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1. Introduction
Discharge of textile wastewater into the environment 

causes higher impacts. Major pollutant charges from 
textile wastewater are due to several wet-processing 
operations. The dyeing process uses a huge amount of 
dyes and produces large amounts of colorful wastewater 
(1). Approximately 150-350 L of water is required 
for producing 1 kg of finished apparel. Among the 
various types of dyes, reactive dyes are widely applied 
in many cases due to their solubility, durability color, 
diversity, and low cost (2). These organic pollutants 
have a complex structure and their degradation is highly 
challenging. These textile effluents, which are present 
in the environment, create severe pollution problems by 
releasing toxic and potentially carcinogenic substances 
(3). Therefore, their treatment from the environment is 
an obligation to prevent ecosystem destruction. 

Various methods are currently employed for the removal 
of organic matter from textile wastewater. Although 
biological, chemical, and physical methods are used for 
treating dyes (i.e., biological oxidation, incineration, 
electrocoagulation, adsorption, ozonation, coagulation, 

and the like), they cannot sufficiently degrade these 
effluents (4-6).

In recent years, electrochemical oxidation processes 
have been suggested as effective and emerging alternatives 
for the degradation of effluents having high organic matter. 
Among these methods, electrooxidation has received 
significant attraction since has easy operation, high energy 
efficiency, and a fast reaction rate, and is environmentally 
friendly (7-11). Moreover, the main characteristic of this 
treatment technic is that it uses electrical energy as a 
vector for environmental decontamination (12). In these 
processes, direct or indirect oxidation can be applied to 
remove pollutants (13). In the indirect anodic oxidation 
(IAO) process, strong oxidant species such as ozone, 
hypochlorite/chlorine, or hydrogen peroxide can be 
generated by electrochemical reactions during electrolysis 
(14). In the IAO, all the generated oxidants are used 
during the process. Further, the IAO is more efficient 
and extensively employed for decontamination due to its 
simplicity, versatility, and environmental compatibility 
(15). Furthermore, when chlorine species are generated 
in the bulk, it is possible to reduce cost-effectiveness and 
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long residual time and remove microorganisms (16,17). 
Active chlorine species consisting of dissolved chlorine 
(Cl2(aq)), hypochlorous acid (HClO), and hypochlorite ion 
(ClO−) are electrochemically generated via the chlorine 
evolution reaction in chloride-containing electrolyte as 
Eq. (1). In the bulk, hypochlorous acid and hypochlorite 
ions are obtained after hydrolyzing chlorine (18) and 
expressed as Eqs. (2) and (3) as follows:

2Cl- →  Cl2 + 2e- , (E° = 1.36 V/NHE)                           (1)
Cl2 + H2O →  HClO + Cl- + H+                                      (2)
HClO ↔  ClO- + H+                                                          (3)

Among the currently used anode in IAO, dimensionally 
stable anode (DSA), which is made of titanium-based 
metal covered with a thin conducting of some metal 
oxides, PbO2, SnO2-Sb, BDD, and titanium supported 
platinum (Ti/Pt) electrodes, is extensively applied to 
oxidize the organic matter from wastewater treatment 
(19,20). All these materials have a good operating 
lifetime, good efficiency for the mineralization of 
pollutants, and high mechanical and electrochemical 
stability even at high current densities (21). Despite their 
good electrochemical properties, they are unavailable in 
developing countries. To fight against their scarcity and 
high cost, graphite substrate has been chosen in this study 
to develop electrode materials.

The investigation of cheaper and available electrode 
materials with analogous performances to DSA and/or 
BDD has currently attracted great attention in this field 
(22). The graphite material has been widely employed in 
electrochemical processes due to its availability and high 
efficiency for chlorine evolution reactions (23). Among 
transition metal oxides, MnOx materials present good 
electrocatalytic properties, low cost, and low toxicity, 
and are environmentally friendly. Furthermore, in our 
previous work, it was shown that the electrochemical 
properties of graphite (e.g., stability, chlorine evolution 
potential, and ability to degrade methyl orange [MO]) 
significantly improved when it recovered from manganese 
oxide (24).

Some previous studies have focused on evaluating 
the performance of electrochemical processes in textile 
wastewater treatment. For instance, Kariyajjanavar et 
al reported that the maximum removal efficiency of 
chemical oxygen demand (COD) was 90.5% at a pH rate 
of 3, NaCl concentration of 25 g/L, current density of 170 
Am-2, and electrolysis time of 11 hours (25). In another 
study, Vatanpour et al showed that the electro-Fenton 
process is efficient for the treatment of a mixture of two 
dyes (methyl green and orange II) and found that the 
maximum color removal efficiency was 98% (26). Ghosh 
et al also investigated the degradation of synthetic organic 
dyes by the electro-Fenton process and concluded that 
high COD removal efficiency for methylene blue was 

68%, and the degradation was enhanced by increasing the 
concentration of hydrogen peroxide (27). 

To the best of our knowledge, no study has so far 
investigated the electrochemical oxidation of three 
reactive dye bath effluents on manganese oxide electrodes. 
Thus, the aim of this work was to find the influence of 
electrolysis factors in the degradation study of synthetic 
textile wastewater (STW) containing MO, crystal violet 
(CV), and neutral red (NR) on manganese oxide coated 
on graphite electrodes. Thus, three factors including 
electrolysis time, current density, and NaCl concentrations 
on the degradation efficiency of the synthetic dyeing bath 
were optimized by the Box-Behnken design (BBD).

2. Materials and Methods
2.1. Chemicals 

In this study, graphite is the main material. The samples 
of graphite were obtained from the used batteries (Tiger 
Head brand, type R20 UM-1), which were collected and 
shredded to recover the samples of graphite. These samples 
had an apparent density of 1.63 g cm-3 and an effective 
area of 12.058 cm2. Silver sulfate, mercuric sulfate, sodium 
chloride, sodium sulfate, sodium thiosulfate, MO, CV, 
and NR were of analytical grade and were purchased from 
Merck Company (Germany). Isopropanol and manganese 
chloride (MnCl2.4H2O), as well as sodium hydroxide and 
sulfuric acid were purchased from Prolabo (Swiss) and 
Sigma-Aldrich (USA) Companies, respectively.

2.2. Electrocatalyst Preparation 
The C/MnO2 electrode was prepared by a simple sol-gel 

method according to our previous work (24). Typically, 
the substrates must be deprived of grease and stripe 
to ensure a uniform thickness of the deposited layer. 
Substrates were washed using acetone. Then, they were 
sandblasted in alumina for five minutes, treated by the 
chemical treatment in oxalic solution 10% for 45 minutes, 
and dried at 105°C for 5 minutes (28). Next, the substrate 
was ready to receive coating MnO2 films. 

To prepare the solution of manganese dioxide, a 
mixture of isopropanol and manganese chloride was 
heated at 80°C in processing reflux for 45 minutes. Then, a 
permanganate solution was quickly added to the mixture. 
Afterward, 5 mL of acetic acid was added to the medium 
after 2 hours. The process took 4 hours. This synthesis-
based method was reported by Chen et al (29) with some 
modifications.

After the pretreatment of substrates, they were 
recovered by the MnO2 using the dip-coating technique. 
Materials were dried at 105°C for 15 minutes and burned 
at 400°C for 5 minutes in the furnace for the deposition of 
one layer. The previous steps were repeated occasionally. 
After the deposition of the latest layer, the materials were 
burned at 400°C for 2 hours. These temperatures are 
selected with the aim to obtain the most stable manganese 
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dioxide. This is inspired by the works of Cardarelli et al 
(28) and Lin et al (30).

2.3. Electrode Characterization
Raman analysis is highly suited for molecular 

morphology characterization of carbon materials. Each 
vibrational frequency of a bond within the molecule 
corresponds to a band. The laser Raman microscope 
(LabRAM HR, Horiba, Italia) equipped with diode laser 
operating at 633 nm wavelength was employed to collect 
Raman spectra. 

2.4. The Electrochemical Process
Synthetic wastewater was prepared by dissolving 0.3 g 

MO, 0.3 g CV, 0.3 g NR, 0.1 g Na2SO4, 0.1 mg. Na2CO3, 0.1 g 
of NaOH, and 0.1 g K3PO4 in 1 L of distilled water, which are 
the main components in real textile industry wastewater 
(31,32). Then, the synthetic effluent was hydrolyzed by 
heating at 50°C for 1 hour (11). The synthetic wastewater 
was electrochemically oxidized in a bath reactor (150 mL) 
equipped with two electrodes of C/MnO2 as anode and 
cathode in conjunction with an adjustable power supply 
unit (LW LONG WEI LK-K30100, China, Fig. 1). The 
distance between the electrodes was fixed at 1 cm. The 
duration of all the electrolysis experiments was varying. 
A magnetic stirrer (Mivaris Magnetic Stirrer, England) 
was used to mix the solution. For all experiments, the 
pH of the solution was fixed at 3 because some studies 
have been realized to optimize the pH during the IAO of 
reactive dyes, and their results demonstrated that a low 
pH level leads to the high oxidation of the organic matter. 
However, at a low acidic medium, Cl2 and HClO are the 
main oxidizing species present during electrolysis, which 
have higher oxidation potential compared to ClO- (6,24).

2.5. Analytical Methods
In this study, the COD removal efficiency was used 

to evaluate the rate of organic matter degradation. The 
COD (mgO2/L) of the solution was determined during 
electrolysis by the closed reflux titrimetric method with 

the titrant of ammonium ferrous sulfate hexahydrate. The 
method is based on the oxidation of the organic matter by 
dichromate in the acidic solution in the heater apparatus 
(Hachi, USA) at 150 C°  for 2 hours (33). The COD 
removal efficiency was computed according to Eq. (4):

COD removal (%) = 0

0

( ) 100tCOD COD
COD
−

×                        (4)

where COD0 and CODt are the solution COD values at 
the initial and t time of the electrolysis, respectively. 

Ammonium, nitrate, nitrite, sulfate, carbonate, and 
phosphate ions were determined according to the methods 
described by Rodier et al (33). The characteristics of the 
STW are summarized in Table 1. 

2.6. Experimental Design
Response surface methodology (RSM) is based on 

the exploration of the relationships between several 
explanatory variables and one or more response variables. 
The main idea of RSM is to use a sequence of designed 
experiments to obtain optimum operating conditions. 
In this study, three factors including current density, 
electrolysis time, and NaCl concentration were chosen 
to design a matrix of an experiment using the BBD. Each 
factor was studied at three levels coded as -1 (low), 0 
(medium), and +1 (high) for a total of 16 experiments. 

The second-order polynomial quadratic model for 
predicting the optimum value of three factors can be 
stated according to Eq. (5):

Y= β0 +∑ β1X1 + ∑ β2X2 + ∑ β3X3 +
 ∑ β12X1X2 + ∑ β13X1X3 + ∑ β23X2X3 +                         (5)
 ∑ β11X1

2 + ∑ β22X2
2 + ∑ β33X3

2          

where Y and β0 indicate predicted responses and offset 
term (Intercept process effect), respectively. In addition, 
β1, β2, and β3 are linear effects. Likewise, β11, β22, and β33 
denote squared effects. Further, β12, β13, and β23 are cross-
product effects. Moreover, X1X2, X1X3, and X2X3 represent 
the interactions. This model demonstrates the quadratic 
effect of X1, X2, and X3. The RSM was used to determine 
the optimum experimental conditions for maximum 
degradation. This methodology is a collection of statistical 
tools for showing the effect of some variables influencing 
the responses by varying them simultaneously (34). The 
results of the optimization study were analyzed using 
STATGRAPHIC Centurion XVI software. 

3. Results and Discussion
3.1. Electrocatalyst Characterizations

The manganese dioxide colloidal suspension was 
prepared by the sol-gel process. The pH of this solution 
was 1.85, revealing the formation of the hydrochloric acid 
during the process according to Eq. (6). Fig. 1. The Experimental Set-up: (1) Magnetic stirrer, (2) Magnetic bar, (3) 

Electrolytic cell, (4) Cathode (C/MnO2), (5) Anode (C/MnO2), and (6) D.C 
Power Supply. Note. MnO2: Carbon coated by manganese oxide. 
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2KMnO4 + 3MnCl2 + 2H2O →  5MnO2 + 2KCl + 4HCl    (6)

Visible spectra (Fig. 2a) were measured to study the 
optical property of the MnO2 sol. This spectrum presents 
a maximum absorption in the visible area at 390 nm. 
Generally, the absorption spectrum of MnO2 solution is 
350.2-403.4 nm. Mulvaney et al (35) obtained a wavelength 
at 360 nm, which proves the presence of MnO2 particles in 
the obtained solution. 

Raman spectroscopy is widely applied for the 
characterization of MnO2 doped carbon composites given 
its sensitivity to both MnO2 oxidation state and carbon 
structural properties (36). The Raman spectra of graphite 
and manganese oxide coated on graphite substrates are 
shown in Fig. 2b. First, the Raman spectrum of graphite 
presents three peaks, which are denominated D (1348 
cm-1), G (1575 cm-1), and 2D (2668 cm-1) bands. The 
crystalline structure of graphite is attributed to the G 
band, which is the main peak and is also associated 
with the symmetric E2g vibrational mode in the graphite 
structure and to the sp2 bonded carbon atoms in a two-
dimensional hexagonal lattice. The disorder and defect 
in the graphitic structure are related by the D band. The 
latter peak is the 2D band, which is also attributed to the 
sp2-bonded carbon atoms in a two-dimensional lattice 
and connotes that the graphite sheet contains some layers 
(37). In the spectrum of manganese oxide coated on 
graphite, the same peaks are observed that are present in 

the Raman spectrum of graphite materials. However, it is 
important to specify that the observed bands are wider 
compared to the graphitic bands, except for the 2D band 
which is low. These observations imply that the sample of 
graphite has been oxidized, proving the presence of the 
Mn-O group on its surface. The birnessite-type MnO2 
peak is observed at around 642 cm-1 (34,38). The intensity 
ratio of D and G bands (ID/IG) is used to determine the 
degree of disorder and defect in graphitic materials. The 
intensity ratios (ID/IG) of the graphite and the manganese 
oxide coated on graphite were 0.1 and 1.09, respectively. 
However, it is noteworthy that the highest intensity ratio 
belongs to the as-prepared material. This growth can be 
explained by the effect of the electrostatic interaction 
between manganese oxide with the carbon in the form of 
graphite and the increasing amount of defects (39). Thus, 
MnO2 onto graphite was successfully synthesized based 
on the results of Raman spectra.

3.2. Optimization of Electrochemical Degradation of the 
Organic Matter on C/MnO2
3.2.1. Data Analysis

The organic matter degradation was evaluated by the 
COD removal efficiency. Current density (X1), electrolysis 
time (X2), and NaCl concentration (X3) were the main 
variables. The experimental and predicted results are 
presented in Table 2. 

Exp and pre are the experimental and predicted values 
of COD removal efficiency.

In this study, the rate of COD removal varied between 
58.256% and 82.2548%. The mathematical model, Eq. (5), 
which gives the interaction between independent factors 
and COD removal efficiency is expressed by Eq. (7). 

Y = 34.7977 + 0.834897 X1 + 5.55774 X2 – 0.52488 X3 
– 0.000989206 X1

2 – 0.0520675 X1X2 – 0.164182 X1X3 – 
0.0823375 X2

2 + 0.421458 X2X3 + 0.7187 X3
2                                    (7)

where Y represents the predicted COD removal 
efficiency, and X1, X2, and X3 are current density, time, 

Table 1. Characteristics of the Synthetic Dye Bath

Characteristics Unit Value Before Treatment Value After Treatment

pH (20℃) - 10.3 ± 0.1 10.9 ± 0.1

Conductivity μS/cm 5610 ± 50 2150 ± 30

Temperature  ℃ 20 ± 1 22 ± 1

COD mgO2/L 721 ± 11 118.03 ± 2.14

[SO4
2-] mg/L 98.12 ± 1.55 14.23 ± 1.89

[CO3
2-] mg/L 99.25 ± 0.64 47.25 ± 1.66

[PO4
3-] mg/L 97.36 ± 1.76 73.1 ± 3.56

Note. COD: Chemical oxygen demand.
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 Figure 2. (a) Visible Spectrum of the MnO2 Solution and (b) Raman Spectra of Graphite and MnO2 Coated Onto Graphite. Note. MnO2: Carbon coated by 
manganese oxide. 
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and [NaCl], respectively. As shown, current density and 
operating time have a positive effect on the response, 
while NaCl concentration has a negative effect. 
Furthermore, electrolysis time (X2) has the highest effect 
on the response.

The ANOVA test was used to analyze experimental data 
in order to validate the model (Table 3). Current density, 
electrolysis time, and NaCl concentration, as well as the 
quadratic effect between current density and electrolysis 
time, between current density and NaCl concentration, 
and between electrolysis time and NaCl concentration 
have a low P value (P<0.05). Based on P value and F-test 
results (Table 3), the quadratic model for Y was highly 
significant, and the F-value was 17.767 for the functions 
corresponding to Y. Furthermore, the R2 coefficient 
was 0.977971, which is high and shows that 97.797% of 
the observed variability in data can be explained by the 
predicted model. The adjusted R² square (R2

Adj=0.944953) 
is also high. Based on these values, the predicted model 

was highly significant. The lack of a fit test for the final 
model was insignificant (P = 0.153), confirming the fit of 
this model. Furthermore, the Anderson-Darling test for 
normality was insignificant, approving this assumption of 
the model.

Pareto analysis was employed to further interpret the 
results according to (Eq. 8) as follows (4):

2

2 100i
i

i

bp
b

= ×
∑

                 (i 0)≠                                                 (8)

where b is the related regression coefficient of the 
parameter. Fig. 3 displays the Pareto graphic analysis 
and the influence of each independent factor and their 
interaction on the COD removal efficiency. As shown, 
electrolysis time and current density have a positive effect 
and are the most determining factors on COD removal 
efficiency. [NaCl], the interaction between electrolysis 
time and current density and the interaction between 
[NaCl] and current density exert a negative effect and 
are the most determining factors on the COD removal 
efficiency. The negative effect of these factors implies 
that they have an antagonist impact on COD removal 
efficiency. Moreover, the other interactions have a 
negligible effect on the response. 

3.2.2. Influence of the Electrolysis Parameter on COD 
Removal Efficiency

The model Eq. (8) was used in this part to develop the 
response surface and contour plots. These graphs lead to 
a further understanding of the effect of each factor and 
their interaction on COD removal efficiency. Fig. 4 shows 
the effect of the interaction between current density and 
time on COD removal efficiency. Based on the data, 
COD removal efficiency increases with current density 
and time. Isik et al (40) studied the degradation of textile 
dyeing bath by electrooxidation using activated carbon 
cloth as electrodes and found that the maximum COD 
removal was 95.5% at the current density of 100 A/m2 for 
90 minutes. In this work, the optimum value of the COD 
removal was 83.63% at the current density of 50 mA/cm2 
for 6.9 hours. The difference can be ascribed to the high 
usage of current density and the presence of 4254 mg/L of 
the NaCl concentration that are important factors during 
electrooxidation. More current density provides high 
generation of oxidizing species which promote high the 

Table 2. Full Factorial Design Used for the IAO of STW on the C/MnO2 
Electrode

Run N° X1: j(mA/cm²) X2: t(h) X3: [NaCl](g/L)

COD Removal 
Efficiency (%)

Yexp (%) Ypre (%)

1 50 5 2.5 76.152 74.708

2 50 5 1.5 78.3256 78.4599

3 30 5 2.0 73.35 73.0631

4 30 5 2.0 72.95 73.0631

5 10 5 2.5 70.6523 70.518

6 30 7 2.5 79.4552 81.1313

7 30 5 2.0 72.9513 73.0631

8 30 5 2.0 73.0013 73.0631

9 30 7 1.5 80.6589 80.7566

10 50 7 2.0 82.2548 82.0227

11 30 3 2.5 64.3251 64.2274

12 30 3 1.5 67.2146 65.5385

13 10 7 2.0 80.2562 78.7145

14 50 3 2.0 68.5854 70.1271

15 10 3 2.0 58.256 58.4881

16 10 5 1.5 66.2586 67.7026

Note. IAO: Indirect anodic oxidation; STW: Synthetic textile wastewater; 
COD: Chemical oxygen demand; MnO2: Carbon coated by manganese 
oxide.

Table 3. Statistical Indices Obtained From the ANOVA for COD Removal Efficiency

Source Sum of Squares Degrees of Freedom Mean Square F Value P Value R2 Values

Model 658.0952 6 109.6825 17.767 < 0.0001 R2=97.797

Residuals 4.059576 9 0.45106 R2
aju=94.4953

Lack of fit 12.5716 8 1.57145

Pure error 1.6161 1 1.6161

Total 676.3424 15 113.3211

Note. ANOVA: Analysis of variance; COD: Chemical oxygen demand.
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oxidation of the organic matter and high COD removal.
The interaction between current density and [NaCl] 

on the response at a constant electrolysis time of 5 hours 
is depicted in Fig. 5. According to these graphs, at low 
[NaCl], COD removal efficiency increases with current 
density. In other words, increasing current density leads 
to the generation of a large quantity of active chlorine 
species that rapidly react with organic pollutants, leading 
to greater degradation of the organic matter (6,41). 
Furthermore, higher current densities contribute to a 
reduction in the efficiency of the process generating 
low hypochlorite, which converts to a chloro-oxidant of 
higher oxidation states and is expressed as Eq. (9). Thus, 
it is important to notice that the oxidation of STW has a 
limit current where the efficiency is the highest.

6OCl- + 3H2O →  2ClO3
- + 4Cl- + 6H+ + 3/2 O2 + 6e-           (9)

The obtained data in Fig. 6 indicate that an increase in 
[NaCl] leads to a decrease in response, while increasing 
the reaction time enhances the degradation of the organic 
matter. Hence, it is noteworthy that excessive Cl- ion 
concentrations seem to have a negative effect on the 
treatment of STW using IAO. During the process, the 
degradation is mainly attributed to the chlorine species 
(Cl2, HClO, and ClO-) which are electrogenerated in the 
bulk according to Eqs. (1), (2), and (3). In our previous 
work investigating the degradation of MO on C/MnO2, 
the optimum value of COD removal was 77.0% (24). In 
this work, an optimal value of 83.629% of COD removal 
was obtained for STW containing MO, CV, and NR. The 
observed difference may be because the inorganic salts 
present in the bulk play an important role during the 
electrochemical oxidation process. However, the .OH 
radical may oxidize inorganic ions to yield strong oxidants 
such as perphosphate, percarbonate, and persulfate, as 
expressed by Eqs. (10), (11), and (12), which can indirectly 
oxidize organic pollutants (42,43). More precisely, they 
contribute to the production of some oxidants in the bulk 
which react with the organic matter and destroy it. Eqs. 
(10)-(13) represent the reactions that could be formed in 
the bulk giving the oxidizing species. 

Fig. 3. Pareto Graphic Analysis.

Fig. 4. Response Surface and Contour Graphs for COD Removal From Synthetic Textile Wastewater: Effect of Current Density and Time. Note. Chemical 
oxygen demand.

Fig. 5. Response Surface and Contour Graphs for COD Removal From Synthetic Textile Wastewater: Effect of Current Density and NaCl Concentration. Note. 
Chemical oxygen demand.
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2PO4
3- →  P2O8

4- + 2e-                                                    (10)
 2CO3

2- →  C2O6
2- + 2e-                                                   (11)

2SO4
2- →  S2O8

2- + 2e-                                                     (12)
O2 + 2 H+ + 2e- →  H2O2                                                (13)

Moreover, hydroxyl radicals could be generated at the 
surface of the manganese oxide electrode. .OH radicals 
have high oxidation potential and quickly react with 
organic pollutants (R) according to Eqs. (14) and (15) as 
follows (15,44):

2MnO2 + 4H+ →  2Mn2+ + 4 .OH                                        (14)
R + .OH →  organic intermediates →  CO2 + H2O + N2     (15)

3.2.3. Determination of Optimal Removal Conditions 
and Model Validation

The optimum values of the independent variables 
are presented in Table 4. Under the obtained optimum 
conditions, the maximum COD removal efficiency 
was 83.63%. From these optimum conditions, three 
experiments were performed, and the average COD 
removal efficiency was 81.521%, which is in agreement 
with the predicted value of 83.63% for 6.9 hours of 
electrolysis.

3.3. Evolution of Inorganic Ions
From the optimum conditions obtained based on the 

optimization results, our work focused on determining 
each inorganic ion during the electrolysis of STW (Fig. 7). 
Our findings showed that during the operation time, 
the degradation of reactive dyes automatically generates 

inorganic ions such as nitrate, nitrite, and ammonium. 
These compounds are toxic and represent a high risk 
for aquatic systems and human health when they are 
discharged into the environment without treatment. 
During the process, nitrate and nitrite were slightly 
generated, while ammonium ions were highly generated 
before 4 hours of electrolysis, and then its concentration 
demonstrated a decrease. The slow generation of nitrite 
ions can be explained by the fact that during the operation 
time, NO2

- ions are oxidized to NO3
- in the presence of 

HClO according to Eq. (16). Furthermore, NO3
- can be 

reduced on the cathode into nitrite, ammonium, and 
nitrogen according to Eqs. (17), (18), and (19), respectively 
(45). This is why the NH4

+ is highly generated. The 
reduction of nitrate at the cathode generates NO2

-, which 
is oxidized to NO3

- according to the reaction expressed by 
Eq. (16), leading to a decrease in the nitrate concentration 
in the bulk. After 4 hours of electrolysis, the NH4

+ 
concentration decreased in the bulk. This is probably due 
to the indirect oxidation of ammonium into nitrogen gas 
by the hypochlorous and hypochlorite ions generated 
during the electrolysis, as shown in the reactions in Eqs. 
(20), and (21) as follows (46,47):

NO2
- + HClO →  NO3

-
 + Cl-                                           (16)

NO3
- + H2O + 2e- →  NO2- + 2OH-                                (17)

NO3
- + 7H2O + 8e- →  NH4

+ + 10 OH-                          (18)
NO3

- + 3H2O + 5e- →  ½ N2 + 6 OH-                             (19)
2NH4

+ + 3HClO →  N2 + 3H2O + 5H+ + 3 Cl-             (20)
2NH4

+ + 2ClO- →  N2 + 2HCl + 2H2O + H2                 (21)

During the experiment, the concentrations of SO4
2-

, CO3
2-, and PO4

3- decreased in the function of time. 
The decreasing of sulfate and carbonate ions was more 
significant than that of the PO4

3- which seems to be 
constant. Indeed, this is probably because SO4

2- and 
CO3

2- are conversed into persulfate and percarbonate ions 
during the process, respectively. This experiment justifies 
the fact that high COD removal is obtained in this study 

Fig. 6. Response Surface and Contour Graphs for COD Removal From Synthetic Textile Wastewater: Effect of Electrolysis Time and NaCl Concentration. Note. 
Chemical oxygen demand.

Table 4. Optimum Operational Conditions of the Indirect Anodic Oxidation 
of Synthetic Textile Wastewater

Variables Value COD Removal Efficiency (%)

X1: Current density (mA/cm²) 50.0

83.63X2: Electrolysis time (hours) 6.989

X3: NaCl concentration (g/L) 1.50

Note. COD: Chemical oxygen demand.
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because persulfate and percarbonate further oxidize the 
reactive dyes and promote their degradation.
 
3.4. Specific Energy Consumption

Eq. (22) is usually used to evaluate the energy 
consumption during electrochemical oxidation processes. 
It is expressed per g of removed COD (48).

[ ]0( ) ( )t

I U tEsp
COD COD V

× ×
=

− ×
                                            (22)

where (COD)0 and (COD)t are the COD value of STW 
and the treated STW, mgO2/L, respectively. I is the current 
intensity. In addition, A: U and V: t are the potential and 
the reaction times, respectively. Further, h and V are the 
volumes of STW and L. According to the optimum value 
of COD removal efficiency, the energy consumption was 
30.359 (kWh)/kg COD in this work. Sánchez-Sánchez et 
al (12) found that the specific energy consumption was 
around 21.87 kWh/kg COD (lower than the recent study) 
during the treatment of textile effluents by electrochemical 
oxidation. Ghosh et al also evaluated the specific energy 
consumption for the treatment of the synthetic dye bath 
containing methylene blue dye and obtained a maximum 
COD removal of 80% and specific energy of 20.85 kWh/
kg COD (27). The observed difference in the results could 
be due to the large COD concentration in this work and 
distinct electrode characteristics. The optimum operating 
region was found to be applicable for the electrochemical 
degradation of the organic matter from STW.

4. Conclusion
In the current work, the electrochemical oxidation 

of STW using the C/MnO2 electrode was assessed by 
RSM. Used batteries were employed as a substrate for 
the development of C/MnO2 electrocatalyst by the sol-
gel route. Characterization results based on Raman 
spectroscopy proved the deposition of MnO2 particles 
on the graphite surface. The BBD demonstrated that the 

most influent factors are current density and electrolysis 
time for COD removal efficiency. Thus, IAO with NaCl 
leads to the almost complete removal of COD from STW. 
More precisely, 83.63% of COD removal was obtained 
under certain conditions (6.989 hours of electrolysis, 1.5 
g/L of NaCl concentration, and 50 mA/cm² of current 
density). The results also revealed that during electrolysis, 
reactive dyes are degraded to inorganic ions (NO3

-, NO2
-, 

and NH4
+) which can be oxidized or reduced to nitrogen 

at the end of the process when the electrolysis takes a 
long time. IAO using the modified graphite material as 
the electrode is an efficient method for textile wastewater 
treatment and can be applied for other textile wastewaters.
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