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a b s t r a c t
Electrocoagulation (EC) technique gained a significant attention owing to its efficiency in remov-
ing colors and contaminations in industrial effluents discharged from numerous industries as 
textiles, pulp and paper industry, landfill leachate, food processing industry and tannery industry, 
etc. These effluents are characterized by a wide range of chemical oxygen demand (COD), heavy 
metals, suspended solids, turbidity and color levels. Most published works focused on the opti-
mization of the operational parameters of EC in order to enhance the simultaneous abatement of 
soluble and colloidal pollutants. Indeed, EC is influenced by several operation parameters such as 
pH, applied current density, electrodes material and configuration, conductivity of the solution, 
electrode gap, electrolysis time and mixing rate. The present work handles the implied mechanisms 
in removing such contaminants from wastewater together with discussing the major operating 
parameters influencing the EC performance. Special emphasis is accorded to reducing COD and 
colors from wastewater. Comparing economically of EC with other alternatives is also conducted 
aiming at providing a reference for process selection. Economic assessment gives the opportunity 
for further optimizing the appropriate technology of wastewater treatment through the different 
strategies of cost optimization.

Keywords:  Electrocoagulation (EC); Chemical oxygen demand (COD); Color; Operational parameters; 
Economic assessment; Operating cost (OC)
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1. Introduction

Due to the rapid increases in the world population 
and the new patterns of water consumption, the available 
water quantities are becoming a crucial problem. Many 
industrial processes are piloted using a huge amount of 
water for various purposes (e.g., as a scrubbing, a coolant, 
a raw material, etc.), which is discharged as wastewater. 
Discharging indiscriminately these effluents might affect 
negatively canals and rivers that are being constantly pol-
luted [1,2]. Water pollution is consequently one of the most 
difficult problems of the twenty-first century. Thus, waste-
water needs to be treated properly to decrease or eradicate 
pollutants until the water can be recycled in the industrial 
processes to promote sustainability.

Textiles and printing industries are considered the 
major water pollution sources, due to huge water demands 
and production of effluents containing significant concen-
trations of surfactants, organic matters, suspended solids, 
and dyes [3]. Included in such dyes, azo dyes are known 
for their acute color, pH ranged between 6–10 [4], and 
high levels of chemical oxygen demand (COD), which is 
the indirect measure of the amount of oxygen consumed in 
the chemical oxidation of the biodegradable organic com-
pounds, non-biodegradable compounds, and inorganic oxi-
dizable compounds present in water. Treating these colored 
wastewaters poses a main trouble for the industry besides 
their devastatrice effects on the environment due to their 
high toxicity and long degradation time. Purifying these 
effluents is therefore vital ecologically and economically.

For removing color and COD from wastewater, sev-
eral treatment technologies have been developed during 
the last decades founded either on physical, chemical, or 
biological phenomena. Biological treatment was efficiently 
employed in removing COD [5]. Nevertheless, it become 
nowadays insufficient mainly in reducing color. This is due 
to the fact that most of that dyes are resistant to biodegra-
dation because of their design requirements to withstand 
both oxidizing and reducing conditions. Further, most com-
mercial dyes are usually too complicated in their chemical 
structures and non-biodegradable because of their chemical 
nature and molecular size [6,7]. In addition, the dyes tox-
icity has an inhibiting effect on the bacterial development.

Many researchers have demonstrated the possibility 
to obtain an acceptable removal efficiency of these pollut-
ants by operating physico-chemicals methods like adsorp-
tion, precipitation, chemical degradation, ultrafiltration 
(UF), nanofiltration (NF) and reverse osmosis (RO) [8–10]. 
However, such techniques may simply transfer the pollut-
ants to another phase rather than destroy them, therefore 
it imposes the problem of discharging a high concentrate 
effluent. In addition to that, these technologies are very 
time-consuming [11].

Advanced oxidation processes (AOPs) (e.g., Fenton and 
photo-Fenton oxidation, ozone-based oxidation, photo-
catalytic and ultraviolet (UV)-based oxidation treatments, 
etc.) have received great attention for removing organic 
pollutants and dyes [12,13]. Despite of that, all of these tech-
niques present complex chemistry mechanisms that need 
to be carefully manipulated. They require also a restrictive 
conditions to occur. However, their most difficult draw-
back is likely about what is called “by-products” formation 

(such as organochlorine compounds, chlorate, and perchlo-
rate with UV/chlorine treatment, and bromate formation 
during ozone oxidation [14,15].

Recently, there is an increasing demand for more eco-
friendly approaches to deal with wastewater treatment in 
relation with energy utilization and efficient remediation 
as well. Much attention has been paid to technologies for 
treating pollutants from effluents especially those by elec-
trochemical methods owing to their advantages such as 
high efficiency [16,17], operating at ambient temperature 
without the need of temperature control [18] and envi-
ronmental compatibility. As an electrochemical technique, 
electrocoagulation (EC) process was developed as an 
attractive option for dealing with organic and inorganic, 
soluble and insoluble pollutants from wastewater efflu-
ents including heavy metal ions, total suspended solids 
(TSS), COD, biochemical oxygen demand (BOD), and dyes 
[19,20]. EC technique is characterized by simple equip-
ment and a direct current source applied between metal 
electrodes immersed in polluted water [21]. The electrical 
current induces the dissolution of metal plates (usually in 
iron(Fe) or aluminum(Al)) into wastewater. The metal ions, 
at an appropriate pH, can form flocs (metallic hydroxides, 
Fe(OH)3(s) or Al(OH)3(s)) that destabilize and aggregate the 
suspended particles or precipitate and adsorb dissolved 
contaminants [22]. EC process provides efficient color and 
COD removal from wastewater without excessive chem-
ical additions and subsequent secondary pollution and 
decreased amount of precipitate or sludge that requires to 
be removed [23,24] (Table 1). Despite all these advantages, 
using electrical energy, as the heart of the electrochemical 
technology, seems to be a limit for a large-scale EC appli-
cation. Based on aforementioned, adopting the suitability 
of EC technique for wastewater treatment becomes even 
more difficult before designing and implementing the treat-
ment plant itself. The selection criteria should be based on 
technical, environmental and economical scales. However, 
since the majority of COD and dye treatment technologies 
likely meet the discharge standards to the receiving envi-
ronment, the economic factor is predominant in decision 
making. In this context, comparing the operating costs 
(OCs) of different technologies is required to determine 
the most appropriate process should be applied.

The present work is designated to review the EC treat-
ment of COD and dyes together with highlights the mech-
anisms of their removal. The effects of various operating 
parameters such as initial pH, current density (CD), elec-
trolysis time (t), electrodes materials, conductivity (sup-
porting electrolyte), electrodes arrangement and stirring 
velocity (SV) on the removal efficiency of pollutants from 
wastewater are discussed. Despite to the high amount of 
research works dedicated to the treatment of various efflu-
ent wastewaters by EC, very limited investigations have 
been considered cost effectiveness. Thus, an economic 
evaluation has been performed in order to compare the 
EC process to other technologies.

2. Principles of electrocoagulation

The EC process has successfully been used for treat-
ing water and wastewater [44,21]. Meanwhile, EC process 
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has been widely used to decolorize various types of dye 
containing solutions such as disperse, reactive and acidic 
dyes [34,45]. EC is a separation technique in which both 
physical and chemical mechanisms for pollutants removal 
are involved [46,47]. The basic principle of EC comes from 
“electrolysis”, which means to break substances apart using 
electricity. Therefore, EC consists of electrodes that are 
arranged in pairs of two, with one serving as an anode and 
the other as a cathode. When the electrodes are connected 
to an external power source, the anode material is electro-
chemically and rapidly corroded due to its oxidation. These 
conductive metal plates are commonly known as ‘sacrificial 
electrodes’. The electrochemical dissolution of sacrificial 
metal electrodes, usually Fe or Al, occurs in an electrolyte 
(water or salt-melting solution) [42]. The transfer of ions 
between two electrodes generates a coagulant in situ by the 
dissolution of metal from the anode with simultaneous for-
mation of hydroxyl ions (OH–) and hydrogen gas (H2(g)) at 
the cathode. When this happens, the particulates are neu-
tralized by formation of hydroxide complexes, which then 
form the basis of agglomerates. A stirrer is set to keep the 
liquid and slurries uniform in the reactor (Fig. 1).

Although EC seems similar to chemical coagulation, 
an EC process has many differences as it involves many 
chemical and physical phenomena that use consumable 
electrodes to supply coagulating ions in situ the waste-
water. The EC process generally consists of the following 
mechanisms that occur serially [48,49]:

•	 Oxidation of the anode and reduction of the cathode 
resulting in metal ions (coagulating agents) associated 
with O2 microbubbles generation (at the anode) and H2 
with OH– ions;

•	 Formation of coagulants: The metallic cations inter-
act with OH– ions and form metal hydroxides. The floc 
formed through the coagulation has a good adsorption 
ability to bind the pollutants;

•	 Adsorption of pollutants on coagulants: neutralized 
matter is aggregated and adsorbed on metal hydroxides 
to form larger flocs;

•	 Removal of contaminants: Some of the neutralized mat-
ter flocculated is removed by sedimentation or through 
electroflotation (EF) by lifting them to the surface with 
the H2 gas generated in the system.

Table 1
EC process used for eliminating color and COD

References Type of wastewater Conditions COD 
removal (%)

Color 
removal (%)

[25] Surface wastewater CD = 25 A/m2; t = 50 min; pH = 7; Fe–Fe 93 –
[26] Olive mill CD = 10 mA/cm2; t = 60 min; pH = 4.8; Fe–Fe 80 –
[27] Reactive Red 120 CD = 75 A/m2; t = 15 min; pH = 7; Fe–Ti – 96
[23] CI Reactive Blue 25 CD = 2.5 mA/cm2; t = 90 min; Al–Al – 97
[28] Dairy industry CD = 61.6 A/m2; t = 21 min; pH = 5; 8 Al plates 57
[18] Textile industry pH = 9; t = 120 min; CD = 10.4 mA/cm2; 4 Mp*–Al 69. 64 72.8
[24] Acid Black 194 (AB194) CD = 100 A/m2; t = 60 min; pH = 4; Al–Al 100
[29] Unsanitary landfill leachate (LL) CD = 194.2 A/m2; t = 67.64 min; pH = 7.23; Fe–Al 43
[30] Poultry slaughterhouse CD = 30 A/m2; t = 40 min; pH = 4; Al–Al 86
[31] LL wastewater pH = 7.83; CD = 525 A/m2; d = 1 cm 51.75
[32] Methyl orange (MO) CD = 64 A/m2; pH = 7.25; NaCl = 1.6 g/L; d = 2 cm; Fe–Fe – 83
[33] Reactive Black dye pH = 11; t = 30 min; Al–Al – 98.23
[34] Yellow 145 dye pH = 3; NaCl = 1.6 g/L; t = 10 min; Al–Al 98.24
[35] Textile wastewater CD = 80 A/m2; pH = 7.1; t = 10 min; Fe–Al 59 86
[36] Reactive Red 195 dye CD = 400 A/m2; Natural pH; t = 10 min; Fe–Fe 74 98
[37] Swine slaughterhouse waste-

water
CD = 25 mA/cm2; t = 100 min; pH = 2; Al–Fe 92
Fe–Fe 74
Al–Al 97

[38] Tannery wastewater CD = 200 A/m2; t = 20 min; Fe–Fe; pH = 7; Al–Al; pH = 6 81 98
75 98

[39] Licorice processing wastewater CD = 350 A/m2; t = 81.8 min; NaCl = 300 mg/L; 
SV** = 45 rpm; Fe–Fe

89.4 90.1

[40] Reactive Red 120 dye CD = 134.5 A/m2; pH = 6.8; t = 69.62 min; d = 1.77 cm; 
Fe–Fe (two pairs)

93.47 81.31

[41] Table olive debittering CD = 211 A/m2; pH = 4.4; t = 58.9 min; Al–Al 75.3 –
[42] Indigo dye U = 47 V; pH = 7.5; 2 L/min; 30 Fe parallel electrodes – 94.083
[43] Mineral processing wastewater CD = 192.3 A/m2; pH = 7.1; t = 70 min; Fe–SS*** 77.62

*Mp: Monopolar configuration;
**SV: Speed velocity;
***SS: Stainless steel.
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The complexity and number of possible interactions of an 
EC process are highlighted in Fig. 2, which shows the main 
mechanisms of pollutants removal.

2.1. Anode and cathode reactions

During the EC technique, when an electric potential is 
applied from an external power source, the anode metal is 
dissociated to di- or tri- metallic ions and discharges propor-
tional number of electrons (n). Water reacts with the anode 
and releases hydrogen ions (H+) and oxygen gas (O2(g)) in the 

system. The reactions occurring at the anode and cathode 
are given below as Eqs. (1)–(3):

M M nen
(s) aq→ +( )

+ −  (1)

2 4 42H O H O2 aq gl e( ) ( )
+

( )
− → + +  (2)

The cathode will be subjected to reduction of water, which 
generates H2(g) and OH– ions:

n ne n nH O H (g) OH2 2 aq+ →








 +−

( )
−

2
 (3)

Metal ions formed at the anode react with hydroxyl ions 
liberated from the cathode to produce various monomeric 
and polymeric species, which (at an appropriate pH) can 
form wide range of coagulated species and metal hydroxides 
M(OH)n:

M + nOH M OHaq aq( )
+

( )
− → ( )n

n
 (4)

2.2. Electrodes used in EC process and their governing reactions

Iron (Fe) and aluminum (Al) are the mostly used anode 
materials in EC technique. Fe (or Al) is dissolved from the 
anode generating corresponding metal ions, which are 
almost immediately hydrolyzed to polymeric iron or iron 
hydroxide.

2.2.1. Iron(Fe) electrode

Both the common two oxidation states of iron species 
might be dissolved from the anode and exist in aqueous envi-
ronment, namely ferrous (Fe2+) and ferric (Fe3+) ions [Eqs. (5) 
and (6)] [50]:

Fe Fe→ ++ −2 2e  (5)

Fe Fe→ ++ −3 3e  (6)

Significant OH– production from the cathode causes 
an increase in pH during electrolysis leading to the for-
mation of monomeric and polymeric species in solution 
[Eqs. (7)–(9)]. Fig. 3 presents the predominance zone dia-
gram of Fe2+ and Fe3+, respectively, and their hydrocomplexes 
depending on pH.

Fe(OH)2 precipitates at pH > 5.5 and remains in equi-
librium with monomeric species Fe(OH)+ from pH 9.5 
up to 11.4 and with Fe(OH)3

− in pH comprised between 
11.8 and 14:

Fe OH Fe OH2+ − +
+ ↔ ( )  (7)

Fe OH Fe OH2
2

2+ −+ ↔ ( ) s
 (8)

Fe OH Fe OH2
3

3+ − −
+ ↔ ( )  (9)Fig. 2. Schematic diagram of a bench-scale two-electrode electro-

coagulation (EC) cell [48].

 
Fig. 1. Schematic presentation of the EC batch reactor.
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As depicted in Fig. 3, the monomeric species Fe(OH)3 
coagulates at pH > 1.0 and remains the unique spe-
cies present in the solution in the range of pH between 
6.2 and 9.6. Fe(OH)3 is in equilibrium with Fe3+ up to pH 
2.0, Fe(OH)2

+ from 2.0 up to 3.8, Fe(OH)2
+ from 3.8 up to 

6.2 and Fe(OH)4
− from pH equal to 9.6. [Eqs. (10–(13)]:

Fe H O Fe OH H2
3 2

2+ ++ ↔ ( ) +
+

 (10)

Fe H O Fe OH H2
3

2
2 2+ + ++ ↔ ( ) +  (11)

Fe H O Fe OH H2
3

3
3 3+ ++ ↔ ( ) +  (12)

Fe H O Fe OH H2
3

4
4 4+ − ++ ↔ ( ) +  (13)

Fe2+ can be oxidized to Fe3+ depending on dissolved 
oxygen concentration and pH value of solution. In acidic 
media, Fe2+ oxidizes slowly in contact with dissolved oxygen 
[Eq. (14)]. In neutral or alkaline media, Fe2+ is transformed 
into ferrous hydroxide that is oxidized by oxygen to form 
ferric hydroxide [Eq. (15)] [52].

Fe O H O Fe OH2
2

2
32 4+ + −+ + → +  (14)

4 2 4
2 2 3

Fe OH O H O Fe OH2( ) + + → ( )  (15)

However, there are some ambiguities on the literature 
about the mechanism of iron dissolution from anode to 
produce Fe2+ or Fe3+ and their hydrolysis products.

Lakshmanan et al. [53] affirmed that, regardless of ini-
tial pH and current, 80%–95% of iron was present as Fe2+ 

confirming that this ion was the primary species formed 
during electrolysis. Tchamango et al. [54] suggested that Fe2+ 
is not totally transformed into Fe3+ since Fe(OH)2 co-exists 
with Fe(OH)3. Based on the current intensity as a function 
of applied voltage variation and the pertinent literature, 
Ghernaout et al. [46] suggested three mechanisms for acid, 
neutral and alkaline pH. For pH 2, Mechanism 1 explains 
Fe(OH)2(s) formation; for pH 7, Mechanism 2 concerns both 
the varieties Fe(OH)2(s) and Fe(OH)3(s) production; and for 
pH 12, Mechanism 3 is characterized by Fe(OH)3(s) apparition.

2.2.2. Aluminum(Al) electrode

During EC using Al electrodes, several reactions take 
place at the surface of Al anode. Dissolution of Al occurs in 
the anode and reduction of water happens to form H2(g) at 
the cathode [55].

Al Al→ ++ −3 3e  (16)

The hydrolyzed aluminum ions can form monomeric 
species such as Al(OH)2

+, Al(OH)2, Al(OH)3 that are more 
dominant species depending on the pH conditions [56].

At acidic condition [Eq. (17)]:

Al H O Al OH H2
3

3
3 3+ ++ → ( ) +  (17)

At alkaline condition [Eq. (18)]:

Al OH Al OH3
3

3+ −+ → ( )  (18)

In neutral pH, Al(OH)3(s) is stable and insoluble in the 
water. It is the major compound responsible for a rapid 
adsorption of soluble organic compounds and trapping of 
colloids [57,58]. The significant increase of the local pH in 
the vicinity of the cathode due to the formation of hydroxyl 
ions or the consumption of hydronium ions/protons 
induces the corrosion of aluminum by water [59] [Eq. (19)]:

2 6 2 2 3
4 2Al H O OH Al OH H2+ + → ( ) +− −

 (19)

Al(OH)4
– can participate to remove some pollutants 

from wastewater by reacting with cations, thus neutraliz-
ing their charge and reducing their solubility, or it can be 
transformed into Al(OH)3 [56]:

Al OH Al OH OH( ) → ( ) +
− −

4 3
3  (20)

The species availability of Al3+ at various pH is shown 
in Fig. 4.

3. Mechanisms and kinetics of dye and COD removal

The sacrificial metal anodes are used to continuously pro-
duce polymeric hydroxides in the solution. Several interac-
tion mechanisms are possible between dyes or contaminant 
molecules present in wastewater stream and hydrolysis 
products being generated by the electrode erosion. Two 
major interaction mechanisms have been considered: 
precipitation and adsorption for dye or pollutant (L) [61,47].

Fig. 3. Predominance zone diagram for Fe2+ (a) and Fe3+ (b) 
chemical species in aqueous solution [51].
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Precipitation:

Dye/L monomericAl Dye/L monomericAl+ → − s
 (21)

Dye/L polimericAl Dye/L polimericAl+ → − s
 (22)

Adsorption:

Dye/L Al OH particle+ ( ) →  3s
 (23)

Dye/L polimericAl Al OH particle+  + ( ) →→→  s s3
 (24)

The same mechanism is also valid for iron.
Fig. 5 gives the most important mechanisms of pollutant 

removal by EC.
Many researchers have studied the kinetic of pollut-

ant adsorption during EC process. Various adsorption iso-
therms models were used in the literature such as Langmuir 
[62], Freundlich [63], Dubinin and Radushkevich [64], 
Redlich and Peterson [65] and Sips [66].

Langmuir isotherm:

Q
Q bC
bC

e

e
eq = +

0

1
 (25)

where: Qeq is the amount of the dye adsorbed at the equi-
librium time, Q0 is the maximum amount of the dye 
molecule per unit weight of the coagulant, Ce (mg/g) is the 
concentration of the dye or pollutant remaining in solution 
at equilibrium, and b is an equilibrium constant (dm3/mg).

Freundlich isotherm:

Q K CF e
n

eq =
1/  (26)

where: KF and n are the Freundlich constants related to the 
adsorption capacity and intensity of the sorbent, respectively.

Redlich–Peterson isotherm:

Q
Q C
K C

e

R e
eq = +

0

1 β
 (27)

where: KR	and	β	are	the	Redlich–Peterson	parameters.
Dubinin–Radushkevich isotherm:

Q Q emeq =
−βε2

 (28)

where: Qm	is	the	theoretical	saturation	capacity	(mol/g),	β	is	
a constant related to the mean free energy of adsorption per 
mole of the adsorbate (mol2/J2),	and	ε	is	the	Polanyi	potential	
given by Eq. (29):

ε =








RT

P
P
sln  (29)

where: Ps (atm) and P (atm) are the saturation vapor pres-
sure and the equilibrium pressure of adsorbate molecules 
at the temperature T, respectively. Also, R (8.314 J/mol K) 
is the universal gas constant and T (K) is the absolute 
temperature.

Sips isotherm:

Q
Q k C

k C
s e

s e

eq

ms

ms=
( )

+ ( )
0

1
 (30)

where: ks is the Sips isotherm model constant and ms is the 
Sips isotherm model exponent.

Table 2 presents results obtained on kinetic adsorption 
modeling of dye and COD in literature using EC.

Moreover, some researchers used the zeta potential 
as a tool to more understand the mechanism of pollutant 
removal. In fact, Zaroual et al. [71] measured the zeta poten-
tial of a basic textile effluent treated by electrocoagulation 
with two iron electrodes. The value of zeta potential was 
about –30 mV of the formed flocs and remains stable at 

Fig. 4. Diagram of solubility of Al3+ species as a function of 
pH [60].

 

Fig. 5. Mechanisms of pollutant removal [51].
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600 mV and pH = 10.6. The obtained value was compared 
with the zeta potential of Fe(II) and Fe(III) hydroxide result-
ing from iron ions synthetic solutions. The results showed 
that the zeta potential of Fe(OH)2	 is	 −37	 mV	 which	 was	
comparable with the one of electrocoagulation tests. Then, 
the formed flocs are Fe(II) hydroxide. The stability of zeta 
potential exhibits that there isn’t any chemical interaction 
between the pollutants and iron hydroxide. The removal 
could be explain by (i) the pollutants are possibly enmeshed 
in the main pores of iron hydroxide, and or (ii) hydrogen 
bonding and the van der Waals interactions between flocs 
and pollutants. The last mechanism was also confirmed 
by Golder et al. [72]. These authors treated two sulfonated 
azo dye Trypan blue (TB) and Orange G (OG) by electroco-
agulation using Al and Fe electrodes. The results showed 
that the removal efficiency in case of OG is lower com-
pared with that in TB for both Fe and Al electrodes since 
TB dye contains more sulfonate groups compared with OG 
which facilitate TB removal by electrostatic attraction. The 
authors suggested the following equations of dye removal:

M OH M OH aq OH
n (aq)( ) → ( ) +

−

+ −

n 1
( )  (31)

Dye SO Na Dye SO aq Na3 aq
+− → − +−
( )3 ( )  (32)

M OH aq Dye SO aq M OH O S Dye(s)( ) ( ) + − → − ( ) −
−

+ −

−n n1 3 1 3( )  
 (33)

Besides, Casillas et al. [73] studied the mechanism 
of COD removal by EC using Fe electrode plates of some 
selected organic compounds. They were observed that: 
(i) the final COD can be increased, especially with acid 
compounds that react with Fe ion to form soluble prod-
ucts and remain in the solution; (ii) some compounds (like 
glucose, lactose, isopropyl alcohol, phenol, and sucrose) 
were not removed and remain in the solution; (iii) the 
COD was partially removed in the case of organic salts 
and sodium oxalate. They suggested that Fe2+ and Fe3+ are 
more acidic than Na+, hence OH– stay with Fe(OH)2 and/
or Fe(OH)3 to form insoluble iron hydroxides. Some other 
compounds form soluble and/or insoluble compounds with 
Fe ion that reduce the removal efficiency of COD. For the 
fourth case where the COD was highly removed, mainly 
the portion of COD include into suspended solids, fecal 
coliforms, turbidity, fats oil and grease, etc.

4. Advantages and drawbacks of EC

4.1. Advantages

•	 No additional chemical required, and so minimum chance 
for secondary pollution caused by chemical substances.

•	 EC needs simple equipment, easily operable and easy 
controllable since the EC reactor is controlled electrically.

•	 EC process destabilizes and removes even the smallest 
colloidal particles, and gives clear, colorless and odorless 
treated water.

•	 Sludge formed by EC is minimal compared to capital cost 
(CC) and tends to be readily settable.

•	 Gas bubbles produced during electrolysis can enhance 
the pollutant removal by floating them on the top of the 
solution.

4.2. Drawbacks of EC

•	 The sacrificial anode needs a regular replacement, since it 
dissolves into the solution.

•	 Required, in some cases, a salt addition (as a supporting 
electrolyte) to enhance the solution conductivity.

•	 The use of electric energy can be impediment for pro-
cess scale up especially in some areas where electricity 
is not abundant.

•	 Cathode passivation that occurs by the formation of an 
impermeable oxide film on the surface, may lead to the 
loss of EC performance.

Nevertheless, related to electric energy consumption, 
some alternatives may be conveniently used in areas where 
electricity is not available, like the solar energy that is free 
to use and has abundant in availability [74,75].

Concerning the cathode passivation, many researchers 
studied the possibility to prevent the formation of oxide 
film on cathode electrode surface. Mao et al. [76] inves-
tigated the effect of the use of alternating pulse current 
(APC) rather than DC as a power type supply for EC cell 
on electrode passivation. The morphology of the elec-
trode surface after APC and DC was characterized by 
scanning electron microscopy (SEM). The results show 
that electrode demonstrates a regular microstructure and 
less disordered pores when the APC was used. However, 
when the DC was used, many aggregates of microcrys-
tals show that aluminium oxide may be formed. Eyvaz 
et al. [77] used the same technique to prevent the elec-
trode passivation during the treatment of winery waste-
water. They observed that by using the DC system that 
the COD, turbidity and color removal efficiencies increase 
until a certain CD and then decrease due to the cath-
ode passivation. However, removal efficiencies increase 
in APC system after an optimum operation time that 
belongs to DC system, and APC provide 40% more COD 
removal than DC. Pi et al. [78] demonstrated the effec-
tiveness of electrolysis with periodic reversal (PREC) of 
the electrodes to inhibit electrode passivation. Indeed, 
the results show that the PREC has a smaller rate of 
resistance increase (2.48 × 10–4 cm–2/min) compared with 
conventional EC without PREC (7.72 × 10–4 cm–2/min).

5. Reactor design

The reactor design is considered as the most important 
feature of EC process, since it affects the hydrodynamic of 
reactor, including fluid flow regime, mixing, and flotation 
or settling effectiveness. Thus reactor design has a great 
impact on the efficiency and removal rates. In addition, 
the design phase should consider the operating mode of 
EC reactor, as batch or continuous mode. Batch EC reactor 
is characterized by dynamic behavior where the pollutant 
and coagulant concentration, and pH level vary over time. 
Whereas, in continuous mode, the EC reactor is stable in 
performance. The conventional EC reactor is consisted on 
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rectangular shape with a submerged rectangular electrode. 
However, other cell patterns have been used for EC reactor.

Generally, the batch process was used for the operat-
ing parameters optimization, which serves as guidelines to 
operate the continuous mode. Ardhan et al. [79] optimized 
the removal efficiency of Reactive blue 21 from wastewa-
ter by EC reactor operating in batch mode. The optimized 
parameters obtained were used to operate a cylindrical 
tube EC reactor under continuous mode. The electrodes 
were assembled in a concentric configuration. A hollow iron 
tube with a diameter of 3.2 cm was used as the cathode, 
and a hollow iron tube with a diameter of 5.1 cm was used 
as the anode. The results showed that the color and COD 
removals from both reactors were found to be within 10%.

In the aim to improve fluid intermixing, some inves-
tigators have studied the effectiveness of cylindrical type. 
El-Ashtoukhy et al. [80] studied the treatment of paper 
mill effluents by EC cell using a cylindrical agitated ves-
sel equipped with four rectangular baffles, fixed to the 

container. A cylindrical lead sheet used as anode, while 
a concentric cylindrical stainless steel sheet screen as a 
cathode. The COD removal efficiency was about 97% and 
the percentage of decolorization and the energy consump-
tion were ranged between 53% to 100% and 4 to 29 kWh/
m3, respectively. Ortega et al. [81] studied the removal of 
Indigo dye from aqueous media by EC reactor on batch and 
flow mode with different cell geometry. The batch mode 
was performed in a glass reactor with carbon steel rectan-
gular electrode. However, the flow reactor consisted of a 
tubular reactor with a volume of 2.450 L. A helical electrode 
with cross section was used as anode with a central rod 
used as cathode measuring 1.07 m. Both anode and cathode 
are made of carbon steel. They found that the removal of 
Indigo was about 93% by using a continuous tubular reac-
tor against 89% on conventional EC cell. López et al. [82] 
investigated the use of a new cartridge type EC reactor with 
a three dimensional anode electrode made of steel wool 
with a cylindrical form. The reactor has a volume 650 mL, 

Table 2
Adsorption isotherm of pollutants and dye removal in electrocoagulation (EC) unit

References Wastewater (COD/dye) Isotherm of adsorption

[67] Pharmaceutical wastewater; 
COD/turbidity removal; Al–Al; 
pH: 4–10; CD = 20–80 mA/cm2; 
t = 10–30 min

Freundlich
KF = 0.0059; n = 0.577; R2 = 0.972
Dubinin–Radushkevich
Qm	=	306.12	mg/L;	β	=	0.013	kJ/mol;	E = 0.0062 kJ/mol; R2 = 0.901

[68] 4 Fe electrodes; CD = 35.7 A/m2, 
pH: 6.5

Langmuir Freundlich

Malachite green Qmax = 39.76 mg/g; b = 0.086 L/mg; R2 = 0.97 KF = 6.16; 1/n = 0.45; R2 = 0.97
Dye Remazol yellow Qmax = 11.69 mg/g; b = 0.015 L/mg; R2 = 0.9926 KF = 0.55; 1/n = 0.45; R2 = 0.983

[69] 14 parallel Al and Fe electrodes; 
pH: 7.7; 8 A

Langmuir Freundlich
Al Fe Al Fe

Setazol Black TNN Qmax = 555.5 mg/g; 
b = 0.146 L/mg; 
R2 = 0.983

Qmax = 303.30 mg/g; 
b = 0.429 L/mg; 
R2 = 0.942

KF = 126.47; 
1/n = 0.35; 
R2 = 0.901

KF = 80; 
1/n = 0.532; 
R2 = 0.844

[22] Al–Al electrodes; pH: 7; 
t = 10 min; 1 A

Langmuir Freundlich

Non-anionic dye Qmax = 5.66 mg/g; b = 23.79 × 10–3 L/mg; 
R2 = 0.989

KF = 57.18 × 10–2; 1/n = 0.405; 
R2 = 0.986

Cationic dye Qmax = 4.68 mg/g; b = 6.29 × 10–3 L/mg; 
R2 = 0.990

KF = 13.44 × 10–2; 1/n = 0.599; 
R2 = 0.978

Anionic dye Qmax = 2.9 × 10–3 mg/g; b = 3.7 L/mg; R2 = 0.980 KF = 5.35 × 102; 1/n = 0.6871; 
R2 = 0.981

[70] Basic dye rhodamine B; 2 pairs 
of steel electrodes; CD = 71.5 A/
m2; pH: 7.0

Freundlich
KF = 42.47; 1/n = 0.35; R2 = 0.961
Langmuir
Qmax = 136.36 mg/g; b = 0.2 L/mg; R2 = 0.974
Redlich–Peterson
Q0 = 143.51 L/mg; KR	=	0.96;	β	=	0.243;	R2 = 0.973
Dubinin–Radushkevich
Qm	=	306.12	mg/L;	β	=	0.013	kJ/mol
E = 0.0062 kJ/mol; R2 = 0.978
Sips
Qmax = 139.95 mg/g; KR = 0.266 L/mg; ms = 2.07; R2 = 0.982
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outer diameter of 2.5 and 25 cm of height. The cathode is 
an aluminum rod placed at the axis of the cartridge. The 
new configuration ensures a high removal efficiency of a 
textile dye by 99% associated with an energy consumption 
of 0.68 kW/h m3 in continuous mode of operation (flow 
rate: 13.3 L/h), which is very similar to those obtained in 
conventional batch reactor with iron electrode.

In order to improve solid/liquid separation and to 
reduce energy consumption by mechanical mixing, some 
researchers studied the combined of EC reactor with air dif-
fuser. Indeed, Ammar et al. [83], investigated the use of a 
novel split-plate airlift/EC batch reactor for the treatment of 
petroleum refinery wastewater. The reactor has a cylindri-
cal geometry and composed by two rectangular split-plates 
with two aluminum electrodes inserted between the two 
split-plates of airlift. The experimental results showed that 
the COD percentage removal could achieve up to 93.1% 
and the energy consumption was 1 kWh/g COD removed 
at a current density of 11.3 mA/cm2 within 30 min of treat-
ment. Elhafdi et al. [84] treated a mixture of real textile dye 
by operating a pilot external loop airlift EC reactor with 
maximum capacity of 150 L. A combination of aluminum 
and iron electrodes are placed in the riser section of air 
lift/EC reactor. The electrodes have a rectangular shape 
with surface area of 1,050 cm2. The results showed a good 
removal of color and COD reached 80% and a lower spe-
cific energy consumption (50 kWh/kg dye) at electrolysis 
time of 20 min and pH: 6.9.

Moreover, in order to increase the surface specific 
electrode area, the design of fixed bed EC reactor has 
been used. Rodrigues et al. [85] investigated the use of a 
vertical fixed bed EC rector to remove color. The reactor 
was composed by a homogenization region, composed 
of polyethylene particles and fixed bad region filled with 
spherical metal particles (aluminum or iron) with a diam-
eter of 2.4 mm. The reactor operated on batch and contin-
uous mode. The batch mode revealed that the best color 
removal efficiency by 95% was achieved with Fe anode 
particulate under a pH 3 and current of 6 A associated with 
specific energy consumption about 33.7 Wh/g. Therefore, 
these conditions were used for the continuous process 
(24.3 L/h). The removal efficiency was 98% of color with 
specific energy consumption about 36.5 Wh/g. The authors 
concluded that the fixed bed EC reactor has achieved 
approximately the same removal efficiency compared to 
other studies, which they used a flat anode, but in a shorter 
treatment time, only 0.2 min.

6. Parameters influencing the EC process

The effectiveness of the EC process depends on many 
operational parameters such as conductivity of water/waste-
water and pH of the solution, electrolysis time (t), current 
density (CD). In addition, other characteristics might be 
influencing	 the	efficiency	of	EC	such	as	 type	of	metal	elec-
trodes, arrangement of electrodes, and distance between 
the electrodes (d). The effect of these parameters is reported 
during the purification of different industrial effluents, par-
ticularly in wastewater containing high amount of COD 
such as textiles, olive mill wastewater, petroleum refinery 
effluent, and dairy wastewaters, etc.

6.1. Effect of initial pH

The initial pH is one of the most important parame-
ters that control the EC process performance [86,87]. The 
pH has a significant influence on the Al and Fe species 
distribution and therefore determines the type of hydrox-
ide of metal cations in the EC system and also determines 
the interaction between the formed coagulants and the 
molecules of dye and pollutant in the solution (Table 3). 
Consequently, it influences the mechanism of the removal of 
contaminants from the aqueous system.

Using Fe electrode, the formation of iron hydroxyl 
complexes taking place after oxidation at the anode was 
strongly dependent on pH. From Table 3, the higher value 
of removal efficiency was observed specially at neutral 
value of pH [43,89]. The formation of monomeric species 
of Fe(OH)3 at this pH was the responsible for the removal 
of the major part of the impurities in wastewater. For 
highly alkaline solutions, especially for pH more than 
11, the quantity of soluble hydroxides (such as Fe(OH)4

–) 
increases. Fe(OH)4

– ions are not able to destabilize the pol-
lutant	 species,	 and	 thus	 their	presence	directly	affects	 the	
removal of COD. Nunez et al. [35] reported that the COD 
removal efficiency is close to zero and 20% of dye removal 
at initial pH about 12. It was observed also that at acidic 
pH, the removal efficiency of dye and COD also decreased 
since OH– ions generated at the cathode were neutral-
ized by H+ ions, limiting the formation of iron hydrox-
ide [91]. Irki et al. [32] reported that the effectiveness of 
the treatment and the decolorization rates are decreased 
below 72% when the initial pH range from 9 to 12.

Also, from Table 3, when the sacrificial electrode was 
Al, the good removal of COD and dye was observed gen-
erally in weakly acidic medium (pH: 4–6) and weakly alka-
line medium (pH = 6–8). Tak et al. [86] studied the effect 
of initial pH on the removal of COD from livestock waste-
water using four Al electrodes. They observed that the 
best COD removal can be obtained at the range of 4–8 of 
the initial pH. Kobya et al. [90] reported that the highest 
removal efficiencies have been obtained with Al in acidic 
medium with pH < 6, while Fe was more efficient in neutral 
and alkaline medium especially between 6 < pH < 9 [90]. 
Ozyonar et al. [96] treated a domestic wastewater by EC. 
The results showed that the maximum removal of COD was 
found to be 72% by Al electrode at initial pH about 7.8.

Hernández et al. [94] analyzed the Al species associ-
ated with the aqueous pH (Fig. 6). At a pH below 3.5, the 
Al ion is the predominant specie. However, at a pH 4–9.5, 
the predominant Al chemical species is Al(OH)3(s), which 
has a large surface area as coagulant for a rapid adsorption 
of soluble organic compounds and dye. At pH greater than 
10, Al(OH)4

− fraction increases and it becomes the dominant 
species. Such anion is unable to form flocs, and hence, there 
is no reduction in COD and color.

It should be noted that the pH value, where the removal 
efficiency was on maximum, does not always correspond 
to a good choice especially when the economic reason was 
considered [35]. Color removal seemed not very influenced 
by pH variation as COD removal. Shah et al. [34] treated a 
Yellow 145 dye by EC process using Al and Fe as sacrifi-
cial electrodes [34]. They showed that the optimal initial pH 



Table 3
Influence of pH value on color and COD removal (SS: Stainless steel)

References Wastewater specification and electrode used Optimum initial pH COD 
removal 
(%)

Color 
removal 
(%)

[88] Basic dye solutions
Anode–cathode: Fe-Steel

Between 5.5 and 8.5 – –

CD = 60 A/m2; t = 5 min
C.I. Basic Red 46 (BR46)

99 98

CD = 80 A/m2; t = 5 min
C.I. Basic Blue 3 (BB3)

75 85

[89] 10 Fe electrodes
Textile wastewater
CD = 85–95 A/m2; t = 30 min

Neutral pH 52–70 85–90

[78] Pair Al electrodes
MO synthetic waste
CD = 1,850 A/m2; t = 14 min

Optimum pH range of 6–8. Removal 
decreases at initial pH extremes of 3 and 
10

– 82

[86] Four Al electrodes
Livestock wastewater
CD = 300 A/m2; t = 30 min

pH 4 for the maximum removals. pH = 8 
for economic reason

93 95.2

[32] Pair of Fe electrodes
MO synthetic wastewater
CD = 64 A/m2; t = 12 min

Initial pH between 5 and 8, optimum 
value 7.25

– 83

[35] Textile industry
Fe–Al; CD = 80 A/m2; t = 10 min

pH = 7.1 59 86

[90] Textile wastewater
Four Fe electrodes
CD = 150 A/m2, t = 10 min
Four Al electrodes
CD = 80–100 A/m2; t = 10 min

Acidic medium with: pH < 6 highest 
removal efficiencies obtained with Al

65 –

Neutral and alkaline medium, especially 
between 6 < pH < 9 for Fe

77 –

[91] C.I. Disperse Yellow 3
CD = 83 A/m2; t = 45 min

– 98.96

Pair Al electrodes pH: 3–10
Pair Fe electrodes pH: 6.5 – 96.28

[92] Egg processing effluent
Pair Al electrodes
CD = 20 mA/cm2; t = 30 min

pH = 6 89 –

[93] Direct Black 22
Acid Red 97
Pair Al electrodes
CD = 50 A/m2; t = 5 min

pH = 5–8 68.33 
(Al)

~90

Pair Fe electrodes
CD = 50 A/m2; t = 5 min

pH = 8 58.33 
(Fe)

–

[34] Yellow 145 dye – 98.24
Pair Al electrodes
15 V; t = 10 min

pH = 3 – –

Pair Fe electrodes
15 V; t = 30 min

pH = 5 – 99.21

[43] Mineral processing wastewater
Fe–SS electrodes; t = 70 min; CD = 19.23 mA/cm2

pH = 7.1 82.8 –

[94] Industrial wastewater
3 A; t = 60 min

46–50 –

Al anode Maximum removal observed at pH 6–8 – –
Fe anode Maximum removal observed at pH = 8 53 –

[87] Petroleum refinery wastewater
Al–SS; CD = 12 mA/cm2; t = 60 min

pH = 7 96.8 –

[95] Distillery spent wash
Pair of Fe electrodes
3 A; t = 5 h

pH = 7 66.7 –
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was found to be 5 and 3 for Fe and Al electrodes, respec-
tively. Some investigators claim that the Fe electrode as a 
sacrificial anode generates a yellow color and increases 
turbidity of water.

Nevertheless, aluminium is generally more toxic than 
iron to human body and environment [97]. Therefore, the 
choice of adequate electrode for treatment was related to 
many factors, mainly those linked to the environmental 
requirements and economic consideration.

Moreover, several studies deals with pH buffering 
effect during EC, meaning that at an initial pH < 7, the pH 
will rise; however, at pH > 8.5, the pH will decrease [90,98]. 
For instance, Chen et al. [98] noted a large increase in final 
pH when the initial pH ranged between 3 and 7, but insig-
nificant increase when the initial pH was greater than 8. 
The pH evolution during the EC process can be attributed 
to the balance between the production of hydroxyl ions in 
the cathode and its consumption by the ultimate transfor-
mation of soluble aluminium compounds into aluminium 
hydroxides. Two other mechanisms have been reported 
in the literature [99]: (i) when iron electrode was used, 
it may have an ion exchange between hydroxide ions 
in iron hydroxide and chloride or sulfate ions present in 
solution, (ii) stripping of carbonic acid as CO2 by hydro-
gen bubbles. Nevertheless, the pH change during appli-
cation can be a problematic especially when the pH value 
moved from the optimum.

6.2. Current density

EC process is linked to the electric current intensity and 
applied potential. It can be driven under the galvanostatic 
or potentiostatic mode. For the galvanostatic mode, the cur-
rent flow is controlled; while for the potentiostatic mode, the 
potential is accurately controlled. Current density (CD) is 
defined as current applied per unit surface area of the elec-
trode. In EC process, the reaction rate may be controlled by 

the applied CD. Thus, it determines the production rate of 
the coagulant from anode and the hydrogen bubbles gen-
eration from cathode and adjusts the rate and size of the 
bubble production, and hence affects the growth of flocs 
[100,101]. In general, removal efficiency increases by more 
CD applied, a fact that has been observed by many authors 
[38,39]. The amount of pollutant removed is influenced by 
the quantity of metal cations released by the anode and 
therefore of M(OH)3(s) adsorbent generated, which is related 
to the time and CD. The amount of anode material that goes 
into the solution is given by Faraday’s law [Eq. (34)] [102]:

m I t M
Z Ftheo =
⋅ ⋅
⋅

 (34)

where m is the theoretical amount of metal produced (g), I is 
the current flow (A), t is the contact time (s), M the molecu-
lar weight of anode (g/mol), Z the number of electrons trans-
ferred in the reaction at the electrode, and F the Faraday’s 
constant (96,500 C/mol electrons).

In addition, the current efficiency (CE) may be calculated 
according to Eq. (35) [103]:

CE = 100exp

theo

m
m

×  (35)

where mexp is the experimental value of electrode mass 
released into solution. It may be obtained by the electrode 
mass difference before and after EC treatment.

From the literature, a wide range of CDs are applied 
in EC treatment, varying between 4 and 180 mA/cm2 
[87,104,105] depending on the amount of pollutants and dye 
to be removed from wastewater. As it is mentioned above, 
increasing CD can contribute positively to the removal effi-
ciency. Increasing coagulant and bubbles generation rate 
leads to the decrease of bubble size, resulting in a rapid 
removal of COD and color [89,106]. Nevertheless, further 
increase in the CD causes an excessive amount of oxygen 
evolution that inhibits the mass transfer to the electrode 
surface and cause a reduction it the removal efficiency of 
OM [107]. Alam et al. [108] have stated that the flux of O2(g) 
and H2(g) on the electrodes’ surface increases and their mean 
bubble size decreases with the increase in the CD up to 
100 A/m2. A further increase in CD above this value causes 
an increase in the size of free moving bubbles. Thus, fur-
ther increase in CD above optimal condition did not lead 
to an increase in COD and dye removal efficiencies. Jing 
et al. [43] showed that the COD removal rate first increases 
from 49.41% to 77.46% as the CD rises to 24.73 mA/cm2 and 
then declines to 60.42% with the increase of CD. Ozyonar 
et al. [109] investigated the effect of CD on Disperse Blue 
60 removal by EC treatment. They indicated that the high-
est dye removal (99%) was achieved at the CD of 80 mA/
cm2, and then, a decrease in color removal efficiency was 
observed with raising the CD to 100 mA/cm2. Ogedey and 
Tanyol [29] treated an unsanitary landfill leachate (LL) 
by EC using Fe et Al as anode and cathode, respectively. 
They noted an increase of COD removal with an increase 
in CD up to 25 mA/cm2. Further increase in CD above 
this value will reduce the efficiency of COD removal.

In addition, when CD continuous to increase, the tem-
perature of treated wastewater increases significantly, hence 

 

Fig. 6. Aluminium species distribution as a function of pH [94].



85A. Gasmi et al. / Desalination and Water Treatment 271 (2022) 74–107

causing the instability of coagulation phenomenon that 
can leads to a low EC efficiency. Giwa et al. [110] pointed 
out that when the CD increases from 988 to 3,951 A/m2, 
the temperature of sample increased up to 46°C caused by 
the electrical energy wasting in heating the water. In addi-
tion, increasing CD can reverse the charge of the colloids 
thereby conducting to a decrease in the removal efficiency 
and reduces the lifespan of the electrodes. Consequently, 
an optimum CD should be determined considering other 
operating parameters.

Moreover, as the CD is linked to the time of treatment 
through the Faraday’s law [Eq. (34)], the best removal was 
generally depicted at a higher CD value and a shorter oper-
ation time or at a low value of CD and a high operation 
time. Secula et al. [111] treated a sample of indigo carmine 
dye with iron electrode, the removal was about 96% after 
3 h of electrolysis time at 10.91 A/m2, and it was about 99.9% 
after 60 min at 54.57 A/m2. Nguyen et al. [112] reported that 
the removal of COD, from an artificial wastewater under 
40 min of electrolysis time and 15 V, was 35%. Whereas, 
it did not exceed 25% at 60 min of electrolysis time and 5 V.

It is noteworthy to mention that the energy consumption 
increases with increasing CD. Therefore, the COD and/or 
color removal and the energy consumption should be consid-
ered simultaneously. Electric energy consumption as a func-
tion of operation time t may be determined using Eq. (36):

Energy consumption kWh/m  =3( ) × ×U I t
V

 (36)

where I is the electrical current (A), V is the sample volume 
(m3), U is the electrical potential (V), and t is the EC time (s).

6.3. Electrolysis time (t) and electrode material

Electrolysis time (t) also influences the treatment effi-
ciency of the electrochemical process. The color and the 
pollutant removal efficiency depends directly on the con-
centration of metal ions produced. EC involves two stages 
namely: destabilization and aggregation [89]. The first stage 
is usually short; whereas, the second one is relatively long. 
For a fixed CD, the concentration of metal ions produced 
by the electrodes for removing contaminant is directly 
dependent on the EC time. If the duration of electrolysis 
increases, the concentration of ions and their hydroxide 
flocs will increase resulting in an increases in the pollut-
ant removal efficiency [33,106,113]. The formation of coag-
ulant in an appropriate and sufficient quantity depends 
not only on the operation time but also on the anode mate-
rial [94]. Obviously, selecting electrode material is one of 
EC operating parameters that not only have impacts on 
the performance of the process, but it is also affected the 
cost. Typically, Al and Fe electrodes are preferred for their 
easily availability, their low cost, and their high electrode 
dissolution rates. Nevertheless, other types of electrode 
martial were reported in the literature (e.g., Ag, As, Ba, 
Ca, Cd, Cr, Cs, Fe, Mg, Na, Si, Sr, Zn, SS, MS, etc.) [21,114].

Tables 4 and 5 show results obtained by researchers in 
dealing with COD and color from different types of waste-
water regarding the electrolysis time (t) and electrode 
material.

Considering Tables 4 and 5, we can conclude the follow-
ing important remarks:

•	 The color and COD removal efficiency depend directly 
on the concentration of ions produced by the electrodes 
which depends deeply on the electrolysis time (t). Thus, 
when the electrolysis period increases, an increase 
occurs in the concentration of ions and their hydrox-
ide flocs. Cruz et al. [37] monitored the electrode con-
sumption as a function of time of Al and Fe electrodes. 
The electrode consumption increases from 1 to 9 kg/m3 
and from 0.5 to 9 kg/m3 when time increase from 20 to 
180 min for Fe and Al, respectively.

Cestarolli et al. [118] found that the removal of 
Eriochrome black dye increases from 0% to 95% when t 
reaches 60 min. Hossain et al. [89] reported that increas-
ing operating time from 10 to 50 min will increase the 
removal of COD from 23.97% to 79.86%. The same result 
was obtained by other researchers [33,120].

•	 Some investigators found that the dye and COD removal 
efficiencies reach a maximum value faster by using Fe 
electrode than Al. In fact, Ainchu et al. [119] reported 
that approximately 97.17% of vat dye solution removal 
efficiency was obtained by Al electrode at 30 min against 
20 min using Fe electrode, under the same operating 
parameters. Gündüz and Atabey [36] reported that a 
100% of colour removal was obtained at 5 min by using 
Fe electrodes for Reactive Red 195 decolorizing, against 
80% at 10 min by using Al. Jing et al. [43] treated a mineral 
processing wastewater by EC. Two types of electrodes 
were tested (Al–SS and Fe–SS). The results showed that a 
maximum removal of COD was found to be 62.7% by Fe–
SS. Golder et al. [72] treated the Trypan blue (TB) dye by 
EC with Al and Fe electrodes. During the first 30 min of 
electrolysis, about 67% of TB was removed with Fe elec-
trodes. While to achieve the same removal efficiency, Al 
electrodes take about 50 min. Presumably, these finding 
can be explained by the difference of removal mechanism 
between Fe and Al. In fact, the removal of dye and COD 
from solutions using Al anode electrode is mainly by EC, 
while it is by the combination of EC and electro-oxidation 
(EO) when using Fe electrode [116].

•	 The opposite trend was obtained by some researchers. 
Actually, Ghernaout et al. [91] found a 98.96% of C.I. 
Disperse Yellow 3 decolorizing by using Al electrode 
against 96.28% for Fe electrode. Cruz et al. [37] studied 
the removal of COD by different combination of elec-
trodes: Al–Al, Fe–Fe and Al–Fe. The results showed 
that the amount and rate of COD removal was Al > Al–
Fe > Fe, despite the fact that Fe has the highest electrode 
consumption. They explained that results in terms of 
higher reactivity and large negative potential of Al than 
the Fe. Ozyonar and Aksoy [122] investigated the effect of 
electrode type on COD removal efficiency of EC process, 
Al and Fe electrodes were experimented in eight different 
combinations (Fe–Al–Fe–Al, Fe–Al–Al–Fe, Al–Fe–Fe–Al, 
Al–Fe–Al–Fe, Fe–Al–Al–Al, Al–Fe–Fe–Fe and Al–Al–Al–
Al or Fe–Fe–Fe–Fe). They attained a high COD removal 
efficiency of 80.79% with Al–Al–Al–Al combination 
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after 10 min of treatment and at initial pH equal to 6. 
These results were in harmony with those obtained by 
[122–124].

Zongo et al. [125] reported that using Fe electrodes gener-
ates a very fine brown particles that are less prone to settling 
than the gel floc formed with Al, on treating of COD from 
textile wastewater. The same observation has been reported 

by Nasrullah et al. [105]. Therefore, in some cases a down-
stream treatment should be added to the EC system using 
Fe electrode.

•	 It should be noticed also that the dye and COD removal 
increases with time until reaching a maximum. Above 
this value, the efficiency remains constant or decreases 
despite the time increasing [33,118]. This can be 

Table 4
Effect of electrolysis time (t) and electrode material on color removal

Reference Conditions Color removal (%) Observations
[33] Pair Al electrodes

pH: 7; 1.5 A
98.23 Colour removal increases from 40% to 85% by 

increasing t from 5 to 10 min. Maximum removal at 
25 min and remain constant

[106] Methylene blue (MB)
pH: 5.5; CD = 50 A/m2

Four Al electrodes
Four Fe electrodes

At t = 24 min; 98 (Al); 
100 (Fe)

When t increases from 4 to 12 min; color removal 
efficiency increased:
– From 24% to 70% for Al
– From 28% to 80% for Fe

[91] Organic dye C.I. Disperse Yellow 3 
(DY); pH: 6.5; CD = 83 A/m2

When t increases from 15 to 45, color removal effi-
ciency increases:
– From 97.95% to 98.96% for Fe
– From 9.49% to 96.28% for Al

Pair Al electrodes 96.28
Pair Fe electrodes 98.96

[115] Methylene blue (MB)
Pair Fe electrodes
8 mA/cm2; pH: 12

92 An increase in t from 10 to 60 min yields an increase 
in the removal efficiency from 68% to 92%. After 
20 min, only 10% further removal could be achieved

Pair Fe electrodes 97.33
Pair Al electrodes 97.17

[116] Tartrazine dye
CD = 120 A/m2; pH: 5.78
Fe–Fe 99.21 An increase in t from 2 to 5 min: efficiency of color 

removal increases from 49.53% to 99.21%
Al–Al 62 For other combination t was fixed at 6 min
Al–Fe 50
Fe–Al 99

[117] Paper wastewaters
CD = 10 mA/cm2; pH: 7

Colour removal increases by increasing t from 10 to 
45 min. Above this time, removal efficiency remains 
constant:
– From 9% to 85%
– From 9% to 80%
– From 8% to 60%

Al–Al 85
Al–Fe 80
Fe–Al 60

Fe–Fe 45 From 4% to 45%
[36] Reactive Red 195

CD = 20 mA/cm2; pH: 8
At t = 45 min For an increasing of t from 0 to 5 min, the decoloriza-

tion efficiency was reached
Fe–Fe 100 100
Al–Al 99 75
Zn–Zn 97 25

[118] Eriochrome black
Four Al electrodes
7 V, pH: 7

97 By increasing t from 0 to 60 min, the removal 
increases from 0 to 97%. Above 60 min, the removal 
efficiency remains constant

[119] Vat dye solution
pH: ND; CD: ND

The removal efficiency from 5 to 15 min was 0% for 
Fe and increase from 50% to 97% for Al

Al–Al–Al–Al; pH: 5; Voltage (V); 30 At t = 30 min; 98.23%
Fe–Fe–Fe–Fe; pH: 5; Voltage (V); 30 At t = 20 min; 97.33%
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explained by the fact that (i) the maximum adsorp-
tion capacity of coagulant was reached or (ii) after a 
certain period of time, metal ions and their hydroxide 
flocs cover the electrode surface. This can cause elec-
trode passivation and consequently the concentration of 
metal ions and their hydroxide flocs became constant. 
Moreover, the faster removal of hydroxide ions by the 
gas bubbles generated in the cell could also reduce the 
removal efficiency.

Nevertheless, the COD and dye removal efficiencies and 
their variability depend not only on the electrode material 
and time, but also on other parameters linked to the reactiv-
ity and solubility of formed compounds and the final pH [73].

6.4. Conductivity

In general, as a SE, a salt is added to obtain the desired 
conductivity of the water or wastewater in EC process. 

Table 5
Effect of electrolysis time (t) and electrode material on COD removal

Reference Conditions % COD removal Observations

[91] Textile wastewater
Ten Fe electrodes
CD = 100 A/m2; pH: 10.4

79.82 From 10 to 30 min, the removal of COD increases from 
23.97% to 79.86%
Beyond 30 min, removal remains constant

[120] Oily wastewater
3 Fe (anode) – 3 Al (cathode)
pH: 7; 4.5 V

85.7 Removal increases from 42.4% to 83.3% with t increasing 
from 10 to 40 min. Beyond 40 min, the COD removal remains 
approximately constant

pH: 7; 10.5 V; t = 40 min
Different combination:
Fe–Fe

95.6

Al–Fe 96.9
Fe–Al 98
Al–Al 99.1

[37] Swine slaughterhouse wastewater
CD = 25 mA/cm2; pH: 2

Removal increases with t for all electrode materials. For Al 
and Al–Fe, the removal remains constant above 100 min, 
equal to 90% and 80%, respectively. For Fe electrode, the 
removal was constant above 160 min with 80% efficiency

Al–Al 90
Fe–Fe 80
Al–Fe 80

[121] Olive processing wastewater
pH: 4.4; CD = 7.5 mA/cm2

Al–Al (120 min) 48 For Al–Al, under pH: 4, CD = 15 mA/cm2, high removal 
efficiency of COD during the first 60 min. Above this time, 
the removal efficiency remained almost constant

Fe–Fe (120 min) 35
SS–SS (120 min) 42
Cu–Cu (120 min) 32

[113] Carwash wastewater From 5 to 50 min of t, COD removal percentage increases:
– From 81% to 88% for Al electrode
– From 82% to 89% for Fe electrode

Four Al electrodes
pH: 6; CD = 1 mA/cm2

88

Four Fe electrodes
pH: 8; CD = 3 mA/cm2

89

[43] Mineral processing wastewater
pH: 7.1; t = 50 min; CD = 13.74 mA/
cm2

Al–SS 37.7
Fe–SS 62.7 Under 19.23 mA/cm2; pH: 7.1; When t increases from 15 to 

70 min; COD removal increases from 23% to 77.62%. Beyond 
70 min, %COD remains constant (Fe–SS)

[105] Sewage wastewater
1816 A/m2; pH: 7; t = 10 min

Under 1,816 A/m2; pH 7; the increase of t induces an increase 
in COD removal until 20 min. After this time, COD removal 
remained constantSS–SS 98.07

Al–Al 97.64 1,816 A/m2; time 0.5 h; pH 7; inter-electrode distance 10 mm. 
Green and brown color appeared with Fe electrodeFe–Fe 96.14
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Solution conductivity affects both the CE and electrical 
energy consumption in electrolytic cells. Therefore, it is 
necessary to investigate the effect of wastewater conductiv-
ity on EC processes for treating COD and dye. The SE con-
sists of anions (chloride, sulfate, nitrate, etc.) and cations 
(sodium, potassium, ammonium, etc.) that are contained 
in the waste or added for sufficient conductivity of the 
medium [126]. Izquierdo et al. [127] reported that Al elec-
trodes can be dissolved in all the SEs, whereas Fe dissolu-
tion is little with nitrate salts and potassium sulfate. These 
results were in agreement with those obtained by literature 
[32], the best removal efficiency was obtained for CaCl2, KCl, 
NaCl whereas NaNO3 appears to be an inhibitor for color 
removal when Fe anode electrode was used. Huang et al. 
[128] reported that increasing the NaCl concentration from 
1 to 2.5 g/L, under 60 A/m2 of CD, leads to an increase of the 
Al dissolution from 28 to 33 mg that corresponds to 118% 
of faradic efficiencies. Jing et al. [43] observed that the addi-
tion of Na2SO4 has no effect on the COD removal efficiency. 
Thus, the most electrolyte used to increase conductivity in 
EC process is NaCl for its well-known advantages such as:

•	 Its low cost and availability;
•	 The presence of chloride ions can destroy the metal oxide 

passivation layer formed on the electrode surface by 
the presence of other anions (e.g., HCO3

– and SO4
2–) that 

causing lower efficiencies and higher energy [129,130].
•	 If the chloride anions are present, they may be oxidized 

into Cl2 [130]. The last-mentioned can conduct to gener-
ating HOCl that can take part in oxidizing the soluble 
OM [131].

2 22Cl Cl e− −→ +  (37)

Cl H O HOCl Cl H22 + → + +− +  (38)

HOCl OCl H→ +− +  (39)

Sridhar et al. [92] reported that the presence of NaCl has 
a considerable effect on the percentage of COD and BOD5 
removal up to 1.5 g/L; beyond that, there is no significant 
reduction in COD and BOD5. The same result was obtained 
by Özyonar et al. [132], as the COD and color abatement 
increases from 71% and 98% to 80% and 99% (pH = 6 and 
75 A/m2) with increasing conductivity for 1 to 1 mS/cm 
during the first 4 min. Above this time, the removal remained 
constant. Parallely, the authors stated that the energy 
costs decrease with increasing conductivity. This result 
was in good harmony with those reported by literature [133].

Hendaoui et al. [42] reported a slight increases in 
decolorization with low conductivity using NaCl as SE; 
however, this increase becomes insignificant at a conduc-
tivity over than 2,000 μS/cm, then a significant decreased 
obtained when the conductivity value exceeded 15,000 μS/
cm. In fact, a high electrical conductivity was reported hav-
ing an adverse effect on the color removal. Nunez et al. 
[35] found a small color removal when treating water with 
a strong conductivity (51,200 μS/cm), similar result was 
reported in literature [134]. It has been shown that a high 
conductivity	 influences	 the	 kinetics	 and	 the	 equilibrium	

between charged particles during the reactions, which are 
attributed to the alterations in the ionic strength [135].

However, some researchers founded that introducing 
SE has neglect or no effect on COD removal efficiency. 
Eryuruk et al. [136] noted that there is no any positive 
effect of adding SE on COD removal efficiency. Tak et al. 
[86] observed that increasing the NaCl concentration from 
0.5 to 1.0 g/L slightly increased color and COD removal, 
and a further increase beyond 1 g/L resulted in a retar-
dation of treatment efficiencies. According to Naje et al. 
[137], by the increase of NaCl concentration from 0.02 to 
0.1 kg/m3, the COD and color removal efficiencies were 
approximately unchanged. Can et al. [135] reported that 
by increasing conductivity, the decolorization efficiency 
decreases as the conductivity increases from 200 to 
4,000 μS/cm. The effect of conductivity was related also to 
the electrode material. In fact, Kobya et al. [90] found that 
the COD removal efficiency is slightly reduced with the Al 
electrode whereas slightly enhanced for the Fe electrode 
when the conductivity increases from 1,000 to 4,000 μS/
cm. The same observation was reported by literature [138]. 
Solution conductivity affects the CE and consumption of 
electrical energy in electrolytic cells. It was reported that 
increasing solution conductivity resulted in the reduction 
of cell voltage under constant CD that caused a decrease 
in electrical energy consumption [122]. On the contrary, 
Safari et al. [120] reported that by increasing the SE con-
centration from 0.25 to 1.25 g/L, the energy consumption 
increased from 2.63 to 13.24 kWh/m3.

Bejjany et al. [139] have established a correlation between 
the energy consumed per unit volume and the initial 
conductivity:

Wc eWh/m3( ) = 8 036 0. σ τ  (40)

where (Wc) is the energy consumption and (σ0) is the initial 
conductivity of the solution.

6.4.1. Inter-electrode distance (d)

The impact of inter-electrode distance (d) on EC process 
performance is well studied. The increase in the distance 
between the electrodes connected to DC current supply cre-
ated an ohmic drop that results from the ohmic resistance of 
the electrolyte R, which can be expressed as follows:

R d
S kohm =

.
 (41)

where d is the inter-electrode distance, k is the water 
conductivity and, S is the active anode surface (m2).

From Eq. (41), it is seen that the ohmic resistance 
increased by increasing the distance between the elec-
trodes at constant anodic surface area and conductivity of 
solution. At a constant voltage, when the ohmic resistance 
between electrodes increases, the current passed through 
electrodes decreases, thereby the rate of anodic oxida-
tion decreased. Therefore, the removal efficiency of COD 
and color will decrease. Ghosh et al. [140] reported that 
the increase of d will increase the ohmic resistance and 
decrease the percentage of dye removal. Dalvand et al. [141] 
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investigated the effect of d on color removal. They showed 
that when d increases from 1 to 3 cm, color removal effi-
ciency decreased from 98.59% to 90.43%. Naje et al. [137] 
have studied the effect of three inter-electrode distances 
on color, COD and TS removal. They noticed that the effi-
ciency decreases with increasing the inter-electrode gap. 
Similar results were also observed by researchers [142] 
during the treatment of LL. A decrease in the treatment effi-
ciency was observed when the distance between the elec-
trodes was increased from 1 to 4 cm. The better performance 
was obtained with d = 1 cm (60.5% and 47.5% for COD and 
color, respectively). Niazmand et al. [121] reported that 
an increase in d had an undesirable effect on removal effi-
ciency, especially for COD. Other studies have also reported 
that the decreasing in the electrode distances are more 
favorable for the removal of color and COD [116,143].

On the contrary, it has been observed that with the 
increases in d, the percentage removal of color and COD 
increased. Shankar et al. [144] concluded that the removals 
of COD, TOC, and color increase from 56% to 65%, 59% to 
65%, and 88% to 94%, respectively, when the electrode gap 
increased from 1 to 3 cm. The optimum distance between 
electrodes was found to be 1.5 cm. These results are in good 
harmony with those obtained by [92]. They found that 
when the electrode distance increased from 1 to 3 cm, the 
removal of turbidity, COD and BOD5 increased by about 
13%, 12% and 12%, respectively; further increase beyond 
3 cm in d will decrease the removal efficiency. In fact, when 
d is small, the solid and fluid transfer will be hindered, 
which may significantly affects the settling and flotation 
thereby can leads to decrease the removal efficiency.

As it is aforementioned, d affects the ohmic resistance, 
and hence the energy consumption. Nandi and Patel [145] 
studied the effect of electrode gap on the energy consump-
tion. They noted that the energy consumption increased 
from 3 to 9 kWh/kg Fe when d increases from 1 to 3 cm, 
under constant CD of 13.9 A/m2. Maghanga et al. [146] 
reported that the energy consumption decreases from 1.2 to 
1.15 Wh as d increase from 2 to 5 mm, and then increase 
beyond 5 mm. Hence, the electrode gap is an important 
parameter that should be optimized to enhance the 
performance of EC process.

6.4.2. Stirring velocity

The stirring velocity (SV) is a crucial operating factor 
that should be studied since it affects the performance of 
EC process. The main function of mixing is to disperse 
the coagulant and homogenize the EC reactor, which may 
enhance the mass transfer kinetics and the removal effi-
ciency. Furthermore, the increase in SV rates can contribute 
to reduce the diffusion layer thickness formed at the elec-
trode surface and increase the collision between metallic 
ions and hydroxides. Nevertheless, high speed rates, even 
though it lead to a homogeneous distribution in the EC cell, 
it may lead to flocs fragmentation in the reactor that are 
becoming difficult to settling and removing. Sridhar et al. 
[92] studied the effect of SV on the treatment of egg pro-
cessing effluent. They reported that the removal of COD 
increased from 70% to 85% when the SV increased from 50 
to 150 rpm, respectively. Beyond 150 rpm, no significant 

increase in COD nor BOD5 removal was observed. The 
energy consumption decreased from 23 to 15 kWh/m3 as 
the SV increased. Similar results are obtained by Abbasi 
et al. [39], who observed that the increasing in the mixer 
intensity, from 30 to 60 rpm, positively affects the COD and 
color removal. Naje et al. [137] found that a high removal 
efficiency of COD (90%), TSS (92%) and color (94%) was 
obtained when the reactor was operated at 500 rpm, and 
further increase in SV (750 rpm) leads to a decrease in the 
reactor performance (COD, 86%, TSS, 88% and color, 92%). 
Bayar et al. [147] investigated the effect of varying the SV on 
the performance of COD removal. They reported that the 
varying SV below or beyond 200 rpm leads to a decrease 
the pollutants removal and consequently, an increase in 
the energy consumption will be obtained at both relatively.

6.4.3. Electrode configuration

In EC device, the electrodes may be configured as 
monopolar (Mp) or bipolar (Bp) in parallel connection or 
serial connection. In the Mp parallel system, all anodes are 
connected with other anodes in the cell; and similarly all 
cathode s are also connected to each other. In the Mp serial 
configuration, each pair anode–cathode is internally con-
nected but without connection with the outer electrodes.

In the case of Bp systems, only the outer electrodes are 
connected to the power source with no interconnections 
between the other electrodes. Each one of the electrodes, 
excepting the external ones, present different polarity 
(Fig. 7).

In the EC cell, the electrode arrangement affects not 
only the removal efficiency but also the energy consump-
tion and the cost. The COD and color removal efficiencies 
and OCs of Mp and Bp configurations are discussed in 
several studies. Demirci et al. [18] investigated the influ-
ence of electrode arrangement on the removal of color 
from textile wastewater using four Al electrodes for 60 min 
reaction time under the same CD 10.4 mA/cm2. For Bp con-
nection, the color removal efficiency attained 73.6% with 
OC of 7.541 €/m3. However, for the Mp in serial connec-
tion, the color removal was about 73.1% and the OC was 
around 5.896 €/m3; in Mp parallel connection, the color 
removal efficiency reached 72.8% with total OC 2.985 €/
m3. Thus, the choice of Mp parallel configuration exhibited 
high removal efficiency that is negligibly lower than that 
of Bp and Mp in serial connection but an OC significantly 
lower than other mode of arrangement. Kobya et al. [149] 
reported that the Mp parallel mode is the most cost-effective 
for Al and Fe electrodes for the treatment of COD from 
textile wastewater compared to Bp and Mp serial mode. 
However, Fe was the preferred electrode material in EC 
with Mp parallel system under 30 A/m2 of CD and 15 min 
of t, the treatment cost was 0.245 against 0.4 $/m3 using 
Al electrode. Wang et al. [150] found that the Al electrode 
in Mp connection was more efficient in COD removal by 
62% with an energy consumption of 3.82 × 10–4 kWh com-
pared to Fe electrode by 53% with energy consumption of 
3.53 × 10–4 kWh. It was observed also that Fe arranged as Bp 
configuration gives a very low COD removal (7%). Sharma 
et al. [101] treated a domestic wastewater using EC cell 
with Mp parallel connection mode (Fe–Al), which resulted 
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into a removal efficiency of 91.8% of COD at 30 min under 
1.25 mA/cm2 of CD, associated with a very low energy 
consumption of 0.017 kWh/m3.

However, Alimohammadi et al. [151] investigated the 
effect of electrode arrangement on the removal of OM. They 
found that the Bp electrode connection leads to a percent-
age of removal of natural OM about 100% compared to Mp 
electrode arrangement. Moreover, Nasrullah et al. [152] 
studied the effect of electrode orientation and arrangement 
on COD removal efficiency from palm oil mill effluent. 
Three types of electrodes orientation were investigated 
including vertical orientations, horizontal with anode on 
the top, and horizontal with anode at the bottom. The best 
COD removal efficiency was obtained with vertical orienta-
tion by 57%. The highest treatment efficiency was obtained 
by using Mp serial mode arrangement that is able to remove 
65% of COD compared to 61% for Mp parallel and 56% for 
bipolar configuration. They linked the removal efficiency to 
the amount of anode dissolution. In fact, the anode disso-
lution were found to be 5.0872, 3.2996 and 3.0176 g for Mp 
serial, Mp parallel and bipolar configuration, respectively.

Nevertheless, the obtained results aforementioned 
depend deeply on the (i) electrode material and their 
number used as anode, cathode and extra plates between 
anode–cathode on EC cell and (ii) matrix of wastewater. 
In fact, Ozyonar et al. [153] investigated the influence of 
four types of combination of Mp parallel arrangement 
(Al–Al–Al–Al; Al–Fe–Al–Fe; Fe–Fe–Fe–Fe; Fe–Al–Fe–Al). 
The best removal efficiency of RO 16 dye was 99.87% 
using the Fe–Al–Fe–Al configuration with CD of 100 mA/
cm2 and 15 min of t. The energy consumption was about 
0.772 kWh/m3. Bellebia et al. [154] reported that using 
four Al electrodes connected in Mp parallel mode leads 
to 98.8% on removal of marine blue eurionyle MR under 
5 min of t and 1.41 mA/cm2. The energy consumption was 
equal to 1.4 kWh/kg dye.

7. Sludge and treated water characterization

The sludge characterization produced during EC process 
is important for two main reasons. The first one is to get a 

better understanding of by-products for disposal or signifi-
cant potential reuse. The second reason is the fact that sludge 
treatment and disposal are among the major contributors 
to the OC. The EC sludge produced after treatment can be 
characterized by Fourier-transform infrared spectroscopy 
(FTIR), SEM with energy-dispersive X-ray spectroscopy 
(SEM/EDX) and X-ray diffraction (XRD) analysis.

Ozyonar and Korkmaz [155] characterized the sludge 
produced after EC process with iron electrodes for domes-
tic wastewater treatment. The SEM/XRD analysis reveals 
the amorphous structure of the sludge and the presence of 
Fe3O4 (magnetite), FeO (vuestite) and FeO(OH) (goethite) 
in the dry sludge obtained after EC treatment. The chemical 
composition was determined using EDX, it was observed 
that it is composed essentially by Fe (57%), C (8.53%), 
O (31.09), and P (3.19%). The amorphous nature of sludge 
was also observed by Sahu [156] during the treatment of 
sugar industry wastewater by EC with iron electrode. The 
XRD analysis shows also the existence of magnetite (Fe3O4) 
52%, goethite FeO(OH) 24% and other compounds. In addi-
tion, Un and Aytac [157] investigated the sludge produced 
after EC process with iron electrodes for textile wastewa-
ter by XRD. According to the results, the only by-product 
of EC is maghemite (Fe2O3) that can be produced 
from ferric hydroxide (Fe(OH)3) according to Eq. (42) [73]:

2 3
3

Fe OH Fe O H O2 3 2( ) → +  (42)

The magnetite and goethite are also derived from Fe(OH)3 
[Eqs. (43) and (44)] [73]:

2 4
3

Fe OH Fe OH Fe O H O
2 3 4 2( ) + ( ) → +  (43)

Fe OH FeO OH H O2( ) → ( ) +3
 (44)

Elhafdi et al. [84] analyzed the EC flocs formed after 
the treatment of a real textile effluent. The X-ray fluores-
cence (XRF) analysis showed that solid metal formed by the 
anode dissolution presents an important part of total mass of 

Fig. 7. Monopolar (Mp) and bipolar (Bp) electrode connections [148].
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sludge. In fact, the percentage of Fe2O3 was 44.6% in the case 
of Fe anode and 49.6% of Al2O3 in the case of Al cathode.

Afanga et al. [158] analyzed the sludge produced after 
textile wastewater treatment by EC process with iron elec-
trodes for dye and COD removal. The SEM micrograph 
reveals that the sludge presents an aggregate with non- 
uniform distribution of particle sizes varying from 4 to 
120 μm. The EDX analysis shows that the sludge contains 
various metallic elements such as, chromium, sodium, nickel 
and manganese, which required a subsequent treatment.

Mohammed et al. [159] investigated the effect of ini-
tial pH on obtained sludge after the treatment of textile 
wastewater. The infrared spectrum shows that the peaks 
of functional groups of treated textile wastewater at acidic 
pH of 4.13 are more clear and sharp than that at alkaline 
pH of 10.2. These results can be attributed to the difference 
on mechanism removal, which could be precipitation in 
acidic pH and via adsorption and precipitation at alkaline 
pH. Aoudj et al. [160] studied the sludge produced during 
EC with Al electrode in the absence and in the presence of 
Direct red 81 (C29H19N5O8S2Na2) using FTIR analysis. The 
results show a significant spectroscopic changes with appa-
rition of new bands in presence of dye. An intense band 
at 3,452 cm–1 is attributed to stretching vibrations of OH 
groups. Rodrigues et al. [85] analyzed the sludge formed 
after the treatment of royal blue color by a fixed bed EC 
reactor using spherical aluminum and iron particles. The 
SEM images showed that the flocs formed when using iron 
have a smoother surface than those obtained by using alu-
minum. The XRD patterns revealed the presence of boeh-
mite AlO(OH) in the sludge formed when using aluminum 
anode. In the case of the sludge generated by using iron 
particles, the XRD revealed the presence of the goethite

In addition to the sludge characterization, a few 
researchers focused on the analysis of treated water in 
terms of residual concentrations of anode materials. Indeed, 
the metallic ions released from anode dissolution should be 
controlled in order to ensure that EC meets the discharge 
standards and complies with environmental regulations. 
Usuga et al. [161] studied the evolution of iron and alumi-
num ions in the treated solution with time and pH during 
the treatment of crystal violet dye. When iron electrode was 
used, the concentration of iron ion decreases from 3.3 to 
1 mg/L by increasing the electrolysis time from 3 min to 
5 min and the pH of the solution increased to around 7.4. 
However, by using aluminum electrode, the aluminum ion 
increases from 17 to 58 mg/L when the electrolysis time 
increases from 5 min to 60 min, the pH increased from 5.9 
to 8 in 5 min. The authors attributed the low iron concen-
tration in solution to the poor solubility of iron species in 
the considered range of the pH. While, the ion aluminum 
solubility is minimum when pH is approximately equal to 
6.3, and as the pH increases, the soluble Al(OH)4

– species 

will be formed. Nunez et al. [35] studied the removal of 
pollutants from textile industrial wastewater and examined 
the possibility of reusing the wastewater treated by EC in 
the process of wool dyeing. For that aim, the level of iron 
in the treated water was analyzed, it was found lower than 
0.2 mg/L. The treated water was then used in dyeing pro-
cess. The authors concluded that there are no differences 
in the color of the fabrics dyed with treated and standard 

water. Elhafdi et al. [84] have analyzed the content in alu-
minum and iron of treated water generated from the treat-
ment of textile effluent using EC reactor by aluminum and/
or iron electrodes. Under a pH of 6.9 and CD of 31.4 mA/
cm2, the concentration of metallic ions were 1.82 and 
1.985 mg/L for aluminum and iron, respectively.

8. Economic assessment

Nowadays, the need of efficient technologies in terms of 
cost and proper sanitation are among the reasons that will 
drive the choice for wastewater treatment plant, especially 
when industrial implementation is concerned. Increasing 
number of technologies and hybrid processes for water 
and wastewater treatment pose an enormous challenge for 
a critical economic assessment of these processes concern-
ing their operational costs (OCs) such as energy used for 
pumping, stirring and aeration, chemical utilization, sludge 
disposal, etc., and investment in building materials.

Many technologies have been used for the treatment 
of dye and COD containing wastewater such as biolog-
ical, physical, chemical and electrochemical techniques. 
Considering the environmental limitations of each of the 
above treatment methods, different combinations and 
hybrid approaches for dye and COD removal were inves-
tigated (i.e., ozone (O3)/UV, O3/H2O2, EC-electro-oxidation 
(EO), etc.). Most studies focused essentially on the removal 
efficiency and the influence of operating conditions on 
the conducting of the process. There are a few studies dis-
cussing the economic side of operation. Such economic 
analyses can be beneficial to evaluate the profitability of 
implementing an adequate technology to treat the waste-
water and to reach the desired efficiency, also to decide 
about the feasibility of the treatment at an industrial scale.

Most industries of wastewater treatment are seeking 
to reduce production costs wherever possible. Since the 
water process world’s electricity consumption accounts 
for the 2%–3% [162], the issue of energy management as 
well as removal efficiencies have been increasingly allur-
ing attention. Energy consumption is required at every 
stage of treatment for the good functioning of the treatment 
plant. The energy key performance indicators (KPIs) were 
defined, referred to volume of treated wastewater (m3), 
kg of COD removed or dye removed [41,163]:

KPI =
60.V

kWh/m1
3U I t⋅ ⋅ ( )  (45)

KPI =
KPI

 
kWh/kgCOD or kWh/kgDye2 removed removed

1

0C Ct−
( )  (46)

where: C0 and Ct are the initial and final concentrations of the 
COD or dye at the end of reaction (kg/m3).

The total OCs have different forms depending on the 
technologies used during the treatment. Fig. 8 gives a 
summarize of main technologies used for decolorization 
and COD removal and different elements in cost accounting.

An example of calculation of OC for EC cell is given by 
Eq. (47):
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OC unit price/m3
energy electrode chemical

sl

( ) . . .
.

= + +

+

a C bC c C
dC uudge MCD+  (47)

where: Cenergy is the amount of energy consumed for 
electrochemical cell and other electrical accessories (e.g., 
sludge pumping) (kWh/m3); Celectrode is the electrode con-
sumption (kgelectrode/m3); Cchemicals is the chemical consump-
tion for pH adjustment (kg/m3); Csludge (kg/m3) is the amount 
of produced sludge (kgsludge/m3); MCD is the maintenance 
cost and depreciation (unit price/m3); a (unit price/kWh), 
b (unit price/kgeletrode); c (unit price/kg), and d (unit price/
kgsludge) indicate the unit price of electrical energy, con-
sumed electrode, chemicals intake, and sludge disposal, 
respectively. To the OC, a constant capital cost (CC) can be 
added [164], which covered the cost of equipment (electro-
lytic cell, mixing apparatus, etc.). Therefore, the total cost is 
the sum of OC and CC. Table 6 gives the energy consump-
tion and OC of EC and other technologies for different 
types of wastewater treatment.

8.1. Textile wastewater

The various processes involved in textile manufac-
tories generate huge amount of liquid and solid wastes. 
The amount and composition of these wastewaters vary 
following many different factors such as the dyeing process 
and chemicals used. There are many techniques reported 
in the literature for textile wastewater treatment.

Najé et al. [137] treated a real textile wastewater by 
EC using Al electrodes. They indicated a good efficiency 
removal of COD (92.6%) and color (96.5%). The total OC 
of the EC process was approximately 1.76 US$/m3 (con-
sidering: electrical energy cost, electrode consumption 
cost, sludge disposition cost, and chemicals cost). The 
energy consumption was about 8.49 kWh/m3. The energy 
consumption was little increased when operated EC-EO 

process accompanied by a small increase in efficiency 
(93.5% COD and 97.5% color). Deghles [38] compared the 
efficiencies and OC using Al and Fe for the treatment of 
tannery wastewater by EC. Under 20 min of t and a CD of 
20 mA/cm2, EC provided around 75% and 98% of COD and 
color removal efficiency, respectively, for Al electrode and 
81% and 98% of COD and color removal efficiency, respec-
tively, for Fe electrode. He obtained an OC about 0.88 and 
0.90 $/m3 for Al and Fe, respectively, associated with the 
same energy consumption equal to 6.6 kWh/m3. The OC 
was calculated considering only electrode and energy con-
sumption. Kobya et al. [165] treated a textile dye house 
wastewater by continuous EC, which provided a decolour-
ization of around 85% and 77% for Fe and Al, respectively. 
The OC includes all expenses associated with energy, 
electrode material and chemical costs. It was found equal 
to 1.562 $/m3 for Fe electrode and 1.851 $/m3 for Al elec-
trode which approximately the same energy consumption. 
Bayramoglu et al. [166] conducted a comparative study 
between EC and CC. They showed that the best removal 
efficiency of COD was obtained by EC process (approxi-
mately 63%) and an OC 3.2 cheaper than CC.

AOPs are widely used for the treatment of pollutants 
and decolorization of wastewater. AOPs are based on 
the in situ generation of oxidizing radical species such as 
hydroxyl radicals (·OH) and characterized by a high reactiv-
ity toward a wide range of pollutants. Khorram and Fallah 
[167] investigated the energy consumption related to EC 
and photocatalytic process for the COD and dye removal 
from industrial dyeing wastewater. Under the optimum 
conditions, decolorization and COD removal for EC and 
photocatalytic process were 85.57% and 34.48%, and 81.39% 
and 67%, respectively. The energy consumption was very 
high in the case of photocatalytic process of 178.61 kWh/m3 
compared to the EC of 0.0032 kWh/m3.

Hybrid systems were also reported in the literature for 
the	treatment	of	Dye	and	COD.	Bilińska	et	al.	[168]	studied	
the combination of EC and O3 that is considered as a strong 

Filtration 

methods: 

RO/NF/UF

COD and Dye removal techniques 

Advanced oxidation 
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Fig. 8. Operating cost (OC) accounting in different technologies.
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oxidant and widely used due to its high reactivity with dyes 
and good removal efficiencies. Four configurations were 
adopted for the treatment of industrial dyeing effluent highly 
polluted by residual dye: O3 (single treatment), EC (single 
treatment), EC combined with O3 carried out simultaneously 
(EC + O3), and EC combined with O3 separately (EC → O3). 
The results showed that all configurations were high energy 
consumers, their energy consummation was equal to 5.08, 
6.58, 10.13 and 3.77 kWh/m3 for EC (alone), O3 (alone), 
(EC + O3) and (EC → O3), respectively. The highest color 
removal was obtained with (EC → O3), approximately 98% 
(for a time more than 20 min) and a moderate COD removal. 
For the treatment by EC under 8 min, the decolorization was 
about 90%. The costs for EC + O3 and EC → O3 were 11.86 
and 5.80 USD/m3, respectively. These results pointed out 
the advantage of the combined system (EC → O3) to reduce 
energy consumption and OC.

Aydin el al. [10] treated a highly colored synthetic- cotton 
textile wastewater by CC and compared between metal 
coagulant (ferric chloride and aluminum sulfate), polymer 
coagulant (polyethylene polyamine (PP) and cyanoguani-
dine polymer (CP)), and O3. Even with high dosages, the 
metal coagulant has no effect on color removal. The deg-
radation of color needs a high dose with O3 over 15 min, 
but COD efficiency did not meet the standard discharge 
(around 25%–35%). The combined application of poly-
mer coagulation with pre-ozonation leads to achieve 
a high removal of color about 94% and 95% for CP with 
pre- ozonation and PP with pre-ozonation, respectively. 
OCs of ozonation, PP with pre-ozonation, and CP with 
pre-ozonation were found to be 0.37, 0.50, and 0.34 €/m3, 
respectively (chemical consumption and ozone production 
costs were taken into account for cost analysis).

Membrane processes are often used for water and 
wastewater treatment including UF, NF and RO. The last 
has traditionally been used for the desalination of brack-
ish and seawater. Several studies proved that good removal 
efficiencies can be achieved by using membrane filtration 
[8,9] in dealing with dye and COD. Nevertheless, data 
related to membrane processes costs remain deficient. 
There are several challenges with implementing mem-
brane technology for treatment of dye and COD mainly, 
the high cost of chemical cleaning or membrane replace-
ment resulting of severe membrane fouling, higher energy 
requirement and secondary waste generation. Hence, dif-
ferent pretreatment techniques are always necessary to 
increase the lifespan of membrane; this may increase the 
cost of wastewater treatment and limit the widespread of 
these technologies. Combining ozone and membrane filtra-
tion techniques was reported in the literature. The appli-
cation of pre-ozonation in the wastewater treatment may 
increase the performance of both UF and RO membranes 
[169]. Yin et al. [10] operated a continuous hybrid system 
composed by ozone-UF-RO for the treatment of textile 
wastewater. They achieved a high pollutant removal effi-
ciencies, approximately 100% for COD and color. The OC 
includes all expenses associated with energy consumption 
(O3, oxygen pumps), machine maintenance, replacement of 
UF and RO membranes, and labour. The OC evaluated is 
equal to 0.24 USD/m3 (for the first stage of water reuse sys-
tem), which is a low cost considered those aforementioned.

Synthetic dye wastewater has been widely used to 
simulate the industrial textile wastewater. EC was used 
as a technique of treatment. Suhan et al. [170] studied the 
removal of COD and color from synthetic colored con-
taining Remazol black B (RBB) dye by applying the EC, 
electro- Fenton (E-F), EC with adding H2O2 (EC + H2O2), and 
(E-F + H2O2). The color and COD efficiencies were obtained 
about 19.8%, 26%, 63%, 53% and 91%, 93%, 98.8%, 98.8% for 
EC, E-F, EC + H2O2, and EF + H2O2, respectively. The esti-
mation of OC was performed considering energy consump-
tion, electrode material, chemical consumption, and other 
costs such as labor and maintenance. The combination of 
processes leads to a reduction in the OC. Indeed, EC + H2O2 
and E-F + H2O2 have 1.785 and 1.998 $/m3/kg COD, respec-
tively; whereas it was equal to 4.274 and 3.360 $/m3/kg COD 
for EC and E-F, respectively.

8.2. Dairy wastewater

Dairy wastewater is generated from the transformation 
of raw milk into other products for human consumption. 
Dairy effluents are characterized by high organic content, 
TSS, phosphorus and nitrogen. Purifying these effluents is 
required in order to reduce environmental damage. EC is 
widely used as a process for the treatment of dairy wastewa-
ter, even though the industrial application still very limited.

Varank and Sabuncu [17] studied the treatment of a 
real wastewater from milk-processing factory in the EC 
batch process, using Al and Fe electrodes. They achieved 
a COD removal efficiency of 98.84% and 98.9% for Fe and 
Al, respectively. The OC was calculated considering the 
electrode consumption, electric energy and chemicals con-
sumptions. It was found to be equal to 0.42 and 0.54 €/m3 
for Al and Fe, respectively. Aitbara et al. [171] operated a 
continuous pilot scale of EC with two parallel plate elec-
trodes of Al for the treatment of industrial dairy effluent. 
They attained a high pollutant removal efficiency of COD 
(92%). The specific energy consumption, between 2 to 
3.5 kWh/m3, can be achieved under specific condition. The 
value of energy consumption was near to those obtained by 
literature [172]. In fact, the authors evaluated the efficiency 
of industrial sequencing batch reactor (SBR) technology 
for the treatment of the mixed dairy effluents. The system 
was able to remove around 67% of COD and 99% of BOD5. 
The authors calculated the energy consumption consider-
ing these items: mechanical treatment, biological treatment, 
aeration and sludge processing. The energy consumption 
was evaluated as 2.05 to 3.3 kWh/m3 wherein the biological 
treatment with aeration and sludge processing present 40% 
and 30% of total energy consumption.

In the aim of reutilized the treated water, Andrade 
et al. [173] evaluated the technical and economic feasibil-
ity of hybrid process composed by membrane bioreactor 
(MBR) followed by NF for dairy wastewater treatment. 
The removal efficiencies were 100% and 99% for COD and 
dye, respectively. The total cost was very influenced by the 
lifespan of membrane. Therefore, for the same initial invest-
ment, it was shown that the OC decreases from 9.08 R$/m3 of 
treated water to 5.91 R$/m3 when the lifespan of membrane 
increases from 1 to 7 y. The cost of electricity is correspond-
ing to approximately 38% of the OC in the case of annual 
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replacement of membranes and 59% in the case of lifespan 
membrane of 7 y. The energy consumption was approxi-
mately close to 17 kWh/m3 (for a daily average cost per kWh 
equal to 0.2050 R$/kWh) that is considered a high energy 
consumption compared to that in EC technology.

8.3. High organic wastewater

There are many technologies that generate a highly 
organic wastewater (e.g., leachate generated at landfill sites, 
wastewater from an oil and gas industry, food industry, 
etc.). Such strongly polluted wastewater is composed of a 
mixture of high organic and inorganic contaminants. It is 
always necessary to treat these effluents to prevent environ-
mental damage. EC method was reported in the literature 
for dealing with LL wastewater. Apaydin and Özkan [174] 
operated a batch EC unit for the treatment of LL effluent 
with height amount of COD (7,560–8,893 mg COD L–1) 
and color (1,800–4,000 Pt-Co). They tested two types of 
electrodes (Al and Fe). Their findings depicted a color 
removal efficiency around 88% and 81% for Al and Fe, 
respectively, after 25 min of t and CD equal to 10 mA/cm2. 
The COD removal reached 51% for Al electrode (pH = 5, 
CD = 40 mA/cm2, t = 20 min) and 39% for Fe electrode 
(pH = 3, CD = 10 mA/cm2, t = 5 min). They evaluated the 
OC considering the electrode and energy cost, and found 
around 5.01–6.24 USD$/m3 in the case of Al electrode and 
0.28–5.58 USD$/m3 for Fe electrode. It should be noted that 
the OC is influenced by the LL age [31,124]. LL wastewater 
was also treated by membrane technology. Almeida et al. 
[175] investigated the application of bench-scale NF to treat 
LL wastewater with COD of 2,258 ± 230 mg/L. They showed 
a 91% of COD removal and between 45% and 49% of color 
removal. The cost estimation was performed based on the 
results obtained in bench-scale filtration tests and extrapo-
lated to a full-scale NF plant with feed flow of 1,000 m3/d. 
The OC estimation was about 3.35 US$/m3 wherein the cost 
of membrane (exchange and cleaning) represents 22%.

Kobya et al. [20] operated a continuous EC process for 
the treatment of metalworking wastewater containing high 
COD of 17,312 mg/L. Removal efficiency was determined to 
be 94.3% under 40 min of t, 70 min of hydraulic retention 
time and 90 A/m2 of CD. The OC was found to be 3.09 US$/
m3 encompassing the energy consumption, electrodes, 
chemicals and sludge disposal. Their findings are compara-
ble to those obtained by Niazmand et al. [41] who operated 
with batch EC an olive debittering wastewater character-
ized by a COD around 20,000 mg/L. The OC and energy 
consumption were around 5.88 USD/m3 and 14.92 kWh/
m3, respectively [41]. Ehsani et al. [164] treated also a high 
organic load moquette industry wastewater (COD equal 
to 23,000 mg/L) by continuous EC. The removal efficacy 
of COD was obtained around 86% and 94.1% for Al and 
Fe electrode, respectively. The energy consumption was 
approximately close to 2.4 and 6.1 kWh/m3 for Al and Fe, 
respectively. However, it should be noted that the treatment 
of such types of wastewater by electrochemical oxidation 
process leads to excessive consumption of electrical energy 
100 kWh/m3 [176,177].

Combining treatment systems were also used for 
dealing with such types of wastewater. Dizge et al. [178] 

evaluated the usage of EC, combination of sono-electroco-
agulation (SEC) and a cross-flow membrane system (NF 
or RO membrane) integrated to SEC (SEC-CFM) for the 
treatment of brewery wastewater highly polluted. The 
results showed a slightly improvement of COD removal by 
the hybrid system SEC-CFM. Indeed, the color and COD 
efficiencies were obtained about 96.7%, 99.2%, 99.7% and 
46.5%, 60.5%, 62.6% for EC, SEC, and SEC-CFM, respec-
tively. The energy consumption was evaluated to be 
6.750, 7.020 and 8.120 kWh/m3 for EC, SEC and SEC-CFM, 
respectively. The increase in energy consumption for the 
SEC-CFM was due to the high-pressure pump for produc-
ing trans-membrane pressure. The OC encompassing the 
energy consumption, material cost (electrode and mem-
brane). The OC was around 0.994, 1.032 and 1.830 $/m3 
for EC, SEC, and SEC-CFM, respectively.

Biological treatment technology was also operated by 
researchers to deal with high organic load of wastewater. 
Wei et al. [179] investigated the use of biological treatment by 
SBR and a ceramic membrane bioreactor (CMBR) in conjunc-
tion to treat high concentration oil and gas wastewater (COD 
ranged between 20,000–76,000 mg/L). The COD removal 
reached 99% with an OC of 1.04 USD/m3 (the OC derived 
only from the energy consumption and labor).

8.4. Other industrial wastewaters

Khor et al. [180] compared the effectiveness of EC 
and CC in the treatment of synthetic oily wastewater. 
The energy consumption for CC was evaluated taken into 
account the energy needed for mixing, the energy demand 
for FeCl3 production and transportation. In the case of 
EC, the energy consumption encompassing the electric 
energy for electrode dissolution, the energy demand for 
iron sheet production and transportation. They showed 
that the energy demand of 95% COD removal for EC was 
around 4.3 times that of CC when no transportation was 
required. Even though the energy demand of EC is much 
higher than that required for CC, OCs are higher for CC 
than EC. Indeed, the OC was about 0.2 and 0.4 $/m3 for EC 
and CC, respectively. This was attributed to the unit price 
of chemical coagulant that was higher than iron metal. Sari 
et al. [181] operated a continuous EC unit for the treatment 
of peat wastewater with a color concentration of 698 Pt-Co. 
The OC and energy consumption to achieve 88.43% of 
color removal were 1.6 USD$/m3 and 2.64 kWh/m3, respec-
tively. The OC includes the energy consumption cost, the 
cost of Al plates, and chemicals. Elazzouzi et al. [182] used 
a batch EC-flotation cell to treat a real urban wastewater 
characterized by a COD of 1,000 mg/L. Under optimum 
conditions (Al electrode, 6 min of t and 20 mA/cm2 of CD), 
the COD efficacy removal was 82%. The electrical energy 
consumption was about 5.781 kWh/m3. Treating the same 
real urban wastewater, Elazzouzi et al. [183] investigated 
the using of scrap Al as the anode. Under optimum con-
ditions of current 1.5 A, t = 5.84 min, the energy con-
sumption needed to achieve 82% of COD was 3.55 kWh/
m3. Mahmoud et al. [184] investigated the adsorption pro-
cess for the removal of COD from municipal wastewater. 
They used a green synthesis nanoparticles extracted from 
soft black tea. Under optimum conditions (pH 8, dosage 
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3.2 g/L, contact time 60 min), the removal efficiency was 
87.9%. The OC was calculated as the total sum of chem-
icals, adsorbent material, and energy consumption, and 
it was found to be 0.440 $USD/m3. The biological process 
includes essentially activated sludge and MBR, which are 
commonly used in urban wastewater treatment to remove 
pollutants such as COD, nitrogen, phosphorus [185]. The 
highest energy consumption is attributed to the aeration 
system necessary for the secondary treatment and to man-
age membrane fouling in addition to the pumping system. 
Skouteris et al. [186] compared the energy consumption by 
two MBRs with conventional activated sludge for the treat-
ment of municipal wastewater. The energy consumed was 
about 5.4 and 3.8 kWh/m3 for MBR1 and MBR2, respec-
tively, and the air blowers are the almost-energy consum-
ing, representing 88% of the total energy consumed by 
MBR1, and 60% of the total energy consumed by MBR2.

From the foregoing discussion we can conclude that:

•	 The OC is strongly linked to the polluted water matrix; 
indeed, an operation could be economically reliable for 
one type but not for the other ones.

•	 For EC process, the electrical energy consumption and 
OC depend on the type of electrode material under the 
same operating conditions.

•	 The high energy consumption does not mean a high OC.
•	 Even though the data are not directly comparable due to 

incomplete data sets (e.g., sludge disposal cost, labor and 
maintenance are not always included), the EC process 
was economically reliable compared to other processes 
and have a best chance for industrial applications.

•	 Some industrial processes are not applicable alone such 
as membrane technologies (UF, NF and RO), which need 
additional steps: up-stream pretreatment to prevent 
membrane fouling and down-stream for the treatment of 
brine generated after filtration that leads, in some cases, 
to an increases of OC.

•	 Optimized EC-combined system leads to a decreases in 
energy consumption and OC.

•	 Despite the good removal efficiency obtained by using 
AOPs, such techniques are considered highly expensive 
and involving complex technology.

•	 Extensive further work, especially in continuous mode, is 
needed to well conduct the economic study and compare 
each of these technologies.

9. Conclusion

In the present work, a start-of-the-art of EC process for 
the treatment of dye and COD focusing on economic assess-
ment is performed. EC is a promising technology for remov-
ing contaminants from wastewater. The main advantage 
of EC lies mainly in its technical simplicity and versatility; 
and can remove many types of pollutants simultaneously.

The performance of EC process is related to many oper-
ating parameters like pH, electrolyte concentration, CD, 
SV, d, and electrodes configuration. For instance, pH is 
deeply dependent on the electrode material and wastewater 
characteristics.

The mechanisms of dye and COD removal were 
evaluated. However, further studies need to be carried out 

to more understand the interaction between different phe-
nomena taking place in the electrolytic reactor. Certainly, 
the development of global model describing complex reac-
tions and interactions between all phenomena happening in 
the EC process is definitely necessary with a view to facil-
itate the design, the prediction of pollution removal, and 
the global optimization tasks.

Applying EC technology for wastewater treatment at 
industrial scale still very restraint. According to the com-
parative economic study conducted in this work, the EC 
process is a highly efficient technology considering the 
technical and economic performances, compared to others 
alternatives processes. The energy consumption during the 
EC process was less than for the AOPs and even compared 
to the traditional methods (biological for COD removal).

Even if there are some investigations on the cost effec-
tiveness of EC process, they are not enough and further 
research is required on the actual full-scale OCs based on the 
guidelines from a lab-scale experiments.

One of the challenges of EC system is using of electric 
energy, which can be lowered through different manage-
ment strategies like the integration of renewable energy 
(solar modules or wind modules). Furthermore, more 
efforts should be devoted to develop a novel hybrid sys-
tem of EC-coupled process, in order to better exploit the 
advantage of different systems of dye and COD treat-
ment. Such hybrid systems can meet the environmental 
and economic requirements (improving energy recovery) 
as well as the possibility of water reuse. Thus, it is neces-
sary to develop a model to describe the kinetic of treat-
ment of such hybrid systems.

Conflicts of interest

The authors declare that they have no conflicts of interest.

Acknowledgements

This research has been funded by the Research Deanship 
of University of Ha’il, Saudi Arabia, through the Project 
RG-22 010.

References
[1] A.A. Inyinbor, B.O. Adebesin, A.P. Oluyori, T.A. Adelani-

Akande, A.O. Dada, T.A. Oreofe, Water Pollution: Effects, 
Prevention, and Climatic Impact, M. Glavan, Eds., Water 
Challenges of an Urbanizing World, IntechOpen, March 
21st 2018.

[2] K.P. Praveen, S. Ganguly, K. Kumar, K. Kumari, Water pollution 
and its hazardous effects to human health: a review on safety 
measures for adoption, Int. J. Sci. Environ. Technol., 5 (2016) 
1559–1563.

[3] A.E. Ghaly, R. Ananthashankar, M. Alhattab, V.V. Rama-
krishnan, Production, characterization and treatment of 
textile effluents: a critical review, J. Chem. Eng. Process 
Technol., 5 (2014) 1–18.

[4] D.A. Yaseen, M. Scholz, Shallow pond systems planted with 
Lemna minor treating azo dyes, Ecol. Eng., 94 (2016) 295–305.

[5] A. Gasmi, M. Heran, A. Hannnachi, A. Grasmick, New 
technology for wastewater treatment to decrease fouling 
propensity, Desal. Water Treat., 52 (2014) 2193–2200.

[6] A.K.R. Choudhury, Eco-friendly dyes and dyeing, Adv. Mater. 
Technol. Environ., 2 (2018) 145–176.



A. Gasmi et al. / Desalination and Water Treatment 271 (2022) 74–107102

[7] J. Polak, A. Jarosz-Wilkolazka, S.-C. Agnieszka, K. Wlizlo, 
K. Magdalena, S.-L. Jadwiga, J. Lichawska-Olczyk, Toxicity and 
dyeing properties of dyes obtained through laccase-mediated 
synthesis, J. Cleaner Prod., 112 (2016) 4265–4272.

[8] I. Vergili, Y. Kaya, U. Sen, Z.B. Gönder, C. Aydiner, Techno-
economic analysis of textile dye bath wastewater treatment 
by integrated membrane processes under the zero liquid 
discharge approach, Resour. Conserv. Recycl., 58 (2012) 25–35.

[9] H. Yin, P. Qiu, Y. Qian, Z. Kong, Z. Xiaolong, T. Zhihua, 
G. Huafang, Textile wastewater treatment for water reuse: a 
case study, Processes, 7 (2019) 34, doi: 10.3390/pr7010034.

[10] M.I. Aydin, B. Yuzer, A. Ongen, H.E. Okten, H. Selcuk, 
Comparison of ozonation and coagulation decolorization 
methods in real textile wastewater, Desal. Water Treat., 
103 (2018) 1–10.

[11] C. Fargues, C. Sagne, A. Szymczyk, P. Fievet, M.L. Lameloise, 
Adsorption of small organic solutes from beet distillery 
condensates on reverse-osmosis membranes: consequences on 
the process performances, J. Membr. Sci., 446 (2013) 132–144.

[12] A. Yasar, A.B. Tabinda, Anaerobic treatment of industrial 
wastewater by UASB reactor integrated with chemical 
oxidation processes: an overview, Pol. J. Environ. Stud., 
19 (2010) 1051–1061.

[13] V. Kumar, M.P. Shah, Chapter 1 – Advanced Oxidation 
Processes for Complex Wastewater Treatment, M.P. Shah, Ed., 
Advanced Oxidation Processes for Effluent Treatment Plants, 
Elsevier, ISBN 9780128210116, 2021, pp. 1–31.

[14] G. Wen, C. Qiang, Y. Feng, T. Huang, Bromate formation 
during the oxidation of bromide-containing water by 
ozone/peroxymonosulfate process: influencing factors and 
mechanisms, Chem. Eng. Sci., 352 (2018) 316–324.

[15] N. Kishimoto, State of the art of UV/chlorine advanced 
oxidation processes: their mechanism, by-products formation, 
process variation, and applications, J. Water Environ. Technol., 
17 (2019) 302–335.

[16] E. Yuksel, M. Eyvaz, E. Gurbulak, Electrochemical treatment of 
colour index reactive orange 84 and textile wastewater by using 
stainless steel and iron electrodes, Environ. Prog. Sustainable 
Energy, 32 (2011) 60–68.

[17] G. Varanka, M.E. Sabuncu, Application of central composite 
design approach for dairy wastewater treatment by 
electrocoagulation using iron and aluminum electrodes: 
modeling and optimization, Desal. Water Treat., 56 (2015)  
1–22.

[18] Y. Demirci, L.C. Pekel, M. Alpbaz, Investigation of different 
electrode connections in electrocoagulation of textile wastewater 
treatment, Int. J. Electrochem. Sci., 10 (2015) 2685–2693.

[19] H. Singh, B.K. Mishra, Performance evaluation of the electro-
coagulation treatment process for the removal of total 
suspended solids and metals from water, World Congress on 
Sustainable Technologies (WCST), 2015.

[20] M. Kobya, P.I. Omwene, Z. Ukundimana, Treatment and 
operating cost analysis of metalworking wastewaters by a 
continuous electrocoagulation reactor, J. Environ. Chem. Eng., 
8 (2020) 103526, doi: 10.1016/j.jece.2019.103526.

[21] D.S.M. Islam, Electrocoagulation (EC) technology for 
wastewater treatment and pollutants removal, Sustainable 
Water Resour. Manage., 5 (2017) 359–380.

[22] F.I. El-Hosiny, K.A. Selmi, M.A. Abdel-Khalek, O. Inge, 
Physicochemical study of dye removal using electrocoagulation-
flotation process, Physicochem. Probl. Miner. Process., 54 (2018) 
321–333.

[23] J. Vidal, L. Villegas, M. Juan, P. Hernández, R.S. González, 
Removal of Acid Black 194 dye from water by electrocoagulation 
with aluminum anode, J. Environ. Sci. Health. Part A Toxic/
Hazard. Subst. Environ. Eng., 51 (2016) 289–296.

[24] T.S.A. Singh, S.T. Ramesh, An experimental study of CI Reactive 
Blue 25 removal from aqueous solution by electrocoagulation 
using aluminum sacrificial electrode: kinetics and influence of 
parameters on electrocoagulation performance, Desal. Water 
Treat., 52 (2014) 13–15.

[25] M. Ahmadian, N. Yousefi, S.W.V. Ginkel, M.R. Zare, R. Sajad, 
F. Ali, Kinetic study of slaughterhouse wastewater treatment 

by electrocoagulation using Fe electrodes, Water Sci. Technol., 
66 (2012) 754–60.

[26]	 M.K.	 Roković,	 M.	 Čubrić,	 O.	 Wittine,	 Phenolic	 compounds	
removal from mimosa tannin model water and olive mill 
wastewater by energy-efficient electrocoagulation process, 
J. Electrochem. Sci. Eng., 4 (2014) 215–225.

[27] A. Pirkarami, M.E. Oly, Removal of dye from industrial waste-
water with an emphasis on improving economic efficiency and 
degradation mechanism, J. Saudi Chem. Soc., 21 (2014) 179–186.

[28] G.F.S. Valente, R.C.S. Mendonça, J.A.M. Pereira, The efficiency 
of electrocoagulation using aluminum electrodes in treating 
wastewater from a dairy industry, Ciência. Rural., 45 (2015) 
1713–1719.

[29] A. Ogedey, M. Tanyol, Optimizing electrocoagulation process 
using experimental design for COD removal from unsanitary 
landfill leachate, Water Sci. Technol., 76 (2017) 2907–2917.

[30] M.P.M. Combatt, R.C.S. Mendoca, G.F.S. Valente, Validation 
of the electrocoagulation process and evaluation of the 
electro-dissolution of electrodes in the treatment of poultry 
slaughterhouse wastewater, Quim. Nova, 40 (2017) 447–453.

[31] P. Asaithambi, D. Beyene, A.R. Abdul Aziz, E. Alemayehu, 
Removal of pollutants with determination of power 
consumption from landfill leachate wastewater using an 
electrocoagulation process: optimization using response surface 
methodology (RSM), Appl. Water Sci., 8 (2018) 1–12.

[32] S. Irki, D. Ghernaout, M.W. Naceur, A. Alghamdi, M. Aichouni, 
Decolorizing Methyl orange by Fe-electrocoagulation process –  
a mechanistic insight, J. Environ. Anal. Chem., 2 (2018) 
18–28.

[33] S. Manikandan, R. Saraswathi, M.S. Ansari, Effect of pH 
and electrolysis time on removal of Reactive Black B dye by 
electrochemical treatment, Asian J. Eng. Technol. Innovation, 
7 (2018) 45–47.

[34] R. Shah, H. Tahir, S. Sadiq, Modeling and optimization of 
electrocoagulation process for the removal of Yellow145 dye 
based on central composite design, J. Anal. Environ. Chem., 
20 (2019) 115–126.

[35] J. Núñez, M. Yeberb, N. Cisternasc, R. Thibaut, P. Medina, 
C. Carrasco, Application of electrocoagulation for the 
efficient pollutants removal to reuse the treated wastewater 
in the dyeing process of the textile industry, J. Hazard. Mater., 
371 (2019) 705–711.

[36] Z. Gündüz, M. Atabey, Effects of operational parameters on 
the decolourisation of Reactive Red 195 dye from aqueous 
solutions by electrochemical treatment, Int. J. Electrochem. 
Sci., 14 (2019) 5868–5885.

[37] K.D. Cruz, J.T.J. Francisco, K.J.M. Mellendrez, J.M.F. Pineda, 
Electrocoagulation treatment of swine slaughterhouse 
wastewater: effect of electrode material, E3S Web Conf., 
117 (2019) 00020.

[38] A. Deghles, Treatment of tannery wastewater by the application 
of electrocoagulation process using iron and aluminum 
electrodes, Green Sustainable Chem., 9 (2019) 119–134.

[39] S. Abbasi, M. Mirghorayshi, S. Zinadini, A.A. Zinatizadeh, 
A novel single continuous electrocoagulation process for 
treatment of licorice processing wastewater: optimization 
of operating factors using RSM, Process Saf. Environ. Prot., 
134 (2019) 323–332.

[40] K. Gautam, S. Kamsonlian, S. Kumar, Removal of Reactive Red 
120 dye from wastewater using electrocoagulation: optimization 
using multivariate approach, economic analysis, and sludge 
characterization, Sep. Sci. Technol., 55 (2019) 3412–3426.

[41] R. Niazmand, M. Jahani, F. Sabbagh, R. Shahabaldin, 
Optimization of electrocoagulation conditions for the puri-
fication of table olive debittering wastewater using response 
surface methodology, Water, 12 (2020) 1687, doi: 10.3390/
w12061687.

[42] K. Hendaoui, M.T. Ayadi, F. Ayari, Optimization and 
mechanisms analysis of Indigo dye removal using continuous 
electrocoagulation, Chin. J. Chem. Eng., 29 (2020) 242–252.

[43] J. Jing, R. Shuai, Y. Gao, W. Sun, Z. Gao, Electrocoagulation: 
a promising method to treat and reuse mineral processing 
wastewater with high COD, Water, 12 (2020) 1–12.



103A. Gasmi et al. / Desalination and Water Treatment 271 (2022) 74–107

[44] C.H. Huang, S.Y. Shen, C.D. Dong, M. Kumarand, J. Chang, 
Removal mechanism and effective current of electrocoagulation 
for treating wastewater containing Ni(II), Cu(II), and Cr(VI), 
Water, 12 (2020) 1–11.

[45] A.A. Moneer, N.M. El-Mallah, M.M. El-Sadaawy, M. Khedawy, 
M.S.H. Ramadan, Kinetics, thermodynamics, isotherm 
modeling for removal of Reactive Red 35 and Disperse Yellow 
56 dyes using batch bi-polar aluminum electrocoagulation, 
Alexandria Eng. J., 60 (2021) 4139–4154.

[46] D. Ghernaout, B. Ghernaout, A. Boucherit, M.W. Naceur, 
A. Kellil, Study on mechanism of electrocoagulation with 
iron electrodes in idealised conditions and electrocoagulation 
of humic acids solution in batch using aluminium electrodes, 
Desal. Water Treat., 8 (2009) 91–99.

[47] T.S.A. Singh, S.T. Ramesh, New trends in electrocoagulation 
for the removal of dyes from wastewater: a review, Environ. 
Eng. Sci., 30 (2013) 333–349.

[48] M.Y.A. Mollah, P. Morkovsky, J.A.G. Gomes, M. Kesmez, 
J. Parga, D.L. Cocke, Fundamentals, present and future 
perspectives of electrocoagulation, J. Hazard. Mater., 114 (2004) 
199–210.

[49] B.D. Syam, T.S.A. Singh, P.V. Nidheesh, M.S. Kumar, Industrial 
wastewater treatment by electrocoagulation process, Sep. Sci. 
Technol., 55 (2019) 3195–3227.

[51] S.G. Seguraa, M.S.G. Eibanda, J.V. Meloa, H.C.A. Martínez, 
Electrocoagulation and advanced electrocoagulation processes: 
a general review about the fundamentals, emerging applications 
and its association with other technologies, J. Electroanal. 
Chem., 801 (2017) 267–299.

[52] J.N. Hakizimana, B. Gourich, M. Chafi, Y. Stiriba, C. Vial,  
P. Drogui, J. Naja, Electrocoagulation process in water treat-
ment: a review of electrocoagulation modeling approaches, 
Desalination, 404 (2017) 1–21.

[53] D. Lakshmanan, D.A. Clifford, G. Samanta, Ferrous and ferric 
ion generation during iron electrocoagulation, Environ. Sci. 
Technol., 43 (2009) 3853–3859.

[54] S.T. Tchamango, O.K. Kamdoum, D.D. Donfack, D. Babale, 
E.N. Ngameni, Comparison of electrocoagulation and chemical 
coagulation in the treatment of artisanal tannery, Niger. J. 
Technol., 35 (2016) 219–225.

[55] S.I. Chaturvedi, Electrocoagulation: a novel wastewater 
treatment method, Int. J. Mod. Eng. Res. Technol., 3 (2013) 
93–100.

[56] G. Chen, Electrochemical technologies in wastewater treatment, 
Sep. Purif. Technol., 38 (2004) 11–41.

[57] M. Chen, O. Dollar, K.S. Peltier, S. Randtke, S. Waseem, E. Peltier, 
Boron removal by electrocoagulation: removal mechanism, 
adsorption models and factors influencing removal, Water Res., 
170 (2020) 115362, doi: 10.1016/j.watres.2019.115362.

[58] M. Elazzouzi, K. Haboubi, M.S. Elyoubi, Electrocoagulation 
flocculation as a low-cost process for pollutants removal from 
urban wastewater, Chem. Eng. Res. Des., 117 (2017) 614–626.

[59] T. Picard, F.G. Cathalifaund, M. Mazet, C. Vandensteendam, 
Cathodic dissolution in the electrocoagulation process using 
aluminum electrodes, J. Environ. Monit., 2 (2020) 77–80.

[60] J.B. Parsa, H.R. Vahidian, A.R. Soleymani, M. Abbasi, Removal 
of Acid Brown 14 in aqueous media by electrocoagulation: 
optimization parameters and minimizing of energy 
consumption, Desalination, 278 (2011) 295–302.

[61] N. Daneshvar, S.H. Ashassi, M.B. Kasiri, Decolorization of dye 
solution containing Acid Red 14 by electrocoagulation with a 
comparative investigation of different electrode connection, 
J. Hazard. Mater., 112 (2004) 55–62.

[62] I. Langmuir, The adsorption of gases on plane surfaces 
of glass, mica and platinum, J. Am. Chem. Soc., 40 (1918) 
1361–1403.

[63] H. Freundlich, Kolloidfällung und adsorption, Angew. Chem. 
Int. Ed., 20 (1907) 749–750.

[64] M.M. Dubinin, L.V. Radushkevich, The equation of the 
characteristic curve of activated charcoal, Phys. Chem. Sect., 
55 (1947) 331–337.

[65] O. Redlich, D.L. Peterson, A useful adsorption isotherm, J. Phys. 
Chem., 63 (1959) 1024–1029.

[66] R. Sips, On the structure of a catalyst surface, J. Chem. Phys., 
16 (1948) 490–495.

[67] H.K. Said, N.M. Mostefa, Optimization of turbidity and COD 
removal from pharmaceutical wastewater by electrocoagulation. 
Isotherm modeling and cost analysis, Pol. J. Environ. Stud., 
24 (2015) 1049–1061.

[68] D.J. Castañeda, S.T. Pavón, S.E. Gutiérrez, C.A. Colín, Electro-
coagulation-adsorption to remove anionic and cationic dyes 
from aqueous solution by PV-energy, J. Chem., 2017 (2017) 1–14.

[69]	 T.	Öztürk,	H.	Akbaş,	K.G.	Aydın,	Dye	removal	from	synthetic	
and dye bath wastewater by electrocoagulation method and 
isotherms, MANAS J. Eng., 8 (2020) 115–124.

[70] A.I. Adeogun, R.B. Balakrishnan, Kinetics, isothermal and 
thermodynamics studies of electrocoagulation removal of basic 
dye rhodamine B from aqueous solution using steel electrodes, 
Appl. Water Sci., 7 (2017) 1711–1723.

[71] Z. Zaroual, M. Azzi, N. Saib, E. Chainet, Contribution to study 
of electrocoagulation mechanism in basic textile effluent, 
J. Hazard. Mater., B, 131 (2006) 73–78.

[72] A.K. Golder, H. Kumar, A.N. Samanta, S. Ray, Colour diminution 
and COD reduction in treatment of coloured effluent by 
electrocoagulation, Int. J. Energy Environ. Eng., 2 (2009) 228–238.

[73] M.H.A. Casillas, D.L. Cocke, G.J.A. Gomes, P. Morkovsky, 
J.P. Parga, E. Peterson, Electrocoagulation mechanism for 
COD removal, Sep. Purif. Technol., 56 (2007) 204–211.

[74] B. Louhichi, F. Gaied, K. Mansouri, M.R. Jeday, Treatment of 
textile	 industry	 effluents	 by	 electro-coagulation	 and	 electro-
Fenton processes using solar energy: a comparative study, 
Chem. Eng. J., 427 (2022) 131735, doi: 10.1016/j.cej.2021.131735.

[75] T.B. Pavón-Silva, H. Romero-Tehuitzil, G.M. del Río, J. Huacuz-
Villamar, Photovoltaic energy-assisted electrocoagulation 
of a synthetic textile effluent, Int. J. Photoenergy, 2018 (2018) 
7978901, doi: 10.1155/2018/7978901.

[76] X. Mao, H. Song, Z. Hua, L. Hui, W. Lin, G. Fuxing, Alternating 
pulse current in electrocoagulation for wastewater treatment 
to prevent the passivation of al electrode, J. Wuhan Univ. 
Technol.-Mater. Sci. Ed., 23 (2008) 239–241.

[77] M. Eyvaz, E. Gürbulak, S. Kara, E. Yüksel, Preventing of Cathode 
Passivation/Deposition in Electrochemical Treatment Methods –  
A Case Study on Winery Wastewater with Electrocoagulation, 
M. Aliofkhazraei, Ed., Modern Electrochemical Methods 
in Nano, Surface and Corrosion Science, IntechOpen, 2014.

[78] K.W. Pi, Q. Xiao, H.Q. Zhang, M. Xia, A.R. Gerson, Decolorization 
of synthetic Methyl orange wastewater by electrocoagulation 
with periodic reversal of electrodes and optimization by RSM, 
Process Saf. Environ. Prot., 92 (2014) 796–806.

[79] N. Ardhan, T. Ruttithiwapanic, W. Songkasiri, C. Phalakornkule, 
Comparison of performance of continuous-flow and batch 
electrocoagulators: a case study for eliminating Reactive blue 
21 using iron electrodes, Sep. Purif. Technol., 146 (2015) 75–84.

[80] E.-S.Z. El-Ashtoukhy, N.K. Amin, O. Abdelwahab, Treatment 
of paper mill effluents in a batch-stirred electrochemical tank 
reactor, Chem. Eng. J., 146 (2009) 205–210.

[81] A.T. Ortega, S.A.M. Delgadillo, V.X.M. Escamilla, M.M. Lozano, 
C.B. Díaz, Modeling the removal of Indigo dye from aqueous 
media in a sonoelectrochemical flow reactor, Int. J. Electrochem. 
Sci., 8 (2013) 3876–3887.

[82] A. López, D. Valero, L.G. Cruz, A. Sàez, V.G. García, E. Expósito, 
V. Montiel, Characterization of a new cartridge type electro-
coagulation reactor (CTECR) using a three-dimensional steel 
wool anode, J. Electroanal. Chem., 793 (2017) 93–98.

[83] S.H. Ammar, N.N. Ismail, A.D. Ali, W.M. Abbas, Electro-
coagulation technique for refinery wastewater treatment in an 
internal loop split-plate airlift reactor, J. Environ. Chem. Eng., 
7 (2019) 103489, doi: 10.1016/j.jece.2019.103489.

[84] M. Elhafdi, M. Benchikhic, A. Dassab, H. Chenik, A. Essadki, 
M. Azzi, Electrocoagulation/electroflotation of real textile 
effluent: improvement of the process in non-conventional pilot 
external loop airlift reactor, Mor. J. Chem., 6 (2018) 718–731.

[85] A.R. Rodrigues, C.C. Seki, L.S. Ramalho, A. Argondizo, 
A.P. Silva, Electrocoagulation in a fixed bed reactor – color 
removal in batch and continuous mode, Sep. Purif. Technol., 
253 (2020) 117481, doi: 10.1016/j.seppur.2020.117481.



A. Gasmi et al. / Desalination and Water Treatment 271 (2022) 74–107104

[86] B.Y. Tak, B.K. Tak, Y.J. Kim, Y.J. Park, Y.H. Yoon, G.H. Min, 
Optimization of color and COD removal from livestock 
wastewater by electrocoagulation process: application of 
Box–Behnken design (BBD), J. Ind. Eng. Chem., 28 (2015)  
307–315.

[87] S.S. Alkurdi, A.H. Abbar, Removal of COD from petroleum 
refinery wastewater by electro-coagulation process using 
SS/Al electrodes, Mater. Sci. Eng., 870 (2020) 012052.

[88] N. Daneshvar, A. Oladegaragoze, D. Djafarzadeh, Decolori-
zation of basic dye solutions by electrocoagulation: an 
investigation of the effect of operational parameters, J. Hazard. 
Mater., 129 (2006) 116–122.

[89] M.M. Hossain, M.I. Mahmud, M.S. Parvez, H.M. Cho, Impact 
of current density, operating time and pH of textile wastewater 
treatment by electrocoagulation process, Environ. Eng. Res., 
18 (2013) 157–161.

[90] M. Kobya, O.T. Can, M. Bayramoglu, Treatment of textile 
wastewaters by electrocoagulation using iron and aluminum 
electrodes, J. Hazard. Mater., 100 (2003) 163–178.

[91] D. Ghernaout, A.I. Al-Ghonamy, M.W. Naceur, N.A. Mes-
saoudene, M. Aichouni, Influence of operating parameters on 
electrocoagulation of C.I. Disperse Yellow 3, J. Electrochem. 
Sci. Eng., 4 (2014) 271–283.

[92] R. Sridhar, V. Sivakumar, J.P. Maran, K. Thirugnana-
sambandham, Influence of operating parameters on treatment 
of egg processing effluent by electrocoagulation process, 
Int. J. Environ. Sci. Technol., 11 (2014) 1619–1630.

[93] N.B. Patel, B.D. Soni, J.P. Ruparelia, Studies on removal of 
dyes from wastewater using electro-coagulation process, 
NIRMA Univ. J. Eng. Technol., 1 (2010) 20–25.

[94] I.L. Hernández, C.B. Díaz, G.R. Morales, B. Bilyeu, F.U. Núnez, 
Influence of the anodic material on electrocoagulation perfor-
mance, Chem. Eng. Sci., 148 (2009) 97–105.

[95] I. Syaichurrozi, S. Sarto, W.B. Sediawan, M. Hidayat, Effect 
of current and initial pH on electrocoagulation in treating 
the distillery spent wash with very high pollutant content, 
Water, 13 (2021) 1–20.

[96] F. Ozyonar, B. Karagozoglu, Operating cost analysis and 
treatment of domestic wastewater by electrocoagulation 
using aluminum electrodes, Pol. J. Environ. Stud., 20 (2011) 
173–179.

[97] D. Ghernaout, The Holy Koran revelation: iron is a “sent 
down” metal, Am. J. Environ. Prot., 6 (2017) 101–104.

[98] X. Chen, G. Chen, P.L. Yue, Separation of pollutants from 
restaurant wastewater by electrocoagulation, Sep. Purif. 
Technol., 19 (2000) 65–76.

[99] S.F. Weiss, M.L. Christensen, M.K. Jørgensen, Mechanisms 
behind pH changes during electrocoagulation, AlChE J., 
67 (2021) 1–13.

[100] A. Deghles, U. Kurt, Hydrogen gas production from tannery 
wastewater by electrocoagulation of a continuous mode with 
simultaneous pollutants removal, J. Appl. Chem., 10 (2017) 
40–50.

[101] L. Sharma, S. Prabhakar, V. Tiwari, A. Dhar, A. Halder, 
Optimization of EC parameters using Fe and Al electrodes 
for hydrogen production and wastewater treatment, Adv. 
Environ., 3 (2021) 100029, doi: 10.1016/j.envadv.2020.100029.

[102] O. Sahu, B. Mazumdar, P.K. Chaudhari, Treatment of 
wastewater by electrocoagulation: a review, Environ. Sci. 
Pollut. Res., 21 (2014) 2397–2413.

[103] F.Y. AlJaberi, Modelling current efficiency and ohmic potential 
drop in an innovated electrocoagulation reactor, Desal. Water 
Treat., 164 (2019) 102–110.

[104] F. Benaissa, S.H. Kermet, N.M. Mostefa, Optimization and 
kinetic modeling of electrocoagulation treatment of dairy 
wastewater, Desal. Water Treat., 57 (2014) 5988–5994.

[105] M. Nasrullah, N.I.M.D. Siddique, A.W. Zularisam, Effect of 
high current density in electrocoagulation process for sewage 
treatment, Chem. Asian J., 26 (2014) 4281–4285.

[106] M. Alizadeh, E. Ghahramani, M. Zarrabi, S. Hashemi, Efficient 
de-colorization of Methylene blue by electro-coagulation 
method: comparison of iron and aluminum electrode, Iran. 
J. Chem. Eng., 34 (2015) 39–47.

[107] S. Sen, A.K. Prajapati, A. Bannatwala, D. Pala, Electro-
coagulation treatment of industrial wastewater including 
textile dyeing effluent – a review, Desal. Water Treat., 
161 (2019) 21–34.

[108] R. Alam, J.Q. Shang, A.H. Khan, Bubble size distribution in 
a laboratory-scale electroflotation study, Environ. Monit. 
Assess., 189 (2017) 1–14.

[109]	 F.	Ozyonar,	H.	Muratçobanoğlu,	Ö.	Gökkuş,	Optimum	process	
condition determination for the treatment of Disperse Blue 60 
dye by electrocoagulation with Taguchi method, Desal. Water 
Treat., 201 (2020) 443–451.

[110] S.O. Giwa, K. Polat, H. Hapoglu, The effects of operating 
parameters on temperature and electrode dissolution in 
electrocoagulation treatment of petrochemical wastewater, 
Int. J. Eng. Res., 2 (2012) 639–647.

[111] M. Secula, C. Igor, P. Stelian, An experimental study 
of Indigo Carmine removal from aqueous solution by 
electrocoagulation, Desalination, 277 (2011) 227–235.

[112] Q.H. Nguyen, T. Watari, T. Yamaguchi, Y. Takimoto, 
K. Niihara, J.P. Wiff, T. Nakayama, COD removal from 
artificial wastewater by electrocoagulation using aluminum 
electrodes, Int. J. Electrochem. Sci., 15 (2020) 39–51.

[113] Z.B. Gonder, G. Balcglu, I. Vergili, Y. Kaya, Electrochemical 
treatment of carwash wastewater using Fe and Al electrode: 
techno-economic analysis and sludge characterization, 
J. Environ. Manage., 200 (2017) 380–390.

[114] S. Gondudey, P.K. Chaudhari, Influence of various electrode 
materials in electrocoagulation efficiency: application in 
treatment of sugar industry effluent, Sugar Tech., 22 (2019) 
15–27.

[115] M.S. Mahmoud, J.Y. Farah, T.E. Farrag, Enhanced removal of 
Methylene blue by electrocoagulation using iron electrodes, 
Egypt. J. Pet., 22 (2013) 211–216.

[116] N. Modirshahla, M.A. Behnajady, S. Kooshaiian, Investigation 
of the effect of different electrode connections on the 
removal efficiency of Tartrazine from aqueous solutions by 
electrocoagulation, Dyes Pigm.,74 (2007) 249–257.

[117] R. Katal, H. Pahlavanzadeh, Influence of different 
combinations of aluminum and iron electrode on electro-
coagulation efficiency: application to the treatment of paper 
mill wastewater, Desalination, 265 (2011) 199–205.

[118] D.T. Cestarolli, A.G. Oliveira, E.M. Guerra, Removal of 
Eriochrome black textile dye from aqueous solution by 
combined electrocoagulation–electroflotation methodology, 
Appl. Water Sci., 9 (2019) 1–5.

[119] S. Ainchu, J. Yimrattanabovorn, O. Panomasak, T. Toduang,  
K. Sakuadwan, W. Boonchai, Comparison of electrocoagulation 
using iron and aluminium electrodes with chemical coagu-
lation for removal of vat dye solution, Sci. Technol., 28 (2020) 
2563, doi: 10.14456/nujst.2020.11.

[120] S. Safari, A.M. Aghdam, H.R. Kariminia, Electrocoagulation 
for COD and diesel removal from oily wastewater, Int. J. 
Environ. Sci. Technol., 13 (2015) 231–242.

[121] R. Niazmand, M. Jahani, S. Kalantarian, Treatment of olive 
processing	wastewater	by	electrocoagulation:	an	effectiveness	
and economic assessment, J. Environ. Manage., 248 (2019) 
109262, doi: 10.1016/j.jenvman.2019.109262.

[122] F. Ozyonar, S. Aksoy, Removal of salicylic acid from aqueous 
solutions using various electrodes and different connection 
modes by electrocoagulation, Int. J. Electrochem. Sci., 
11 (2016) 3680–3696.

[123] M.H. El-Naas, S. Al-Zuhair, A. Al-Lobaney, S. Makhlouf, 
Assessment of electrocoagulation for the treatment of 
petroleum refinery wastewater, J. Environ. Manage., 91 (2009) 
180–185.

[124] F. Ilhan, U. Kurt, O. Apaydin, MT. Gonullu, Treatment of 
leachate by electrocoagulation using aluminum and iron 
electrodes, J. Hazard. Mater., 154 (2008) 381–389.

[125] I. Zongo, A.H. Maiga, J. Wéthé, G. Valentin, J.P. Leclerc, 
G. Paternotte, F. Lapicque, Electrocoagulation for the 
treatment of textile wastewaters with Al or Fe electrodes: 
compared variations of COD levels, turbidity and absorbance, 
J. Hazard. Mater., 169 (2009) 70–76.



105A. Gasmi et al. / Desalination and Water Treatment 271 (2022) 74–107

[126] D. Ghernaout, B. Ghernaout, On the controversial effect 
of sodium sulphate as supporting electrolyte on electro-
coagulation process: a review, Desal. Water Treat., 
27 (2011) 243–254.

[127] J.C. Izquierdo, P. Canizares, M.A. Rodrigo, J.P. Leclerc, 
G. Valentin, F. Lapicque, Effect of the nature of the 
supporting electrolyte on the treatment of soluble oils by 
electrocoagulation, Desalination, 255 (2010) 15–20.

[128] C.H. Huang, S.Y. Shen, C.W. Chen, C.D. Dong, K. Mohanraj, 
D. Balasubramanian, J.H. Chang, Effect of chloride ions on 
electro-coagulation to treat industrial wastewater containing 
Cu and Ni, Sustainability, 12 (2020) 7693, doi: 10.3390/
su12187693.

[129] A. Pathak, V. Khandegar, A. Kumar, Removal of Acid Violet 
17 by electrocoagulation using plain and extended surface 
electrodes, J. Hazard. Toxic Radioact. Waste, 25 (2021) 
06021002.

[130] D. Ghernaout, M.W. Naceur, A. Aouabed, On the dependence 
of chlorine by-products generated species formation of 
the electrode material and applied charge during electro-
chemical water treatment, Desalination, 270 (2011) 9–22.

[131] B.K. Korbahti, N. Aktas, A. Tanyolac, Optimization of 
electrochemical treatment of industrial paint wastewater 
with response surface methodology, J. Hazard. Mater., 
148 (2007) 83–90.

[132]	 F.	Özyonar,	Ö.	Gökkuş,	M.	Sabuni,	Removal	of	disperse	and	
reactive dyes from aqueous solutions using ultrasound-
assisted electrocoagulation, Chemosphere, 258 (2020) 127325, 
doi: 10.1016/j.chemosphere.2020.127325.

[133] K. Thirugnanasambandham, V. Sivakumar, M.J. Prakash,  
Performance evaluation and optimization of electro-
coagulation process to treat grey wastewater, Desal. Water 
Treat., 55 (2014) 1703–1711.

[134] M. Kobya, E. Demirbas, O.T. Can, M. Bayramoglu, Treatment 
of levafix orange textile dye solution by electrocoagulation, 
J. Hazard. Mater., 132 (2006) 183–188.

[135] O.T. Can, M. Bayramoglu, M. Kobya, Decolorization of 
reactive dye solutions by electrocoagulation using aluminum 
electrodes, Ind. Eng. Chem. Res., 42 (2003) 3391–3396.

[136] K. Eryuruk, U.T. Un, U.B. Ogutveren, Electrochemical 
treatment of wastewaters from poultry slaughtering and 
processing by using iron electrodes, J. Cleaner Prod., 
172 (2018) 1089–1095.

[137] A.S. Naje, S. Chelliapan, Z. Zakaria, S.A. Abbas, Enhancement 
of an electrocoagulation process for the treatment of textile 
wastewater under combined electrical connections using 
titanium plates, Int. J. Electrochem. Sci., 10 (2015) 4495–4512.

[138] M. Bayramoglu, M. Kobya, O.T. Can, M. Sozbir, Operating 
cost analysis of electrocoagulation of textile dye wastewater, 
Sep. Purif. Technol., 37 (2004) 117–125.

[139] B. Bejjany, B. Lekhlif, F. Eddaqaq, A. Dani, H. Mellouk, 
K. Digua, Treatment of the surface water by electrocoagulation-
electroflotation process in internal loop airlift reactor: 
conductivity effect on turbidity removal and energy 
consumption, J. Mater. Environ. Sci., 8 (2017) 2757–2768.

[140] D. Ghosh, C.R. Medhi, H. Solanki, M.K. Purkait, Decolorization 
of crystal violet solution by electrocoagulation, J. Environ. 
Prot. Sci., 2 (2008) 25–35.

[141] A. Dalvand, M. Gholami, A. Joneidi, N.M. Mahmoodi, 
Dye removal, energy consumption and operating cost of 
electrocoagulation of textile wastewater as a clean process, 
Clean — Soil Air Water, 39 (2011) 665–672.

[142] M. Bharath, B.M. Krishna, K.B.P. Shiva, Electrocoagulation 
treatment for removal of color and chemical oxygen demand 
in landfill leachate using aluminum electrode, Int. J. Recent 
Technol. Eng., 8 (2019) 89–92.

[143] H. Ehsani, N. Mehrdadi, G. Asadollahfardi, G.N. Bidhendi,  
G. Azarian, A new combined electrocoagulation-electro-
flotation process for pretreatment of synthetic and real 
moquette-manufacturing industry wastewater: optimization 
of operating conditions, J. Environ. Chem. Eng., 8 (2020) 
104263, doi: 10.1016/j.jece.2020.104263.

[144] R. Shankar, L. Singh, P. Mondal, S. Chand, Removal of COD, 
TOC, and color from pulp and paper industry wastewater 
through electrocoagulation, Desal. Water Treat., 52 (2014) 
7711–7722.

[145] B.K. Nandi, S. Patel, Effects of operational parameters on the 
removal of brilliant green dye from aqueous solutions by 
electrocoagulation, Arabian J. Chem., 10 (2017) S2961–S2968.

[146] J.K. Maghanga, F.K. Segor, L. Etiégni, J. Lusweti, 
Eectrocoagulation method for colour removal in tea effluent: 
a case study of Chemomi Tea Factory In rift Valley Kenya, 
Chem. Soc. Ethiop., 23 (2009) 371–381.

[147]	 S.	Bayar,	R.	Boncukcuoğlu,	A.E.	Yilmaz,	B.A.	Fil,	Pre-Treatment	
of pistachio processing industry wastewaters (PPIW) by 
electrocoagulation using Al plate electrode, Sep. Sci. Technol., 
49 (2014) 1008–1018.

[148] K. Brahmi, W. Bouguerra, B. Hamrouni, E. Elaloui, 
M. Loungou, Z. Tlili, Investigation of electrocoagulation 
reactor design parameters effect on the removal of cadmium 
from synthetic and phosphate industrial wastewater, 
Arabian J. Chem., 12 (2019) 1848–1859.

[149] M. Kobya, M. Bayramoglu, M. Eyvaz, Techno-economical 
evaluation of electrocoagulation for the textile wastewater 
using different electrode connections, J. Hazard. Mater., 
148 (2007) 311–318.

[150] C.T. Wang, W.L. Chou, Y.M. Kuo, Removal of COD from 
laundry wastewater by electrocoagulation/electroflotation, 
J. Hazard. Mater., 164 (2009) 81–86.

[151] M. Alimohammadi, M. Askari, M.H. Dehghani, A. Dalvand, 
R. Saeedi, K. Yetilmezsoy, B. Heibati, G. Mcky, Elimination 
of natural organic matter by electrocoagulation using 
bipolar and monopolar arrangements of iron and aluminum 
electrodes, Int. J. Environ. Sci. Technol., 14 (2017) 2125–2134.

[152] M. Nasrullah, L. Singh, S. Krishnan, M. Sakinah, 
A.W. Zularisam, Electrode design for electrochemical cell 
to treat palm oil mill effluent by electrocoagulation process, 
Environ. Technol. Innovation, 9 (2018) 323–341.

[153] F. Ozyonar, H. Muratcobanoglu, O. Gokkus, Taguchi approach 
for color removal using electrocoagulation with different 
electrode connection types, Fresenius Environ. Bull., 26 (2017) 
7600–7607.

[154] S. Bellebia, S. Kacha, Z. Bouberka, A.Z. Bouyakoub, 
Z. Derriche, Color removal from acid and reactive dye 
solutions by electrocoagulation and electrocoagulation/
adsorption processes, Water Environ. Res., 81 (2009) 382–393.

[155] F. Özyonar, M.U. Korkmaz, Sequential use of the 
electrocoagulation-electrooxidation processes for domestic 
wastewater treatment, Chemosphere, 290 (2022) 133172, 
doi: 10.1016/j.chemosphere.2021.133172.

[156] O. Sahu, Electro-oxidation and chemical oxidation treatment 
of sugar industry wastewater with ferrous material: an 
investigation of physicochemical characteristic of sludge, 
S. Afr. J. Chem. Eng., 28 (2019) 26–38.

[157] UT. Un, E. Aytac, Electrocoagulation in a packed bed 
reactor-complete treatment of color and cod from real textile 
wastewater, J. Environ. Manage., 123 (2013) 113–119.

[158] H. Afanga, H. Zazou, F.E. Titchou, Y. Rakhila, R.A. Akbour, 
A. Elmchaouri, J. Ghanbaja, M. Hamdani, Integrated 
electrochemical processes for textile industry wastewater 
treatment: system performances and sludge settling 
characteristics, Sustainable Environ. Res., 30 (2020) 2, 
doi: 10.1186/s42834-019-0043-2.

[159] A.S. Mohammed, A.E. Gendi, K.M.E. Khatib, S.H. Hassan, 
Treatment of textile wastewater by electrocoagulation method: 
case study; Odiba Textile, Dyeing & Finishing Company, 
Water Energy Food. Environ. J., 1 (2021) 41–53.

[160] S. Aoudj, A. Khelifa, N. Drouiche, M. Hecini, H. Hamitouche, 
Electrocoagulation process applied to wastewater containing 
dyes from textile industry, Chem. Eng. Process. Process 
Intensif., 49 (2010) 1176–1182.

[161] P.D. Usuga, F.G. Duque, R. Mosteo, M.V. Vazquez, 
G. Penuela, R.A. Torres-Palma, Experimental design 
approach applied to the elimination of crystal violet in water 



A. Gasmi et al. / Desalination and Water Treatment 271 (2022) 74–107106

by electrocoagulation with Fe or Al electrodes, J. Hazard. 
Mater., 179 (2010) 120–126.

[162] D. Torregrossa, U. Leopold, F.H. Sancho, J. Hansen, Machine 
learning for energy cost modelling in wastewater treatment 
plants, J. Environ. Manage., 223 (2018) 1061–1067.

[163] P. Christoforidou, G. Bariamis, M. Iosifidou, E. Nikolaidou, 
P. Samaras, Energy benchmarking and optimization of 
wastewater treatment plants in Greece, Environ. Sci. Proc., 
2 (2020) 1–8.

[164] H. Ehsani, N. Mehrdadi, G. Asadollahfardi, G.N. Bidhendi, 
G. Azarian, Continuous electrocoagulation process for 
pretreatment of high organic load moquette industry 
wastewater containing polyvinyl acetate: a pilot study, 
J. Environ. Anal. Chem., 102 (2022) 2260–2276.

[165] M. Kobya, E. Gengec, E. Demirbas, Operating parameters 
and costs assessments of a real dyehouse wastewater effluent 
treated by a continuous electrocoagulation process, Chem. 
Eng. Process. Process Intensif., 101 (2016) 87–100.

[166] M. Bayramoglu, M. Eyvaz, M. Kobya, Treatment of the textile 
wastewater by electrocoagulation: economical evaluation, 
Chem. Eng. J., 128 (2007) 155–161.

[167] A.G. Khorram, N. Fallah, Comparison of electrocoagulation 
and photocatalytic process for treatment of industrial dyeing 
wastewater: energy consumption analysis, Environ. Prog. 
Sustainable Energy, 39 (2020) 13288, doi: 10.1002/ep.13288.

[168]	 L.	Bilińska,	K.	Blus,	M.	Gmurek,	S.	Ledakowicz,	Coupling	of	
electrocoagulation and ozone treatment for textile wastewater 
reuse, Chem. Eng. J., 358 (2019) 992–1001.

[169] S. Lee, K. Lee, M.W. Wan, Y. Choi, Comparison of membrane 
permeability and a fouling mechanism by pre-ozonation 
followed by membrane filtration and residual, Desalination, 
178 (2005) 287–294.

[170] M.B.K. Suhan, S.B. Shuchi, A. Anis, Z. Haque, M.S. Islam, 
Comparative biodegradation study of Remazol black B dye 
using electro-coagulation and electro-Fenton process: kinetics 
and cost analysis, Environ. Nanotechnol. Monit. Manage., 
14 (2020) 100335, doi: 10.1016/j.enmm.2020.100335.

[171] A. Aitbara, M. Cherifi, S. Hazourli, J.P. Leclerc, Continuous 
treatment of industrial dairy effluent by electrocoagulation 
using aluminum electrodes, Desal. Water Treat., 57 (2014) 
3395–3404.

[172]	 W.	Dąbrowski,	R.	Żyłka,	M.	Rynkiewicz,	Evaluation	of	energy	
consumption in agro industrial wastewater treatment plant, 
J. Ecol. Eng., 17 (2016) 73–78.

[173] L.H. Andrade, F.D.S. Mendes, J.C. Espindola, M.C.S. Amaral, 
Reuse of dairy wastewater treated by membrane bioreactor 
and nanofiltration: technical and economic feasibility, Braz. 
J. Chem. Eng., 32 (2015) 735–747.

[174] O. Apaydin, E. Özkan, Landfill leachate treatment with 
electrocoagulation: optimization by using Taguchi method, 
Desal. Water Treat., 173 (2020) 65–76.

[175] D.R. Almeida, J.M.D.S. Couto, R.M. Gouvea, F.A. Oroski, 
D.M. Bila, B.R. Quintaes, J.C. Campos, Nanofiltration applied 
to the landfill leachate treatment and preliminary cost 
estimation, Waste Manage. Res., 38 (2020) 1–10.

[176] P. Cañizares, A.C. Beteta, L. Rodríguez, M.A. Rodrigo, 
Conductive-diamond electrochemial oxidation in the 
treatment of effluents from door manufacturing factories, 
J. Environ. Eng. Manage., 18 (2008) 183–191.

[177]	 B.A.	 Fıl,	 R.	 Boncukcuoğlu,	 A.E.	 Yilmaz,	 S.	 Bayar,	 Electro-
oxidation of pistachio processing industry wastewater using 
graphite anode, Clean — Soil Air Water, 42 (2014) 1232–1238.

[178] N. Dizge, C. Akarsu, Y. Ozay, H.E. Gulsen, S.K. Adiguzel, 
M.A. Mazmanci, Sono-assisted electrocoagulation and cross-
flow membrane processes for brewery wastewater treatment, 
J. Water Process Eng., 21 (2018) 52–60.

[179] Y. Wei, J. Yue, W. Zhang, Treatment of high concentration 
wastewater from an oil and gas field via a paired sequencing 
batch and ceramic membrane reactor, Int. J. Environ. Res. 
Public Health, 17 (2020) 1–11.

[180] C.M. Khor, J. Wang, L. Minghua, B.A. Oettel, R.B. Kaner, 
D. Jassby, E.M.V. Hoek, Performance, energy and cost of 

produced water treatment by chemical and electrochemical 
coagulation, Water, 12 (2020) 3426, doi: 10.3390/w12123426.

[181] A.A. Sari, N. Suwanto, A.A. Asmara, N. Ariani, 
A.A.R. Setiawan, J.W. Waluyo, M. Muryanto, S. Sudarno, 
Performance evaluation and operation cost analysis of 
electrolytes application in electrocoagulation process applied 
to peat wastewater treatment, AIP Conf. Proc., 2175 (2019) 
020038, doi: 10.1063/1.5134602.

[182] M. Elazzouzi, K. Haboubi, M.S. Elyoubi, Enhancement of 
electrocoagulation-flotation process for urban wastewater 
treatment using Al and Fe electrodes: techno-economic study, 
Mater. Today:. Proc., 13 (2019) 549–555.

[183] M. Elazzouzi, K. Haboubi, M.S. Elyoubi, A. El Kasmi, 
Development of a novel electrocoagulation anode for real 
urban wastewater treatment: experimental and modeling 
study to optimize operative conditions, Arabian J. Chem., 
14 (2020) 102912, doi: 10.1016/j.arabjc.2020.11.018.

[184] A.S. Mahmoud, R.S. Farag, M.M. Elshfai, Reduction of 
organic matter from municipal wastewater at low cost using 
green synthesis nano iron extracted from black tea: Artificial 
intelligence with regression analysis, Egypt. J. Pet., 29 (2019) 
9–20.

[185] A. Gasmi, M. Heran, A. Hannachi, A. Grasmick, Fouling 
analysis and biomass distribution on a membrane bioreactor 
under low ratio COD/N, Membr. Water Treat., 6 (2015) 
263–276.

[186] G. Skouteris, T.C. Arnot, M. Jraou, F. Feki, S. Sayadi, Modeling 
energy consumption in membrane bioreactors for wastewater 
treatment in North Africa, Water Environ. Res., 86 (2014) 
232–244.

[187] E.K.A. Solmaz, A. Birgu, G.E. Ustun, T. Yonar, Colour and 
COD removal from textile effluent by coagulation and 
advanced oxidation processes, Color. Technol., 122 (2006) 
102–109.

[188] A.M. El-Dein, J. Libra, U. Wiesmann, Cost analysis for the 
degradation of highly concentrated textile dye wastewater 
with chemical oxidation H2O2/UV and biological treatment, 
J. Chem. Technol. Biotechnol., 81 (2006) 1239–1245.

[189] H.C.L. Geraldino, J.I. Simionato, T.K.F.S. Freitas, J.C. Garcia, 
N.E. Souza, Evaluation of the electrode wear and the residual 
concentration of iron in a system of electrocoagulation, 
Desal. Water Treat., 57 (2015) 13377–13387.

[190] B. Chezeau, L. Boudriche, C. Vial, A. Boudjemaa, Treatment of 
dairy wastewater by electrocoagulation process: advantages 
of combined iron/ aluminum electrodes, Sep. Sci. Technol., 
55 (2019) 2510–2527.

[191] M. Kobya, C. Ciftci, M. Bayramoglu, M.T. Sensoy, Study 
on the treatment of waste metal cutting fluids using 
electrocoagulation, Sep. Purif. Technol., 60 (2008) 285–291.

[192] G. Azarian, A.R. Rahmani, K.M. Masoudi, Z. Atashzaban, 
D. Nematollahi, New batch electro-coagulation process for 
treatment and recovery of high organic load and low volume 
egg processing industry wastewater, Process Saf. Environ. 
Prot., 119 (2018) 96–103.

[193] S.U. Demirer, N. Olson, R. Ives, J.P. Nshimyimana, Techno-
economic analysis of electrocoagulation on water reclamation 
and bacterial/viral indicator reductions of a high-strength 
organic wastewater—anaerobic digestion effluent, 
Sustainability, 12 (2020) 2697, doi: 10.3390/su12072697.

[194] F. Ozyonar, B. Karagozoglu, Investigation of technical and 
economic analysis of electrocoagulation process to treat of 
great and small cattle slaughterhouse wastewater, Desal. 
Water Treat., 52 (2014) 74–87.

[195] J.A. Gil, L. Túa, A. Rueda, B. Montaño, M. Rodríguez, 
Monitoring and analysis of the energy cost of an MBR, 
Desalination, 250 (2010) 997–1001.

[196] R.W. Réategui, D.L.V.F. Pino, J.L.G. Guevara, J.C. Torres, 
Benefits of electrocoagulation in treatment of wastewater: 
removal of Fe and Mn metals, oil and grease and COD: three 
case studies, Int. J. Appl. Eng. Res., 13 (2018) 6450–6462.

[197] A. Yasar, N. Ahmad, A.A. Khan, Energy requirement of 
ultraviolet and AOPs for the post-treatment of treated 



107A. Gasmi et al. / Desalination and Water Treatment 271 (2022) 74–107

combined industrial effluent, Color. Technol., 122 (2006) 
201–206.

[198] P. Krzeminski, J.H.M. Graaf, J.B. Lier, Specific energy 
consumption of membrane bioreactor (MBR) for sewage 
treatment, Water Sci. Technol., 65 (2012) 380–392.

[199] C. Phalakornkule, P. Sukkasem, C. Mutchimsattha, 
Hydrogen recovery from the electrocoagulation treatment 

of dye-containing wastewater, Int. J. Hydrogen Energy, 
35 (2010) 10934–10943.

[200] E. Yuksel, M. Eyvaz, E. Gurbulak, Electrochemical treatment 
of colour index Reactive Orange 84 and textile wastewater 
by using stainless steel and iron electrodes, Environ. Prog. 
Sustainable Energy, 32 (2011) 60–68.


