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ABSTRACT

The aim of this work is to apply the response surface methodology (RSM) to optimize sev-
eral operating conditions that significantly affect the removal of salicylic acid (SA) from
aqueous solution by electro Fenton (EF) process. Optimization of the EF process for the
removal of 100 mg/L of SA solution was carried out using a face centred central composite
design in RSM to investigate the joint influence of four variables (catalyst concentration,
pH, voltage and electrolysis time) at three different levels. 70.45% of SA was removed at
the optimum catalyst concentration of 5.10 mg/L, pH of 2.42, voltage of 2.70 V and electrol-
ysis time of 6 h. A validation experiment was performed under the operating conditions
predicted by the models.
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1. Introduction

Pharmaceutical industry produces a wide variety
of products. Generally, most of these wastes are toxic
to the biological life [1]. The existence of such com-
pounds (e.g. pharmaceuticals and hormonally active
substances) in the aquatic environment and their pos-
sible effects on living organisms are giving rise to
growing concern [2]. Salicylic acid (SA) is a drug
responsible for many cases of intoxication, since it is
present in many medications and prescription drugs
such as aspirin [3]. SA has several important metabolic
effects that contribute to its toxicity. The net effects of
salicylate as a metabolic poison are an increase in met-
abolic activity with the production of heat, generation

of metabolic acidosis and ketoacidosis, and increased
glucose utilization [4]. Many different approaches
have been proposed to remove SA from aqueous
solution such as membrane filtration [5], chemical
coagulation/precipitation [6] and biological decompo-
sition [7].

Recently, advanced oxidation processes (AOPs)
have been proposed as an offering promise for waste-
water treatment. Because, AOPs are able to oxidize a
wide range of compounds that are otherwise difficult
to degrade [8]. Among AOPs, oxidation using Fenton’s
reagent is an attractive treatment for the effective dec-
olourization and degradation of pollutants, due to its
low-cost, the lack of toxicity of the reagents (i.e. Fe2+

and H2O2), the absence of mass transfer limitation due
to its homogeneous catalytic nature and the simplicity
of the technology [9].*Corresponding author.
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The Fenton system uses ferrous ion to react with
hydrogen peroxide, producing hydroxyl radicals with
powerful oxidizing ability to degrade organic pollu-
tants as shown in Eqs. (1–4) [10,11].

Fe2þ þH2O2 ! Fe3þ þOH� þOH� (1)

OH� þ RH ! R� þH2O (2)

R� þ Fe3þ ! Rþ þ Fe2þ (3)

Fe2þ þOH� ! Fe3þ þOH� (4)

Several studies demonstrated that one of the main
drawbacks of Fenton treatment relies on the instability
of H2O2 when it gets in touch with chemical species
that are naturally in the environment [12,13]. These
drawbacks can be eliminated by using electro Fenton
(EF) process which offers significant advantages such
as high mineralization efficiency, no sludge produc-
tion and low operational cost [14–18]. EF process is a
promising technology that combines electrochemical
reactions and Fenton process [19]. EF is based on the
production of continuous and large amount of hydro-
gen peroxide in the acidic solution by two-electron
reduction of oxygen molecule (Eq. (1)) [20]. Combina-
tion of hydrogen peroxide with iron catalysts gener-
ates the oxidizing agent, �OH from Fenton’s reactions
(Eq. (5)) [21].

O2ðgÞ þ 2Hþ þ 2e� ! H2O2 (5)

The conventional practice of single factor optimization
by maintaining other involving factors at unspecified
constant level does not depict the combined effect of
all factors involved and this method requires to carry
out a number of experiments to determine the opti-
mum levels, which will not give true values [22]. The
drawbacks of single factor optimization process can be
eliminated by optimizing all the affecting parameters
together by statistical experimental design. Design of
experiments using response surface methodology can
be used as an effective tool to eliminate all these draw-
backs [22]. Response surface methodology (RSM) is a
collection of statistical and mathematical methods that
are useful for design, empirical modelling and optimi-
zation of processes [23]. Response surface methodolo-
gies have been used to design and evaluate physical,
chemical and biological experiments in which the out-
comes are influenced by various input factors or pro-
cess variables [24,25]. RSM comprises of the following
three major components: (i) experimental design to

determine the process factors’ values based on which
the experiments are conducted and data are collected;
(ii) empirical modelling to approximate the relation-
ship (i.e. the response surface) between responses and
factors; and (iii) optimization to find the best response
value based on the empirical model [26].

The goal of the experiment described in this paper
was to improve the understanding of several response
variables of interest and their behaviour in the electro-
lytic system. Continuous removal of SA from aqueous
solution was carried out using continuous stirred tank
reactor [27]. It was of interest to design an experiment
that would allow the mathematical modelling of these
response variables, such as catalyst concentration, pH,
voltage and electrolysis time. Through mathematical
modelling of these parameters a better understanding
on the role of each parameter could be attained.

2. Materials and methods

2.1. Materials and instruments

99.8% pure SA (C7H6O3) was obtained from Merck
and used without further purification. Distilled water
was used to make SA solutions of the desired concen-
tration. Analytical grade ferrous sulphate was
obtained from Merck. The solution pH was measured
with a Orion EA940 Ion analyser (Thermo, USA). A
Lambda 25 UV–visible spectrophotometer (Perkin
Elmer, USA) was used to determine the concentration
of SA in solution. Absorbance values of the solutions
were measured at a wavelength of 298 nm, which cor-
respond to the maximum absorbance of SA solution.

2.2. Experimental set-up and procedure

The electrolytic experiments were conducted in a
3 L rectangular reactor. The 100 mg/L SA solution was
continuously introduced in the electrolytic cell
throughout the experiment. The solution flow rate was
kept constant by a flow control valve, which was con-
secutively placed between the storage tank and the
electrolytic cell. This reactor was a single compartment
cell containing three graphite plates (purchased from
Anabond Sainergy Fuel Cell India Private Limited,
Chennai, Tamil Nadu, India) as anode and three
graphite plates as cathode. Air was continuously fed to
the cathode with the help of fish aerators. The area of
each electrode in contact with the electrolyte was main-
tained as 40 cm2. The experiments were carried out at
constant voltage provided by a DC power supply (0–5
A and 0–30 V). The concentration of SA was monitored
with a UV–vis spectrometer at regular intervals.
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2.3. Experimental design and optimization

The statistical analysis was performed using
Design Expert Statistical Software package 8.0.7.1. The
central composite design (CCD) of quadratic type is
the most popular method in the response surface
methodology. The CCD is ideal for sequential experi-
mentation and allows a reasonable amount of informa-
tion for testing lack-of-fit while not involving an
unusually large number of design points [25]. In CCD,
the central composite face centered (CCFC) experi-
mental design was used in this study. From the preli-
minary experimental results, process variables and
their ranges were determined. Catalyst concentration,
pH, voltage and electrolysis time are the main param-
eters affecting the performance of an EF process. Ini-
tially several experiments were carried out to find the
effect of these parameters on the EF performance.
According to the procedure for the optimization by
CCFC design, two other values at equal intervals from
the optimal value should be taken. The optimal value
was coded as 0 and other values as −1 and +1. The
operating ranges and the levels of the considered vari-
ables are given as actual and coded values in Table 1.

This design consists of three types of points: cube
points that come from factorial design, axial points
and centre points, therefore total number of experi-
ments (N) needed can be determined by N =
2k + 2k + C0, where k is the number of factors, 2k is the
cubic runs, 2k is the axial runs and C0 is the centre
point’s runs [28]. Therefore, the central composite
experimental design (CCD) consists of 30 experiments
with 16 factorial points, 8 star points and 6 replicates
at the centre points. A simple, general equation for a
second-order response surface model describes a
response y in terms of four variables A, B, C and D:

y ¼ k0 þ k1Aþ k2Bþ k3Cþ k4Dþ k11A
2 þ k22B

2 þ k33C
2

þ k44D
2 þ k12ABþ k13ACþ k14ADþ k23BCþ k24BD

þ k34CD

(6)

where y is the SA removal efficiency (%), k0 is the
intercept, ki is the linear coefficient, kiiis the squared
coefficient and kij is the interaction coefficient (i and j
are constants in between 1 and 4).

The response surface models were validated statis-
tically for adequacy by the analysis of variance
(ANOVA). The significant levels of model coefficients
were estimated by the ANOVA test. A numerical opti-
mization technique (desired function method) was
employed for optimizing the various responses.

3. Results and discussion

3.1. Face centred central composite design (FCCCD)
analysis

To establish an approximate range of different
experimental parameters like catalyst concentration,
pH, voltage and electrolysis time, a set of experiments
were carried out in a CSTR reactor. These experimental
results were used as the input data for central compos-
ite experimental design. The results of each experiment
were performed as per the software, which are given
in the Table 2. The following second-order empirical
formula in terms of catalyst concentration, pH, voltage
and electrolysis time was obtained after analysis.

Removal efficiency% ¼ 62:99þ 0:00A� 2:72Bþ 9:44C
þ 3:94D� 0:81AB� 0:31AC
þ 0:56AD� 2:44BC� 0:56BD

þ 0:44CD� 7:48A2 � 12:98B2

� 20:48C2 þ 2:02D2

(7)

where A, B, C and D indicate catalyst concentration
(mg/L), pH, voltage (V) and electrolysis time (h),
respectively.

3.2. Statistical analysis

Results of the quadratic response surface model fit-
ting in the form of ANOVA are given in Table 3. The
significance and adequacy of the model can be tested
with the ANOVA data. The adequacy of model was
tested through lack-of-fit F-tests.

F value ¼ Modelmean square

Appropriate error mean square
(8)

The obtained model F-value was 60.45, which indi-
cates that the model is significant. Probability value
(p), usually relating the risk of falsely rejected given

Table 1
Actual and coded values of independent variables used for
experimental design

Variable Symbol

Real values of
coded levels

−1 0 +1

Catalyst concentration (mg/L) A 2.5 5 7.5
pH B 2 2.5 3
Voltage (V) C 1.5 2.5 3.5
Electrolysis time (h) D 2 4 6
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hypothesis. Usually, a probability less than 0.05 is con-
sidered as significant. The obtained model probability
value was less than 0.0001, which indicates that the
model is significant. In this case B, C, D, BC, A2, B2

and C2 were significant model terms, since its proba-
bility values are less than 0.05. Values greater than
0.1000 indicate that the model terms are insignificant.
If there are many insignificant model terms (not
counting those required to support hierarchy), model
reduction may improve the model. But in this case
more than half of the terms are significant, so that the
present model is good enough.

Regression analysis is a method by which data is
fitted to a mathematical model. The “Predicted R2” of
0.9243 was in reasonable agreement with the
“Adjusted R2” of 0.9663. “Adeq Precision” measures
the signal to noise ratio. A ratio greater than 4 is desir-
able. The ratio of 22.696 indicates an adequate signal.
Therefore, this model can be used to navigate the
design space.

3.3. Adequacy of the model

Generally, the investigation of fitted response
surface models may produce poor or misleading
results, unless the model exhibits a good fit, which
makes checking of the model adequacy essential
[29]. The graph of actual vs. predicted values is
given in Fig. 1, to evaluate the relationship and
model satisfactoriness between experimental data
and predicted data obtained from the developed
model. Removal efficiencies obtained from experi-
ments were taken as actual values and the values of
the removal efficiencies predicted by the mathemati-
cal model under the same conditions were taken as
predicted values. As can be seen from the figure
that all points lay on a straight line and indicates

Table 2
Input data for FCCCD experimental design

Run
Factor 1 A: Catalyst
concentration (mg/L)

Factor 2 B:
pH

Factor 3 C:
Voltage (V)

Factor 4 D: Electrolysis
time (h)

Response 1: Removal
efficiency (%)

1 7.5 2 3.5 6 46
2 5 2 2.5 4 48
3 5 2.5 2.5 4 65
4 5 2.5 2.5 4 65
5 7.5 3 1.5 2 13
6 7.5 3 3.5 2 21
7 5 2.5 2.5 6 70
8 2.5 2 1.5 6 20
9 5 2.5 2.5 2 56
10 5 2.5 2.5 4 65
11 7.5 2 3.5 2 34
12 5 2.5 2.5 4 65
13 2.5 3 3.5 6 32
14 5 2.5 3.5 4 56
15 2.5 2 1.5 2 12
16 2.5 2 3.5 2 34
17 2.5 3 3.5 2 27
18 2.5 2 3.5 6 40
19 5 2.5 1.5 4 25
20 2.5 3 1.5 6 17
21 5 2.5 2.5 4 65
22 5 3 2.5 4 48
23 2.5 3 1.5 2 12
24 7.5 2 1.5 2 13
25 5 2.5 2.5 4 65
26 2.5 2.5 2.5 4 54
27 7.5 2 1.5 6 20
28 7.5 3 3.5 6 30
29 7.5 2.5 2.5 4 53
30 7.5 3 1.5 6 18

R2 0.982585 Predicted R2 0.924278
Adjusted R2 0.966332 Adequate Precision 22.69606
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the good correlation between actual values and with
the predicted values. Thereby, the models are con-
sidered adequate for the predictions and optimiza-
tion of the process.

3.4. Contribution of operational parameters on the predicted
responses

The contribution of each factor on the predicted
response was calculated by the following formula:

% contribution ¼ mean square of each factor

sum of mean squares of all factors

(9)

It is obvious that the most important variable for EF
system performance is voltage (C). Almost 42% of the
total SA removal contribution was from the voltage
factor. Electrolysis time (D) and pH (B) have signifi-
cant role on SA removal efficiency as it contributes 7
and 4% to the predicted response. It was also noted
that the catalyst concentration (A) has negligible effect
on the performance of the system. This may be due to
the very short variation of response within the
selected range (2.5–7.5 mg/L). BC has a significant
role on SA removal efficiency as it contributes 3% to
the predicted response. CD, BD, AD, AB and AC have
negligible effect on the performance of the system.
Similarly, D2 also has negligible effect on the perfor-
mance of the system.

3.5. Interactions among the parameters

Fig. 2(a–f) shows the combined effect of different
parameters on SA removal efficiency. The peak of
the surface plot shows the maximum value of the
percentage of SA removal for the relative effects of
particular variables by keeping the other two vari-
ables at the midpoint values. Meanwhile, the shapes

Table 3
Results of the quadratic response surface model fitting in the form of ANOVA

Source Sum of squares
Degrees of
freedom Mean square F-value

p-value
Prob > F

Model 11316.4 14 808.3145 60.45323 <0.0001 Significant
A—Catalyst conc. −1.8E-12 1 −1.8E-12 −1.4E-13 1.0000
B—pH 133.3889 1 133.3889 9.976054 0.0065
C—Voltage 1605.556 1 1605.556 120.0783 <0.0001
D—Electrolysis time 280.0556 1 280.0556 20.94514 0.0004
AB 10.5625 1 10.5625 0.789961 0.3881
AC 1.5625 1 1.5625 0.116858 0.7372
AD 5.0625 1 5.0625 0.378621 0.5476
BC 95.0625 1 95.0625 7.109653 0.0176
BD 5.0625 1 5.0625 0.378621 0.5476
CD 3.0625 1 3.0625 0.229042 0.6391
A2 145.0576 1 145.0576 10.84875 0.0049
B2 436.6826 1 436.6826 32.65916 <0.0001
C2 1086.967 1 1086.967 81.29342 <0.0001
D2 10.54625 1 10.54625 0.788746 0.3885
Residual 200.5636 15 13.37091
Lack-of-Fit 200.5636 10 20.05636
Pure error 0 5 0
Cor total 11516.97 29

Fig. 1. The actual and predicted values of SA removal by
EF process.
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of the contour plots indicate the nature and extent
of the interactions. Prominent interactions are shown
by the elliptical nature of the contour plots, while
less prominent or negligible interactions would
otherwise be shown by the circular nature of the
contour plots.

It has been observed from Fig. 2(a) that the interac-
tion effect between pH and catalyst concentration con-
tributed a remarkable increase in SA removal
efficiency. The SA removal efficiency was found maxi-
mum at approximately zero-coded level factor (0) and
then decreased with further increase in pH and cata-
lyst concentration. Fig. 2(a), (b) and (d) are followed at
the same trend.

Fig. 2(a), (c) and (d) show the response surface plot
related to the effect of interaction between catalyst
concentration with pH, voltage and electrolysis time,
respectively, on SA removal efficiency. As can be
seen, initially the SA removal efficiency increased
considerably with increasing catalyst concentration
and then decreased with further increase in catalyst
concentration. The increase in SA removal efficiency
with increasing catalyst concentration is due to the
enhancement of the rate of production of OH� (Eq. (1)).
At higher concentrations, Fe3+ ions could react with
H2O2 to produce hydroperoxyl radicals (HO�

2) of less
oxidation capability (Eqs. (10) and (11)) resulting in
decrease in the rate of SA removal efficiency [30].

Fig. 2. Response surface and contour plots of SA removal. (a) pH and catalyst concentration, (b) voltage and catalyst
concentration, (c) electrolysis time and catalyst concentration, (d) voltage and pH, (e) electrolysis time and pH and (f)
electrolysis time and voltage.
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Fe3þ þH2O2 ! Fe�OOH2þ þHþ (10)

Fe�OOH2þ ! Fe2þ þOH�
2 (11)

Fig. 2(c), (e) and (f) show the increase in SA removal
efficiency with the increase in electrolysis time. The
results demonstrated that the SA molecules were rap-
idly degraded by EF method. Major part of the SA
removal occurred in the first 4 h of electrolysis. After
4 h, the increase in SA removal efficiency slowed
down. This is mainly because of the formation of
intermediate by-products during the electrolysis.

The combined effects of initial pH with catalyst
concentration, voltage and electrolysis time on SA
removal efficiency by EF method are given in
Fig. 2(a), (d) and (e), respectively. As seen from the
figures, initially the SA removal efficiency increased
considerably with increasing pH and then decreased
with further increase in pH. In solutions of low pH
values, the reaction according to Eq. (2) could be
slowed down during the reactions. Because, H2O2 can
stay stable probably by solvating a proton to form
peroxoniumions, H3O

þ
2 (Eq. (12)) [31].

H2O2 þHþ ! H3O
þ
2 (12)

Fig. 2. (Continued).
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At higher pH values, hydrolysis of Fe3+ ions and
formation of Fe(OH)3(s) reduce the SA removal
efficiency [32].

The combined effects of voltage with catalyst con-
centration, pH and electrolysis time on SA removal
efficiency by EF method are given in Fig. 2(b), (d) and
(f), respectively. As seen from the figures, initially the
SA removal efficiency increased considerably with
increasing voltage and then decreased with further
increase in voltage. The enhancement of the SA
removal efficiency with increase in voltage can be

accounted for the production of greater amounts of
OH� from Fenton’s reaction (1) due to the faster
generation of H2O2 at the cathode (5) [33]. The
decrease in removal efficiency with the further
increase in voltage is due to the oxidation of �OH to
O2 by reaction (Eq. (13)) and the demineralization of
�OH to H2O2 by reaction (Eq. (14)) [34].

2OH� ! O2 þ 2Hþ þ 2e� (13)

2OH� ! H2O2 (14)

Fig. 2. (Continued).
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3.6. Optimization

The response surface analysis was carried out
after performing screening of factors and their inter-
actions. Optimization was performed afterwards on
the basis of desirability function in order to find the
optimal conditions for the removal of SA. To find
out the specific point that maximizes the desirability
function, numerical optimization of the software was
used. The desired goal was selected by adjusting
the weight or importance that might alter the char-
acteristics of a goal. The goal fields for response
have five options: none, maximum, minimum, target
and within range. From the ANOVA (Table 3), it
has been observed that the effects of catalyst con-
centration, pH, voltage and electrolysis time were
significant. Hence, the goal of these parameters was
set as “within range”. The goal for removal effi-
ciency was set as “maximize” because our study
preferred maximum SA removal. The lower limit
and upper limit values of all responses are taken
from the CCD design levels. Our main objective
was to maximize the removal efficiency with recal-
culating all responsible factors by using desirability
functions. By using all above-described settings and
boundaries, the software optimized 70.45% removal
efficiency with calculating the optimized model fac-
tors of catalyst concentration at 5.10 mg/L, pH at
2.42, voltage at 2.7 and electrolysis time at 6 h
(Fig. 3).

3.7. Validation of experiment

The quadratic model obtained by the RSM can be
used to optimize the operating conditions to obtain
maximum SA removal efficiency. In order to confirm
the reliability of the models established in this study,
a validation experiment was performed under the
operating conditions predicted by the models for
maximum SA removal efficiency. Fig. 4 shows the

Fig. 3. Desirability ramp for numerical optimization.
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validation experimental results. The SA removal
efficiency found out from the validation experiment
was 69.66%. This result is in good agreement with the
predicted result (70.45%). Hence, the optimum point
determined by RSM was successfully validated and it
was confirmed that RSM can be used to optimize the
EF degradation process of SA.

4. Conclusions

From the quadratic models developed for SA
removal and subsequent ANOVA test using Design
Expert software version 8.0.7.1, the applied voltage
was found to be the most influential factor, while all
other factors were also significant. The high R2,
adjusted R2 and predicted R2 values indicated that the
models fitted very well to the experimental data. The
optimum values obtained after statistical analysis were
found out as catalyst concentration of 5.10 mg/L, pH
of 2.42, voltage of 2.70 V and electrolysis time of 6 h.
Under the optimum condition, the SA removal effi-
ciency was predicted to be 70.45% and the corre-
sponding experimental values fitted well to the
predicted values. The results obtained indicate that
response surface methodology can be successfully
used to analyze the effect of various operational
parameters and develop an optimized condition
thereby reducing the number of trials, time and cost
of experiment.

References

[1] B. Ferrari, N. Paxeus, R. Lo Giudice, A. Pollio, J.
Garric, Ecotoxicological impact of pharmaceuticals
found in treated wastewaters: Study of carbamazepine,
clofibric acid, and diclofenac, Ecotoxicol. Environ. Saf.
55 (2003) 359–370.

[2] T. Heberer, Occurrence, fate, and removal of pharma-
ceutical residues in the aquatic environment: A review
of recent research data, Toxicol. Lett. 131 (2002) 5–17.

[3] M. Otero, C.A. Grande, A.E. Rodrigues, Adsorption of
salicylic acid onto polymeric adsorbents and activated
charcoal, React. Funct. Polym. 60 (2004) 203–213.

[4] P.D. Bartels, H. Lund-Jacobsen, Blood lactate and
ketone body concentrations in salicylate intoxication,
Hum. Toxicol. 5 (1986) 363–366.

[5] B. Karnik, S. Davies, M. Bamnann, S. Rlasten, Use of
salicylic acid as a model contaminant to investigate
hydroxyl radical reaction in an ozonation-membrane
filtration hybrid process, Environ. Eng. Sci. 24 (2007)
852–860.

[6] C. Wei-Lung, C.T. Wang, K.Y. Huang, T.C. Liu, Elec-
trochemical removal of salicylic acid from aqueous
solutions using aluminum electrodes, Desalination 271
(2011) 55–61.

[7] M.I. Badawy, R.A. Wahaab, A.S. El-Kalliny, Fenton-
biological treatment processes for the removal of some

pharmaceuticals from industrial wastewater, J. Hazard.
Mater. 167 (2009) 567–574.

[8] I. Oller, S. Malato, J.A. Sánchez-Pérez, Combination of
advanced oxidation processes and biological treat-
ments for wastewater decontamination—A review, Sci.
Total Environ. 409 (2011) 4141–4166.

[9] R. Aplin, R.D. Waite, Comparison of three advanced
oxidation processes for degradation of textile dyes,
Water Sci. Technol. 42 (2000) 345–354.

[10] E. Neyens, J. Baeyens, A review of classic Fenton’s
peroxidation as an advanced oxidation technique, J.
Hazard. Mater. 98 (2003) 33–50.

[11] P.V. Nidheesh, R. Gandhimathi, S.T. Ramesh, Degra-
dation of dyes from aqueous solution by Fenton pro-
cesses: A review, Environ. Sci. Pollut. Res. 20 (2013)
2099–2132.

[12] R. Baciocchi, M.R. Boni, L. D’Aprile, Hydrogen
peroxide lifetime as an indicator of the efficiency of
3-chlorophenol Fenton’s and Fenton-like oxidation in
soils, J. Hazard. Mater. 96 (2003) 305–329.

[13] A. Romero, A. Santos, T. Cordero, J. Rodrı́guez-
Mirasol, J.M. Rosas, F. Vicente, Soil remediation by
Fenton-like process: Phenol removal and soil organic
matter modification, Chem. Eng. J. 170 (2011) 36–43.

[14] P.V. Nidheesh, R. Gandhimathi, Removal of Rhoda-
mine B from aqueous solution using graphite–graphite
electro-Fenton system, Desalin. Water Treat. 52 (2014)
1872–1877.

[15] M.A. Oturan, J. Pinson, D. Deprez, B. Terlain,
Polyhydroxylation of salicylic acid by electrochemi-
cally generated •OH radicals, New J. Chem. 16 (1992)
705–710.

[16] P.V. Nidheesh, R. Gandhimathi, S. Velmathi, N.S.
Sanjini, Magnetite as a heterogeneous electro Fenton
catalyst for the removal of Rhodamine B from aque-
ous solution, RSC Adv. 4 (2014) 5698–5708.

[17] C. Badellino, C.A. Rodrigues, R. Bertazzoli, Oxidation
of pesticides by in situ electrogenerated hydrogen
peroxide: Study for the degradation of 2,4-dichloro-
phenoxyacetic acid, J. Hazard. Mater. B 137 (2006)
856–864.

[18] P.V. Nidheesh, R. Gandhimathi, Effect of solution pH
on the performance of three electrolytic advanced oxi-
dation processes for the treatment of textile wastewater
and sludge characteristics, RSC Adv. 4 (2014) 27946–
27954.

[19] P.V. Nidheesh, R. Gandhimathi, Trends in electro-
Fenton process for water and wastewater treatment:
An overview, Desalination 299 (2012) 1–15.

[20] J. Chen, M. Liu, J. Zhang, Y. Xian, L. Jin, Electrochem-
ical degradation of bromopyrogallol red in presence
of cobalt ions, Chemosphere 53 (2003) 1131–1136.
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