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INTRODUCTION

Freshwater is currently in low supply world-
wide, especially in poor countries. Numerous fac-
tors, including overcrowding, urbanization, in-
dustrialization, deforestation, agriculture, and the 
consequences of climate change, are responsible 
for this shortage of water supplies (Bassyouni et 
al., 2023). In addition, a lot of the waste from the 
industries which employ a variety of dyes ends 
up in waterways. Numerous chemically stable 
and non-biodegradable colors are present in high 
concentrations in textile industry waste, which 
can make treatment difficult (Maruthanayagam et 
al., 2020). The water contaminated with dyes is 
thought to pose a serious threat to human health 
since many organic and inorganic dyes release 
toxic and carcinogenic byproducts (Salman et 

al., 2024). The dyeing and finishing procedures 
used in the textile industry use a lot of water. It 
has been stated that 100–200 L of wastewater is 
produced from each 1 kg of textile product which 
involves various inorganic and organic elements 
and components (Akter and Islam, 2022a). Strong 
color, low metal, and suspended particle levels, 
high temperature, alkaline pH, low biodegrad-
ability in most circumstances, and high chemical 
oxygen demand (COD) are typical characteristics 
of the produced textile effluents (Tchamango et 
al., 2018; Ali and Mohammed, 2020).

The textile and printing industries employ 
a lot of synthetic dyes, which are frequently re-
leased into the environment without treatment. 
Azo dyes are the most commonly used synthetic 
dyes, making up around 70% of all dyes produced 
worldwide each year, which are very toxic dyes 
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ABSTRACT
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trodes which highlight foam electrodes as an excellent choice for EC system in an environmentally friendly pathway.
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and can cause cancer when being released into 
environment. This type of dyes have high resis-
tance to microbial degradation because they have 
sulfonic (SO3

 −), hydroxyl (OH−), and other elec-
tron-withdrawing functional groups in addition to 
at least one Azo group (-N=N-). Approximately, 50 
k tons of textile dyes are being withdrawn into the 
environment every year due to the dyeing process 
(Sathishkumar et al., 2019; Irki et al., 2017). For 
this particular investigation, the dye selected in the 
present study was Methyl orange, a water-soluble 
Azo dye that possesses anionic properties and ex-
hibits limited biodegradability (Hajiali et al., 2021; 
Maruthanayagam et al., 2020). Methyl orange (MO) 
is a common colorant used in the textile industry. It 
has been demonstrated that MO is extremely dan-
gerous, can hurt the eyes, and may cause long-term 
ocular damage (Alardhi et al., 2023).

The contamination of natural water with aes-
thetically and toxically organic contaminants by 
the direct release of colored effluents which is a 
common occurrence in dyeing processes increase 
the need for treating these discharges before re-
leasing into aquatic water. Biodegradation (Ye et 
al., 2023), adsorption (Purbasari et al., 2023; Fa-
had et al., 2017; Jawad and Naife, 2022), filtration 
(Liang et al., 2021), and coagulation-flocculation 
(El Mouhri et al., 2024; Gadekar and Ahammed, 
2016) are some of the most conventional methods 
for treating textile wastewater. These methods 
have drawbacks, such as limited treatment effi-
ciency, high operating costs, or secondary pollu-
tion from deposited sludge (Gökkuş et al., 2024).

Scientists have conducted extensive research 
and found that electrochemical methods are effec-
tive, cutting-edge technologies for eliminating cer-
tain pollutants from wastewater and mitigating en-
vironmental damage. Environmental compatibil-
ity, adaptability, energy efficiency, safety, selectiv-
ity, automation amenability, and cost-effectiveness 
are some of the advantages of employing electro-
chemical processes (Abbas and Abbas, 2022).

Numerous electrochemical methods are uti-
lized to treat wastewater, including electroflota-
tion (Da Mota et al., 2015), electro-Fenton (Mo-
hammadi et al., 2024), electrodialysis (Scialdone, 
2024), and electro-oxidation (Montañés et al., 
2024) (Moreira et al., 2017).

The removal of contaminants from manu-
facturing and domestic wastewater has gained a 
lot of consideration in the field of electrocoagu-
lation processes (EC) which is an environmen-
tally friendly process that has been promoted as 

optimal due to its flexibility and compatibility 
(Salman et al., 2024). This low-cost method uses 
polyelectrolytes or salt polymers to interfere with 
the stability of suspended particles and emulsions 
in electrolytes (Issaka, 2024).

The utilization of EC process is based on using 
sacrificial anodes, usually composed of aluminum, 
iron, or nickel, these electrodes dissolve under 
controlled conditions, producing coagulant species 
in the water (Alardhi et al., 2023). Hydroxyl ions 
and hydrogen gas are produced at the cathode due 
to the reduction of water as shown in Equation 1, 
while the oxidation of water occurs on the anode as 
illustrated in Equation 2 (Tijana et al., 2021).
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By utilizing Al as the sacrificial anode, Equa-
tion 3 illustrates its dissolution to produce Al ions 
(Jasim and Salman, 2024).
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Complex precipitation kinetics takes place by 
reacting Al+3 with OH- to form a variety of mono-
meric species, which ultimately change into Al(OH)3 
which is the basic coagulant as shown in Equation 4 
(Bazrafshan et al., 2014; Liu et al., 2015).
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Ni is utilized appropriately as a current col-
lector and comes in a variety of forms, including 
mesh, wire, and foam. Ni foam is a lightweight 
material with a high porosity structure and an 
interwoven 3D scaffold of Ni metal. It is highly 
resistant to corrosion and has excellent electri-
cal as well as thermal conductivity (Salleh et 
al., 2020). Nickel foam is an attractive material 
because of its high specific capacitance, well-
defined electrochemical activity, and high sta-
bility. By using the metallic foam as a sacrifi-
cial anode in EC process have the advantages of 
adjusting catalytically the energy barrier to the 
electron transfer to produce metal hydroxides, 
and providing a continuous redox reaction due 
to its large surface area (Muthumanickam and 
Saravanathamizhan, 2021). The main reactions 
that occur at the electrodes involving Ni anode 
in the electrocoagulation process are illustrated 
in Equations 5 to 7 (Muthumanickam and Sara-
vanathamizhan, 2021).
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𝑀𝑀𝑀𝑀 𝑑𝑑𝑑𝑑𝑑𝑑 𝑅𝑅𝑅𝑅𝑅𝑅 % = 41.6 + 4.02 𝐶𝐶. 𝐷𝐷. + 0.845 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 
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	 (7)

The overall reaction outlined in Equation 7 in-
dicates a mechanism for the removal that involves 
the formation of Ni(OH)2, which exhibits strong 
adsorption characteristics for dye attachment, lead-
ing to coagulation and precipitation. Various elec-
trolytic forms, including NiOH, Ni(OH)2, Ni(OH)-3, 
Ni(OH)2

4, and Ni4(OH)4 which may be produced 
depending on the pH levels of the aqueous medi-
um, implying that the pH of the electrolyte governs 
the precipitation process. At elevated pH values, 
specific overpotentials can also lead to the forma-
tion of NiO, NiOOH, or Ni(OH)3. The resulting 
Ni(OH)2(s)/NiOOH manifests as sweep flocs with 
extensive surface areas, enhancing adsorption and 
facilitating the removal of pollutants. Nickel oxide 
was found to be a good adsorbent for treating vari-
ous types of contaminants into wastewater (Muthu-
manickam and Saravanathamizhan, 2021).The 
main objective was to reduce the expense of treating 
wastewater with an EC process while utilizing the 
least amount of NaCl feasible. By using Ni foam 
electrode in the electrocoagulation (EC) technique 
to remove the MO dye from an aqueous solution, 
the authors hoped to further enhance the EC process 
advantages. Besides, examine the benefits of em-
ploying Al together with Ni foam as anodes in an 
EC system to overcome the leaching of Ni foam. 
The connecting method used was monopolar paral-
lel which necessitates a smaller potential difference. 
Response surface methodology was used in the 
present study to optimize the controlled parameters.

MATERIALS AND METHODS

Chemicals

Distilled water was used to prepare all aqueous 
solutions, all chemicals used in experiments were of 
reagent grade, and there was no need for further pu-
rification. These chemicals were hydrochloric acid 
(HCl) (Thomas Baker Pvt. Ltd., India, with 37% 
purity), H2SO4 (central drug house (p) Ltd., new 
Delhi-110002 India, with purity of 98%), Methyl 
Orange (with a purity of 99.0 %), and NaCl (LOBA 
PVT Ltd., Mumbai India, with 99.5% purity).

Methyl orange properties and structure

Table 1 demonstrates the properties of Methyl 
Orange dye and Figure 1 displays its structure.

Electrodes preparation

Prior activation of electrodes is an essential 
step before any EC process for eliminating any 
impurities or oxides layer on their surfaces. To 
achieve this, before each EC experiment, the NiF 
electrode was submerged in H2SO4 (1 M) for 10 
min, and then rinsed with distilled water. Al and 
iron foam electrodes were rinsed with HCl solu-
tion (1 M) for at least 5 minutes and then washed 
with distilled water.

Dyes removal by EC system

The EC batch experiments were conducted in 
a cuboid-shaped glass reactor (17 cm in length, 
17 cm in width, and 11 cm in height). The reactor 
was placed on a Heidolph hotplate stirrer (Ger-
many), and the rotation speed was fixed at 200 
rpm for continuous solution mixing. To detect 
the activity of Al and Ni foam in the EC system, 
primary experiments were accomplished by ap-
plying either two Al plates as anodes once or two 
Ni foam plates as anodes, or one plate of Al and 

Table 1. Methyl orange properties
Molecular formula C14H14N3NaO3S

Wavelength 464 nm

Solubility in water 5 g/L (at 20 °C)

Molar mass 327.33 g/mol

Figure 1. The molecular structure of methyl orange dye
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another one of Ni foam as anodes once. In all EC 
experiments, three electrodes of Fe foam were 
utilized as cathodes which are like Ni foam elec-
trodes have a three dimensional structure which 
would enhance the solution mixing and enhance 
the production of H2 gas resulting in increasing 
flotation. Therefore, the EC cells were composed 
of two anodes placed between three cathodes, 
and the distance between each two electrodes was 
set at 1.5 cm. The dimensions of the Al plate, Ni 
foam, or Fe foam were 6 cm in width and 14 cm 
in length, the thickness of the Al plate was 0.4 
cm while the thickness each foam electrode was 
1 cm. All electrodes were fitted vertically in the 
electrolytic cell with an active area of 156 cm2 
(based on four faces of Al and Ni foam anodes). 
The monopolar parallel electrodes were attached 
to a DC power supply (Yihua-305DI, China), and 
a digital multimeter (AS-MT890D, P.R.C) was 
used to measure the applied current to each an-
ode (Al, and Ni foam). Then, 2 L of the aqueous 
solution was prepared by dissolving 100 mg/l of 
Methyl orange dye in deionized water (200 mg/l 
was added to 2 L to attain the required concentra-
tion of MO) with the required amount of NaCl 
(0.5, or 0.75 or 1 g/L, respectively). The selection 
of this range of NaCl was based on the analysis of 
different samples of wastewater which were taken 
from different textile effluents and the amount of 
NaCl was measured to perceive its concentration 
range and this range was approximately 1 g/L.

From previous studies, it can be concluded 
that one of the most controlling parameters in 
the efficiency of the EC process is the pH range 

which controls the rate of formation of different 
hydroxyl complexes of Al or Ni (Salman et al., 
2024). Moreover, the ionic characteristic of dyes, 
the type of hydroxides produced, and consequent-
ly the mechanism of dye removal is governed by 
the pH range (Benaissa et al., 2016). In the pres-
ent study, the experiments were accomplished at 
neutral pH (≈ 7) based on the outcomes of some 
previous studies which concluded that the high-
est removal efficiency of dyes was achieved at 
neutral pH (Liu et al., 2022; Salman et al., 2024; 
Jasim and Salman, 2024). Each experiment was 
conducted at room temperature (25 ± 2 °C), in du-
plicate, and the average value for the dye removal 
efficiency was determined. Each sample was ana-
lyzed with a UV–visible spectrophotometer (bio-
tech Engineering Management CO. LTD, (UK) 
UV-9200). The calculation of Methyl orange con-
centration was based on the calibration curve at 
maximum wavelength (ʎmax) of 464 nm. Figure 2 
shows the experimental setup.

To measure the removal efficiency of Methyl 
Orange, Equation 8 was used as follows (Najim 
and Mohammed, 2018):

	

4𝐻𝐻2𝑂𝑂 + 4𝑒𝑒− ⇌ 2𝐻𝐻2(𝑔𝑔) + 4𝐻𝐻𝐻𝐻(𝑎𝑎𝑎𝑎)
−  (1) 

 
𝐻𝐻2𝑂𝑂 ⇌ 4𝐻𝐻(𝑎𝑎𝑎𝑎)

+ + 𝑂𝑂2(𝑔𝑔) + 4𝑒𝑒− (2) 
 
𝐴𝐴𝐴𝐴(𝑠𝑠) ↔ 𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎

+3 + 3𝑒𝑒− (3) 
𝐴𝐴𝐴𝐴 𝑎𝑎𝑎𝑎

+3 + 3𝑂𝑂𝑂𝑂𝑎𝑎𝑎𝑎
− ↔ 𝐴𝐴𝐴𝐴(𝑂𝑂𝑂𝑂)3 (4) 

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎: 𝑁𝑁𝑁𝑁(𝑠𝑠) → 𝑁𝑁𝑁𝑁 (𝑎𝑎𝑎𝑎)
2+ + 2𝑒𝑒− (5) 

𝑁𝑁𝑁𝑁 (𝑎𝑎𝑎𝑎)
2+ + 2𝑂𝑂𝑂𝑂 (𝑎𝑎𝑎𝑎)

− → 𝑁𝑁𝑁𝑁(𝑂𝑂𝑂𝑂)2(𝑠𝑠) (6)  
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SEC = 𝐸𝐸.𝐼𝐼.𝑡𝑡
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	 (8)

where:	Mo is the initial MO dye concentration 
and Mf is its concentration after EC pro-
cess in mg/L.

To detect the complete removal of dye not 
only its color, the COD must be measured also 
at the optimum conditions which was detected by 
using Lovibond® Water Testing reactor. Thus, 2 

Figure 2. The schematic diagram of the EC system
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ml of any treated sample was mixed with an oxi-
dizing agent (K2Cr2O7) and the testing would take 
place at 150 °C and continued 2 hours. The COD 
value was measured by a Photometer-System 
MD200. 

To determine the consumed energy (SEC) in 
each experiment in (kWh/kg of MO dye), Equa-
tion 9 can be used (Hameed and Salman, 2024).
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𝐻𝐻2𝑂𝑂 ⇌ 4𝐻𝐻(𝑎𝑎𝑎𝑎)
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𝑀𝑀𝑀𝑀  ×  100 (8) 
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2𝐶𝐶𝐶𝐶− →  𝐶𝐶𝐶𝐶2  + +2𝑒𝑒−  (11) 
𝐶𝐶𝐶𝐶2  + 𝐻𝐻2𝑂𝑂 → 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 +  𝐻𝐻+ +  𝐶𝐶𝐶𝐶−  (12) 
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	 (9) 

where:	E is the voltage in (Volt), I is the current 
applied in (ampere), t is the time in (h), v 
indicates the volume of electrolytic solu-
tion in (L), and Ci, Cf indicate the initial 
and final concentration of MO dye, re-
spectively in mg/L.

Primary experiment

As mentioned previously, primary experi-
ments were conducted to show the advantages of 
applying two anodes of Al-NiF instead of Al-Al 
or NiF-NiF and how it affects the removal per-
centage of the MO Dye. This was accomplished 

at pH = 7, NaCl concentration of 1 g/L, and cur-
rent density of 4 mA/cm2.

Experimental design

Response surface methods (RSM) are multi-
variable procedures that can be applied theoreti-
cally to an experimental domain using a response 
function in a theoretical architecture and it is 
ideal in attaining optimum operating parameters 
(Theydan et al., 2024). In the present study, fif-
teen experiments were carried out based on the 
three-level Box-Behnken experimental design 
(BBD) for the EC system with adopting Al and 
NiF anodes. Table 2 displays the levels for each 
examined variable, and Table 3 illustrates the 
conditions of each experiment.

NiF electrode characterizations

Field emissive scanning electron microscopy 
(SEM, FEI-company) and energy dispersive X-
ray (EDX, Bruker Company/Germany, with 100 
A, 25 kV and XFlash-6110) would be used to 

Table 2. EC process parameters and their levels for MO dye removal
Independent variable Symbol Unit Low (-1) Middle (0) High (+1)

Current density X1 mA/cm2 4 6 8

NaCl concentration X2 g/L 0.5 0.75 1

Time X3 min 10 20 30

Table 3. Box-Behnken design for MO dye removal

Run
Coded value Actual value

X1 X2 X3 Current density (mA/cm2), X1 NaCl concentration (g/L), X2 Time (min), X3

1 0 0 0 6 20 0.75

2 -1 0 -1 4 20 0.50

3 1 -1 0 8 10 0.75

4 0 0 0 6 20 0.75

5 0 -1 1 6 10 1.00

6 -1 1 0 4 30 0.75

7 0 1 1 6 30 1.00

8 0 -1 -1 6 10 0.50

9 1 0 1 8 20 1.00

10 0 0 0 6 20 0.75

11 -1 -1 0 4 10 0.75

12 0 1 -1 6 30 0.50

13 1 1 0 8 30 0.75

14 -1 0 1 4 20 1.00

15 1 0 -1 8 20 0.50
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detect the surface morphology and elements com-
position of NiF electrode before and after its uti-
lization as anode in the EC process.

RESULTS AND DISCUSSION

Effect of electrode type on EC process

Working on three different sets of anodes elec-
trodes under the same conditions and examining 
the MO removal percentage results was necessary 
to indicate the efficiency of each type of anodes. 
Therefore, primary experiments were conducted 
at 4 mA/cm2, 1 g/L of NaCl, pH =7 within 30 min 
of electrolysis by using two Al anodes, or two NiF 
anodes, or Al-NiF anodes. The cathode electrodes 
were three iron foam, and Table 4 illustrates the 
results of these experiments.

Using Al-Al anodes in the EC system showed 
the lower MO dye removal percentages and the 
higher removal percentages was reached at ap-
proximately 40 min where pitting corrosion was 
appeared on the Al electrodes after this time of elec-
trolysis. However, The EC experiment with two Ni 

foam electrodes showed higher MO dye removal 
percentages which demonstrated that Ni foam an-
odes were very effective, but also a green color in 
the electrolytic solution appeared after 30 min due 
to the leaching of Ni foam electrodes, which is a 
major drawback. Finally, combining one Al anode 
with another anode of Ni foam was examined to 
attain the advantages of both electrodes without 
their drawbacks. As stated in Table 4, a high MO 
dye removal percentage was obtained with these 
two anodes without any green color in the solu-
tion or pitting corrosion on the surface of Al plate, 
which indicated the advantages of combining these 
anodes. Therefore, in the following experiments 
to detect the effect of different parameters on EC 
system, the anodes utilized were Al and Ni foam, 
besides three Fe foam electrodes as cathodes.

BBD statistical analysis results

Development of regression model

The regression model equations produced by 
MINITAB-19 software are displayed in Equa-
tion 10 as follows, and Table 5 presents the 

Table 4. Results of MO dye removal % at different anodes setups

Time, min
MO dye removal % at 4 mA/cm2, pH= 7, and NaCl Conc.= 1 g/L

Al- Al anodes NiF- NiF anodes Al- NiF anodes

10 23.63% 73.00% 75.34%

20 30.49% 83.30% 86.09%

30 48.88% 86.45% 88.46%

Table 5. Actual and predicted values for MO dye removal% and energy consumption (SEC)

Exp. No. C.D., mA/
cm2 Time, min NaCl Conc., g/L Actual MO dye 

Re %
Predicted  MO dye 

Re % E, volt SEC (kWh/kg 
MO dye)

1 6 20 0.75 85.97 85.31 10.1 26.28

2 4 20 0.5 75.345 75.98 9.9 17.12

3 8 10 0.75 88.78 89.88 10.3 17.00

4 6 20 0.75 84.52 85.31 10.1 28.42

5 6 10 1 92.05 91.59 8 10.09

6 4 30 0.75 86.11 85.04 7.3 17.41

7 6 30 1 93.12 93.27 7.1 26.44

8 6 10 0.5 78.32 78.20 7.4 9.22

9 8 20 1 96.497 95.89 8.6 23.92

10 6 20 0.75 85.387 85.31 7.4 23.40

11 4 10 0.75 78.32 77.84 8.7 6.07

12 6 30 0.5 87.18 87.67 4.3 16.28

13 8 30 0.75 93.327 93.83 8.7 36.86

14 4 20 1 88.07 89.03 5.9 8.34

15 8 20 0.5 90.9 89.96 17.5 61.94
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experimental results of MO dye removal percent-
ages, and the predicted MO dye removal % and 
SEC which were estimated based on Equation 10 
and Equation 9, respectively.
	 MO dye Rem % = 41.6 + 4.02 C.D. +	
	+ 0.845 time + 14.6 NaCl Conc.+0.172 C.D. ×	
	× C.D.+ 0.00653 time × time+ 27.55 NaCl Conc. ×	
	× NaCl Conc. - 0.0405 C.D. × time-3.56 C.D. ×	
	 NaCl Conc.- 0.779 time × NaCl Conc.	 (10)

Analysis of variance (ANOVA)

ANOVA is a useful technique for process im-
provement and comprehension, since it can pre-
dict the impact of factors and their interactions on 
the result (Jasim and Salman, 2024). The ANOVA 
findings are displayed in Table 6; where P-value 
is a statistical measure of probability and F-value 
is Fisher value. A high F-value (more than 4) in-
dicates that the regression equation can explain 
the variation in the solution. When a model’s p-
value is less than 0.05, it is deemed statistically 
significant (Ozyurt et al., 2017). Table 6 demon-
strates that the model can effectively characterize 
the elimination process and that it was highly sig-
nificant for MO degradation with F and P values 
of 39.99 and 0.000, respectively. High correla-
tion coefficient R2 value of 98.63% was acquired, 
and the contribution percentages showed that the 

sequence of parameters due to their high effect on 
MO dye removal % were current density, NaCl 
concentration, and time.

Effect of studied parameters on EC process

To emphasize the effect of the studied pa-
rameter on the removal efficiency of MO dye, a 
3D surface plot based on RSM analysis and his-
togram plot were considered. Figure 3 displays 
the effect of current density and electrolysis time 
onto EC process efficiency. First of all, it must 
be declared that the applied current was divided 
equally between Al and NiF electrodes. Not sur-
prisingly, it is clear that increasing current density 
resulted in increasing MO dye removal. For an ex-
ample, based on the results of Table 5, by compar-
ing the results of experiments 2 and 15, it can be 
noted that at NaCl conc. = 0.5 g/L and within 20 
minutes of electrolysis, the increase in current den-
sity from 4 to 8 mA/cm2 resulted in increasing MO 
dye removal % from 75.345 to 90.9%. Addition-
ally, it can be noticed that when increasing current 
density from 4 to 6 mA/cm2 at pH = 7 and 0.75 g/L 
of NaCl within 30 min of electrolysis, MO dye re-
moval percentage increased from 85.04 to 93.83%. 
According to Faradays’ law m = [ItM/zF]), the in-
crease of current density would enhance the gen-
eration of more electrode ionic species (Al3+ and 

Table 6. ANOVA results for MO dye removal
Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value

Model 9 502.799 98.63% 502.799 55.867 39.99 0.000

Linear 3 459.335 90.10% 459.335 153.112 109.60 0.000

C.D. 1 216.934 42.55% 216.934 216.934 155.28 0.000

Time 1 61.977 12.16% 61.977 61.977 44.36 0.001

NaCl conc. 1 180.424 35.39% 180.424 180.424 129.15 0.000

Square 3 12.961 2.54% 12.961 4.320 3.09 0.128

C.D.*C.D. 1 1.006 0.20% 1.751 1.751 1.25 0.314

Time*time 1 1.007 0.20% 1.575 1.575 1.13 0.337

NaCl conc.*NaCl conc. 1 10.948 2.15% 10.948 10.948 7.84 0.038

2-Way Interaction 3 30.502 5.98% 30.502 10.167 7.28 0.028

C.D.*time 1 2.629 0.52% 2.629 2.629 1.88 0.228

C.D.*NaCl conc. 1 12.702 2.49% 12.702 12.702 9.09 0.030

time*NaCl conc. 1 15.171 2.98% 15.171 15.171 10.86 0.022

Error 5 6.985 1.37% 6.985 1.397

Lack-of-Fit 3 5.920 1.16% 5.920 1.973 3.71 0.220

Pure Error 2 1.065 0.21% 1.065 0.532

Total 14 509.784 100.00%

Model summary
S R-sq R-sq(adj) PRESS R-sq(pred) AICc BIC

1.18196 98.63% 96.16% 97.1231 80.95% 141.10 60.89
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Ni+2) onto the anodes which would increase the 
production of more Al(OH)3 and Ni(OH)2 flocs in 
the solution and consequently an enhancement in 
the MO dye removal (Jasim and Salman, 2024; 
Abbas et al., 2022).

Furthermore, increasing current density 
would increase the rate of H2 and O2 bubble gen-
eration which intensely impacts the rate of flo-
tation, solution mixing, and mass transfer at the 
electrodes. In fact, current density is one of the 
vital operational parameters which must be taken 
into consideration for the design of any EC setup; 
hence, it not only influences the system response 
time but also strongly affects the governing con-
taminant separation method. However, this key 
parameter must be controlled to avoid the de-
crease in current efficiency and the waste in elec-
trical energy (Irki et al., 2017; Kul et al., 2020).

Another vital parameter must be controlled in 
EC process is electrolysis time, hence it is essential 
to remember that operational costs are governed by 
reaction time. Thus, for effective treatment at the 
lowest feasible cost, a reaction time value needs 
to be selected. As it was stated in Table 5, increas-
ing electrolysis time from 10 to 30 min resulted in 
increasing the MO dye removal percentages from 
88.78 to 93.327% at 8 mA/cm2 and 0.75 g/L of 
NaCl. On the basis of Faradays’ law, higher elec-
trolysis time means higher number of produced 
metal ions in the electrolyte and consequently a 
higher number of metal hydroxides. 

The addition of different electrolytes like 
NaCl, Na2SO4, and KCl can directly impact the 
efficiency of the EC process. In the present study, 
NaCl was chosen as the main electrolyte due to 
its natural presence in wastewater of different in-
dustries and especially in textile industries due to 
its utilization as an absorbent of dye molecules 
in the cloth fibers besides its high efficiency in 

increasing the conductivity of electrolytic solu-
tion (Salman et al., 2024). Furthermore, the pres-
ence of Cl ions prevents the negative of Ca ions 
that naturally exist in all the types of wastewater 
(Mohammed et al., 2021).Therefore, it is com-
monly to consider the addition of NaCl as one of 
the main parameters that govern the efficiency 
of EC process. Figure 4 shows the effect of NaCl 
addition and it can be predicted from Table 5 
by comparing the results of runs 2 and 14 that 
at 4 mA/cm2 and within 20 min of electrolysis, 
increasing the NaCl concentration from 0.5 to 
1 g/L, the MO dye removal efficiency was in-
creased from 75.345 to 88.07%. This also can be 
explained by the fact that the addition of NaCl 
to the bulk solution can anodically produce chlo-
rine species like hypochlorous acid (HOCl) and 
hypochlorite ions (-OCl) which enhance the in-
direct electrolysis and converts organic contami-
nants into H2O and CO2 (Muthumanickam and 
Saravanathamizhan, 2021; Titchou et al., 2020). 
Equations 11–14 explain the main reactions by 
adding NaCl to the bulk solution (Jasim and Sal-
man, 2024; Titchou et al., 2020). However, in 
neutral bulk solution, HOCl is the main chlorine 
species which would be produced and is more 
active in eliminating pollutants than hypochlo-
rite ions (Jasim and Salman, 2024).
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+ + 𝑂𝑂2(𝑔𝑔) + 4𝑒𝑒− (2) 
 
𝐴𝐴𝐴𝐴(𝑠𝑠) ↔ 𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎

+3 + 3𝑒𝑒− (3) 
𝐴𝐴𝐴𝐴 𝑎𝑎𝑎𝑎

+3 + 3𝑂𝑂𝑂𝑂𝑎𝑎𝑎𝑎
− ↔ 𝐴𝐴𝐴𝐴(𝑂𝑂𝑂𝑂)3 (4) 

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎: 𝑁𝑁𝑁𝑁(𝑠𝑠) → 𝑁𝑁𝑁𝑁 (𝑎𝑎𝑎𝑎)
2+ + 2𝑒𝑒− (5) 

𝑁𝑁𝑁𝑁 (𝑎𝑎𝑎𝑎)
2+ + 2𝑂𝑂𝑂𝑂 (𝑎𝑎𝑎𝑎)

− → 𝑁𝑁𝑁𝑁(𝑂𝑂𝑂𝑂)2(𝑠𝑠) (6)  
Overall reaction: 𝑁𝑁𝑁𝑁(𝑠𝑠) + 2𝐻𝐻2𝑂𝑂 → 𝑁𝑁𝑁𝑁(𝑂𝑂𝑂𝑂)2(𝑠𝑠) + 𝐻𝐻2(𝑔𝑔) (7)  
𝑀𝑀𝑀𝑀𝑀𝑀ℎ𝑦𝑦𝑦𝑦 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 % = (𝑀𝑀𝑀𝑀−𝑀𝑀𝑀𝑀)

𝑀𝑀𝑀𝑀  ×  100 (8) 

SEC = 𝐸𝐸.𝐼𝐼.𝑡𝑡
(𝐶𝐶𝑖𝑖−𝐶𝐶𝑓𝑓) 𝑉𝑉  ×  1000 (9)  

𝑀𝑀𝑀𝑀 𝑑𝑑𝑑𝑑𝑑𝑑 𝑅𝑅𝑅𝑅𝑅𝑅 % = 41.6 + 4.02 𝐶𝐶. 𝐷𝐷. + 0.845 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 
+ 14.6 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶. +0.172 𝐶𝐶. 𝐷𝐷.× 𝐶𝐶. 𝐷𝐷. + 0.00653 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 × 
× 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 27.55 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶.× 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶. −0.0405 𝐶𝐶. 𝐷𝐷.× 

× 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 3.56 𝐶𝐶. 𝐷𝐷.  × 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶. − 0.779 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 × 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶. 
(10) 

2𝐶𝐶𝐶𝐶− →  𝐶𝐶𝐶𝐶2  + +2𝑒𝑒−  (11) 
𝐶𝐶𝐶𝐶2  + 𝐻𝐻2𝑂𝑂 → 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 +  𝐻𝐻+ +  𝐶𝐶𝐶𝐶−  (12) 
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 →  𝐻𝐻+ +  𝑂𝑂𝑂𝑂𝑂𝑂−  (13) 
𝐷𝐷𝐷𝐷𝐷𝐷 + 𝑂𝑂𝑂𝑂𝑂𝑂−  → Intermediates →  𝐶𝐶𝐶𝐶2(𝑔𝑔) + 𝐻𝐻2𝑂𝑂 +  𝐶𝐶𝐶𝐶−  (14) 
 

	 (13)

	 Dye + OCl- → Intermediates →	
	 → CO2(g) + H2O + Cl-	 (14)

The results of present work in agreement 
with many previous studies (Titchou et al., 2020; 
Muthumanickam and Saravanathamizhan, 2021b; 
Irki et al., 2018; Irki et al., 2017), but it succeeded 

Figure 3. Effect of current density with time at NaCl conc. = 0.75 g/L on MO dye removal, (a) 3D surface plot, 
(b) Histogram plot
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in removing MO dye with low amounts of NaCl 
in comparison with many previous studies.

As anticipated, the results of consumed en-
ergy (SEC) in Table 5 confirmed that it increased 
along with current density. It can be emphasized 
that the consumed energy increased from 17.12 to 
61.94 kWh/kg of MO dye as the current density 
increased from 4 to 8 mA/cm2 at NaCl concentra-
tion of 0.5 g/L and 20 min of electrolysis. Nev-
ertheless, SEC increase decreased with NaCl in-
crease, as illustrated in Table 5, which can be ob-
served in runs 9 and 15, where it decreased from 
61.94 to 23.92 kWh/kg of MO dye at 8 mA/cm2, 
time = 20 min as an increase in NaCl concentra-
tion was observed from 0.5 to 1 g/L, respectively. 

This decrease in consumed energy by increas-
ing NaCl concentration can be explained by the fact 
that higher NaCl concentration would decrease the 
insulating layer on the anodes, enhance the electro-
lyte conductivity, reduce the voltage, and decrease 
the energy consumption as a result (Irki et al., 2018).

Optimization and confirmation experiments

As the main goal of this study is to acquire 
the maximum MO dye removal %, the maximum 
target was adopted in the present study. In Table 
7, optimum conditions from the desirable func-
tion were 8 mA/cm2, 1 g/L of NaCl, and time of 
30 min. Two experiments were accomplished by 
adopting these optimum conditions, and the re-
sults are illustrated in Table 7. The MO dye re-
moval efficiency was 97.74 % after 30 min and 
COD measuring was achieved for initial and final 

samples of these two experiments at these opti-
mum conditions and it was found that the initial 
and final COD values were around 51 mg/L which 
considered acceptable values. To emphasize the 
efficiency of current study with previous studies 
investigated the removal of MO dye; Table 8 il-
lustrates the results of some previous studies be-
sides those obtained in the present study. It can 
be concluded that the present EC system can be 
considered as a promising system for efficient re-
moval of MO dye with moderate conditions.

Characterization of the NiF electrode

Figure 5 displays the morphological struc-
ture of the NiF electrode before utilizing it as an-
ode in the EC system and after 15 experiments 
of electrocoagulation of MO dye. As depicted in 
Figure 5A1 and 5A2, the Ni foam before experi-
ments had a smooth surface, cross-linked, 3D po-
rous structure and has a tiny diameter (hole and 
strand). Because of its porous structure, Ni foam 
has a huge surface area. Greater charge transfer, 
stronger pseudo capacitance characteristics, and 
fewer blockages between the active material and 
electrolyte can result from the larger surface area 
(Salleh et al., 2020). As a result of this 3D, porous 
structure of the NiF electrode, it was very effec-
tive as an anode in the EC system. Figures 5B1 
and 5B2 shows its surface after 15 experiments of 
an EC process and it is easy to predict the change 
in its structure due to the Ni ions dissolution and 
leaching during the EC experiments. 

Figure 4. Effect of NaCl with time on MO dye removal at 6 mA/cm2, (a) 3D surface plot, (b) histogram plot

Table 7. Results of MO dye removal efficiency and SEC at optimum conditions
SEC 

(kWh/kg of MO)
Average 

removal%E (Volt)MO Removal %Time (min)NaCl conc. (g/L)C.D. (mA/cm2)Run No.

36.30
97.74

8.797.8530181

35.888.697.6230182
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Table 8. Results of the present study with some previous studies for MO dye removal

Electrodes pH Time, min Electrolyte type Current density and 
Voltage MO dye Rem% Reference

Al-Fe 5–7 50 NaCl, 1 g/L 20 volt 97% (Ren et al., 2018)

Al-Fe 3–5 20 Na2SO4 10 mA/cm2, 6–30 volt 92% (Karagözoğlu and 
Malkoç, 2023)

SS sieve box - Fe 7 60 NaCl, 1 g/L 40 volt 93.10% (Sorayyaei et al., 2021)

Fe-Fe 7.25 12 NaCl, 1.6 g/L 6.4 mA/cm2 95% (Irki et al., 2017)

4 Fe 4–5 32 Fe2+, 0.2 mM 0.4 mA/cm2 82.4% (Akter and Islam, 
2022b)

Al-Fe 7.4 20 NaCl 150 mA/cm2, 4.4 volt 94% (Pi et al., 2014)

Fe-Fe 8 40 - 3 mA/cm2, 0–30 volt 97% (Abbas et al., 2022b)

Al-NiF 7 30 NaCl, 1 g/L 8 mA/cm2 97.74% Present study

Figure 5. FESEM image of the NiF electrode at different magnifications (1 refers to 100×, and 2 refers to 200×); 
A: before EC process, and B: after EC process

Figure 6. EDX images of the NiF electrode; A: before EC process, and B: after EC process

The EDX results of the NiF anodes before 
and after the EC process are depicted in Figure 
6. It can be predicted that Ni has the higher per-
centage of the total composition in addition to 
minor elements like Fe, Co, Cu, and C, as shown 

in Figure 6A, while Figure 6B shows the EDX 
results of NiF after EC experiments and also it 
can be noted that Ni had the higher percentage of 
the total compositions besides small percentages 
of Fe, Co, Cu, C, Al, and S. 
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CONCLUSIONS

In this work, the main goal was to detect the 
efficiency of an EC system in eliminating MO 
dye in the presence of Ni foam and aluminum an-
odes besides Fe foam as cathodes. The results in-
dicated that an EC system with Al-NiF electrodes 
was more efficient than one of Al-Al or NiF-NiF 
which reduced the required time of removal in 
the case of using the Al-Al anodes and eliminate 
the leaching of Ni in the case of utilizing the NiF-
NiF anodes. The impact of current density, NaCl 
concentration, and time on the efficiency of the EC 
system was optimized with response surface meth-
odology. It was concluded that current density had 
the highest impact on the EC process followed by 
NaCl concentration, and the electrolysis time has 
the lower impact. The higher MO dye removal per-
centage was 97.74% at 8 mA/cm2, 1 g/L of NaCl 
within 30 min of electrolysis with a consumed 
energy of 36.09 kWh/kg of MO dye. The present 
EC system succeeded effectively in removing the 
MO dye with lower values of time and the NaCl 
concentration in comparison with many previous 
studies. The 3D and porous structure of the NiF 
and Fe foam electrodes enhanced dramatically the 
EC process due to the high surface area of these 
electrodes which enhanced the production of H2 
and O2 gases and consequently enhanced the mass 
transfer, mixing of solution, and flotation rate.
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