SE effect as a function of time on 
the removal efficiency has been investigated at the same 
conditions as in Fig. 2 and illustrated in Fig. 3. The energy 
consumption (E) of the removed dye was calculated using 
Eq. (2) [36]:

E kWh kg of MO
I t U
C V

EC/
[ ]

( ) =
× ×

×0
310  (2)

where I is the current intensity (A), tEC is the electrolysis 
time (h), U is the cell voltage (V), V is the volume of solution 
(m3) and [C]0 is the initial pollutant concentration (kg/m3).     

As shown in Fig. 3, it can be concluded that the lowest 
energy consumption for MO decolourization is about 21 
kWh/kg of MO with NaCl; so NaCl may be considered as 
the most favourable SE. It is suggested that MF treatment 
causes changes in the hydrating water structure around 
the ions. These changes can be related to the presence of 
so-called structure – ordering or – disordering ions in the 
solution with NaCl [35].

3.2. Effect of NaCl concentration

The effect of electrolyte concentration was investi-
gated between 0.3 and 2 g/L by using NaCl as the SE. Figs. 
2 and 3 depict the effect of CNaCl on the EC process. The 
results prove that the colour removal efficiency increased 
considerably from 68 to 91% at 12 min with increas-
ing CNaCl from 0.3 to 1 and then to 6 g/L. It was found 
that, when NaCl is added at 2 g/L to the dye solution, 
the colour removal efficiency rate decreases to 68%. For 
all the cases, it was found that the energy consumption 
decreases with increasing CNaCl. The addition of sodium 
chloride would lead to the decrease in energy consump-
tion because of the increase in conductivity. Although the 
maximum removal efficiency was achieved by adding 1.6 
g/L of NaCl, the energy consumption was considerably 
reduced to 16 kWh/kg of MO. 
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Fig. 2. (a) Effect of the SE nature on the removal efficiency of MO (CMO = 15 mg/L, MF = 0.1 T, CNaCl = 1 g/L, J = 64 A/m2, d = 1 cm). 
(b) Effect of CNaCl on the removal efficiency of MO (CMO = 15 mg/L, MF = 0.1 T, J = 64 A/m2, d = 1 cm).
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3.3. Effect of the current density 

The effect of the current density (J) on the removal effi-
ciency is illustrated in Figs. 4 and 5. The removal efficiency 
was increased from 7 to 99% when J was increased from 32 to 
72 A/m2. The results illustrated that the optimum removal 
efficiency of 98% was achieved at J = 64 A/m2. Increasing 
J means that the amount of the electric current used in the 
electrochemical device is increased. In fact, J is the key oper-
ational parameter for the design of an EC device. It not only 
affects the system response time but also strongly influences 
the dominant pollutant separation mode [34].

In other words, the supply of J to the EC set-up directly 
determines both the amount of coagulant and bubble gen-
eration rates and strongly influences both solution mixing 
and mass transfer at the electrodes [37,38]. A large current 
means a small EC unit. However, very high J would lead to 
a significant decrease in current efficiency and waste electri-

cal energy in heating up the water. It is necessary to control 
the current density to keep it below the limiting value with 
which to avoid the excess of hydrogen and chlorine when the 
pH is lowest [38,39]. Our results also depicted that energy 
consumption was increased from 7 to 15 kWh/kg of MO 
when the current density was higher than 40 A/m2 (Fig. 5).

3.4. Effect of pH

The pH of the solution is an important factor influenc-
ing the performance of both the electrochemical and the 
chemical coagulation processes [38]. In order to investigate 
the effect of pH on the efficiency of colour removal, EC pro-
cess experiments were carried out by using different initial 
pH values in the range of 3–12. The dye concentration of 
CMO = 15 mg/L, CNaCl = 1.6 g/L, and J = 64 A/m2 were tested. 
The experimental results are presented in Figs. 4 and 5. 
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Fig. 3. (a) Effect of the SE type on the removal efficiency and consumption of energy (CMO = 15 mg/L, MF = 0.1 T, J = 64 A/m2, d = 1 
cm, tEC = 15 min). (b) Effect of CNaCl on the removal efficiency and consumption of energy (CMO = 15 mg/L, MF = 0.1 T, J = 64 A/m2, d 
= 1 cm, tEC = 15 min).
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Fig. 4. (a) Effect of J on the removal efficiency of MO (CMO = 15 mg/L, CNaCl = 1.6 g/L, MF = 0.1 T, d = 1 cm). (b) Effect of pH on the 
removal efficiency of MO (CMO = 15 mg/L, CNaCl = 1.6 g/L, MF = 0.1 T, J = 64 A/m2, d = 1 cm).
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Fig. 4 shows that the initial pH has a significant effect 
on the removal efficiency of the dye. Indeed, when the pH 
of the dye solution was between 3 and 7, the removal effi-
ciency was over 90%. Then the EC performance decreased 
to 83% when pH reached 11. The removal efficiency was 
particularly important in pH 7.25, for which it reached 92% 
at 12 min (Fig. 4). After EC treatment, pH would increase 
towards the alkaline interval when the initial pH was in the 
range of 3–11.

On the other hand, the energy consumption increased 
with the increase in pH values from 3 to 11: it augments 
from 15 to 18 kWh/kg of MO. Low energy consumption 
for the decolourization process was achieved at pH 7.25. 
Indeed, when decolourization efficiency reached 92% at pH 
7.25, the energy consumption was 13 kWh/kg of MO. It can 
be deduced that the majority of iron complexes formed at 
pH between 3 and 9 are probably favourable for carrying 

out in the EC process. Ghernaout et al. [40] reported that 
the electromagnetic field application in continuous mode 
followed by EC in a batch has increased the removal effi-
ciency until 100% when the pH of the humic acid solution 
was adjusted to 7.

3.5. Effect of the inter-electrode distance (d) 

The effect of the inter-electrode distance (d) separating 
the anode from the cathode on the dye removal was varied 
from 0.8 to 3 cm, as shown in Figs. 6 and 7. From the obtained 
results, it appears that the high efficiency was recorded with 
a rate higher than 90% when d was increased from 0.8 to 2 
cm. The removal efficiency decreases to 84% beyond 2 cm.

Our results proved also that the consumption energy 
increased from 13 to 31 kWh/kg of MO with an increase in 
d from 0.8 to 3 cm (Fig. 7). When the electrodes were main-
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Fig. 5. (a) Effect of J on the removal efficiency and consumption of energy of MO (CMO = 15 mg/L, MF = 0.1 T, CNaCl = 1.6 g/L, d = 1 
cm, tEC = 15 min). (b) Effect of pH on the removal efficiency of MO (CMO = 15 mg/L, CNaCl = 1.6 g/L, MF = 0.1 T, J = 64 A/m2, d = 1 cm).
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tained at 2 cm, the removal efficiency of 95% was reached 
after 12 min, with energy consumption accounting for 19 
kWh/kg of MO. These changes are attributed to the fact 
that the electrostatic effect depends on both d and MF; so 
when d was increased to 2 cm, the movement of ions in the 
MF presence was accelerated and the electrostatic attraction 
was increased. Consequently, the voltage would increase 
from 2.45 to 3.48 V for obtaining the optimum current den-
sity, which leads to an increase in the treatment efficiency.

3.6. The effect of the initial MO concentration 

The dye solutions with different initial concentrations in 
the range of 15–55 mg/L were treated in the optimized con-
ditions: current density (J = 64 A/m2), initial pH of 7.25, and 
CNaCl = 1.6 g/L. As seen in Figs. 6 and 7, with the increase 
in the initial dye concentration, the removal efficiency is 
reduced. The removal efficiencies for the 15 and 55 mg/L 
concentrations both decreased from 95% to 60%, respec-
tively, after 12 min; and then the rate reached only 70% for 
55 mg/L, while the maximum rate reached 99% and 98% 
for 15 and 25 mg/L, respectively, after 15 min.

It was noticed that the energy consumption continu-
ously went down. It was 19 kWh/kg of MO at CMO = 15 
mg/L, then increased for 29 kWh/kg of MO at CMO = 55 
mg/L. Based on the results obtained by the treatment of 
EC coupled with MF with 0.1 T, this combination of EC-MF 
was not effective in decolourizing the dye solution when 
the concentration of dye was greater than 35 mg/L. Conse-
quently, the MF intensity was insufficient to produce flocs 
at high dye concentration.

3.7. Effect of the MF application 

As illustrated in Fig. 8, the evolution of the removal effi-
ciency by the treatment of EC with MF starts quickly and 
reaches 95% at 12 min. This rate is higher than that obtained 
with treatment by EC, which does not exceed 74%. Fig. 8 
indicates that energy consumption with the application of 
MF reached 19 kWh/kg of MO, whereas it was 28 kWh/kg 

of MO without it. However, these results indicated that the 
application of MF in the EC was one of the most promising 
methods for lowering energy consumption.

3.8. Flocs characterization 

The separation of the flocculated sludge formed by 
the EC process can be accomplished by precipitation after 
stopping the EC process. This approach is a relatively slow 
operation compared to the separation of the flocculated 
sludge in the presence of the MF.

SEM picture of the flocs obtained after treatment of EC 
coupled with MF revealed the formation of lumpy agglom-
erates of larger-sized particles; it appears that these flocs 
were irregular aggregates with a larger surface area (Fig. 10).

From Table 1, EDX analysis confirmed the presence of 
a very high amount of iron and oxygen with a weight per-
centage of 60.84% and 34.49%, respectively. Moreover, there 
is a low content of carbon of 3.26%, while the very low con-
tents are for the sodium and chloride of 0.57% and 0.85%, 
respectively. Such a significant proportion of iron indicates 
the probable presence of hematite. 

An XRD pattern is presented in Fig. 11 for flocs gener-
ated by the EC process with the application of the MF. The 
XRD spectrum presented high-intensity peaks and low-in-
tensity peaks, which correspond to hematite (Fe2O3) in the 
most predominant crystalline phases.

On the other hand, the evolution of absorbance of MO 
solution as a function of time during the EC-MF process has 
occurred particularly in the visible range, but the degrada-
tion products can be usefully observed in the ultraviolet 
range (UV-Vis). Fig. 12 shows the UV-Vis spectrum of deg-
radation of MO during EC-MF. The visible absorbance is at 
its maximum at 465 nm for MO. It decreases from 1 to 0.052 
within 12 min. The evolution of the formation of the degra-
dation product (N,N-dimethylaniline) is followed by mea-
suring the absorbance at 248 nm (Fig. 12). The absorbance 
increases gradually from 0.1 to 0.87 within 12 min, then the 
absorbance will not change after 12 min, which corresponds 
to the accumulation of degradation products (Fig. 12). 
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Two mechanisms have been proposed to describe the 
formation of Fe2O3(s) in an EC process involving iron elec-
trodes [41,42]:
Mechanism I (4 < pH < 7)
Anode:

2Fe(s) + H2O(l) → 2Fe(OH)2(aq) + 4H+ + 4e− (3)

Bulk of solution:

2Fe(OH)2(aq) + ½O2(aq ) + H2O(l) → 2Fe(OH)3(s)   (4)

2Fe(OH)3(s) → Fe2O3(s) + 3H2O(l) (5)

Cathode:

4H+
(aq) + 4e− → 2H2(g) (6)

Overall: 

2Fe(s) + ½O2(aq) → 2Fe2O3(s) + 2H2(g) + 3H2O(l)   (7)

Mechanism II (4 < pH < 9)
Anode:

2Fe(s) +6H2O(l) →2Fe(OH)3(aq) + 6H+ + 6e–      (8)

Bulk of solution:

2Fe(OH)3(s) → Fe2O3(s) + 3H2O(l)   (9)

Cathode:

6H+ + 6e– → 3H2(g) (10)

Overall:

2Fe(s) + 3H2O(l) → Fe2O3(s) + 3H2(g)  (11)  
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Fig. 8. (a) Effect of the MF on the removal efficiency of MO (CMO = 15 mg/L, CNaCl = 1.6 g/L, MF = 0.1 T, J = 64 A/m2, d = 2 cm). (b) 
Effect of the MF on the removal efficiency and consumption of energy (CMO = 15 mg/L, MF = 0.1 T, CNaCl = 1.6 g/L, J = 64 A/m2, d = 
2 cm, tEC = 12 min).
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Fig. 9. The MO solution after the treatment by EC (a) and EC-MF (b).
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Furthermore, another strong oxidant of hypochlorite 
may be produced in a CE containing chlorides; the active 
chlorine can also enhance the oxidation of dye (13), result-
ing in enhancement of decolourization [40,43–47]:

 (a)                                                                          (b) 

 

         

 

 

 

 

 

 

                 (c) 

 

 

 

 

 

 

 

Fig. 10. SEM ((a) and (b)) and EDX (c) of the flocs generated by EC with application of the MF process with optimum conditions (CMO 
= 15 mg/L, CNaCl = 1.6 g/L, MF = 0.1 T, J = 64 A/m2, d = 2 cm, tEC = 30 min, pH = 7.25).

Table 1
Quantitative composition for atomic (At) and weight (Wt) 
percentage of the elements present in the floc generated by EC 
with the application of MF

Elements Wt (%)  At (%)  

Fe 60.84 30.56
O 34.49 60.47
Na 0.57 0.70
Cl 0.85 0.67
C 3.26 7.61

Fig. 11. XRD of the flocs generated by EC-MF process at the opti-
mum conditions (CMO = 15 mg/L, CNaCl = 1.6 g/L, MF = 0.1 T, J = 
64 A/m2, d = 2 cm, tEC = 30 min, pH = 7.25).
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2Cl–
(aq) → Cl2(g) + 2e –  (12)

Cl2(g) + H2O(l) → HOCl(aq) + H+ + Cl–
(aq)  (13)

HOCl + 2Fe2+ → 2Fe3+ + Cl− + OH–   (14) 

MO + HOCl → oxidized MO + 2Cl−  (15)

First pathway for decolourization of MO: 

MO → Sulfanilic acid + 2-naphtol (16)

Fe2O3 + Sulfanilic acid → Flocs (17)  

Second pathway for decolourization of MO:

MO + HOCl → Chemical degradation (18) 

6. Conclusions

The present investigation reveals that the EC process, 
with the application of MF, using iron electrodes can be 
used for the removal of dye molecules. The following con-
clusions can be drawn.

1. The experimental conditions for decolourization of 
MO by the EC-MF process have been optimized: CMO 
= 15 mg/L, CNaCl = 1.6 g/L, MF = 0.1 T, J = 64 A/m2, 
initial pH 7.25, and d = 2 cm. Under these conditions, 
the removal efficiency reached 95% at 12 min. This 
rate is higher than that obtained with treatment by 
EC alone, which does not exceed 74%.

2. The XRD analysis proved that the formed flocs are 
crystalline in nature and the spectrum mainly indi-
cated the presence of hematite Fe2O3. The SEM/EDX 
analysis of the flocs confirmed the presence of iron 

and oxygen. The MO removal mechanism proposed 
that MO is reduced to sulfanilic acid and 2-naphtol. 

3. The energy consumption was decreased from 28 to 
19 kWh/kg of MO, for the EC process and EC-MF, 
respectively.

4.  The obtained results illustrate that the application of 
the MF in the EC process is one of the most promis-
ing methods for increasing removal efficiency, accen-
tuating process compactness and lowering energy 
consumption. More research is still needed to open 
the process to industrial application perspectives. 
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