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ABSTRACT: The electrocoagulation method was selected for the removal of Zn*2. The effects
of the parameters such as current density, pH, and supporting electrolyte concentration on this
method were studied. The Zn*? concentration, mixing speed, and temperature were 250 mg/L, 150 rpm,
and 293 K in the determination of the optimum pH the results obtained showed that a pH of 6 provided
the highest Zn*2 removals. A pH of 6 was taken to be a constant optimum value while studying
the effects of current density and supporting electrolyte concentration on removal. Current density
values were chosen as 0.25, 0.50, 1.00, and 1.50 mA/cm?. Increasing current density increased Zn*2
removals significantly. Removal of 48.86%, 71.03%, 84.12%, and 97.39% were found for current
densities of 0.25, 0.50, 1.00, and 1.50 mA/cm? with an initial concentration of 250 mg/L with
a reaction time of 30 minutes, respectively. An increase in current density caused an extreme increase
in energy consumption. Energy consumption was 1.06 kW-h/m?® for a current density of 0.25 mA/cm?
with a reaction time of 30 minutes while it was 1.98, 3.46, and 5.31 kW-h/m® for a current density
of 0.50, 1.00, and 1.50 mA/cm? at a pH of 6, respectively. It was found that the effect of supporting
electrolyte concentration on removal efficiency was negative. Aluminum anodes were used
in electrocoagulation processes. As supporting electrolyte concentration increased, removal
efficiency decreased, and the energy consumption rate increased. It was determined, as the result
of the experiments, that Zn*2ions can be removed at the rate of 84.12% with a pH of 6, a 250 mg/L Zn*?
concentration, a 150 rpm mixing speed, a temperature of 293 K and a current density of 1.50 mA/cm?
in an aqueous solution.
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INTRODUCTION

Water is the most basic resource necessary for life.
A life without water is unthinkable. Water is indispensable
for the continuation of its living existence. Clean water is
needed for a sustainable life. In addition to the natural

water cycle, wastewater treatment is also important
in the meeting on clean water. Wastewater; water consisting
of industrial and domestic use of water. The recovery
of wastewater is necessary for the contamination and
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sustainability of water resources. There are several
methods of recovery of wastewater. The treatment process
takes place electrochemical [1], physically, chemically [2],
and biologically [3]. Wastewater may contain organic and
inorganic pollution, heavy metals, suspended solids, oil
grease, pathogens, and pesticides [4]. Heavy metals:
Chemical elements with a specific weight greater than 4
are called heavy metals. Heavy metals are elements such
as zinc, nickel, copper, aluminum, chromium, iron, and
manganese, which are very, very little needed in the body,
and metals such as lead, mercury, arsenic, and cadmium
that the body should never have [5]. When heavy metal is
mentioned, toxic effective elements taken with industrial
and industrial products that the body does not need
are mentioned [6]. Zinc is a fragile metal of bluish-light
gray color. It is included in the group of transition elements
in the periodic ruler. It has a low boiling temperature. This
value is a very decisive factor, especially in the production
of pyrometallurgic metals. It is hard and fragile in a spilled
state. It can be shaped at 120°C. Zinc comes after iron,
aluminum, and copper in terms of annual use in the world [7].
Zinc: for corrosion protection purposes, galvanizing other
metals such as steel, brass, nickel silver, different
soldering, German silver, etc. in the construction of alloys,
usually in casting molds in the automotive industry, in the
construction of the bodies of batteries. Zinc oxide is used
as a white pigment in watercolors and as an activator in the
tire industry [8]. It is contained in some ointments. It is
protective against sunburns in summer and cold burns
inwinter [9]. It is also used in the treatment of eye diseases.
Zinc chloride is used in deodorants and as a wood
protector. Zinc sulfur is used in scorpions and windmills
of watches as a glow-in-the-dark pigment. Zinc methyl (Zn
(CHas),) is used in the synthesis of many organic
substances. Zinc is acomponent of many daily vitamin and
mineral drugs [10].

It is more negative than iron in the electrochemical
potential sequence. Thus, zinc finds an important use
in cathodic corrosion protection as an anode. Galvanizing
is one of these applications. Heavy metal removal in
wastewater can be carried out by methods such as ion
replacement, chemical precipitation [11], reverse osmosis,
membrane filtration, evaporation, and biosorption [12, 13].

Heavy metal removal is also possible by
electrocoagulation method [14]. Electrocoagulation is
a process of destabilizing substances that are suspended
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in water, liquid-liquid heterogeneous mixture, or dissolved
environment by giving electric current to the environment [15].
The electrocoagulation process is a combination of
oxidation, flocculation, and flotation processes. In the
electrocoagulation process, anode and cathode assembly
are created inside a reactor. The system is supplied with
the required electric current from the power supply [16].
Wastewater is discharged into the reactor. To eliminate the
pollution in the wastewater, positive and negative loads are
separated by the current installed in the system, which
clings to the anode and cathode surface area. The purpose
of electrocoagulation is to provide treatment process
by forming metal hydroxide flocs in wastewater with the
solubility of the anode after the electrolysis process [17, 18].

Electrocoagulation

The most preferred electrochemical method is
electrocoagulation. One of the most important conditions
in an electrochemical process is the type of electrode.
Aluminum (AI*®) and iron (Fe*, Fe*?) electrodes are
widely used in electrocoagulation. These electrodes react
with water during the operation phase of the process,
forming metal hydroxides such as Al (OH)3, Fe (OH)? and
Fe (OH)® [19]. Treatment begins with the formation of
metal hydroxides. Metal hydroxides with very high
adsorption capacity are removed from the water by
adsorbing different pollutant parameters in the water and
creating precipitation. This refinement method is available
in many places today. During this process, very small gas
bubbles begin to emerge from the water because of
electrochemical processes formed in the electrodes.
Considering that these gas bubbles form the basis of
electroflotation, it can be said that some pollutants
will be removed from the water by the electroflotation
method during electrocoagulation. Since a certain degree
of electroflotation also occurs, the yield of pollutant
removal is high. This efficiency can be further increased
by optimizing various operating conditions. There are
usually 3 basic processes in electrocoagulation [20, 21].

a) Electrolytic reactions on the surface of the electrodes

b) Formation of coagulations (metallic ions) in the
liquid phase

c) Removal of soluble or colloidal contaminants
by adsorption, coagulant, sedimentation, or flotation
mechanisms.

With electrocoagulation, liquid-liquid heterogeneous
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substances, suspended solids, and colloidal substances
are stabilized. Therefore, in electrical applications, when
the particles are properly contacted with electrodes,
the particles are neutralized and the different particles form
large flocs in combination [22, 23].

Aluminum or iron electrodes are usually used in the
electrocoagulation process. This is because metallic ions
are a good coagulant because of their high adsorption
capacity. Dispersed particles can be purified from water by
electrocoagulation process and stable sludge can be
obtained. In one study, it was concluded that
electrocoagulation can be shown as an alternative to
chemical treatment, since flock formation is achieved inan
accelerated way by electrocoagulation [24, 25].

Although the electrocoagulation method is like
traditional coagulation, electrocoagulation has many
advantages.

a) Electrocoagulation is more effective in stabilizing
and removing small colloidal particles than conventional
coagulation.

b) Less and more stable sludge is formed in
electrocoagulation.

c) Electrocoagulation equipment is easy to use and
operate.

d) There is no need to add chemicals in
electrocoagulation. That's why it's easier to operate and
maintain.

Electrocoagulation is the most common method of use
in electrochemical treatment methods due to both effective
efficiency and easy operating conditions [26, 27].

EXPERIMENTAL SECTION

In this study with synthetic wastewater, stock solutions
containing 1000 mg/L Zn*?> were prepared, and
experimental studies were carried out by making appropriate
dilutions. Electrocoagulation process is preferred from
electrochemical methods. Electrocoagulation experiments
were carried out in a reactive electrolytic cell. The
electrocoagulation cell is made of plexiglass with
dimensions of 15 x 8 x 10 cm. The total volume of
wastewater for each experiment was about 1000 mL.
The dimensions of aluminum (Al) plates used for victim
electrodes are 7.5 cm high, 7.5 cm wide and 0.3 cm thick
and arranged in monopolar configurations. During each
experiment, ten plates were made in the electrochemical
reactor, and the distance between the plates was fixed
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at about 5 mm. The current was held steady through a
precise DC power supply (GW GPC-3060D),
characterized by ranges of 0-6 A for current and 0-30 V
for voltage. The wastewater samples used in the
experiments were prepared using Merck brand 99.99%
purity ZnCl,.H,O chemical with a molecular weight of
154.3 g/mol. 2.36 g of ZnCl,.H,0 is dried at 105°C, some
of it is dissolved in distilled water and made up to 1 L to
obtain 1000 mg/L stock solution. Between experiments,
the electrodes were sanded and washed with dilute HCI.
Samples of 3 mL were periodically taken from the
electrocoagulation cell to track the progression of
treatment, then filtered to eliminate sludge formed during
electrolysis (0.45 um). Zinc analysis was performed using
atomic absorption spectrometer (SHIMADZU AA6800)
[28]. The studied experimental parameters and
experimental setup are given in Table 1 and Fig.1.

Samples were taken against time and the removal
efficiencies and energy consumptions from these samples
were calculated with the help of the following equations.
Removal efficiency:

Co_Ct

0

1 (%) =( )x 100 )

Where Cq: Initial metal concentration (mg/L), Ci:
Metal concentration at any time t (mg/L),

Electric energy consumption is a very important
economic parameter in the electrocoagulation process.
Electrical energy consumption was calculated using the
following equation [28, 29]:

SEC = — )

Here, you can see that

SEC= is specific energy consumption (KW-h/m?),
I =current intensity (A), V= is the potential difference applied
(V), t =reaction time (h) and v =solution volume (m?)

RESULTS AND DISCUSSION
Effect of Mixing Speed on Zinc Removal and Energy
Consumption

Mixing speed can be considered as an important
parameter in terms of flock formation and structure of
flocks. The experimental conditions of this study
were determined as J=1 mA/cm?, Co=250 mg/L, pH=5.0.
Mixing speeds of 50 rpm, 150 rpm, 250 rpm and 400 rpm
were selected for this experiment. As Fig. 2 shows,
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Table 1: Experimental Parameters Studied.

/ Examined Parameter Parameter Range

Fixed Variables \

Mixing Speed (rpm) 50; 150; 250, 400

pHi=5 (natural), J=1.00 mA/cm?, T=20+1°C

Support Electrolyte Type

NaCl; NaNOgz; Na,SO,4

pHi=5 (natural), J=1.00 mA/cm?, T=20+1°C, mixing speed =150 rpm

Support Electrolyte Concentration (NaCl, mM) 0, 10; 15; 20;

pHi=5 (natural), J=1.00 mA/cm?, T=20£1°C, mixing speed =150 rpm

(pHi) Wastewater Initial pH 3; 4; 5 (natural); 6

J=1.00 mA/cm?, T=20+1°C, mixing speed = 150 rpm

\_ Current Density (mA/cm?) 0.25; 0.50; 1.00: 1.50 pHi=S (natural), mixing speed =150 rpm, T=201°C _/
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Fig. 1: Experimental Setup.

the mixing speed is ideally 150 rpm. This is because the
resulting flocs do not dissipation at this speed. As the mixing
speed decreases, the formation of flocks becomes difficult
and is not preferred. When the mixing speeds are increased,
the resulting flocs are dispersed, which is undesirable. In the
studies where the effect of mixing speed on zinc removal
yield was examined, the removal yields were calculated as
78.27%, 84.12%, 71.21% and 65.11% for 50 rpm, 150 rpm,
250 rpm and 400 rpm, respectively.[29].

As Fig. 3 shows, energy consumption is minimal when
the mixing speed is in the desired state. When the mixing
speed is increased over time, the amount of energy consumed
increases. In this case, the amount of energy consumed
increases depending on the state of formation of the flocs.
While the mixing speed was 50 rpm, energy consumption
was 4.17 KW-h/m3, 3.46 kW-h/m? at 150 rpm, 5.29 kW-
h/m?® at 250 rpm and 6.33 kW-h /m?® at 400 rpm [30].

Effect of Support Electrode Type on Zinc Removal and
Energy Consumption

The choice of support electrode type is an important
parameter in zinc removal. Zinc forms a precipitable
compound while being removed from wastewater as heavy

Review Article
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75

50

—— 50 rpm

% Zinc Removal

25 ~—8&— 150 rpm

——at— 250 rpm

———d— 400 rpm

0 5 10 15 20 25 30

Fig. 2: Effect of Mixing SpeedromeZimiaRemoval (J=1 mA/cm?;
Co=250 mg/L; pH:5.0, without support electrolyte).

metal. NaCl, Na,SO4 and NaNOs; were chosen as
supporting electrolyte types. The experimental conditions
of this study were determined as J=1 mA/cm?, Cy=250
mg/L, pH=5.0 and Mixing Speed=150 rpm. As interpreted
from Fig. 4, NaCl was determined as the most ideal
supporting electrolyte type. The conductivity values
change according to the solubility degrees of the supporting
electrolyte type used. It was observed that the best soluble
in water was NaCl, then NaNO3 and Na,SO,.

1033



Iran. J. Chem. Chem. Eng.

It was calculated that the zinc removal efficiency without
supporting electrolyte was 84.12%, 86.93% when NaCl
was added, 85.99% when NaNO3 was added, and 85.26%
when Na,SO4 was added [31].

NaCl, Na,SO, and NaNOs were chosen as supporting
electrolyte types. As can be seen from Fig. 5, the energy
consumption decreases when the supporting electrolyte is
added. According to the type of supporting electrolyte
added, the energy consumed is the least, which dissolves
best in water and increases conductivity. In this case,
the energy consumption without supporting electrolyte
was 3.46 kW-h/m3, with NaCl addition 1.17 kW-h/m3,
with NaNO3 addition 1.63 kW-h/m?® and with Na,SO,4
addition 2.54 KW-h/m3[32].

Effect of Support Electrolyte Concentration on Zinc
Removal and Energy Consumption

Depending on the added NaCl concentration in zinc
removal in wastewater, the removal decreases as the
concentration decreases. The experimental conditions of
this study were determined as J=1 mA/cm?, Co=250 mg/L,
Support Electrolyte Type= NaCl, pH=5.0 and Mixing
Speed=150 rpm. As the support electrolyte concentration,
20 mM NaCl, 15 mM NaCl, 10 mM NaCl, and without the
support electrolyte were investigated. Starting from Fig. 6,
since the conductivity does not increase when the
supporting electrolyte is not in the environment, the
removal takes place here at least. It was observed that
the highest concentration of removal was when 20 mM
NaCl salt was added. Thus, the removal efficiency without
supporting electrolyte was calculated as 84.12%, when
10 mM NaCl was added, 85.92%, 15 mM was added as
86.93%, and 20 mM was added as 87.97% [33].

As observed in Fig. 7, it is planned to increase the
conductivity by adding the support electrolyte
concentration. When the conductivity is increased,
the amount of energy consumed decreases. The amount of
is determined as energy consumed without supporting
electrolyte is 3.46 kwW-h/m3, when 10 mM NacCl is added
2.33 kW-h/m?, when 15 mM NaCl is added 1.17 kW-h/m3
when 20 mM NaCl is added 1.08 kW- h/m? [34].

Effect of pH on Zinc Removal and Energy Consumption
By decreasing the pH value, the environment becomes
acidic. J=1 mAa/cm?, Co=250 mg/L and Mixing Speed = 150 rpm.
In this study, pH=3, pH=4, pH=5 and pH=6 was investigated.
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——a— 50 rpm

——d— 150 rpm
——i— 250 rpm
—@— 400 rpm

SEC (kW-h/m3 )
w

0 5 10 15 20 25 30
Time (min)
Fig. 3: Effect of Mixing Speed on Energy Consumption

(=1 mA/cm?; Co=250 mg/L; pH:5.0, without support
electrolyte).

100

75

50

——&— without supporting electrolyte

% Zinc Removal

25 ~——@— 15 mM NaCl

~—— 10 mM Na,SO,

—— 15 mM NaNO;

0 5 10 15 20 25 30

Time (min)

Fig. 4: Effect of Support Electrode Type on Zinc Removal
(J=1 mA/cm?; Co=250 mg/L; pH:5.0; MS=150 rpm).

—=@— without supporting electrolyte
——4— 15 mM NaNO;

—f— 10 mM Na,SO,

—&— 15 mM NaCl

SEC (kW-h/m3)

0 5 10 15 20 25 30

Time (min)

Fig. 5: Effect of Support Electrolyte Type on Energy
Consumption (J=1 mA/cm?; Co=250 mg/L; pH:5.0;
MS=150 rpm).
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As indicated in Fig. 8, the maximum removal was
observed at pH 6 of ideal zinc removal. The least removal
occurred at pH 3. Respectively, zinc removal efficiencies
were found to be 87.89% at pH=6, 84.12% at pH=5,
79.44% at pH=4, and 75.54% at pH=3 [35]. At high pH
values, heavy metals precipitate as hydroxide. Therefore, pH
values higher than 6 have not been studied to investigate
heavy metal removal without precipitation [36].

As can be read from Fig. 9, energy consumption
was determined as the highest pH =5 and the lowest pH=3.
Energy consumptions respectively 2.92 kW-h/m? at pH=6,
3.46 kW-h/m?® at pH=5, 2.29 kW-h/m? at pH=4 and pH=3
and it was calculated as 1.79 kW-h/m3 [37].

Effect of initial concentration on Zinc removal and
energy consumption

The experimental conditions of this study were chosen
as J=1 mA/cm?, pH=5, and Mixing Speed=150 rpm. In this
analysis, the initial. 10, the maximum removal was
observed when the initial concentration was at 25 mg/L,
while the minimum removal was observed at 1000 mg/L.
However, although it was observed that the calculated
yield value decreased with increasing concentration, the
amount of zinc removed per unit of wastewater volume
increased significantly. Namely, while 24.73 mg/L zinc
was removed with 98.91% removal efficiency at 25 mg/L
initial concentration, 433 mg/L zinc removal was achieved
at 1000 mg/L initial concentration, 43.30% removal was
achieved. Zinc removal efficiencies were calculated as
98.91% in 25 mg/L, 96.44% in 50 mg/L, 91.67% in 100
mg/L, 84.12% in 250 mg/L, 69.48% in 500 mg/L and
43.30% in 1000 mg/L, respectively [38].

As interpreted from Fig. 11, the highest energy
consumption was observed as 25 mg/L and at least 1000
mg/L. The energy consumption amounts are 6.33 kW-h/m?
in 25 mg/L, 5.50 kW-h/m® in 50 mg/L, 4.58 kW-h/m?

Effect of current density on Zinc removal and energy
consumption

Current density is also an important parameter for zinc
removal. As the current supplied to the system increases, the
current density increases, and the amount of removal
increases. The experimental conditions of this study were
chosen as pH=5, C¢=250 mg/L, and Mixing Speed=150 rpm.
In this study, current densities were investigated by choosing
0.25 mA/cm?, 0.50 mA/cm?, 1 mA/cm? and 1.5 mA/cm?,
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Fig. 6: Effect of Support Electrolyte Concentration on Zinc
Removal (J=1 mA/cm?; Co=250 mg/L; pH:5.0; MS=150 rpm;
SE=NacCl).
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Fig. 7: Effect of Support Electrolyte Concentration on Energy
Consumption (J=1 mA/cm?; Co=250 mg/L; pH:5.0; MS=150
rpm; SE=NacCl).
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Fig. 8: Effect of pH on Zinc Removal (J=1 mA/cm?; Co=250
mg/L; MS=150rpm without support electrolyte).
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Fig. 9: Effect of pH on Energy Consumption (J=1 mA/cm?;
Co=250 mg/L; MS=150 rpm without support electrolyte).

100

75

50

% Zinc Removal

25 —8— 25 mg/L
—&— 50 mg/L
—— 100 mg/L

——h— 250 mg/L

0 5 10 15 20 25 30

Time (min)

Fig. 10: Effect of Initial Concentration on Zinc Removal (J=1
mA/cm?; pH:5.0; MS=150 rpm, without support electrolyte).
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Fig. 11: Effect of Initial Concentration on Energy Consumption
(=1 mA/cn?’; pH:5.0; MS=150 rpm without support electrolyte).

n 100 mg/L, and 3.46 in 250 mg/L, respectively. KW-h/m?3
is calculated as 2.63 KW-h/m? in 500 mg/L and 1.83 kW-h/m?
in 2000 mg/L [39].
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Fig. 12: Effect of Current Density on Zinc Removal (Co=250 mg/L;
pH:5.0, MS=150rpm, without support electrolyte).
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Fig. 13: Effect of Current Density on Energy Consumption
(Cr=250 mg/L; pH:5.0, MS=150rpm, without support electrolyte).

As indicated in Fig. 12, as the current passing through the
electrodes increases, the amount of ions retained in the
electrodes increases. As can be seen from the graph, the
maximum zinc removal was 1.5 mA/cm? and the
minimum removal was 0.25 mA/cm? Zinc removal
efficiencies were 97.39% at 1.5 mA/cm?, 84.12% at
1 mA/cm?, 71.03% at 0.50 mA/cm? and % at 0.25 mA/cm?,
respectively. It was determined as 48.86 [40].

As indicated in Fig. 13, it was observed that the energy
consumption amount was at most 1.5 mA/cm? and at least
0.25 mA/cm?. The greater the amount of current passing
through the electrodes, the more electricity is consumed.
The amount of energy consumed at 1.5 mA/cm? 5.31 kW-h/m?,
the energy consumed at 1 mA/cm? 3.46 kW-h/m3,
the energy consumed at 0.50 mA/cm? 1.98 The energy
consumed at kW-h/m3, 0.25 mA/cm? is calculated
as 1.06 kKW-h/m® [41].

Review Article



Iran. J. Chem. Chem. Eng.

Acknowledgments

The authors are grateful for the financial support of the
Balikesir  University  Scientific Research  Project
Department (Project N0:2019/044)

Received : Apr. 4,2022 ; Accepted : Jun. 13, 2022

REFERENCES

[1] Shokri A., Bayat A., Mahanpoor K., Employing
Fenton-like Process for the Remediation of
Petrochemical Wastewater Through Box—Behnken
Design Method, Desal. Water. Treat., 166: 135-143
(2019).

[2] Gorzi AR., Omidi H., Bostani A., Effects of
Chemical Treatments (Iron, Zinc and Salicylic Acid)
and Soil Water Potential on Steviol Glycosides of
Stevia (Stevia rebaudiana Bertoni), Iran. J. Chem.
Chem. Eng. (IJCCE), 39(1): 297-311 (2020).

[3] Alemzadeh 1., Nazemi A., Physico-Chemical and
Biological Treatment of Olive Mill Wastewater by
Rotating Biological Contactor (RBC) Reactors, Iran.
J. Chem. Chem. Eng. (IJCCE), 25(4) 47-53 (2006).

[4] Fil B.A., Boncukcuogu R., Yilmaz A.E., Bayar S.,
Electro-Oxidation of Pistachio Processing Industry
Wastewater Using Graphite Anode. Clean, 42(9):
1232-1238 (2014).

[5] Engwa G.A., Ferdinand P.U., Nwalo F.N,
Unachukwu M.N., Mechanism and Health Effects of
Heavy Metal Toxicity In Humans, Poisoning in the
Modern World-New Tricks for an Old Dog, 10 (2019).

[6] Arslan T., “Treatment of Complexed Metal Waste
Water by Electrocoagulation”, Msc. Thesis, Istanbul
Technical University, Institute of Science and
Technology, Istanbul (2008).

[7] Camci S., Treatment of Metal Plating Wastewater by
Electrocoagulation Method, Msc. Thesis, Ondokuz
Mayis University, Institute of Science and
Technology, Samsun (2008).

[8] Giilyasar H.C., Treatment of Metal Plating
Wastewater by Electrocoagulation Process, Msc.
Thesis, Konya Technical University, Institute of
Science and Technology, Konya (2019).

[9] Bayhan Y.K., Degermenci G.D., Investigation of
Organic Matter Removal and Kinetics from Cosmetic
Wastewater by Fenton Process, J. Fac. Eng. Archit.
Gazi Univ., 32(1): 181-188 (2017).

Review Article

Treatment Method with Electrocoagulation ...

Vol. 42, No. 3, 2023

[10] Alizadeh M., Ghahramani E., Zarrabi M., Hashemi S.,
Efficient De-Colorization of Methylene Blue by
Electro-Coagulation Method: Comparison of Iron
and Aluminum Electrode, Iran. J. Chem. Chem. Eng.
(JCCE), 34: 39-47 (2015).

[11] Shokri A., Fard M.S., A Critical Review in Fenton-Like
Approach for the Removal of Pollutants in the Aqueous
Environment, Environ. Chall., 7: 100534 (2022).

[12] Akarsu C., Industrial Wastewater Treatment with
Electrocoagulation Process, Academic Platform,
Karabuk, 2148-7464: 1450-1456 (2014).

[13] Butler E., Hung Y .-T., Yeh R.Y.-L., Suleiman Al Ahmad M.,
Electrocoagulation in Wastewater Treatment, Water,
3(2): 495-525 (2011).

[14] Shokri A., Fard M.S., A Critical Review in
Electrocoagulation Technology Applied for Oil
Removal in Industrial Wastewater, Chemosphere,
288: 132355 (2022).

[15] Shokri A., Employing Electrocoagulation for the
Removal of Acid Red 182 in Aqueous Environment
by Using Box-Behenken Design Method, Desal.
Water. Treat., 115: 281-287 (2018).

[16] Shokri A., The Treatment of Spent Caustic in the
Wastewater of Olefin Units by Ozonation Followed
by Electrocoagulation Process, Desal. Water. Treat.,
111:173-182 (2018).

[17] Syam Babu D., Anantha Singh T., Nidheesh P.,
Suresh Kumar M., Industrial Wastewater Treatment
by Electrocoagulation Process, Sep. Sci. Technol.,
55(17): 3195-3227 (2020).

[18] Ulu F., Ulu F., “Arsenic Removal From Drinking
Water by Electrocoagulation  Using  Aluminum
Electrodes”, Msc. Thesis, Institute of Gebze High
Technology, Institute of Science and Technology,
Gebze (2010).

[19] Uggdil 1., iskender K., Application of Electrocoagulation
Method for Decolorization of Textile Industry
Wastewater, J. Yekarum, 2(1): 1-12 (2013).

20. Delipinar S., Treatment of yeast industry wastewater
by electrocoagulation and chemical coagulation,
Msc. Thesis, Institute of Gebze High Technology,
Institute of Science and Technology, Gebze (2007).

[21] Jing G., Ren S., Pooley S., Sun W., Kowalczuk P.B.,
Gao Z., Electrocoagulation for Industrial Wastewater
Treatment: an Updated Review, Environ. Sci.: Water
Res. Technol., 7(7): 1177-1196 (2021).

1037


https://www.deswater.com/DWT_articles/vol_166_papers/166_2019_135.pdf
https://www.deswater.com/DWT_articles/vol_166_papers/166_2019_135.pdf
https://www.deswater.com/DWT_articles/vol_166_papers/166_2019_135.pdf
https://www.deswater.com/DWT_articles/vol_166_papers/166_2019_135.pdf
https://www.ijcce.ac.ir/article_33123.html
https://www.ijcce.ac.ir/article_33123.html
https://www.ijcce.ac.ir/article_33123.html
https://www.ijcce.ac.ir/article_33123.html
https://www.ijcce.ac.ir/article_8032.html
https://www.ijcce.ac.ir/article_8032.html
https://www.ijcce.ac.ir/article_8032.html
https://onlinelibrary.wiley.com/doi/abs/10.1002/clen.201300560
https://onlinelibrary.wiley.com/doi/abs/10.1002/clen.201300560
https://www.intechopen.com/chapters/64762
https://www.intechopen.com/chapters/64762
https://tez.yok.gov.tr/UlusalTezMerkezi/tezDetay.jsp?id=hrC8L6OEBgGiKB_NweE4oQ&no=DI65hVHY0Eshv3n5ikAoPg
https://tez.yok.gov.tr/UlusalTezMerkezi/tezDetay.jsp?id=hrC8L6OEBgGiKB_NweE4oQ&no=DI65hVHY0Eshv3n5ikAoPg
https://tez.yok.gov.tr/UlusalTezMerkezi/tezDetay.jsp?id=H2fk5fbQNkGsuFWURzv9Bw&no=PsAd4JV-NMwoGwGL4heQ1w
https://tez.yok.gov.tr/UlusalTezMerkezi/tezDetay.jsp?id=H2fk5fbQNkGsuFWURzv9Bw&no=PsAd4JV-NMwoGwGL4heQ1w
https://tez.yok.gov.tr/UlusalTezMerkezi/tezSorguSonucYeni.jsp
https://tez.yok.gov.tr/UlusalTezMerkezi/tezSorguSonucYeni.jsp
https://dergipark.org.tr/tr/pub/gazimmfd/issue/28296/300609
https://dergipark.org.tr/tr/pub/gazimmfd/issue/28296/300609
https://dergipark.org.tr/tr/pub/gazimmfd/issue/28296/300609
https://www.ijcce.ac.ir/article_12679.html
https://www.ijcce.ac.ir/article_12679.html
https://www.ijcce.ac.ir/article_12679.html
https://www.sciencedirect.com/science/article/pii/S2667010022000920
https://www.sciencedirect.com/science/article/pii/S2667010022000920
https://www.sciencedirect.com/science/article/pii/S2667010022000920
https://www.isites.info/pastconferences/isites2014/ISITES2014/papers/A18-ISITES2014ID246.pdf
https://www.isites.info/pastconferences/isites2014/ISITES2014/papers/A18-ISITES2014ID246.pdf
https://www.mdpi.com/2073-4441/3/2/495
https://www.sciencedirect.com/science/article/abs/pii/S0045653521028277
https://www.sciencedirect.com/science/article/abs/pii/S0045653521028277
https://www.sciencedirect.com/science/article/abs/pii/S0045653521028277
https://www.deswater.com/DWT_abstracts/vol_115/115_2018_281.pdf
https://www.deswater.com/DWT_abstracts/vol_115/115_2018_281.pdf
https://www.deswater.com/DWT_abstracts/vol_115/115_2018_281.pdf
https://www.deswater.com/DWT_abstracts/vol_111/111_2018_173.pdf
https://www.deswater.com/DWT_abstracts/vol_111/111_2018_173.pdf
https://www.deswater.com/DWT_abstracts/vol_111/111_2018_173.pdf
https://www.tandfonline.com/doi/abs/10.1080/01496395.2019.1671866?journalCode=lsst20
https://www.tandfonline.com/doi/abs/10.1080/01496395.2019.1671866?journalCode=lsst20
https://acikbilim.yok.gov.tr/handle/20.500.12812/620417
https://acikbilim.yok.gov.tr/handle/20.500.12812/620417
https://acikbilim.yok.gov.tr/handle/20.500.12812/620417
https://dergipark.org.tr/tr/download/article-file/204141
https://dergipark.org.tr/tr/download/article-file/204141
https://dergipark.org.tr/tr/download/article-file/204141
https://acikbilim.yok.gov.tr/handle/20.500.12812/620781
https://acikbilim.yok.gov.tr/handle/20.500.12812/620781
https://pubs.rsc.org/en/content/articlelanding/2021/ew/d1ew00158b
https://pubs.rsc.org/en/content/articlelanding/2021/ew/d1ew00158b

Iran. J. Chem. Chem. Eng.

[22] Ozgelik F.S., “Removal of Reactive Red 195 Textile
Dyestuff from Aqueous Solutions by Electrocoagulation
Using a Steel Electrode”, Msc. Thesis, Balikesir University,
Institute of Science and Technology, Balikesir (2020).

[23] Huang C.-H., Shen S.-Y., Dong C.-D., Kumar M.,
Chang J.-H., Removal Mechanism and Effective
Current of Electrocoagulation for Treating Wastewater
Containing Ni (1), Cu (II), and Cr (VI). Water, 12(9):
2614 (2020).

[25] Omdrli B., “Treatment of RR124 Reactive Dyestuff
by Electrocoagulation Method”, Msc. Thesis,
Sakarya University, Institute of Science and
Technology, Sakarya (2005).

[26] Kim T., Kim T.-K., Zoh K.-D., Removal Mechanism
of Heavy Metal (Cu, Ni, Zn, and Cr) in the Presence
of Cyanide During Electrocoagulation Using Fe and
Al Electrodes, J. Water Process. Eng., 33: 101109 (2020).

[27] Bayar S., Boncukcuoglu R., Fil B.A., Yilmaz A.E.,
Investigation of the Removal of Direct Red 23
Dyestuff Using Electrocoagulation Method, J. Inst.
Sci. Technol., 2(2): 21-28 (2012).

[28] zhang F., Yang C., Zhu H., Li Y., Gui W., Optimal
Setting Strategy of Electrocoagulation Process in
Heavy Metal Wastewater Treatment Plant,
J. Environ. Manage, 310: 114724 (2022).

[29] Yilmaz A.E., Bayar S., Boncukcuoglu R., Fil B.A,,
Removal of Cadmium by Electrocoagulation and
a Cost Evaluation. Ekoloji, 21(85): 26-33 (2012).

[30] Fil B.A., Boncukcuoglu R., Yilmaz A.E., Bayar S.,
Adsorption Kinetics and Isotherms for the Removal of
Zinc lons from Aqueous Solutions by an lon-Exchange
Resin, J. Chem. Soc. Pak., 34(6): 841-848 (2012).

[30] Yu W.-z., Gregory J., Campos L., Li G., The Role of
Mixing Conditions on Floc Growth, Breakage and
Re-Growth, Chem. Eng. J., 171(2): 425-430 (2011).

[31] Ayub S., Siddique A.A., Khursheed M.S., Zarei A,
Alam 1., Asgari E., Changani F., Removal of Heavy
Metals (Cr, Cu, and Zn) from Electroplating Wastewater
by Electrocoagulation and Adsorption Processes,
Desal. Water Treat, 179(1): 263-271 (2020).

[32] Meena V.K., Ghatak H.R., Degradation and
Mineralization of Metformin by Electro-Oxidation on
Ti/DSA (Ta205-1r205) Anode and Combined
Electro-Oxidation and Electro-Coagulation on
Stainless Steel (SS) Anode, Iran. J. Chem. Chem.
Eng. (IJCCE), 41(12): 3972-3987 (2022).

1038

Fil B.A. et al.

Vol. 42, No. 3, 2023

[33] Karabacakoglu B., Tezakil F., Treatment of
Corrugated Cardboard Box Production Wastewater
by Electrocoagulation Method. Baun. J. Inst. Sci.,
14(1): 34-39 (2012).

[34] Parsa J.B., Vahidian H.R., Soleymani A., Abbasi M.,
Removal of Acid Brown 14 in Aqueous Media by
Electrocoagulation: Optimization Parameters and
Minimizing of Energy Consumption, Desalination,
278(1-3): 295-302 (2011).

[35] Tastaban M., “Fluoride Removal in Acidic pH Range
by Electrocoagulation Process with Aluminum
Electrode”, Msc. Thesis, Istanbul Technical
University, Institute of Science and Technology,
Istanbul (2013).

[36] Chen X., Ren P., Li T., Trembly J.P., Liu X,
Zinc Removal from Model Wastewater by
Electrocoagulation:  Processing, Kinetics and
Mechanism. Chem. Eng. J., 349: 358-367 (2018).

[37] Oduncu E., Treatment of Solid Waste Landfill
Leachate by Electrocoagulation and Electrooxidation
Method, Msc. Thesis, Anadolu University, Institute
of Science and Technology, Eskisehir (2017).

[38] Oyar B., “Dyestuff Removal from Wastewater Using
Electrocoagulation Method”, Msc. Thesis, Sakarya
University, Institute of Science and Technology,
Sakarya (2020).

[39] Shokri A., Application of Electrocoagulation Process
for the Removal of Acid Orange 5 in Synthetic
Wastewater, Iran. J. Chem. Chem. Eng. (IJCCE),
38(2): 113-119 (2019).

[40] Un U.T., Kandemir A., Erginel N., Ocal S.E.
Continuous Electrocoagulation of Cheese Whey
Wastewater: an Application of Response Surface
Methodology, J. Environ. Manage, 146: 245-250
(2014).

[41] Mohamed T., Asma S., Aicha B., Safia L.,
Decolourization of Disperse Blue 3 Dye by
Electrocoagulation process using Al and Fe
electrodes—Application of the Artificial Neural
Network Model. Iran. J. Chem. Chem. Eng. (IJCCE),
41(4): 1175-1185 (2021).

Review Article


https://tez.yok.gov.tr/UlusalTezMerkezi/tezDetay.jsp?id=8kGHPtEGMLWYtUS8OLJl9g&no=enKM_1vdlC4hCMJsqL5ZBA
https://tez.yok.gov.tr/UlusalTezMerkezi/tezDetay.jsp?id=8kGHPtEGMLWYtUS8OLJl9g&no=enKM_1vdlC4hCMJsqL5ZBA
https://tez.yok.gov.tr/UlusalTezMerkezi/tezDetay.jsp?id=8kGHPtEGMLWYtUS8OLJl9g&no=enKM_1vdlC4hCMJsqL5ZBA
https://www.mdpi.com/2073-4441/12/9/2614
https://www.mdpi.com/2073-4441/12/9/2614
https://www.mdpi.com/2073-4441/12/9/2614
https://acikerisim.sakarya.edu.tr/handle/20.500.12619/80769
https://acikerisim.sakarya.edu.tr/handle/20.500.12619/80769
https://www.sciencedirect.com/science/article/abs/pii/S2214714419316952
https://www.sciencedirect.com/science/article/abs/pii/S2214714419316952
https://www.sciencedirect.com/science/article/abs/pii/S2214714419316952
https://www.sciencedirect.com/science/article/abs/pii/S2214714419316952
https://dergipark.org.tr/tr/pub/jist/issue/7929/104292
https://dergipark.org.tr/tr/pub/jist/issue/7929/104292
https://www.sciencedirect.com/science/article/pii/S0301479722002973
https://www.sciencedirect.com/science/article/pii/S0301479722002973
https://www.sciencedirect.com/science/article/pii/S0301479722002973
https://app.trdizin.gov.tr/publication/paper/detail/TVRNNU5UZ3lNZz09
https://app.trdizin.gov.tr/publication/paper/detail/TVRNNU5UZ3lNZz09
https://jcsp.org.pk/issueDetail.aspx?aid=07e035be-70c8-4757-b8de-07318e5cbc21
https://jcsp.org.pk/issueDetail.aspx?aid=07e035be-70c8-4757-b8de-07318e5cbc21
https://jcsp.org.pk/issueDetail.aspx?aid=07e035be-70c8-4757-b8de-07318e5cbc21
https://www.sciencedirect.com/science/article/abs/pii/S138589471100427X
https://www.sciencedirect.com/science/article/abs/pii/S138589471100427X
https://www.sciencedirect.com/science/article/abs/pii/S138589471100427X
https://www.deswater.com/DWT_articles/vol_179_papers/179_2020_263.pdf
https://www.deswater.com/DWT_articles/vol_179_papers/179_2020_263.pdf
https://www.deswater.com/DWT_articles/vol_179_papers/179_2020_263.pdf
https://www.ijcce.ac.ir/article_249126.html
https://www.ijcce.ac.ir/article_249126.html
https://www.ijcce.ac.ir/article_249126.html
https://www.ijcce.ac.ir/article_249126.html
https://www.ijcce.ac.ir/article_249126.html
https://dergipark.org.tr/tr/pub/baunfbed/issue/24279/257331
https://dergipark.org.tr/tr/pub/baunfbed/issue/24279/257331
https://dergipark.org.tr/tr/pub/baunfbed/issue/24279/257331
https://www.sciencedirect.com/science/article/abs/pii/S0011916411004516
https://www.sciencedirect.com/science/article/abs/pii/S0011916411004516
https://www.sciencedirect.com/science/article/abs/pii/S0011916411004516
file:///C:/Users/s-mirhosseini/Downloads/Fluoride%20Removal%20in%20Acidic%20pH%20Range%20by%20Electrocoagulation%20Process%20with%20Aluminum%20Electrode
file:///C:/Users/s-mirhosseini/Downloads/Fluoride%20Removal%20in%20Acidic%20pH%20Range%20by%20Electrocoagulation%20Process%20with%20Aluminum%20Electrode
file:///C:/Users/s-mirhosseini/Downloads/Fluoride%20Removal%20in%20Acidic%20pH%20Range%20by%20Electrocoagulation%20Process%20with%20Aluminum%20Electrode
https://www.sciencedirect.com/science/article/abs/pii/S1385894718309136
https://www.sciencedirect.com/science/article/abs/pii/S1385894718309136
https://www.sciencedirect.com/science/article/abs/pii/S1385894718309136
https://earsiv.anadolu.edu.tr/xmlui/handle/11421/4761
https://earsiv.anadolu.edu.tr/xmlui/handle/11421/4761
https://earsiv.anadolu.edu.tr/xmlui/handle/11421/4761
https://acikerisim.sakarya.edu.tr/handle/20.500.12619/97084
https://acikerisim.sakarya.edu.tr/handle/20.500.12619/97084
https://www.ijcce.ac.ir/article_30593.html
https://www.ijcce.ac.ir/article_30593.html
https://www.ijcce.ac.ir/article_30593.html
https://www.sciencedirect.com/science/article/pii/S0301479714004022
https://www.sciencedirect.com/science/article/pii/S0301479714004022
https://www.sciencedirect.com/science/article/pii/S0301479714004022
https://www.ijcce.ac.ir/article_244751.html
https://www.ijcce.ac.ir/article_244751.html
https://www.ijcce.ac.ir/article_244751.html
https://www.ijcce.ac.ir/article_244751.html
https://www.researchgate.net/publication/362270433

