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ABSTRACT

In this work, the electrochemical oxidation of the C.I. Reactive Orange 7 was investigated
with Ti/Sb–SnO2 electrode as anode using a flow reactor in two modes: circulating and
continuous. The Ti/Sb-SnO2 anode was prepared using dip-coating and thermal
decomposition method, and then it was characterized by scanning electron microscopy,
cyclic voltammetry, and energy dispersive spectrometer. The parameters such as current
density, flow rate, temperature and time for the circulating mode, and current density and
flow rate for the continuous mode were selected as independent variables in central
composite design, while the color removal efficiency was considered as the response
function for two modes. In optimum conditions, color removal efficiency for the circulating
and the continuous modes were 99.97 and 90.91%, respectively.

Keywords: Electrochemical oxidation; Reactive Orange 7; Flow reactor; Ti/Sb–SnO2 anode;
Central composite design (CCD)

1. Introduction

Synthetic dyes are a group of organic compounds
that are widely used in textile industries. These indus-
tries consume large volumes of water and produce
colored wastewater during dyeing process. The pres-
ence of stable synthetic dyes in water prevent from
sun light penetration, and threat living organism [1].
Hence, for reduction of environmental effect of col-
ored wastewater, the application of new treating
methods is necessary. There are several methods for
the textile wastewater treatment such as photo-cat-
alytic method [2], biological treatment [3], ozonation
[4], sonication [5], physicochemical methods [6,7],

enzymatic treatments [8], and electrochemical tech-
niques [9].

The biological treatments are commonly the most
efficient and economic for most textile effluents but
they are inefficient and time-consuming. The physico-
chemical methods are efficient for decolorization, but
they are expensive and lead to a high amount of
sludge [7]. Ozonation is a powerful technique for
wastewater decolorization, but it is very costly [10].

In electrochemical oxidation, pollutants can be
removed by two ways: (i) directly, when the organic
compounds are oxidized by direct electron transfer
to the electrode surface and, (ii) indirectly, when
electrons are transferred to other electroactive species
such as hypochlorite/chlorine and hydrogen peroxide.
This method can effectively oxidize many organic and*Corresponding authors.
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inorganic pollutants into CO2 and H2O. This technol-
ogy has several advantages such as: its strong
oxidation performance, a fast reaction rate, simple
operation, safety, one-time electrolyte addition, envi-
ronmental compatibility, and cost effectiveness [11,12].
In the electrochemical methods, the proper choice of
electrode materials and reactor is very important [13].
The oxidation of organic molecules occurs in small
layer near electrode surface; thus, flow reactor is used
in order to eliminate mass transfer limitation [1,14].
Dimensionally stable anodes (DSAs) that are formed
by thermal decomposition of organic salts on Ti
support are found to have varying degree of success
for electrochemical oxidation treatment. DSAs are
classified as active and non-active. In active mode, the
oxidation of organic species is performed by the for-
mation of higher oxidation state oxides of the metals.
In non-active mode, there is no higher oxidation state
and the oxidation of organic species is performed by
an adsorbed hydroxyl radical [14–16].

In this study, in order to investigate the
electrochemical oxidation of Reactive Orange 7 by
Ti/Sb–SnO2, flow reactor was used in two modes: cir-
culating and continuous. The Ti/Sb–SnO2 electrode
was prepared using dip-coating and thermal decom-
position method. This electrode has been widely
investigated to degrade different organic pollutants
and it has several advantages, such as; high efficiency
for the electro-catalytic oxidation of organic pollutions,
high chemical and electrochemical stability as a conse-
quence of the rather large band gap, high electrical
conductivity, high oxygen evolution over potential,
and easy preparation [12,17–19]. Optimization of effec-
tive parameters in color removal efficiency including;
flow rate, current density, temperature, and time in
the circulating mode, and flow rate and current den-
sity in the continuous mode were performed using
response surface methodology (RSM).

2. Experimental

2.1. Materials

All chemicals, including SbCl3 (99.5%, Sigma
Aldrich), SnCl4·5H2O (98%, Sigma Aldrich), HCl
(Merck) and ethanol (98%, Merck) were used without
further purification. The Reactive Orange 7 dye (RO7),
C20H17N3Na2O11S3, was obtained from Alvan
Sabet Company (Iran). The structure of RO7
(MW617.537 g/mol; λmax 480 nm) is given in Fig. 1.
Sodium chloride (produced by Merck Company) was
used as supporting electrolyte in all experiments.
Other reagents, used in study, were of analytical
grade. Deionized water was used for the preparation

of all solutions. Experiments were carried out using a
Ti/Sb–SnO2 (2 cm × 2 cm) as anode and a stainless
steel cathode (3 cm × 3 cm).

2.2. Electrode preparation

Titanium (Ti) meshes (2 cm × 2 cm) were
immersed into 40 wt% NaOH solution at 60˚C for 1 h,
in 15 wt% oxalic acid at 95˚C for another 1 h, and then
were rinsed by deionized water. In the next step, the
electrodes were prepared by dip-coating and thermal
decomposition method using a solution containing
SnCl4·5H2O and SbCl3 (with molar ratio of Sn:
Sb = 98.5:1.5) dissolved in 99.8% ethanol, finally con-
centrated HCl was added drop-by-drop until the solu-
tion was clear. Solution was kept under ultrasonic for
2 h. The Ti meshes were put into solution for 2 min,
dried for solvent evaporation in an oven at 95˚C for
10 min, and then placed into preheated furnace at
500˚C for 20 min. This procedure (dipping, drying,
and pyrolysis) was repeated 15 times. Electrodes were
weighed after each coating. Finally, the electrodes
were annealed at 500˚C for 1 h in a muffle furnace
[13,20,21].
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Fig. 1. Chemical structure of Reactive Orange 7 (RO7).

Fig. 2. Experimental setup.
Notes: (1) reservoir, (2) pump, (3) D.C. power supply, (4)
flow cell, (5) the thermometer, (6) refrigerated bath circula-
tor, (7) thermal exchanger, (8) valve, (For continuous
mode, stream (9) will be absent).
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2.3. Reactor set up and experimental procedure

The electrochemical flow reactor system was
conducted in two modes: (i) circulating and (ii) contin-
uous. Fig. 2 gives the schematic diagram of the flow
reactor. It consists of a Ti/Sb–SnO2 (2 cm × 2 cm) as
anode and steel stainless (3 cm × 3 cm) as cathodes

that are connected to a power supply in order to sup-
ply a constant current. The anode and cathode are
fixed with an inter-electrode gap of 1.5 cm. The vol-
ume of reactor is 200 mL. The inlet and outlet of reac-
tor are connected to a reservoir (500 mL) using silicon
rubber tubes. The setup can operated both in circulat-
ing and continuous modes.

Table 1
Range of the independent variables used in the experimental
design in the circulating mode

Levels

Independent variables –α −1 0 +1 +α

Current density, X1

(mA cm−2)
2.93 5 10 15 17.07

Flow rate, X2 (mL min−1) 28.79 35 50 65 71.21
Temperature, X3 (˚C) 10.86 15 25 35 39.15
Time, X4 (min) 6.89 10 17.50 25 28.11

Table 2
Range of the independent variables used in the experimental
design in the continuous mode

Levels

Independent variables –α −1 0 +1 +α

Current density, X1 (mA cm−2) 2.93 5 10 15 17.07
Flow rate, X2 (mL min−1) 28.79 35 50 65 71.21

Table 3
CCD matrix for electrochemical oxidation of the Reactive Orange 7 dye and predicted and observed color removal
efficiencyin the circulating mode

Exp X1 (mA/cm2) X2 (mL/min) X3 (˚C) X4 (minute)
Color removal %

Predicted Observed

1 15.00 65.00 35.00 25.00 96.57 98.94
2 5.00 35.00 15.00 25.00 94.16 93.06
3 10.00 50.00 25.00 17.50 97.49 97.42
4 5.00 35.00 35.00 10.00 46.49 46.31
5 10.00 71.21 25.00 17.50 100.91 98.26
6 10.00 50.00 39.14 17.50 98.11 98.90
7 5.00 35.00 15.00 10.00 41.10 37.75
8 15.00 65.00 15.00 25.00 100.21 98.97
9 10.00 50.00 25.00 17.50 97.49 97.26
10 10.00 50.00 25.00 17.50 97.49 97.62
11 5.00 65.00 35.00 25.00 100.24 98.75
12 5.00 35.00 35.00 25.00 99.55 96.66
13 15.00 35.00 15.00 25.00 99.52 99.00
14 15.00 35.00 15.00 10.00 88.21 92.87
15 15.00 35.00 35.00 10.00 84.57 84.20
16 15.00 65.00 35.00 10.00 93.56 93.73
17 10.00 28.79 25.00 17.50 94.07 98.50
18 10.00 50.00 25.00 6.86 58.93 55.12
19 10.00 50.00 10.86 17.50 96.87 98.35
20 10.00 50.00 25.00 17.50 97.49 97.59
21 15.00 35.00 00 35 25.00 95.88 98.50
22 5.00 65.00 15.00 10.00 50.09 50.15
23 5.00 65.00 35.00 10.00 55.48 59.61
24 2.93 50.00 25.00 17.50 73.10 74.84
25 15.00 65.00 15.00 10.00 97.20 98.62
26 17.07 50.00 25.00 17.50 103.81 98.18
27 10.00 50.00 25.00 28.11 98.58 98.50
28 5.00 65.00 15.00 25.00 94.86 98.35
29 10.00 50.00 25.00 17.50 97.49 97.73
30 10.00 50.00 25.00 17.50 97.49 93.27
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2.4. Experimental design and optimization

To investigate and find the optimum conditions for
electrochemical oxidation of RO7 in a flow reactor, a
central composite design (CCD) model based on four
factors for the circulating mode and two factors for
continuous mode was used as experimental design
model. The independent variables were current density
(X1), flow rate (X2), temperature (X3), and time (X4) for
circulating mode, and current density (X1) and flow
rate (X2) for the continuous mode. This design requires
an experiment number according to N = 2k + 2k + C0,
where k is the number of factor and C0 is the number
of central point [2,22]. The ranges of variables were
selected based on the literature values and results of
preliminary experiments [9]. Tables 1 and 2 show the
ranges and the levels of these variables for circulating
mode and continuous mode, respectively.

Total number of experiments in this study was 30
and 13, with 5 and 6 replicates at the design center for
continuous and circulating modes, respectively. All
the experiments were carried out in random order to
avoid systematic error. The behavior of the systems
can be explained by the quadratic equation:

Y ¼ b0 þ
Xk

j¼1

bjxj þ
Xk

j¼1

bjjx
2
j þ

X

i

Xk

\j¼2

bijxixj þ ei (1)

where Y is the response, k is the number of factors, xi
and xj are variables, β0 is the constant coefficient, βj,
βjj, and βij are interaction coefficients of linear, quadra-
tic, and the second-order terms, respectively, and ei is
the error.

The Design-Expert 8.0 software was used to make
regression for regression analysis of experimental data
and to obtain the interaction between the experiments
variables and the response. For optimization, a model
in Design Expert software was searched for a combi-
nation of factor levels that simultaneously satisfy the
requirements placed on each of the responses and

Table 4
CCD matrix for electrochemical oxidation of the Reactive
Orange 7 dye and predicted and observed color removal
efficiency in the continuous mode

Exp X1 (mA/cm2) X2 (mL/min)

Color removal %

Predicted Observed

1 10.00 50.00 39.36 45.12
2 10.00 50.00 39.36 37.12
3 10.00 50.00 39.36 36.65
4 10.00 50.00 39.36 38.65
5 10.00 50.00 39.36 38.94
6 10.00 71.21 17.61 15.49
7 10.00 28.79 71.22 76.51
8 15.00 35.00 96.65 90.77
9 2.93 50.00 09.19 08.40
10 15.00 65.00 26.54 25.90
11 5.00 65.00 17.98 20.70
12 17.07 50.00 66.83 70.79
13 5.00 35.00 23.69 21.16

Fig. 3. SEM images of (a) Ti electrode without coating, (b)
Ti/Sb-SnO2 electrode fresh, and (c) Ti/Sb-SnO2 after being
used for electrolysis for 15 h.
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factors. The targets were selected as maximum color
removal percent at within parameter range [8,23].

2.5. Analysis

Before conducting each experiment, flow rate,
temperature, and current density were adjusted accord-
ing to Tables 3 and 4 by pump (ISMATEC, 404B),
Refrigerated Bath Circulator (LabTech, LCB-RO8), and
D.C. power supply, respectively. At intervals proposed
in Tables 3 and 4, 3 mL of sample was taken from the
electrochemical reactor. The solution color was ana-
lyzed at 480 nm by the UV–visible spectrophotometer
(JASCO. v-630, Japan), then the concentration of dye in
different solution and color removal efficiency
was determined using the calibration curve and the
following equation [24]:

Color Removal% ¼ ððC0 � CÞ=C0Þ � 100 (2)

In this equation, C0 and C are initial and final concen-
tration of dye in the synthetic wastewater.

3. Results and discussion

3.1. Characterization of Ti/Sb-SnO2

3.1.1. Surface morphology

Scanning Electron Microscopy (SEM) was used for
investigation of Ti/Sb–SnO2 surface morphology by a

Fig. 4. EDS analysis of the coating surfaces a Ti/Sb-SnO2 electrode.

0

2

4

6

8

10

12

I(
m

A
/ c

m
2)

E (V) vs.Ag/AgCl

0 0.5 1 1.5 2 2.5 3

0

100

200

300

400

500

600

0 0.5 1 1.5 2 2.5 3

I(
m

A
/c

m
2)

E (V) vs.Ag/AgCl

(a)

(b)

Fig. 5. Cyclic voltamograms obtained from different
electrodes after reaching steady states: (a) Ti net and
(b) Ti/Sb-SnO2.
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VEGA//TESCAN. The SEM images of the electrodes
before and after coating are shown in Fig. 3(a) and (b).
It can be observed in the images that surface coverage
of electrode and active sites are increased with pres-
ence of Sb–SnO2 [25]. A substantial amount of cracks
can be seen in the oxide film, which can be attributed
to the contraction of the hydroxide coating layer dur-
ing drying and calcinations of the electrode [26].

In order to examine the stability of the electrode in
high anodic potential, a SEM of electrode was taken
after being used for electrochemical oxidation of RO7
for 15 h (See Fig. 3(c)). Comparison of SEM images
(See Fig. 3(b) and (c)) shown that little change
occurred in surface of the electrode after 15 h of elec-
trolysis. Also, the results show that columbic efficiency
was almost fixed after 15 h in all conditions [25].

The elemental compositions of the coating were
analyzed by Energy Dispersive Spectrometer (EDS)
(See Fig. 4). The result of EDS confirmed the presence
of Sb, Sn, and Ti in the electrode.

3.1.2. Cyclic voltammetry

Cyclic voltammetry (CV) was performed at
50 mV s−1 in 1 M H2SO4 solution at room temperature.
The cyclic voltamograms of the Ti substrate and
Ti/Sb–SnO2 anode are shown in Fig. 5(a) and (b),
respectively. The onset potential was 1.85 V vs.
Ag/AgCl in Ti/Sb–SnO2 as anode electrode and it
was much higher than the typical value expected for
oxygen evolution in acid solution which is 1.02 V vs.
Ag/AgCl, indicating that oxygen evolution was

kinetically suppressed [22]. The Ti and Ti/Sb–SnO2

electrode have an onset potential of 1.5 V and 1.85 V
vs. Ag/AgCl for O2 evolution, respectively. The high
onset potential for O2 evolution is desired because O2

evolution is a side reaction in the process of anodic
oxidation of pollutants. Therefore, the much higher
onset potential for O2 evolution suggested that the
Ti/Sb–SnO2 may have much higher current efficiency
than the Ti electrode for electrochemical oxidation
RO7 [21]. Also, in the blank solution, no other peaks
appeared in any of the cyclic voltamograms except the
one formed by water discharge, indicating that the
Ti/Sb–SnO2 electrode surface is stable [20].

3.2. Optimization of electrochemical oxidation treatment of
RO7

The quadratic Eqs. (3) and (4) describe the color
removal efficiency in the circulating and the
continuous modes, respectively. In these equations,
non-significant coefficients were excluded based on
the results of each mode analysis of variance
(ANOVA):

Color removal efficiency ð%Þ
¼ 97:49 þ 2:43x1 þ 0:45x2 þ 10:85x3 þ 14:03x4

� 2:06x1x4 � 2:27x2x3 � 10:45x3x4 � 4:51x23
� 9:36x24 (3)

Color removal efficiency ð%Þ
¼ 40:50 þ 20:38x1 � 18:95x2 � 16:10x1x2 (4)

Table 5
ANOVA result of the quadratic models for color removal efficiencyin the circulating mode

Sources of variation Sum of squares Degree of freedom Mean square F-value Prob. > F

Model 9,682.20 9 1,075.80 114.88 <0.0001 Significant
Lack of fit 172.07 15 11.47 3.77 0.0749 Not significant
Pure error 15.22 5 3.04
Residual 187.29 20 9.36
Core total 9,869.48 29

Table 6
ANOVA result of the quadratic models for color removal efficiency in the continuous mode

Sources of variation Sum of squares Degree of freedom Mean square F-value Prob. > F

Model 7,233.41 3 2,411.27 111.96 <0.0001 Significant
Lack of fit 149.16 5 29.83 2.67 0.1813 Not significant
Pure error 44.68 4 11.17
Residual 193.84 9 21.54
Core total 7,427.65 12
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Statistical testing of the models was performed with
the Fisher, s statistical test for ANOVA, as shown in
Tables 5 and 6. The values of R2 and R2

adj are close to
1.0, which indicated a high correlation between the
observed and the predicted values, as shown in
Fig. 6(a) and (b) for recycle and flow modes, respec-
tively. Models F-values are 114.88 and 71.74 for color
removal efficiency of the recycle and flow modes,
respectively, expressing these models are significant.
In addition, the significance of each term in model is
evaluated with p-value (prob. > F). If a p-value is less
than 0.05, the term is significant at 95% of confidence
level. The terms with p > 0.05 can be removed from
models. However, in this study, the insignificant terms
are retained to evaluating the effect of the terms and
support the hierarchical nature of these models
[23,27].

3.3. Determination of optimal condition for RO7

Optimized conditions under determined ranges
were obtained, 10.50 mA cm−2 current density,
51.50 mL min−1 flow rate, 26˚C temperature, 18.25 min
time for the circulating mode, and 14.23 mA cm−2 cur-
rent density 35.13 mL min−1 flow rate for the continu-
ous mode. Under these optimized conditions, 99.97
and 90.91% color removal efficiency were obtained for
the circulating and the continuous modes, respec-
tively. To confirm the optimum conditions, the experi-
ments were performed under these conditions. In
these experiments, 98.22 and 89.12% color removal
efficiency were obtained for the circulating and the
continuous modes, respectively [22,23].

3.4. Effect of operational parameters

All experiments were conducted under the
100 mg L−1 initial concentration of the dye solution,
1.5 g L−1 NaCl as an electrolyte and natural pH of the
dye solution. At this pH (5.4), the predominant active
chlorine are Cl2 and HClO as given in Eqs. (5) and (6).

2Cl�ðaqÞ ! Cl2ðaqÞ þ 2e� (5)

Cl2ðaqÞ þ H2OðlÞ ! HOCl ðaqÞ þ Cl�ðaqÞ þHþðaqÞ
(6)

The response surface and counter plots for the color
removal efficiency in the circulating mode are shown
in Figs. 7(a) and (b), 8(a) and (b) and 9(a) and (b) as a
function of the independent variables, current density,
temperature, time, and flow rate.

Fig. 7(a) and (b) (data obtained at X3 = 25˚C and
X2 = 50 mL min−1) shows the color removal efficiency
behavior as a function of current density and time.
Clearly, the color removal efficiency increases with
increase in current density. This may be due to the
production of high amount of oxidant species such as
OCl−, OH˚ and higher oxidation state oxides of metals,
but with further increases in current density, chlorine
generation is increased, and hence the direct anodic
oxidation would be depressed. The indirect oxidation
would be dominant in this mode. Consequently, the
color removal efficiency would decrease with current
density after the highest color removal efficiency [9].

Color removal efficiency behavior as a function of
current density and temperature in Fig. 8(a) and (b)
(data obtained at X2 = 50 mL min−1 and X4 = 17.5 min)
clearly showed that the color removal efficiency
increases with temperature in low current densities
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Fig. 6. Predicted and observed plot for color removal for
the (a) circulating mode and (b) continuous mode.
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due to an increase in the reaction rate and decreases
with temperature in high current densities because the
Cl2 solubility is lower [10,14].

Fig. 9(a) and (b) shows the response surface and
counter plots (data obtained at X3 = 25˚C and using
X1 = 10 mA min−1), of the color removal efficiency as a
function of time and flow rate; as can be seen in
Fig. 9(a) and (b), the best condition for color removal
efficiency was attained at the highest time and flow
rate, because color removal efficiency values are

favored by the highest time and the dye solutions are
in further contact with the anode in this mode.

The response surface and counter plots for the
color removal efficiency in the continuous mode were
investigated as a function of the independent
variables, current density, and flow rate. Optimum
temperature of circulating mode was used in the con-
tinuous mode to decrease consuming dye solution and
chemical materials. In addition, the continuous mode
is independent of time.

Fig. 7. Response surface (a) and counter plots (b) for color removal efficiency for the circulating mode as a function of
current density and time (at X3 = 25˚C, using X2 = 50 mL min−1).

Fig. 8. Response surface (a) and counter plots (b) for color removal efficiency for the circulating mode as a function of
current density and temperature (at X2 = 50 mL min−1, X4 = 17.5 min).
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Fig. 10(a) and (b) shows the color removal effi-
ciency as a function of current density and flow rate.
The maximum color removal efficiency is attained at
the highest current density and lowest flow rate
because high amount of oxidants species such as
OCl−, OH˚ and higher oxidation state oxides of the
metals are produced in this mode.

4. Conclusions

The electrochemical oxidation RO7 was studied in
the flow reactor in the circulating and the continuous

modes with Ti/Sb–SnO2 electrode as anode. Ti/Sb–
SnO2 anode has good stability in high anodic potential
and high onset potential for O2 evolution. Using the
RSM can be many numbers of variables that affect the
process to be modeled and investigated. The fit of the
models was checked by the determination of coeffi-
cient (R2). The optimum condition for the highest
color removal efficiency of RO7 solution in circulating
mode (99.97%) attained at 10.50 mA cm−2 current den-
sity, 51.50 mL min−1 flow rate, 26˚C temperature and
18.25 min; while in continuous mode (90.91%)
14.23 mA cm−2 current density and 35.13 mL min−1

Fig. 9. Response surface (a) and counter plots (b) for color removal efficiency for the circulating mode as a function of
time and flow rate (at X3 = 25˚C, using X1 = 10 mA min−1).

Fig. 10. Response surface (a) and counter plots (b) for color removal efficiency for the continuous mode as a function of
current density and flow rate.
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flow rate. These results indicate that these methods
can be used for decolorization of dyes present in the
effluent of textile industries.
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