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Abstract—The decolorization and degradation of the synthetic aqueous solution of the Acid Orange 10 (AO10) dye
on Ti/PbO, anode were investigated using the response surface methodology based on central composite design with
three variables: current density, pH, and supporting electrolyte concentration. The Ti/PbO, electrode was prepared by
the electrochemical deposition method. The optimum conditions for AO10 decolorization in synthetic dye solution
were electrolyte concentration of 117.04 mM, pH of 12.05, and current density of 73.64 mA cm . The results indicated
that the most effective factor for AO10 degradation was current density. Furthermore, the color removal efficiency sig-
nificantly increased with increasing current density. To measure AO10 mineralization under optimum conditions, the
chemical oxygen demand (COD) and total organic carbon (TOC) removal were evaluated. Under these conditions,
decolorization was completed and 63% removal was recorded for COD and 60% for TOC after 100 min of electrolysis.
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INTRODUCTION

Textile wastewater contains potential hazardous contaminants
that pollute the streams into which they are discharged. Synthetic
dyes are one of the hazardous textile industry pollutants that are
refractory to biological degradation [1]. Although the amount of
dyes in wastewater is often lower than that of any other constitu-
ents, because of their high molar extinction coefficients, even at
very low concentrations, these dyes can result in waste streams with
powerful coloration [2,3].

Azo dyes are the largest group of synthetic dyes and are exten-
sively used owing to their solubility; low cost, durability, and color
diversity [4]. These dyes are persistent to biological degradation
under aerobic conditions, but can be effectively degraded under
anaerobic conditions. However, anaerobic treatment of textile waste-
water is not suitable because the breakdown of azo dyes leads to
the formation of aromatic amines, which are more toxic than the
parent dye molecules and should be eliminated before the efflu-
ents are discharged into water bodies [5,6]. One of the members
of the azo dyes, Acid Orange 10 (AO10), a typical azo dye in tex-
tile wastewaters [7], is a mono azo dye that is classified into the
acidic dye group. According to the US National Toxicology Pro-
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Fig. 1. Chemical structure of the azo dye AO10.
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gram, until October 1966, AO10 was used as a drug and cosmetic
colorant in the USA [8]. This dye has shown genotoxicity in Swiss
Albino mice [9] and can also be hazardous to humans [3]. The mo-
lecular formula and molecular weight (g mol™) of AO10 are C,H,,
N,Na,0,S, and 452.36, respectively [10]. The chemical structure
of AO10 is shown in Fig. 1.

The conventional techniques for the treatment of dye-containing
solutions are physicochemical, chemical, advanced oxidation, and
electrochemical processes. Among these, electrochemical approaches,
commonly performed oxidatively, have the advantage of contami-
nant elimination without the addition of chemicals. However, al-
though electrochemical methods are easy to use and have high re-
moval efficiency, energy consumption is their main disadvantage.
Nevertheless, this disadvantage has been suppressed by the devel-
opment of new anode materials [2,11]. Several types of electrodes,
including RuO, [12], IrO, [13], Ti/TiO,-RuO,-IrO, [14], Ti/SnO,-sb
[15], PbO, [16], Pt-Ir [17], Pt/Ti [18], carbon nanotube [19], glassy
carbon [20], Pt [21], three-dimensional electrode [22], and boron-
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doped diamond (BDD) [23] have been investigated, among which
PbO, is one of the best candidates [24]. PbO, is a low-cost elec-
trode material that can be quickly and easily prepared, and is rela-
tively stable at high applied current density (CD) and a wide range
of pH [25]. During the process of oxidation of polluted waters, OH’
specimen is generated on the PbO, electrode surface, and a mech-
anism has been proposed for the electrochemical processes occur-
ring in the gel-crystal structure of the PbO, layer of the electrode
[26]. The Pb*O(OH), active centers placed in the hydrated PbO,
layer on the surface of the crystalline PbO, anode provide electrons
to the crystal district, becoming positively charged (Pb*O(OH)"
(OH)"). This electric charge is neutralized according to the follow-
ing reaction:

Pb*O(OH)*(OH)'+H,0—PbO(OH), ...(OH) +H" 1)

in which hydroxyl radicals are produced in the active centers. The
OH’ can depart from the active centers and react with the pollut-
ant in the aqueous solution. Thus, the PbO, anode is expected to
perform quite well in organic pollutant mineralization. However,
the main problem of PbO, anode is the release of poisonous ions
[27]. There are several recent reports on the use of electro-oxidation
to treat model aqueous solutions containing various dyes. Radha
et al. [28] studied the electrochemical decolorization of AO10 with
graphite rod as the anode and stainless steel as the cathode. Andrade
et al. [29] examined the effect of various operating conditions on
the Reactive Orange 16 dye degradation with PbO, and BDD elec-
trodes in the anodic oxidation process.

Optimization of the operating conditions of an experimental
system and recognition of the way in which the experimental param-
eters affect the final output of the system are realized by using model-
ing techniques [30]. It is also possible to determine the relationships
and interactions among the variables through these techniques. In
this regard, statistical methodologies, such as the response surface
methodology (RSM), are suitable for studying and modeling a partic-
ular system; for example, RSM has been used for the investigation
of electrochemical degradation of the Disperse Orange 29 dye [31].

As electrochemical degradation of the AO10 azo dye using Ti/
PbO, anode has not yet been reported, our aim was to investigate
the electrochemical oxidation of a synthetic dye solution contain-
ing AO10 using Ti/PbO, anode and determine the optimum con-
ditions by RSM. The effects of CD, pH, and supporting electrolyte
(EL) concentration were evaluated in terms of removal of color,
COD, and TOC.

EXPERIMENTAL

1. Materials and Chemicals

Analytical-grade azo dye AO10 was purchased from Sigma Aldrich
and used without further purification. Pb(NO;), (Sigma Aldrich),
Triton X-100 (Merck), and CuSO,-5H,O (Merck) were used for
electrode preparation. Other chemicals were purchased from Merck.
The initial pH of the solutions was adjusted by using sodium hydrox-
ide and sulfuric acid. Sodium sulfate was used as the supporting
electrolyte. It has the advantage of being present usually in the dyeing
bath. On the other hand, it does not involve the possibility of for-
mation of organochlorinated compounds [32]. All the solutions
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were prepared using de-ionized water.
2. Preparation of Ti/PbO, Electrode

The Ti substrate with 2 mm thickness was cut into a strip (4.8
cmx4 cm, 99.7% Aldrich) and pre-treated according to the follow-
ing procedures: the substrate was polished on 320-grit paper strips
[33] to eliminate the superficial layer of TiO, (an electric semicon-
ductor) and increase surface roughness (for efficient adherence of
PbO,). Then, the substrate was degreased in an ultrasonic bath of
acetone for 10 min and then in distilled water for 10 min. After-
wards, the substrate was etched for 1h in a boiling solution of oxalic
acid (10%) and rinsed with ultrapure water [34]. Finally, the cleaned
Ti substrate was transferred to an electrochemical deposition cell,
which contained 12% (w/v) Pb(NO;), solution comprising 5% (w/v)
CuSO,-5H,0 and 3% (w/v) surfactant (Triton X-100). The role of
the surfactant was to minimize the surface tension of the solution
for better wetting of the substrate and also to increase the adhe-
sion of PbO, to the Ti substrate. The electrodeposition of PbO, was
performed at a constant anodic current of 20 mA cm ™ for 60 min at
80 °C with continuous stirring [35]. The X-ray diffraction (XRD)
tests were performed using a Bruker Defractometer (D8 Advance,
Germany). The samples were scanned under Co K« radiation (wave-
length: 1.7890 A) at 40kV and 40 mA. Scanning electron micro-
scope (SEM; Philips X130, Netherlands) was employed to observe
the surface morphology of the electrodes, which presented a typi-
cal pyramid shape similar to that reported in the literature [36].
3. Electrochemical Degradation of AO10

Synthetic wastewater was prepared by dissolving AO10 in dis-
tilled water at a concentration of 100 mg L. The electrochemical
degradation of AO10 was performed in a batch reactor (0.45L)
equipped with 41.12 cm’ Ti/PbO, as the anode and a 80.32 cm’” stain-
less steel plate as the cathode in conjunction with an adjustable
power supply unit (HANI, Iran) (Fig. 2). The gap between the anode
and cathode was 1 cm. The duration of all the electrolysis experi-
ments was 50 min. The reactor was placed on a magnetic stirrer
for mixing its content during the experiment to maximize mass
transport.
4. Analyses

The performance of electrochemical degradation was evaluated
on the basis of three main factors: removal of color, COD, and TOC.
The dye decoloration was monitored spectrophotometrically by

> Anode
a > Cathode
|
|
'

T

Fig. 2. Experimental setup for electrochemical degradation of AO10.
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measuring the absorbance of the remaining dye at the maximum
absorption wavelength (4,,,,,) of 475 nm on a UV-Vis spectropho-
tometer (DR-5000, HACH LANGE, USA). The amount of color
removal was calculated by using the following formula:

ABS;”—ABS"?
Color removal (%)=——"————x100 ()
ABS;

where ABS;” and ABS™” are the absorbances at 475 nm before
and after treatment, respectively.

The COD and TOC removal were analyzed to measure the min-
eralization of AO10 under the optimum condition of color removal.
The COD was determined colorimetrically by the dichromate method.
For this purpose, an appropriate amount of the sample was intro-
duced into a commercially available digestion solution containing
potassium dichromate, sulfuric acid, and mercuric sulfate (HACH
LANGE, UK), and the mixture was incubated for 120 min at 150 °C
in a COD reactor (Model 45600, HACH Company, USA). A Shi-
madzu TOC-V o analyzer (Japan) was used to measure the TOC
of the samples. The COD and TOC removal efficiencies were cal-
culated as follows:

-G

COD or TOC removal (%)= C_o * 100 (3)
where C, and C, are the COD or TOC of the dye solution before
and after electrolysis for t minutes, respectively.

For determination of initial solution resistivity (ISR), the electri-

1
electrical conductivity * cell constant

ISR (e = ()
where electrical conductivity is as siemens cm™ and cell constant
for electrical conductivity meter is 0.45.
5. Experimental Design

To model and determine the optimum conditions for electro-
oxidation of AO10, the experimental conditions were designed by
using central composite design (CCD) coupled with RSM [37], with
CD, EL, and pH as the main variables. The rotatable experimental
plan was performed with the three variables at five levels (—1.68, —1,
0, 1, 1.68). Table 1 shows the values and levels of the variables. Five
replications were established at the center point of the design to
evaluate the pure error and consequently the lack of fit. Statistica
ver. 10, and R ver. 3.1.2 software were used to design and analyze
the experiments. Table 2 shows the CCD matrix of the degrada-
tion experiments.

The relationship between response Y and the three independent
variables X, X,, and X; could be approximated by quadratic poly-
nomial equation as follows:

Table 1. The range and codification of the independent variables
(X;) used in the experimental design

Actual values of the coded values
—1.68 -1 0 1 1.68

Variables

cal conductivity of the working solutions was measured by a por- PH (X) 195 4 7 10 12.05
table Hach electrical conductivity meter sensION 5. Eq. (4) was EL (mM) (X,) 329 50 75 100 117.04
used to convert electrical conductivity to resistivity for the solutions: CD (mA em™) (X;) 636 20 40 60 73.64
Table 2. CCD matrix of electrochemical degradation of AO10
Color removal (%), Y EC ISR

Fxp- No. pH F b Predicted Observed (kWhm™) (Q-cm)

1 4.00 50.00 20.00 59.10 58.87 15.15 265.50

2 4.00 50.00 60.00 100.00 95.06 70.66 265.50

3 4.00 100.00 20.00 59.10 60.30 11.48 146.78

4 4.00 100.00 60.00 100.00 96.75 58.52 146.78

5 10.00 50.00 20.00 59.70 56.08 14.39 265.18

6 10.00 50.00 60.00 100.00 95.68 70.98 265.18

7 10.00 100.00 20.00 59.70 53.39 10.64 147.36

8 10.00 100.00 60.00 100.00 95.61 57.13 147.36

9 1.95 75.00 40.00 92.99 83.39 34.69 134.68

10 12.05 75.00 40.00 94.00 90.40 35.87 172.94

11 7.00 32.96 40.00 86.86 75.14 44.7 396.12

12 7.00 117.04 40.00 86.86 80.72 33.46 130.03

13 7.00 75.00 6.36 32.15 32.32 2.24 188.16

14 7.00 75.00 73.64 100.00 96.59 81.63 188.16

15 7.00 75.00 40.00 86.86 81.87 35.7 188.16

16 7.00 75.00 40.00 86.86 82.08 32.46 188.16

17 7.00 75.00 40.00 86.86 81.16 35.65 188.16

18 7.00 75.00 40.00 86.86 80.24 36.44 188.16

19 7.00 75.00 40.00 86.86 79.70 36.11 188.16

"Energy consumption during electrolysis
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Y=by+b, X, +b,X,+b;X;+b, X} +b,X; +by; X3
+b, X, Xo+b X Xs+b,s XX ©)

where Y is the predicted response; b, is a constant; b, b,, and b,
are the linear coefficients, b,, b;;, and b,; are the cross-product co-
efficients; and b,;, by, and bs; are the quadratic coefficients. In the
present study, we used backward variable selection for multiple
regression modeling. The assumption of final regression model was
verified using the Anderson-Darling test for normality of residu-
als [38], Breusch-Pagan test for constant variance of residuals [39],
and Durbin-Watson test for independence of residuals [40,41]. Lack
of fit test was performed to assess the fit of the final model. Valida-
tion of the final model was established using predicted R-squares
(R), which estimates the prediction power of the model with new
observations based on the leave-one-out technique [42]. The opti-
mum values of the final model were calculated using numerical
methods. In this regard, the experimental-range predictors were
divided into a grid and then the final model was calculated for all
possible combinations of predictors in the grid. If the predicted
response of the final model in the grid was outside of the possible
range of response, it was replaced with the nearest possible value
(>100% replaced with 100%) and the frequency of this problem
was reported.

RESULTS AND DISCUSSION

1. Characterization of the Ti/PbO, Electrode

The XRD pattern of the Ti/PbO, electrode (Fig. 3) reveals that
PbO, was deposited in the form of two known polymorphs, namely,
orthorhombic ~PbO, and tetragonal #PbO,, which occur natu-
rally as scrutinyite and plattnerite, respectively. Fig. 4 shows the SEM
images of the surface microstructures of the Ti/PbO, electrode at
two magnifications. It can be observed that the PbO, layer is crack
free and composed of packed faceted microcrystallites. Such a mor-
phology guarantees that only PbO, is involved in the electrochem-
ical degradation of the dye and protects the surface of the Ti sub-
strate. Furthermore, energy-dispersive X-ray spectroscopy (EDS)
analysis (data not shown) confirmed the presence of lead and oxy-
gen atoms on the surface of the Ti/PbO, electrode.

Line Color | Compound Name | Formula PDF Number
[ T | Plattnerite, ym | Po0y [ arao2(m)
| - | Seruinyite |Catphab0; | 5141600
800 —
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= —
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8
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5 10 20 30 40 50 80 To 8d
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Fig. 3. XRD pattern of the prepared PbO, electrode.
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Fig. 4. SEM micrographs of the surface of the Ti/PbO, electrode at
two magnifications.

2. CCD Analysis and Modeling

To study the combined effect of all the variables, experiments
were performed with different combinations of the variables, which
were statistically designed by using CCD. The CCD matrix along
with the predicted and observed color removal values for the elec-
trodegradation of AO10 are shown in Table 2. The following equa-
tion represents the first model that was developed with all linear,
quadratic, and two-way interaction of predictors:

Y=21.88—3.33X,+0.31X,+1.93X,+0.24X?— 0.002X3— 0.014X;
—0.01X,X,+0.02X,X;+0.001X,X, (6)

The predicted R* of this elementary model was 0.94. No interac-
tions of variables, linear and quadratic forms of EL, were signifi-
cant. To achieve a parsimonious model with significant predictors,
the interactions of the variables were removed from this model by
three initial steps of backward algorithm [43]. The P-values of the
ELxCD, ELxpH, and CDxpH interactions were 0.68, 0.39, and
0.18, respectively. In addition, quadratic and linear forms of the EL
variable were removed by two subsequent steps of backward algo-
rithm. The P-values of EL* and EL variables were 0.14 and 0.31,
respectively. Thus, both the linear and quadratic forms of CD and
pH variables (Table 3) were significant and were retained in the
final regression model.
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Table 3. Final regression model for color removal

Variable Coefficients  Std. error T statistic P-value
Constant value 31.288 4.634 6.752 <0.001
CD 2.088 0.139 15.038 <0.001
CD? -0.014 0.002 -8.371 <0.001
pH —3.531 1.070 —3.300 0.005
sz 0.255 0.075 3414 0.004

R*=0.98, Adjusted R*=0.98, Predicted R*=0.96

Pk

~ R >100
B < 100
B <80
[CJ<e60
B <40
<2

Fig. 5. 3D surface plot for the color removal of AO10 as a function
of CD and pH.

Furthermore, to compare the first model with the final regres-
sion model, a partial F test was performed. The F statistic of this
test was 1.08 with 6 and 9 degrees of freedom, which yielded a P-
value of 0.44. Hence the difference in these two models was not
significant, although the final regression model (Eq. (7)) had five
predictors less than the first model (Eq. (6)). The equation of the
final regression model (Fig. 5) that presented the best prediction of
color removal is as follows:

Y=31.30- 3.54X,+2.09X,+0.26X;— 0.01X; (7)

Subsequently; the assumption of the final regression model was con-
firmed (P-values of Anderson-Darling, Breusch-Pagan, and Durbin-
Watson tests were 0.28, 0.51, and 0.31, respectively). In addition,
the lack of fit test was insignificant, which confirmed the fit of this
model (P=0.07). The leave-one-out technique for assessing the final
regression model also confirmed the external validity of this model
(Predicted R’=0.96) (Fig. 6).

As mentioned, a numerical method was used to assess the final
model in the experimental range of the predictors. In this respect,
the grid for a combination of pH predictors was from 2 to 12 with
0.1 increments and that for the CD was from 6 to 74 with 1 incre-
ments. Model prediction was calculated for 6969 different combi-
nations of predictors. In 256 cases (3.7%), the predicted values were
greater than 100. Hence, they were replaced with 100 because this
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Fig. 6. Leave-one-out prediction of the final model vs. that observed
for color removal.
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Fig. 7. Contour plot of the final prediction model for color removal.

Table 4. Required minimum CD (mA cm ) to reach the same level

of color removal
Level of color pH
removal 2or12 3orll 40orl0 50r9 6or7or8
99% 58 64 - - -
95% 51 55 58 61 64
90% 44 47 50 52 53
80% 34 36 38 39 40
70% 26 28 29 30 31
60% 19 21 22 23 24
50% 13 15 16 17 17

"The experimental range of CD (6-74 mA cm™) could not reach this
level of response at the specified pH

was the upper bound. After this adjustment, the results were plotted
in a contour plot for the final prediction model, as shown in Fig. 7.
As extraction of the required CD from Fig. 7 is difficult, Table 4 is

Korean J. Chem. Eng.(Vol. 33, No. 1)
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Fig. 8. Model prediction for color removal vs. CD (mA cm) at dif-
ferent pH values.

provided as a simple guide to identify the minimum CD required
to reach the same level of color removal. For example, Table 4 shows
that the CD should be 58 and 64 mA cm ™ at pH 2 or 12 and 3 or
11, respectively, to achieve 99% color removal; however, at pH of 4
or 10, 99% color removal could not be achieved even with maxi-
mum CD (74mA cm). Fig, 8 shows the color removal that can
be achieved with each value of CD. While color removal presented
a positive association with CD at all pH values, when the pH was
nearly neutral, complete color removal could not be achieved, even
with an increase in CD.
3. Effect of Initial pH

The effect of initial pH on AO10 dye degradation was exam-
ined by adjusting the pH of the dye solutions to the following val-
ues: 1.95, 3, 7, 10, and 12.05 (Fig. 5). Despite the fact that the initial
pH is an important factor in the oxidation process, the results and
mechanisms are controversial owing to the diversity of the degraded
dyes and electrode materials [36]. As shown in Fig. 5 and by Eq.
(7), the color removal efficiency was minimum at neutral pH (6.92),
and increased when the pH was acidic or basic. From Eq. (7), max-
imum color removal efficiency was obtained at a basic pH condi-
tion (pH=12.05). However, the rate of increase in the AO10 dye
degradation was approximately the same when the pH was altered
toward basic or acidic values. The difference in the color removal
efficiency at pH 1.95 and 12.05 was negligible (0.38%) and was not
significant. An increase in the AO10 dye degradation with the in-
creasing pH from 6.92 can be explained by the electrochemical
production of H,0, in alkaline solutions [44]. Previous studies have
shown that increasing the pH of the solution favored OHe forma-
tion [36], which results in higher degradation efficiency and stron-
ger mineralization ability [45]. On the other hand, enhancement
of the AO10 dye degradation efficiency under acidic pH condi-
tions is owing to the increase in oxygen over-potential that inhib-
its the oxygen evolution reaction and favors the production of more
potent oxidizers that are suitable for the oxidation of organic com-
pounds [45,46]. However, in strong acidic solutions, the life of anode
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decreases [47]. As a result, in the present study, a pH of 12.05 was
chosen as the optimum pH value for maximum AO10 dye degra-
dation. Eq. (7) shows that the difference between the minimum
and maximum color removal efficiency related to pH is 6.57%, indi-
cating that anodic oxidation of AO10 using PbO, anode is not very
sensitive to the initial pH and that AO10 could be degraded under
a wide pH range. Therefore, within the scope of the present study,
it can be suggested that pre-adjustment of pH with the addition of
chemicals is not necessary for anodic oxidation of the studied dye,
unless the minute increase in the degradation efficiency is reasonable.

4. Effect of CD

We investigated the effect of CD at five levels (6.36, 20, 40, 60,
and 73.64 mA cm ) in combination with pH and EL (Fig. 5). As
shown in Fig. 5, which is the output of the CCD, the color removal
efficiency significantly increased with the increasing CD owing to
the increasing number of OH' specimen produced [46-49].

To find the optimum CD for AO10 dye degradation, Eq. (7) was
independently differentiated with respect to CD (X;) and then equated
to zero, which produced a value of 104 mA cm ™ that was out of
the experimental range. Hence, 73.64 mA cm > was chosen as the
optimal value. Fig. 8 shows that the most important variable for
the enhancement of AO10 dye degradation was CD.

5. Effect of EL

As described earlier, color removal was not affected by EL within
the investigated range. Similar results have also been reported by
many researchers [48,50,51]. However, it was found that the energy
consumption (EC) significantly decreased with the increase in the
EL (Table 2). Under the same condition of pH and CD, with an
EL of 50 mM, the EC was 70.98 kWh m*; however, when the EL
was 100 mM, the EC decreased to 57.13kWh m™>. The decrease
of EC while EL was increasing can be attributed to a decrease in
solution resistance. As can be seen in Table 2, under the same con-
dition of pH and CD, with an EL of 32.96 mM, the initial solution
resistivity (ISR) was 396 Q cm, while with an EL of 117.04 mM,
the ISR was 130 Q) cm, which results in EC decreases from 44.7
kWh m™ to 3346 kWh m™". These results indicated that a mini-
mum amount of electrolyte is required to start the degradation
process and addition of excess electrolyte saves energy on the con-
dition that the highly saline effluent does not cause any adverse
effect. However, some recent studies suggest the use of unlimited
and clean energy sources such as solar energy that can overcome
this electrochemical treatment problem [52].

6. Color, TOC, and COD Removal under Optimum Conditions

Maximum color removal efficiency was obtained under the fol-
lowing optimum conditions: dye concentration=100 mg L', pH=
12.05, EL=117.04 mM, and CD=73.64 mA cm . Under these con-
ditions, decolorization was complete after 50 min of electrolysis.
The obtained COD and TOC removal efficiencies were 40% and
28%, respectively. Moreover, the COD and TOC removal after 100
min of electrolysis were 63% and 60%, respectively. These results
suggest that maximum dye removal could be achieved by increas-
ing the electrolysis time.

CONCLUSION

Electrochemical degradation of the AO10 dye was investigated
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and modeled by employing CCD coupled with RSM for the pre-
diction and optimization of the AO10 dye removal in synthetic
wastewater using Ti/PbO, as the anode and stainless steel as the
cathode. The use of RSM based on CCD allowed determination of
the behavior of the electrode on dye degradation, without requir-
ing a large number of experiments, and provided sufficient infor-
mation. Moreover, the CCD facilitated detecting the optimum con-
ditions for decolorization. The final model was validated by using
the leave-one-out technique, and the predicted R* was 0.96, which
confirmed the external validity of the model. In addition, the lack
of a fit test was insignificant with a P-value of 0.07, which confirmed
the fit of the final model. The results of the present study demon-
strated that electrochemical degradation is a suitable and environ-
ment-friendly method for the degradation of refractory dyes in aque-
ous solution.
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ABBREVIATIONS

AO10 :acid orange 10

EC  :energy consumption

CD  :current density

EL  :supporting electrolyte

COD : chemical oxygen demand
ISR :initial solution resistivity
TOC  :total organic carbons

BDD :boron-doped diamond

SEM :scanning electron microscopy
XRD  :X-ray diffraction
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