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a b s t r a c t
The enormous demand for water and the creation of effluent that is dye-rich make the textile industry 
a hazard to water resources. Electrocoagulation (EC) is considered an appealing approach for treat-
ment, which offers effective color removal in a quick, dependable, and affordable manner. Using 33 
full factorial design trials, the performance of EC in the treatment of synthetic wastewater includ-
ing textile coloring, such as methyl orange, was examined using the response surface methodology 
(RSM). In the presence of iron electrodes, wastewater was electrolyzed at room temperature with 
a pH of 7 under various working parameters, including initial dye concentration, applied voltage, 
and electrolysis time. The findings suggested that utilizing EC has been a successful strategy for 
removing color from textile dyeing effluent. At an applied voltage of 15 V, an electrolysis period of 
30 min, and an initial dye concentration of 50 mg/L, the maximum color removal efficiency was 96.6%. 
The comparable Electrical Energy Consumption (EEC) for these circumstances was 23.7 kWh/m3. 
It was noticed that 87.5%–91.0% of the color was eliminated during the first 20 min of the process.
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1. Introduction

The textile industry is a key sector in a nation’s economy, 
and it presents several work prospects [1,2]. Egypt has a 
sizable textile sector that exports and produces a lot of tex-
tiles globally. In 2013, Egypt’s textile sector consisted of well 
over 3,000 businesses, ranging from modern, highly auto-
mated plants to small, traditional units for handmade goods. 
The textile industry has a major impact on the economy 
of Egypt, this constituted by about 34% of total exports [3].

Large amounts of water are contaminated by the syn-
thetic colors used in the textile industry. Textile colors are 
released into the aquatic environment as effluent because 
they do not adhere to the fabric securely [4]. As a result, the 
environment and public health are significantly harmed by 

the ongoing untreated outflow of wastewater from several 
textile industries. From an environmental viewpoint, textile 
and dyeing industries are characterized by being extremely 
unfriendly owing to the obnoxious nature of the polluting 
species present in the drained wastewater. These include 
dyes, organic moieties and diverse suspended solids [5,6].

There are several physical, chemical and biological 
methods used in decolorization of wastewater, such as: coag-
ulation–flocculation [7], oxidation–ozonation [8], microalgae- 
bacteria consortium [9], membrane technologies [10] 
and adsorption techniques [11].

For the effective, dependable, and affordable removal 
of color from textile dyes, electrocoagulation (EC) is a desir-
able treatment option. However, it is necessary to analyze its 
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process variables in order to improve removal effectiveness 
and lower operating costs [12,13].

While coagulation is one of the most successful waste-
water treatment methods, the combination of coagu-
lants and electrochemical processes has resulted in much 
higher pollutant elimination [14–16]. The reason for such 
improvement is related to the much higher adsorption level 
of onsite metallic hydroxides on mineral surfaces when 
using EC compared to that when hydroxides are used as 
coagulants [17,18].

Several studies related to the use of EC for the treat-
ment of textile effluent have been documented. In this con-
text, new treatment methods have been investigated, with 
great emphasis on electrocoagulation by Lach et al. [19] to 
evaluate the efficiency of implementing the EC process in 
the treatment of synthetic textile effluents for removing azo 
dye, in relation to carbon oxygen demand, total organic car-
bon, true color and acute toxicity. Experimental tests were 
performed for the EC process to investigate the effects of 
current intensity, electrolyte concentration and dye concen-
tration regarding the removal of the dye into the synthetic 
textile wastewater. The results indicated color removal of 
96.5% with a 4 A current intensity and 20-min electrolysis 
time applied.

In their paper, Yaqub et al. [20] have applied electrocoag-
ulation process for the decolorization of synthetic wastewa-
ter containing Reactive Blue-2. Experiments for decoloriza-
tion of Reactive Blue-2 solutions were performed by varying 
the types of Aluminum and steel electrode connected with 
power supply. Optimum experimental conditions were 
found at 95% color removal efficiency using electrolysis time 
of 6-min and at current density = 16.6 mA/cm2 using steel 
electrodes.

In another work, the possibility of using EC for efficient 
removal of pollutants in the industrial liquid waste of a tex-
tile industry was studied by Núñez et al. [21]. The perfor-
mance of the process was evaluated through the analysis 
of color, turbidity, and chemical oxygen demand (COD). 
After the treatment, 86% of the color, 82% of the turbidity, 
and 59% of the COD could be eliminated. It was shown that 
the quality of the dyed cloth is not adversely affected by the 
reuse of treated water during the wool dyeing process. As a 
result, the procedure can be used in the textile industry to 
lower water use.

Two stainless steel anodes and pure iron were com-
pared in an electrocoagulation study by Dura and Breslin 
[22] for the simultaneous removal of phosphates, orange II 
and zinc ions from a synthetic wastewater. High removal 
efficiencies were observed with steel anode and pure iron, 
reaching values between 88% and 99%.

The treatment of wastewater containing two textiles’ 
dyes (disperse and reactive types) by EC using aluminum 
electrodes was studies by Criado et al. [23]. The effects of 
the operating parameters pH, current intensity and electrol-
ysis time on the percentage of color removal were investi-
gated. Maximum percentages of color removal of 92.48% 
and 91.34% were achieved simultaneously, under the opti-
mum operating conditions, for the disperse and reactive 
dyes, respectively. This study demonstrated that the EC 
process is an efficient way to treat wastewater. Also, since 
wastewater can be recycled during the wash stages of the 

dyeing process, it is a prospective alternative for usage in 
the textile sector.

In a study carried out by Tyagi et al. [24], EC process was 
used to treat a synthetic wastewater containing basic red 
dye. The effect of different parameters like pH and current 
density on color and chemical oxygen demand removal was 
investigated using iron electrodes. Their results indicated 
that chemical oxygen demand removal from solution was 
76% and color removal was 95% during 1 h operation.

The main objective of this study was to investigate the 
removal of methyl orange (MO) dye from synthetic waste-
water by electrocoagulation cell. MO removal from textile 
effluent using EC has not been investigated much by research-
ers. In this research, the novelty was to study response 
surface methodology (RSM) to develop an experimental 
program in order to know the optimum treatment process 
conditions for MO removal in the presence of iron electrodes.

2. Materials and methods

2.1. Materials and chemicals

•	 Iron electrodes.
•	 Sodium chloride, hydrochloric acid and sodium 

hydroxide were supplied from El Nasr Pharmaceutical 
Chemicals Company.

•	 Methyl orange was supplied from: El Nasr Pharm-
aceutical Chemicals Company for chemicals.

Methyl orange dye general characteristics are illustrated 
in Table 1.

2.2. Experimental apparatus

The used EC reactor components consist of a cylin-
drical glass beaker (500 mL) with two identical elec-
trodes, iron anode and iron cathode with dimensions of 
(60 mm × 120 mm × 2 mm) connected in parallel mode to 
a DC power supply (RXN-305A(D) (0–30 V/0–5 A) and 
inter-electrode distance was 20 mm. The EC system was 
placed on a magnetic stirrer as shown in Fig. 1 [25].

2.3. Experimental procedure

500 mL of dye solution was placed into the electrolytic 
cell for each run through batch mode of operations. The 
synthetic dye solution was prepared by dissolving 10, 30, 
50 mg of MO in 1 litre of distilled water and mixed by a 
magnetic stirrer at stirring speed of 300 rpm. The mixing of 
the solution was applied during the whole process at var-
ious electrolysis times 10, 20, 30 min in order to achieve 
complete mixing. The position of the stirrer was so adjusted 

Table 1
General characteristics for methyl orange

Characteristic Methyl orange

Chemical formula C14H14N3NaO3S
Molecular weight 327.33 g/mol
λmax (nm) 465
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to ensure proper mixing while its speed was regulated so 
as to keep flocks from breaking down. The conductivity 
of the solution was enhanced by adding 1.6 g/L sodium 
chloride as supporting electrolyte. Sodium hydroxide or 
Hydrochloric acid was added to adjust the initial pH of the 
solution before each run and initial pH was measured by 
HANNA, HI 2211 PH/ORP Meter to get initial solution pH 
at 7.3. All experiments were carried out at room tempera-
ture. At the end of the EC experiments, all samples were 
leaved for settling for 10 min. Then, the samples were fil-
trated using double rings filter paper circles (125 mm) as 
shown in Fig. 2. Before each test, the electrode plates were 
cleaned manually by scrubbing with sandpaper and by treat-
ment with 5% (v/v) HCl acid for 5 min, followed by wash-
ing with distilled water [26]. Each test was conducted two 
times and the average removal percentage was used in the  
calculations.

At the end of each run, the dye concentrations were 
determined using a UV-visible spectrophotometer (Jenway 
6305) at a wavelength corresponding to the maximum absor-
bance	of	the	MO	(λmax = 465 nm).

2.4. Calculations

2.4.1. Color removal efficiency

The color removal efficiency R (%) was calculated 
according to Eq. (1):

R
C C
C
i f

i

%� � �
�

�100  (1)

where Ci is the initial dye concentration (mg/L); Cf is the 
final dye concentration (mg/L).

2.4.2. Electrical energy consumption

The consumption of electrical energy represents an 
important economic parameter in the EC process. The 
electric energy consumption was calculated using Eq. (2):

E V I t
Vs

�
� �  (2)

Fig. 1. Schematic view of electrochemical reactor: 1 – source of electric power; 2 – anode; 3 – cathode; 4 – magnetic stir bar; 5 – electro-
chemical cell; 6 – magnetic stirrer.

(a) (b) 
Fig. 2. (a) Settling step and (b) filtration step.
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where E is the electrical energy consumed per unit volume 
(kWh/m3); V is the cell voltage (V); I is the current (A); Vs is 
the volume of solution (L); t is the time of EC process (h).

2.4.3. Full factorial experimental design

A 33 full factorial design method was applied to reduce 
the number of experiments. Table 2 shows the different fac-
tor level settings to determine the best conditions for max-
imum color removal. The calculations were done using 
XLSTAT 2020 module and Table 3 shows all three variables 
information which were entered to the module. As shown 
in Table 4 the set of experiments were designed to test suc-
cessively different operating independent parameters such 
as voltage (10–20 V), electrolysis time (10–30 min), initial 
dye concentration (10–50 mg/L).

3. Results and discussion

A starting point in the present investigation was to 
determine the relative effect of each of the three enunci-
ated parameters on the % color removal. This was carried 
out using the DATA ANALYSIS module present in EXCEL 
program. The reported numerical figures represent the 
extent of correlation between the % color removal and each 
parameter, through the individual correlation coefficient R.

Three-dimensional (3D) response surface plots are 
designed to analyze the individual and interactive effect 
between process variables on the responses and also to 

determine the optimal condition for maximum efficiency 
in color removal. These were generated through the 
software used.

Also, 2-dimensional plots obtained as contour map-
ping of the three-dimensional ones can be deduced that 
better emphasize the effect of each investigated parameter 
on the % dye removal.

Table 5 shows the obtained correlation matrix on 
applying the aforementioned module on the experimen-
tal data obtained for methyl orange. It appears from the 
table that the most influencing parameter is the initial dye 

Table 4
33 Full factorial design matrixes with the studied independent 
variables

Run order Concentration 
(mg/L)

Time (min) Applied 
voltage (V)

1 10 10 10
2 30 10 10
3 50 10 10
4 10 20 10
5 30 20 10
6 50 20 10
7 10 30 10
8 30 30 10
9 50 30 10
10 10 10 20
11 30 10 20
12 50 10 20
13 10 20 20
14 30 20 20
15 50 20 20
16 10 30 20
17 30 30 20
18 50 30 20
19 10 10 30
20 30 10 30
21 50 10 30
22 10 20 30
23 30 20 30
24 50 20 30
25 10 30 30
26 30 30 30
27 50 30 30

Table 2
Experimental parameters and their levels

Parameter Level

Low Center High

Initial dye concentration (mg/L) 10 30 50
Electrolysis time (min) 10 20 30
Applied voltage (V) 10 15 20

Table 3
Variable information

Short name Long name Unit

F1 Initial dye concentration mg/L
F2 Operation time min
F3 Applied voltage V

Table 5
Correlation matrix for % color removal for methyl orange dye

Variables Initial dye concentration Operation time Applied voltage Color removal

Initial dye concentration 1.000 0.000 0.000 0.513
Operation time 0.000 1.000 0.000 0.127
Applied voltage 0.000 0.000 1.000 0.190
Color removal 0.513 0.127 0.190 1.000
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concentration, followed by a large margin by applied volt-
age whereas the electrolysis time seems to be the least factor 
of influence. Fig. 3 which represents the standardized coef-
ficients at 95% confidence interval confirms the same result 
of the most influencing parameter. Also, it illustrates the 
interactive effect between process variables.

3.1. Regression equation

The program used enabled to predict the relation between 
% color removal of MO and the three operating variables in 
the form of a second-order regression equation involving 
interaction terms. This equation takes the form:

% . . . . .
. .
C C t V C

t V
� � � � �

� � �

91 867 3 217 0 794 1 194 5 237
0 253 2 747 1

0 0
2

2 2 .. . .648 2 137 0 3700 0C t C V t V� � � � �
  (3)

The validity of that equation can be judged in several 
ways. A common method is to plot the experimental val-
ues of color removal against the values predicted from the 
regression equation. Such plot is displayed in Fig. 4 referred 
to a 45° line. The model has a coefficient of determination 
(R2) of 0.737 and the calculated multiple correlation coeffi-
cient (R) for these data of 0.858, which represents a fair vali-
dation of the above equation and means that it is moderately  
reliable.

3.2. Effect of applied voltage

The two parameters used in electrochemical processes 
that make it simple to control the reaction rate are applied 
voltage and electrolysis time. This is since they define the 
generation rate of the coagulant.

As shown in Figs. 5 and 6, an increase in color removal 
was detected with increasing applied voltage and operating 
time values as previously reported from Table 5. However, 
an increase in both parameters result an optimum zone for 
effective color removal represented by a dark shade. This 
occurs at applied voltages higher than 15 V and electroly-
sis time start from 10 min which represent optimum condi-
tions for color removal as the maximum predicted removal 
reaches 96%. The highly non-linear character of the response 
surface explains the low values of correlation coefficients 
appearing in Table 5 which were due to the fact that these 
coefficients are calculated assuming a linear correlation.
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As shown in Fig. 7 when the applied voltage increased 
from 10 to 20 V at the optimum time of 17 min, the % 
color removal is increased from 90% to 95%. For a solution 
with a dye concentration of 30 mg/L, the optimum current 
voltage was in the range of 15–19.5 V.

The previous results reveal that the rate at which the 
anode is depleted increases with applied voltage, follow-
ing Faraday’s law. This results in a progressive increase in 
iron hydroxides creating more flocks that enhance the coag-
ulation process. In addition, the bubbles generation rate 
increased and the size of these bubbles decreases at higher 
voltage which enhance the mixing of iron hydroxides and 
MO dye and further enhance the flock separation by flo-
tation [27]. Consequently, the amount of dye adsorption 
increased with the increased concentration of adsorbents in 
the reactor.

On the other hand, Fig. 8 shows the effects of voltage 
and time on electrical energy consumption. Results showed 
that when electrolysis time increases from 10 to 30 min. at 

20 V and any different initial dye concentration the EEC was 
approximately triple the figure at 10 min. At electrolysis 
time 30 min and applied voltage 15 V the energy consump-
tion was 21.7, 21.0 and 23.7 kWh/m3 at dye concentration 10, 
30 and 50 mg/L, respectively. Results showed that at elec-
trolysis time 20 min and initial dye concentration 30 mg/L 
when the voltage increased from 15 to 20 V, the electrical 
energy consumption increased from 13.4 to 29.6 kWh/
m3 wastewater which was approximately double the fig-
ure at 20 V. Since at 15 V, the color removal was approxi-
mately at its maximum value (96%), So, 15 V is the recom-
mended voltage due to high dye removal efficiency and 
low electrical energy consumption.

3.3. Effect of electrolysis time

Electrolysis time is one of the affecting parameters in the 
EC. Figs. 9 and 10 display the 3-dimensional response sur-
face and 2-dimensional counterplot to investigate the effect 
of applied voltage and electrolysis time on MO removal, 
where the other parameters were maintained constant at 
30 mg/L and pH = 7.3.

10.000

17.000

24.000
90.313

90.902

91.492

92.081

92.671

93.261

93.850

94.440

95.029

95.619

96.209

1
0

1
1
.5

1
3

1
4
.5

1
6

1
7
.5

1
9

operation 
time[min.]

C
ol

ou
r 

re
m

ov
al

 [%
]

Applied voltage [V]

Contour plot (3D view) 95.619-96.209

95.029-95.619

94.440-95.029

93.850-94.440

93.261-93.850

92.671-93.261

92.081-92.671

91.492-92.081

90.902-91.492

90.313-90.902

Fig. 5. Response surface plots (3D) for the effects of variables 
on MO color removal efficiency at constant initial dye con-
centration.

10.000

12.000

14.000

16.000

18.000

20.000

22.000

24.000

26.000

28.000

30.000

1
0

1
1

1
2

1
3

1
4

1
5

1
6

1
7

1
8

1
9

2
0

op
er

at
io

n 
tim

e[
m

in
.]

Applied voltage [V]

Contour plot (Color removal [%])

95.619-96.209

95.029-95.619

94.440-95.029

93.850-94.440

93.261-93.850

92.671-93.261

92.081-92.671

91.492-92.081

90.902-91.492

90.313-90.902

Fig. 6. Contour plot of % color removal of MO representing 
electrolysis time vs. applied voltage.

 

Fig. 7. Effect of applied voltage on MO color removal in EC.

0

10

20

30

40

50

60

0 5 10 15 20 25En
er

eg
y c

on
su

m
p�

on
 (k

W
h/

m
3 ) 

w
as

te
w

at
er

Voltage (V)

Time=10 min., Conc.=10 mg/L Time=20 min., Conc.=10 mg/L Time=30 min., Conc.=10 mg/L

Time=10 min., Conc.=30 mg/L Time=20 min., Conc.=30 mg/L Time=30 min., Conc.=30 mg/L

Time=10 min., Conc.=50 mg/L Time=20 min., Conc.=50 mg/L Time=30 min., Conc.=50 mg/L

Fig. 8. Effect of voltage on electrical energy consumption in 
color removal of MO.



N.F.A. Salam et al. / Desalination and Water Treatment 305 (2023) 182–191188

These figures reveal that discoloration efficiency 
increases from 87% to 92% when the electrolysis time 
increases from 10 min up to 30 min at constant dye concen-
tration 30 mg/L and applied voltage 10 V.

This result can be explained by the fact that when the 
electrolysis time increases the concentration of metal ions 
(Fe ions), then the concentration of metal hydroxides pro-
duced on the electrodes will increase. As a result, the for-
mation of coagulants increases which promotes the color 
removal [28].

The prediction of the maximum amount of color removal 
as a function of time of EC and initial dye concentration is 
shown in the contour plot in Fig. 10. It appears that color 
removal increases with an increase in the electrolysis time 
during of the initial dye concentration range studied from 
10 to 50 mg/L. The maximum color removal was greater 
than 93% at operation time 30 min and initial dye con-
centration of 50 mg/L.

As shown in Fig. 11, there is an increasing trend in color 
removal with increasing of electrolysis time till 25 min. The 
removal efficiency almost reached maximum values at this 

value, remaining almost constant for higher operating times. 
Increasing the operating time can increase the accumula-
tion of dye residue causing passivation on cathode content. 
This way, anodic dissolution decreases leading to a corre-
sponding decrease in the formation of metal hydroxide. As 
a result, dye removal efficiency stops increasing [29]. These 
results comply with those obtained by Dalvand during 
the treatment of synthetic textile wastewater containing 
Reactive Red 198 by using EC process [30].

3.4. Effect of initial dye concentration

To study the influence of initial dye concentration on 
dye removal efficiency during electrocoagulation, three dye 
solutions with different initial dye concentrations (10, 30, 
and 50 mg/L) were used. Figs. 12 and 13 show that when 
the dye concentration increased from 10 to 30 mg/L, the % 
color removal increased from 78 to 86%. For an initial dye 
concentration 50 mg/L it increased to reach 96% when the 
applied voltage was kept above 10 V.

The color removal increases with the increase in the 
initial dye concentration, as can be seen in Fig. 14 because 
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of the increased possibility of metal hydroxide interaction 
with dye molecules to form large-sized flocks. In this way, 
they promote their separation by the bubbles of released 
gases at electrodes. The same results were obtained when 
basic dye Rhodamine B was removed from a solution by 
using EC. When the initial dye concentration increased 
from 10 to 50 mg/L, the color removal increases from 25.1 
to 134.3 mg/g. Also, Durango-Usuga et al. [31] concluded 
that the discoloration rate increased by increasing the initial 
concentration of crystal violet dye.

Summary of statistics and standard deviation is shown 
in Table 6. It is clear that for MO dye, the minimum color 
removal efficiency was 76.5% while the maximum color 
removal efficiency was 96.6% with standard deviation of 5.2.

The sufficiency of the statistical significance of the 
model equation and regression coefficients was evaluated 
by the analysis of variance (ANOVA). ANOVA showed that 
the suggested equation is significant at a 2% level of prob-
ability (Table 7). Moreover, the reliability of the model was 
determined through the ANOVA, and values of “Prob. > F” 
display that the model can be moderately valid.

4. Conclusions

In this paper, the objective was to evaluate the perfor-
mance of using of electrocoagulation in the treatment of tex-
tile dyeing wastewater. The three-level full factorial design 
was applied for determining the optimum experimental con-
ditions. Several experiments were performed using an elec-
trochemical batch reactor at varies electrolysis time (10, 20 
and 30 min.), applied voltage (10, 15 and 20 V) and initial 
dye concentrations (10, 30 and 50 mg/L).

As a result of the experimental work, the following 
conclusions were drawn:

•	 Using EC with iron electrodes has proven to be an effec-
tive method in the color removal from textile dyeing 
wastewater.

•	 The XLSTAT 2020 verified that the initial dye concentra-
tion is the most influential factor in the EC removal of 
color.
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Fig. 13. Contour plot of % color removal of MO representing 
initial dye concentration vs. applied voltage.

 
Fig. 14. Effect of initial dye concentration on color removal 
of MO.

Table 6
Statistics summary

Variable Observations Obs. with 
missing data

Obs. without 
missing data

Minimum Maximum Mean Std. deviation

Color removal 27 0 27 76.515 96.571 90.376 5.221
Initial dye concentration 27 0 27 10.000 50.000 30.000 16.641
Operation time 27 0 27 10.000 30.000 20.000 8.321
Applied voltage 27 0 27 10.000 20.000 15.000 4.160

Table 7
Analysis of variance

Source DF Sum of 
squares

Mean 
squares

F Pr. > F

Model 9 522.646 58.072 5.302 0.002
Error 17 186.207 10.953
Lack of fit 17 171.459 10.086
Pure error 0 14.748
Corrected total 26 708.853
Computed against model Y = 0
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•	 70%–71% of the color removal occurred during 20 min 
and for higher operation time, the removal color rate 
increases to 76%.

•	 For MO dye, the maximum color removal efficiency was 
96.6% and reached at applied voltage 15, time = 30 min 
and initial dye concentration = 50 mg/L and the corre-
sponding EEC was 23.7 kWh/m3.

•	 There is a direct relation between the electrolysis time 
and applied voltage on the energy consumption, when 
the electrolysis time increase or applied voltage, the 
EEC increases.

•	 At constant electrolysis time and different dye concen-
tration, the energy consumption was approximately 
double the figure when the applied voltage increased.

Acknowledgement

This research was supported by the statute subvention 
of the Czestochowa University of Technology, Poland.

References
[1] M.B. Kurade, U.U. Jadhav, S.S. Phugare, D.C. Kalyani, 

S.P. Govindwar, Global Scenario and Technologies for the 
Treatment of Textile Wastewater, S.P. Govindwar, M.B. Kurade, 
B.-H. Jeon, A. Pandey, Eds., Current Developments in 
Bioengineering and Biotechnology: Advances in Eco-
Friendly and Sustainable Technologies for the Treatment 
of Textile Wastewater, Elsevier, 2023, pp. 1–43. Available at: 
https://doi.org/10.1016/B978-0-323-91235-8.00018-8

[2] G. Saxena, R. Kishor, S. Zainith, R.N. Bharagava, Chapter 
17 – Environmental Contamination, Toxicity Profile and 
Bioremediation Technologies for Treatment and Detoxification 
of Textile Effluent, G. Saxena, V. Kumar, M.P. Shah, Eds., 
Bioremediation for Environmental Sustainability: Toxicity, 
Mechanisms of Contaminants Degradation, Detoxification, 
and Challenges, 2020, pp. 415–434. Available at: 
https://doi.org/10.1016/B978-0-12-820524-2.00017-1

[3] F. El-Gohary, N.A. Ibrahim, F. Nasr, M.H. Abo-Shosha, 
H. Ali, A new approach to accomplish wastewater regulation 
in textile sector: an Egyptian case study, Cellul. Chem. Technol., 
47 (2013) 309–315.

[4] C.R. Holkar, A.J. Jadhav, D.V. Pinjari, N.M. Mahamuni, 
A.B. Pandit, A critical review on textile wastewater treatments: 
possible approaches, J. Environ. Manage., 182 (2016) 351–366.

[5] S. Thakur, M.S. Chauhan, Treatment of Dye Wastewater 
from Textile Industry by Electrocoagulation and Fenton 
Oxidation: A Review, V. Singh, S. Yadav, R. Yadava, Eds., 
Water Quality Management. Water Science and Technology 
Library, Vol. 79, Springer, Singapore, 2018. Available at: 
https://doi.org/10.1007/978-981-10-5795-3_11

[6] R. Al-Tohamy, S.S. Ali, F. Li, K.M. Okasha, Y.A.-G. Mahmoud, 
T. Elsamahy, H. Jiao, Y. Fu, J. Sun, A critical review on the 
treatment of dye-containing wastewater: ecotoxicological 
and health concerns of textile dyes and possible remediation 
approaches for environmental safety, Ecotoxicol. Environ. Saf., 
231 (2022) 113160, doi: 10.1016/j.ecoenv.2021.113160.

[7] C.-Z. Liang, S.-P. Sun, F.-Y. Li, Y.-K. Ong, T.-S. Chung, Treatment 
of highly concentrated wastewater containing multiple synthetic 
dyes by a combined process of coagulation/flocculation and 
nanofiltration, J. Membr. Sci., 469 (2014) 306–315.

[8] X. Quan, D. Luo, J. Wu, R. Li, W. Cheng, S. Ge, Ozonation of Acid 
Red 18 wastewater using O3/Ca(OH)2 system in a micro bubble 
gas-liquid reactor, J. Environ. Chem. Eng., 5 (2017) 283–291.

[9] H. Song, J. Qian, L. Fan, T. Toda, H. Li, M. Sekine, P. Song, 
Y. Takayama, S. Koga, J. Li, Q. Lu, J. Li, P. Xu, W. Zhou, 
Enhancing biomass yield, nutrient removal, and decolorization 
from soy sauce wastewater using an algae-fungus consortium, 
Algal Res., 68 (2022) 102878, doi: 10.1016/j.algal.2022.102878.

[10] Y.-N. Bai, X.-N. Wang, F. Zhang, J. Wu, W. Zhang, Y.-Z. Lu, 
L. Fu, T.-C. Lau, R.J. Zeng, High-rate anaerobic decolorization 
of methyl orange from synthetic azo dye wastewater in a 
methane-based hollow fiber membrane bioreactor, J. Hazard. 
Mater., 388 (2020) 121753, doi: 10.1016/j.jhazmat.2019.121753.

[11] M. Nainamalai, M. Palani, B. Soundarajan, A.E. Allwin, 
Decolorization of synthetic dye wastewater using packed 
bed electro-adsorption column, Chem. Eng. Process. Process 
Intensif., 130 (2018) 160–168.

[12] S.C.M. Signorelli, J.M. Costa, A.F. de Almeida Neto, 
Electrocoagulation-flotation for orange II dye removal: kinetics, 
costs, and process variables effects, J. Environ. Chem. Eng., 
9 (2021) 106157, doi: 10.1016/j.jece.2021.106157.

[13] P.P. Das, M. Sharma, M.K. Purkait, Recent progress on 
electrocoagulation process for wastewater treatment: a 
review, Sep. Purif. Technol., 292 (2022) 121058, doi: 10.1016/j.
seppur.2022.121058.

[14] A. Kothai, C. Sathishkumar, R. Muthupriya, K. Siva sankar, 
R. Dharchana, Experimental investigation of textile dyeing 
wastewater treatment using aluminium in electro coagulation 
process and Fenton’s reagent in advanced oxidation process, 
Mater. Today Proc., 45 (2020) 1411–1416.

[15] M. Bajpai, S.S. Katoch, Reduction of COD from real graywater 
by electro-coagulation using Fe electrode: optimization 
through Box-Behnken design, Mater. Today Proc., 43 (2021) 
303–307.

[16] K. Padmaja, J. Cherukuri, M. Anji Reddy, A comparative 
study of the efficiency of chemical coagulation and 
electrocoagulation methods in the treatment of pharmaceutical 
effluent, J. Water Process Eng., 34 (2020) 101153, doi: 10.1016/j.
jwpe.2020.101153.

[17] M. Nasrullah, S. Ansar, S. Krishnan, L. Singh, S.G. Peera, 
A.W. Zularisam, Electrocoagulation treatment of raw palm 
oil mill effluent: optimization process using high current 
application, Chemosphere, 299 (2022) 134387, doi: 10.1016/j.
chemosphere.2022.134387.

[18] M. Vepsäläinen, M. Sillanpää, Chapter 1 – Electrocoagulation 
in the Treatment of Industrial Waters and Wastewaters, 
M. Sillanpää, Ed., Advanced Water Treatment: Electrochemical 
Methods, Elsevier, 2020, pp. 1–78. Available at: 
https://doi.org/10.1016/B978-0-12-819227-6.00001-2

[19] C.E. Lach, C.S. Pauli, A.S. Coan, E.L. Simionatto, L.A.D. Koslowski, 
Investigating the process of electrocoagulation in the removal 
of azo dye from synthetic textile effluents and the effects of 
acute toxicity on Daphnia magna test organisms, J. Water Process 
Eng., 45 (2022) 102485, doi: 10.1016/j.jwpe.2021.102485.

[20] A. Yaqub, H. Raza, H. Ajab, S.H. Shah, A. Shad, Z.A. Bhatti, 
Decolorization of reactive blue-2 dye in aqueous solution 
by electrocoagulation process using aluminum and steel 
electrodes, J. Hazard. Mater. Adv., 9 (2023) 100248, doi: 10.1016/j.
hazadv.2023.100248.

[21] J. Núñez, M. Yeber, N. Cisternas, 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.

[22] A. Dura, C.B. Breslin, Electrocoagulation using stainless steel 
anodes: simultaneous removal of phosphates, orange II and 
zinc ions, J. Hazard. Mater., 374 (2019) 152–158.

[23] S.P. Criado, M.J. Gonçalves, L.B. Ballod Tavares, S.L. Bertoli, 
Optimization of electrocoagulation process for disperse and 
reactive dyes using the response surface method with reuse 
application, J. Cleaner Prod., 275 (2020) 122690, doi: 10.1016/j.
jclepro.2020.122690.

[24] N. Tyagi, S. Mathur, D. Kumar, Electrocoagulation process for 
textile wastewater treatment in continuous upflow reactor, 
J. Sci. Ind. Res. (India), 73 (2014) 198–198.

[25]	 B.N.	Malinović,	M.G.	Pavlović,	T.	Djuričić,	Electrocoagulation	
of textile wastewater containing a mixture of organic dyes by 
iron electrode, J. Electrochem. Sci. Eng., 7 (2017) 103–110.

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



191N.F.A. Salam et al. / Desalination and Water Treatment 305 (2023) 182–191

[27]	 M.S.	 Secula,	 I.	 Creţescu,	 S.	 Petrescu,	 An	 experimental	
study of indigo carmine removal from aqueous solution by 
electrocoagulation, Desalination, 277 (2011) 227–235.

[28] V. Khandegar, A.K. Saroha, Electrochemical treatment of textile 
effluent containing Acid Red 131 dye, J. Hazard. Toxic Radioact. 
Waste, 18 (2014), doi: 10.1061/(asce)hz.2153-5515.0000194.

[29] 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 (2013) 60–68.

[30] 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.

[31] C. Phalakornkule, S. Polgumhang, W. Tongdaung, B. Karakat, 
T. Nuyut, Electrocoagulation of blue reactive, red disperse 
and mixed dyes, and application in treating textile effluent, 
J. Environ. Manage., 91 (2010) 918–926.


	_Hlk121383761
	_Hlk121383750
	_Hlk121383710
	_Hlk121383539
	_Hlk121383519
	_Hlk121383573
	_Hlk121384055
	_Hlk121383886
	_Hlk121384312
	_Hlk140841018

