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Electrochemical oxidation for decolorization of
Rhodamine-B dye using mixed metal oxide electrode:
modeling and optimization
Manisha S. Kothari and Kosha A. Shah

ABSTRACT
In the study the electrochemical oxidation process for decolorization of Rhodamine-B dye was studied
using an anode coated with mixed metal oxides: TiO2, RuO2, and IrO2. Batch experimental studies were
conducted to assess the effect of four important performance variables, current density, electrolyte
concentration, initial pH and electrolysis time, on the decolorization and energy consumption. The
process was modeled using an artiﬁcial neural network. Response surface methodology using central
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composite design (CCD) was utilized for optimization of the decolorization process. Based on the
experimental design given by CCD, the results obtained by the statistical analysis show that the
electrolysis time was the most inﬂuential parameter for decolorization whereas the current density
had the greatest inﬂuence on the energy consumption. According to the optimized results given by
the CCD model, maximum color removal of 97% and minimum energy consumption of 1.01 kWh/m3
were predicted in 4.9 minute of electrolysis time, using 0.031 M NaCl concentration at current density
10 mA/cm2 and an initial pH of 3.7. A close conformity was observed between the optimized predicted
results and experimental results. The process was found to be efﬁcient and consisted of indirect
chemical oxidation producing strong oxidizing agents such as Cl2, HClO and OCl.
Key words

| analysis of variance, central composite design, electrochemical oxidation, modeling,
optimization, response surface methodology

INTRODUCTION
A wide range of industries such as textile, pulp and paper
manufacturing, distilleries and tanneries use various types
of dyes (Martínez-Huitle & Brillas ). Dyes have undesirable color, high toxicity and persistence. In addition, many
dyes are recalcitrant in nature. Various conventional treatment methods such as physical methods, which include
adsorption, irradiation, membrane ﬁltration and ion
exchange; chemical methods such as chemical coagulation;
and biological methods, which include biosorption, aerobic
processes and anaerobic processes, are used for the treatment of dye wastewaters (Forgacs et al. ). Due to the
toxic and obstinate nature of some dyes, these methods
are not effective for the removal of such dyes. These
methods have certain inherent limitations such as unsatisfactory treatment, large sludge generation problems and
introduction of secondary pollution (Gutierrez & Crespi
; Robinson et al. ; Naim & El Abd ). Recently
advanced oxidation processes (AOPs) have become
doi: 10.2166/wst.2020.151
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promising techniques to eliminate these disadvantages of
conventional treatment processes (Simond et al. ; Hao
et al. ). AOPs are advantageous methods as they
cause complete degradation of pollutants with no generation of pollutants (Kötz et al. ; Stucki et al. ). The
principle reaction that takes place during AOPs is the
generation of a very strong oxidizing agent, hydroxyl radicals
(•OH), that oxidizes complex organic as well as inorganic
compounds.
Among the AOPs, electrochemical oxidation processes
are gaining attention due to their effectiveness, automation
capacity, clean reagent usage and versatility (BedollaGuzman et al. ). Most commonly, electrochemical oxidation processes involve oxidation of organic compounds
at the anode or formation of strong oxidizing species like
hydroxyl radicals (Panizza & Cerisola ).
A schematic of the electrochemical oxidation process is
shown in Figure 1. There are two mechanisms involved in
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Schematic electrochemical oxidation process.

the electrochemical oxidation process, namely, (i) direct
oxidation and (ii) indirect oxidation. The process was
described by Comninellis & Chen ().
In direct oxidation, oxidation of the pollutant occurs by
direct electron exchange between the anode and the organic
pollutant without the participation of mediators.
In indirect oxidation, mediative species are generated,
which act as mediator for the electron transfer between the
anode and the organic pollutant. The mediator is generated
by either the anodic or cathodic electrogeneration process
(Panizza & Cerisola ). The anodic electrogeneration
processes are dependent on type of the anode material.
There are two types of anode material: active and nonactive. In active anodes (e.g., RuO2, IrO2, Pt), the oxidation
of organic compound is soft and selective. In contrast, for
non-active anodes (e.g., SnO2, PbO2, boron doped diamond
(BDD)), the oxidation is severe and non-selective, resulting
in complete mineralization of the organics (MartinezHuitle & Panizza ).
In both the active and non-active anodes, a strong oxidant,
•OH, is formed, on the anode surface (M) (Equation (1)).
For active anodes, the adsorbed hydroxyl radicals forming M(•OH) are partially converted into a weaker oxidizing
agent, a metal oxide (MO) (Equation (2)) (Fajardo et al.
). The MO acts as mediator, causing the selective oxidation of the organic pollutant (R) as shown in Equation (3).
For non-active anodes, the oxidation of organic pollutant is achieved by physisorbed hydroxyl radical to
complete mineralization as shown in Equation (4).



M þ H2 O ! M ( OH) þ Hþ þ e



(1)

M ( OH) ! MO þ Hþ þ e

(2)

MO þ R ! M þ RO

(3)



M ( OH) þ R ! M þ CO2 þ H2 O þ Hþ þ e
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(4)

Simultaneously,
active
chlorine-based
oxidizing
mediators, such as chlorine gas (Cl2), hypochlorous acid
(HClO–) and hypochlorite ion (ClO–), are generated from
the chlorides present inherently or introduced as an electrolyte (Equations (5)–(8)) (Martinez-Huitle & Panizza ).
2Cl Cl2(el) þ 2e

(5)

Cl2(el) Cl2(sol) þ 2e

(6)

Cl2(sol) þ H2 O ! HClO þ Cl þ Hþ

(7)

HClO ! þ Hþ þ ClO

(8)

Many researchers have used the electrochemical
oxidation technique for treatment of landﬁll leachate (Li
et al. ), dye wastewater, (Esquivela et al. ), phenolic
wastes (Canizares et al. ), and polyhydroxybenzenes
(Canizares et al. ).
The efﬁciency of the electrochemical process depends
upon the oxygen evolution potential (OEP) of the anode
material chosen. Many researchers have assessed the efﬁciency of different metal oxide coatings on titanium (Ti)
metal for anodes, such as RuO2 (Mohan et al. ), SnO2
(Stucki et al. ; Comninellis & Pulgarin ; Chen
et al. ), PbO2 (Kawagoe & Johnson ; Gherardini
et al. ; Awad & Galwa ) and BDD electrode
(Mohan et al. ; Chen et al. ; Mohan & Bala Subramanian ). BDD anodes suffer from the limitation of
high initial cost and hence limited application on large
scale industrial wastewater treatment, whereas single
metal coatings (RuO2, SnO2, PbO2) are known to have
lower stability and efﬁciency. Dimensionally stable anodes
are made by coating a layer of mixed metal oxides on a
base metal. This study aims to use a mixture of active
metal oxides which have excellent oxidative capacity and
lower cost, making them promising anodes for industrial
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wastewater treatment applications. Further, the goal is to
model and optimize the electrochemical process for achieving reduction in cost and time. An artiﬁcial neural network
(ANN) was used for modeling the process. The stimulated
data from ANN model was fed into the RSM software for
optimization of the process. In the ANN network, the
inputs are fed by the user. These inputs are multiplied by
their weights to enable strong signals, which pass through
a mathematical function to produce the output. Adjusting
of weights to process the information is called learning or
training. Once a neural network is trained, it can deliver outputs for similar types of problems. Presently, an ANN which
learns using the back propagation algorithm for learning the
appropriate weights is one of the most common models
used in ANN. Two types of ANNs commonly used are (1)
Kohonen self organizing mapping and (2) multilayered
feed forward neural network trained by back propagation
algorithm. In the back propagation algorithm, as we simulate the network with input and output data, the network
trains itself and produces the predicted output through
hidden layers. The difference between the observed and
the predicted output is the error. In the back propagation
algorithm, the attempt is made to minimize this error by
assigning appropriate weights to the input variables through
training of the fed data. The activation function of the artiﬁcial neurons in ANNs implementing the back propagation
algorithm is a weighted sum. The activation depends only
on the inputs and the weights.
In this study, an active anode was prepared by mixing
the metal oxides RuO2, TiO2, and IrO2 and coating the
mix on both sides of a Ti plate. Oxides of various metals
such as RuO2, TiO2, IrO2 have high conductivity and
OEP: RuO2 (1.47 V vs SHE), TiO2 (1.22 V vs SHE), IrO2
(1.52 V vs SHE). Rhodamine B dye is selected as a model
dye because it is carcinogenic, persistent and difﬁcult to
remove. Rhodamine-B is a xanthene cationic dye and recalcitrant. It is used in paper printing, textile dying and as food
additive.

Table 1
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Pollutant name

Rhodamine-B

Molecular formula

C28H30N2O3

Solubility in water

15,000 mg/L

Molar mass

479.02 g/mol

Maximum absorbance (λmax)

554 nm

dye. The chemical structure of the dye is shown in Figure 2.
Stock solution of 10,000 mg/L was prepared and appropriate solutions were prepared by diluting for experimental
studies. Initial conductivity of a 250 mL Rhodamine-B
solution (Rhodamine-B þ 0.03 M NaCl) was found to be
3.1 mS/cm. Mixed metal oxide (MMO) used in the study
was fabricated by a local engineering company.

Experimental procedure and analytical techniques
The electrochemical cell with a working volume of 250 mL,
consisting of an undivided reactor made up of polyacrylic
having dimensions of 7 cm × 6.5 cm × 7 cm was used for
the experiments. A commercially available Ti plate coated
with mixed metal oxides (TiO2, IrO2, RuO2) was used as
anode. A stainless steel plate was used as cathode, both
the plates having dimensions of 5 cm × 5 cm. Both anode
and cathode are positioned upright and parallel to each
other in batch operation. The two parallel electrodes had
an inter-electrode spacing of 6 cm. DC current was supplied
to the synthetic dye solution with a DC power supply
(Toschon industries, India). A magnetic stirrer (Janki
Impex, India) was used for thorough mixing of the aqueous
medium. Preliminary experiments were carried out at 30  C
temperature. The UV-Vis spectra of the samples were
recorded from 200 to 900 nm using a UV-Vis spectrophotometer (Shimadzu UV-1800) (APHA et al. ). At ﬁxed
time interval of 1 min, samples were withdrawn, ﬁltered
(Whatman No. 1 ﬁlter paper) and analyzed for color
removal. The color removal of Rhodamine-B was

Materials
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Characteristic of Rhodamine-B dye

MATERIALS AND METHOD

All analytical grade chemicals were used in the experiments
as received. Distilled water was used to prepare all the
aqueous solutions. Rhodamine-B dye (C28H30N2O3) was
purchased from a local chemical laboratory with 99%
purity. Table 1 shows the characteristics of Rhodamine-B

|

Figure 2

|

Chemical composition of Rhodamine-B dye.
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determined by measuring the absorbance at 554 nm wavelength. A schematic diagram of the batch reactor set-up is
shown in Figure 3. Experimentally, color removal is calculated as percentage by Equation (9).

Color removal(%) ¼


Ab0 – Abt
× 100
Ab0

(9)

where Ab0 is the initial absorbance of the solution at the
maximum wavelength (λmax ¼ 554) before electrolysis and
Abt is the ﬁnal absorbance after an electrolysis time t,
respectively. The energy consumption (kWh/m3) of treated
wastewater was calculated using Equation (10) (MartínezHuitle & Brillas ). The cell voltage and the current
do not ﬂuctuate signiﬁcantly with time during the electrolysis and hence average values are considered (Rocha et al.
).

Energy consumption ¼

Figure 3

|

[v × A × t]
1000 × Vs

Schematic diagram of the reactor set-up.

Downloaded from http://iwaponline.com/wst/article-pdf/81/4/720/693744/wst081040720.pdf
by guest

(10)

Water Science & Technology

|

81.4

|

2020

where t is the electrolysis time in hours, Vs is the sample
volume in cubic metres, v is the cell voltage in volts and A
is the current in amperes.
Scanning electron microscopy (SEM) analysis was performed with a JEOL scanning electron microscope with
Oxford EDS system to study the physical structure. Energy
dispersive X-ray spectroscopy (EDS) analysis was done to
determine chemical composition of the MMO electrode.

Artiﬁcial neural network modeling
In this study, the ANN model was designed with sigmoid
transfer functions. Initial pH, electrolysis time, electrolyte
concentration and current density were selected as input
variables, and percentage color removal and electrical
energy consumption as output variables. A total of 50 experimental data sets from preliminary studies were used to feed
the ANN structure. The data sets were divided into training,
validation and test subsets, containing 70%, 20% and 10%
of samples, respectively. MATLAB (The Mathworks, Inc.,
ver. 7.6) computing environment was chosen to generate
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the neural network model from the data. Pre-processing
of the inputs and output was done by randomization to
make the neural network training more efﬁcient. Hyperbolic
tangent ‘TANSIG’ being a sigmoid transfer function was
chosen for the input to hidden layer mapping while a
linear transfer function ‘PURELIN’ was chosen for the
hidden layer to the output layer mapping.

Response surface methodology
After modeling of the experimental process, a statistical tool,
response surface methodology (RSM) was employed for
model representation and optimization of the electrooxidation process. To ﬁnd the optimum conditions, the central composite design (CCD) was preferred as it is best for a
series of experiments. The range of levels for the central
composite experimental design was decided based on preliminary experiments. The rotatable CCD experimental
design was prepared with four independent variables and

Table 2
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two response variables, at ﬁve levels, constituting 30 experiments, by the means of the Design Expert software
(version 8.0). The independent variables selected for this
experiment were electrolysis time (X1), initial pH (X2), electrolyte concentration (NaCl) (X3), and current density (X4).
Percentage color removal and energy consumption were
selected as response variables. Actual values of the variables
are shown in Table 2.
The relationship among the four independent variables
and responses is revealed as an empirical quadratic polynomial equation, which is shown as Equation (11).

y ¼ α0 þ

k
X
i¼1

αi xi þ

k
X

αii x2i þ

i¼1

k1 X
k
X

αij xi xj þ ε

(11)

i1 j¼1

where α0 is a constant, αi is the linear coefﬁcient, αii is the
second-order coefﬁcient, αij is the interaction coefﬁcient, y
indicates the response variable, xi and xj are the coded
values of the independent variables, and k indicates the
number of independent variables (Iranpour et al. ).

Independent variables with range and magnitude

Range and magnitude

RESULTS AND DISCUSSION

Independent variables

α

1

0

1

þα

Electrolysis time (X1, min)

1

2

3

4

5

Initial pH (X2)

1

3

5

7

9

Electrolyte conc. (NaCl) (X3, M)

0.01

0.02

0.03

0.04

0.05

Current density (X4, mA/cm2)

5

10

15

20

25

Figure 4
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SEM image of MMO electrode.

Downloaded from http://iwaponline.com/wst/article-pdf/81/4/720/693744/wst081040720.pdf
by guest

Characterization of MMO electrode
Figure 4 shows the SEM image for the surface of MMO electrode. In the SEM images of the electrode, a cracked-mud
structure with ﬂat surfaces was found. The cracked-mud

725

M. S. Kothari & K. A. Shah

|

Modeling and optimization for electrochemical oxidation process

structure shows coating of MMO on the Ti plate and may be
indicative of adherent characteristics of the mixed oxides
during the preparation phase (Moradi & Dehghanian
). Black spots were observed which may be formed
due to excessive cracking and subsequent abrasion of the
coat at some locations on the plate.
EDS is done to assess the content of each element in the
coating of electrode. Figure 5 shows the EDS image of the
MMO electrode. The image clearly shows the peaks for
four elements: Ru, Ir, Ti and O, which are observed in
their oxides form. Table 3 shows the mass fraction of
elements in the electrode coating.
ANN architecture
Mapping and the ﬁnal selected network architecture were
trained for 2,000 iterations. A number of training runs
were performed to look out for the best possible weights
in the error back propagation framework. To obtain optimum number of neurons, a series of topologies were used,
in which the number of neurons was varied from 11 to 15.
Mean square error was an error function in these topologies.
The back propagation algorithm minimized the mean
square error between the observed and the predicted
values. Number of neurons of the hidden layer was noted
with minimum possible mean square error. The optimized
neurons for the process were 12 with mean square error of
0.5. The best validation performance was obtained at
epoch 4. The regression plots of the trained network are
shown in Figure 6. The overall regression coefﬁcient
obtained was 0.9856, with regression coefﬁcients for training, validation and test of all data sets as 0.9934, 0.9791,

Figure 5

|

EDS image of MMO electrode.
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Mass fraction of elements in electrode coating

Element

Weight %

O

41.77

Ti

36.36

Ir

4.02

Ru

17.85

and 0.9583 respectively. These values conﬁrm that the
ANN model was trained successfully and is ready to simulate the outputs from a given set of inputs. Figure 7 shows
the schematic architecture of the ANN structure formed
by modeling the process. The ANN performance plot is
shown in the Supplementary Material (Figure S1).

Experimental design analysis
The experimental design was generated in the RSM software
by feeding the input independent parameter range from
Table 2. The responses in the design were fed into the
RSM experimental design from the stimulated ANN response data. Table 4 shows the experimental and predicted
responses of ANN and RSM for the statistical combinations
of independent variables, namely, electrolysis time (X1),
initial pH (X2), electrolyte concentration (NaCl) (X3), and
current density (X4). RSM predicted versus actual plots are
shown in Figures S2 and S3 (Supplementary Material). It
is observed from Table 4 that the experimental and predicted
values are close for a majority of runs. However, the predicted values of runs 5, 23 and 24 show signiﬁcant
variation from experimental values. These points are possible
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Figure 6

|

Regression plots for (a) training, (b) validation, (c) test and (d) all.

Figure 7

|

ANN schematic architecture.
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Experimental and predicted values of response variables for the electrolysis process

Energy consumption
(Y2,kWh/m3)

Color removal (Y1, %)
Predicted value
Electrolysis time

Electrolyte conc.

Current density

Predicted value

Run no.

(min) (X1)

Initial pH (X2)

NaCl (M) (X3)

(mA/cm2) (X4)

Exp. value

ANN

RSM

Exp. value

ANN

RSM

1

2

3

0.02

10

63.6

61.7

63.98

0.6

0.61

0.54

2

4

3

0.02

10

97.54

95.7

95.90

1.2

1.11

1.26

3

2

7

0.02

10

28.09

26.1

28.08

0.6

0.59

0.51

4

4

7

0.02

10

78.87

79.0

78.05

1.2

1.24

1.25

5

2

3

0.04

10

83.59

83.22

80.67

0.36

0.49

0.54

6

4

3

0.04

10

97.31

95.53

97.16

0.72

0.69

0.64

7

2

7

0.04

10

57.14

55.21

55.65

0.36

8

4

7

0.04

10

93.24

92.12

90.19

0.72

0.66

0.63

9

2

3

0.02

20

91.15

91.1

90.84

2.3

2.1

2.35

10

4

3

0.02

20

99.06

98.20

102.87

4.6

4.29

4.39

11

2

7

0.02

20

63.29

64.21

65.76

2.3

2.6

2.34

12

4

7

0.02

20

96.29

95.55

95.84

4.6

4.29

4.39

13

2

3

0.04

20

96.46

97.01

99.60

1.33

1.2

1.24

14

4

3

0.04

20

99.56

98.31

96.20

2.6

2.5

2.66

15

2

7

0.04

20

87.12

86.02

85.40

1.33

1.2

1.24

16

4

7

0.04

20

98.11

99.21

100.05

2.66

2.5

2.67

17

3

5

0.03

15

82.53

83.04

82.53

1.43

1.4

1.43

18

5

5

0.03

15

95.14

95.47

96.47

2.37

2.4

2.53

19

3

5

0.03

15

82.53

83.04

82.53

1.43

1.4

1.43

20

3

9

0.03

15

89.26

88.25

90.30

1.43

1.4

1.50

21

3

5

0.01

15

75.25

75.42

73.01

2.55

2.6

2.69

22

3

5

0.05

15

90.64

91.57

93.92

1.05

0.99

0.97

23

3

5

0.03

5

45.91

52.10

50.23

0.2

0.19

0.08

24

3

5

0.03

25

90.24

88.9

86.95

3.75

3.5

3.93

25

3

5

0.03

15

82.53

83.04

82.53

1.43

1.4

1.43

26

1

5

0.03

15

50.2

51.23

49.90

0.47

0.45

0.37

27

3

5

0.03

15

82.53

83.04

82.53

1.43

1.4

1.43

28

3

5

0.03

15

82.53

83.04

82.53

1.43

1.4

1.43

29

3

5

0.03

15

82.53

83.04

82.53

1.43

1.4

1.43

30

3

5

0.03

15

82.53

83.04

82.53

1.43

1.4

1.43

outliers. Subsequent regression models were generated by the
experimental design, demonstrating the relationship between
independent variables and the response variables.
Table 5 shows the analysis of variance (ANOVA), a statistical analysis result of the process generated from RSM.
From the ANOVA table (Table 5) R2 values, 0.98 and 0.99
for color removal and energy consumption respectively,
are close to 1 implying that 98% and 99% variation in
responses, i.e., color removal and energy consumption,
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0.39

0.52

respectively is due to the independent variables selected
(Iranpour et al. ). The p-value, less than 0.05 for the
model and the independent variables, indicates that all the
process parameters, namely, electrolysis time, initial pH,
electrolyte concentration and current density, are signiﬁcant
for color removal but for the energy consumption all parameters except initial pH are signiﬁcant. The F-value
indicates that electrolysis time is the most inﬂuential parameter followed by current density, initial pH, and
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ANOVA
p-value

F-value
Source

Degrees of freedom

Color removal %

Energy consumption

Color removal %

Energy consumption

Model

14

58.77

138.63

< 0.0001

< 0.0001

X1

1

287.83

357.52

< 0.0001

< 0.0001

X2

1

104.80

0.0192

< 0.0001

0.8916

X3

1

96.06

228.10

< 0.0001

< 0.0001

X4

1

178.95

1138.92

< 0.0001

< 0.0001

X1 X2

1

28.83

0.0116

< 0.0001

0.9157

X1 X3

1

21.07

19.76

0.0004

0.0004

X1 X4

1

34.99

89.56

< 0.0001

< 0.0001

X2 X3

1

10.46

0.0116

0.0056

0.9157

X2 X4

1

10.36

0.0116

0.0057

0.9157

X3 X4

1

5.56

63.33

0.0323

< 0.0001

X1²

1

10.18

0.0516

0.0061

0.8232

X2²

1

65.06

0.3153

< 0.0001

0.5822

X3²

1

7.24

15.00

0.0168

0.0013

X4²

1

24.91

30.83

0.0002

< 0.0001

0.9865

0.9918

R²

electrolyte concentration for color removal. The order of
inﬂuence for energy consumption is current density followed by electrolysis time and electrolyte concentration
and lastly initial pH. The interaction of all the parameters,
electrolysis time, initial pH, electrolyte concentration and
current density, with each other is signiﬁcant for color
removal. For energy consumption, interaction of electrolysis
time with electrolyte concentration, electrolysis time with
current density, and electrolyte concentration with current
density is signiﬁcant. Equations (12) and (13) show the
quadratic model for the responses, i.e, color removal and
energy consumption in terms of coded factors with only
signiﬁcant factors.
Color removal (%) ¼ 82:53þ11:64 (X1 )8:31 (X2 )
þ6:73 (X3 )þ9:18 (X4 )þ4:51 (X1 )(X2 )3:86 (X1 )(X3 )
4:97(X1 )(X4 )þ 2:72 (X2 )(X3 )þ 2:71 (X2 )(X4 )

(12)

1:98 (X3 )(X4 )– 2:04 (X21 )þ 6:70 (X22 )
1:72(X23 )– 3:18 (X24 )


Energy consumption kWh=m3 ¼ 1:43þ0:5383( X1 )
0:43 (X3 )þ 0:9608 (X4 )– 0:1550 (X1 )(X3 )þ0:3300 (X1 )(X4 )
– 0:2775 (X3 )(X4 )þ0:1009 (X23 )þ0:1447 (X24 )
(13)
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Signiﬁcant

Effect of independent variables on color removal
Figure 8 shows the response plot for the interactive effect of
two independent variables with the other two independent
variables constant and at central value in accordance with
Table 2. The response surface plot for the effect of current
density along with electrolyte concentration at initial pH 5
and electrolysis time of 3 minutes is shown in Figure 8(a).
From the ﬁgure it can be noticed that with increase in electrolyte concentration, color removal increases, when the
initial pH and electrolysis time are constant and are at central
value. This is because with the increase in the electrolyte
(NaCl), more chloride ions (Cl) are generated, which further
oxidize to chlorine (Cl2) at the anode. The production of Cl2
or hypochlorites (HClO) in the bulk solution increases the
oxidation efﬁciency. Also it is observed that decolorization
efﬁciency increases with increase in current density because
of more production of •OH radicals during the process. Identical results were reported by Baddouh et al. ().
Additional interactive plots are shown in Figures S4, S5
and S6 (Supplementary Material).
The response surface plot for the effect of initial pH
along with electrolysis time at current density 15 mA/cm2
and electrolyte concentration 0.03M is shown in Figure 8(b).
The ﬁgure reveals that with increase in pH the color
removal decreases, and with increase in electrolysis time
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Response surface plot for effect of (a) current density with electrolyte concentration on color removal, (b) initial pH with electrolysis time on color removal, (c) current density
with electrolyte concentration on energy consumption and (d) initial pH along with electrolysis time on energy consumption.

color removal increases with constant electrolyte concentration and current density. Faster decolorization was
observed at pH of 3 and 5 as a result of the key reaction
of indirect chlorine oxidation because of efﬁcient formation
of HOCl and Cl2 in acidic medium. Hypochlorite (OCl)
ions are present in higher amount than other chlorine
species at higher pH. Lower oxidation potential of OCl
ions, in comparison with Cl2 and HOCl, is the reason for
slow decolorization in alkaline solution. Additionally, the
Rh-B is known to have negative electrical property in alkaline solutions (Rajkumar & Kim ; Rajkumar &
Muthukumar ; Baddouh et al. ). As a result, the
dye molecules tend to compete with the chloride ions for
the adsorption sites on the anode surface and thereby
adversely affect the production of active chlorine. Similar
results were obtained by Rajkumar & Muthukumar ().
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Effect of independent variables on energy
consumption
The response surface plot for the effect of current density
with electrolyte concentration at initial pH 5 and electrolysis time of 3 minutes is shown in Figure 8(c). It is quite
clearly observed that with increasing current density, the
energy consumption increased during electrolysis because
energy consumption is directly related to the applied current. Similar results were obtained by Rocha et al. ().
With increase in electrolyte concentration, energy consumption decreases signiﬁcantly because of increased generated
ions enhancing the conductivity. The response surface plot
for the effect of initial pH with electrolysis time at current
density 15 mA/cm2 and electrolyte concentration 0.03 M is
shown in Figure 8(d). Initial pH seems to have a negligible
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effect on energy consumption. The energy consumption
increased with increase in electrolysis time.
Optimization of the decolorization process
The optimization results of RSM design using CCD
representation predicts minimum energy consumption of
1.01 kWh/m3 and 97% maximum color removal at current
density of 10 mA/cm2, initial pH of 3.7 and 0.031 M NaCl
concentration at 4.9 minutes. Optimized results were
validated by experiments and the experimental value
of color removal and energy consumption was 96.74% and
1.2 kWh/m3, error being 0.26% and 0.19% between
experimental and predicted values respectively. Fourier
transform infrared spectroscopy results of dye before treatment and after treatment are shown in Figures S7 and S8
(Supplementary Material).

CONCLUSION
In the present study, decolorization of Rhodamine-B dye from
synthetic wastewater has been studied using an anode prepared of Ti plate coated with MMO (TiO2, RuO2, IrO2) and
a cathode made of stainless steel plate. It was found that this
MMO anode had excellent oxidation capacity for decolorization of recalcitrant and persistent Rhodamine-B dye. The
factors affecting the decolorization mechanism and the
energy consumption were electrolysis time, initial pH, current
density and electrolyte concentration. The ﬁndings show that
the oxidation process follows indirect oxidation in the bulk.
The presence of NaCl is responsible for the production of oxidative species such as Cl2, HClO and OCl, resulting in highly
efﬁcient oxidation. The electrochemical oxidation process
was modeled using an ANN for Rhodamine-B dye decolorization and energy consumption. The ANN model developed is
ready to simulate the outputs from a given set of inputs. The
ANN model can be used for similar industrial wastewater
treatment applications with the advantage of avoiding the
trial and error experimental work. Optimization of the process was carried out using RSM to delineate the effects of
different process parameters on the oxidation process. The
quadratic model developed for the responses, color removal
and energy consumption, can be used for prediction.
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SUPPLEMENTARY MATERIAL
The Supplementary Material for this paper is available
online at https://dx.doi.org/10.2166/wst.2020.151.
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