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a b s t r a c t

The aim of this work was to apply an experimental response surface methodology (RSM) to optimization
of the Acid Yellow 36 (Ay 36) decolorization procedure the electro-Fenton process (EFP) using boron-
doped diamond (BDD) electrodes. RSM was used for the evaluation of different operation parameters,
process modelling, optimization study, and model prediction analysis. Optimization of the electro-Fenton
eywords:
cid Yellow 36
ecolorization
esponse surface methodology
lectro-Fenton

process for decolorization of 60 mg L−1 of synthetic azo dye solution was analyzed using a central compos-
ite design (CCD) in RSM. The response variable for the experimental design was a percentage of the color
removal. The three considered factors, at two different levels, were current density (j = 8 and 23 mA/cm2),
catalytic Fe2+ concentrations (0.1 and 0.3 mmol L−1), and electrolysis time (10 and 50 min). According to
RSM, the optimum operation conditions were Fe2+ = 0.24 mmol L−1, j = 23 mA/cm2, and t = 48 min. The

fficie
oron-doped diamond electrodes
astewater treatment

maximal decolorization e

. Introduction

Synthetic dyes represent one of the largest groups of pollu-
ants in wastewater released from industrial processes. The textile
ndustry is an important sector that consumes large quantities of

ater and chemicals for dyeing processes. In general, the chemical
eagents used in dyeing and finishing operations show a wide diver-
ity of chemical structures and variable compositions of inorganic
nd organic compounds, which generate a serious problem when
hese effluents are discharged to the environment [1]. Synthetic
yes are extensively used for textile dyeing processes, and approx-

mately 50% of these compounds are azo dyes [2]. These compounds
re characterized by one or more azo groups in the chemical struc-
ure (–N N–), which are responsible for the dye color, and the
resence of functional groups such as –NH2, –OH, –CH3, and –SO3
re responsible for the fixation of these dyes to fibers [3]. Most of
he azo dyes are considered to be essentially non-degradable using
ommon methods (physicochemical treatment, active sludge, or
xidative techniques) [3]. Therefore, the development of an effi-

ient process is required to remove synthetic dyes from aqueous
ffluents.

The use of hydrogen peroxide (H2O2) may offer an efficient
eans of controlling dye pollution in aqueous media. H2O2 is still

∗ Corresponding author. Tel.: +52 8183294000x6288.
E-mail address: juanperal@yahoo.com.mx (J.M. Peralta-Hernández).
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ncy of 98% was achieved under these conditions.
© 2010 Elsevier B.V. All rights reserved.

one of the most popular non-selective oxidizing agents used for
the oxidation of organic pollutants to carbon dioxide [4]. Recently,
several works have demonstrated that in situ electrochemical gen-
eration of H2O2 can be successfully used for water treatment of
effluents [5–8]. In this approach, H2O2 is continuously supplied to
the contaminated solution by a two-electron oxygen (O2) reduction
in an acidic medium according to the following reaction [9–11]:

O2 + 2H+ + 2e− → H2O2 (1)

This electrochemical process (reaction (1)) has been tested using
a wide variety of carbonaceous electrodes with high surface
area, such as reticulated vitreous carbon, carbon felt, graphite, or
O2-difussion cathodes [5,6,11–16]. In the case of boron-doped dia-
mond (BDD), not much is known about H2O2 electrogeneration.
Recently, Michaud et al. [17] proposed H2O2 production during the
anodic oxidation of water (reaction (2)):

2H2O → H2O2 + 2e− + 2H+ (2)

However, the use of a BDD cathode for H2O2 generation by O2
reduction has not yet been tested.

The most common application of H2O2 in environmental appli-
cations involves addition of iron (Fe2+) to an acidic solution to

improve the oxidizing power of H2O2 to form free hydroxyl radicals
(•OH) via the Fenton process, according to the following reaction
[18–21]:

Fe2+ + H2O2 → Fe3+ + •OH + −OH (3)

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:juanperal@yahoo.com.mx
dx.doi.org/10.1016/j.cej.2010.03.043


2 ngine

T
i
t
f
i
o
a

h
t
f

•

F

F

F

T
N
p
t
R

a
b
b
n
a
d
fi
s
v
u
i
i
r
i
u
A
o
o
c
e
t
m
m
a
R
t
U
d
p

a
s
e
(
v
o
o

00 K. Cruz-González et al. / Chemical E

his method is denoted as the electro-Fenton process (EFP) and is
ncluded in the commonly used electrochemical advanced oxida-
ion processes (EAOP) for removal of persistent organic pollutants
rom wastewater [22,23]. The reason for combining electrochem-
cal H2O2 generation and the Fenton treatment is to improve the
xidation capacities of the two individual processes into a coherent
nd synergetic system [24].

EFP involves sequential pathways generating the •OH and
ydroperoxyl (HO2

•) free species that act in the reaction. According
o Vatanpour et al. [25], the free radical mechanism consists of the
ollowing reactions:

OH + H2O2 → H2O + HO2
• (4)

e3+ + HO2
• → Fe2+ + H+ + O2 (5)

e2+ + HO2
• → Fe3+ + HO2

− (6)

e2+ + •OH → Fe3+ + OH− (7)

he •OH is a strong oxidant with a standard potential of 2.8 V vs.
HE (pH 0) that is capable of destroying most of the organic matter
resent in water. In this context, EFP has been tested for decoloriza-
ion of different azo dyes, such as Orange II, Azobenzene, p-Methyl
ed, Methyl Orange, Direct Yellow 52 [26], and other dyes [27,28].

The use of experimental design methodology to optimize oper-
ting conditions that affect the azo dye decolorization efficiency
y means of EFP has not been evaluated. This methodology has
een explored to optimize wastewater treatment using other tech-
iques. Fernández et al. [29] studied the variation of pH and H2O2
ddition effects on the decolorization and mineralization of azo
ye Orange II using heterogeneous photocatalysis (UV/TiO2); they
t the optimal values of Orange II degradation using response
urface methodology. Pérez-Moya et al. [30] proposed a multi-
ariate experimental design for the treatment of 2-chlorophenol
sing a Fenton reagent under light irradiation. A factorial exper-

mental design was established to assign each variable a weight
n total organic carbon (TOC) removal. In 2007, Körbahti [31] car-
ied out electrochemical treatment of three reactive dyes using
ron electrodes in the presence of NaCl. This study was optimized
sing response surface methodology (RSM). In another report,
bdessalem et al. [32] applied an experimental design methodol-
gy to optimize the EFP. In this work, they evaluated the effect
f selected experimental conditions, such as initial concentration,
urrent density, and processing time, on the degradation and min-
ralization rate of the herbicide chlortoluron. The photocatalytic
reatment of indole in the presence of titanium dioxide was opti-

ized by Merabelt in 2009 by applying an experimental design
ethodology [33]. The effect of indole concentration, UV intensity,

nd stirring speed was studied in this work. Recently, Körbahti and
auf [34] applied the response surface methodology to determine
he optimum operation conditions for carmine decolorization using
V/H2O2 treatment. In this context, they found that carmine degra-

ation was effected by carmine concentration, H2O2 concentration,
H, and reaction time.

In light of these approaches, the objective of this work was to
pply RSM to optimize several operating conditions (current den-
ity, iron concentration, and electrolysis time) that have significant
ffects on the decolorization efficiency of azo dye Acid Yellow 36
Ay 36) by EFP using a BDD cathode to produce H2O2. Finally, a
erification study of the analysis was executed using the optimum
peration conditions obtained from the experimental design RSM
f the azo dye decolorization and degradation.
ering Journal 160 (2010) 199–206

2. Materials and methods

2.1. Experimental

Chemicals used in this work, such as sulfuric acid (H2SO4),
sodium sulfate (Na2SO4), and ferrous sulfate (FeSO4·7H2O), were
purchased from J.T. Baker as ACS reagent grade and used as received
without further purification. Titanium (IV) sulfate [Ti(SO4)2] was
purchased from Aldrich Co. and the azo dye, Acid Yellow 36 (Ay
36, C18H15N3O3S, �max = 437 nm), industrial grade, was supplied
by Orion Co. Diamond (BDD) electrode was provided by Adamant-
Technologies (Switzerland).

2.1.1. Dye solution preparation
An accurately weighed quantity of the Ay 36 dye was dissolved

in distilled water to prepare the stock solution (100 mg L−1). Exper-
imental solutions of the desired concentration (60 mg L−1) were
obtained by successive dilution. The synthetic textile dye wastew-
ater solution was prepared in accordance with literature reports
[26,31], where dye concentrations in textile wastewater ranged
from 10 to 200 mg L−1.

2.1.2. Electrochemical setup
The experiments were conducted at room temperature in an

open, undivided, and cylindrical glass cell of 100 mL capacity and
were performed in galvanostatic mode at three current densities
(j = 8, 15, and 23 mA/cm2). A BDD plate (geometric area, 2 cm2)
was used as a cathode and platinum was used as an anode (geo-
metric area, 4 cm2). The gap between electrodes was 2.5 cm. All
experiments were carried out in acidic solution of sulfates (0.05 M)
adjusted to pH 3 with sulfuric acid. Prior to electrolysis, air was
bubbled through the setup for 30 min to saturate the solution. Dif-
ferent iron concentrations in the form of ferrous sulfate solution
(0.1, 0.2, and 0.3 mmol L−1) were added to evaluate the effect on
dye oxidation rate via EFP.

2.1.3. Hydrogen peroxide evaluation
Evaluation of H2O2 accumulation in the system was carried out

by testing of oxygen reduction (O2) in a saturated air solution of
0.05 M Na2SO4 at pH 3. The H2O2 concentration was determined
using the Ti(SO4)2 titration method and spectrophotometric anal-
ysis at � = 407 nm [35].

2.1.4. Analytic procedure
At given time intervals, aliquots were sampled and analyzed by

recording variations of the dye absorption band at 437 nm for Ay 36
in the UV–vis spectra (Fig. 1), using a Lambda 12 spectrophotometer
(Perkin Elmer Co.).

The degradation of Ay 36 was monitored by high performance
liquid chromatography (HPLC) analysis, using a Perkin Elmer Series
200 equipped with a UV/vis Detector. A reverse phase C-18 Perkin
Elmer (5 �m, 250 mm × 4.6 mm) column was used in the experi-
ments. The volume of injection was 20 �L. The column was eluted
with a mixture of ammonium acetate 10 mmol L−1/acetonitrile
70:30 (v/v) with a flow rate 0.8 mL min−1. Detection was performed
at 277 nm [22].

2.1.5. Response surface methodology (RSM)
RSM was applied for the experiments. RSM is essentially a

particular set of mathematical and statistical tools for designing
experiments, building models, evaluating the effects of operation

conditions, and most importantly, for searching the optimum val-
ues of factors to predict target response [31,36,37]. In this context,
RSM is an important derivation of experimental design and is a
critical technique for development of a new process or products, as
well as optimization of their performance [31,36,37]. RSM allows



K. Cruz-González et al. / Chemical Engine

Fig. 1. Absorption spectra of Acidic Yellow 36 (60 mg L−1) before treatment. Insert
corresponds to the azo dye structure.
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The capacity of the system for electrochemical generation of
H2O2 by O2 reduction (reaction (1)) on a BDD cathode was studied
by sampling the solution and determining the concentration of the
accumulated H2O2 using spectrophotometric analysis. Fig. 2 shows
ig. 2. Accumulation of H2O2 in 0.05 M of Na2SO4 solution at pH 3 under differ-
nt current densities using BDD cathode. (a) 8 mA/cm2, (b) 15 mA/cm2, and (c)
3 mA/cm2.

or a considerable reduction in the number of experiments and easy
nterpretation because with the experimental design, is it possible
o study a large number of factors and detect the possible interac-
ions between them [32].

By using the experimental design methodology, it was possi-
le to design and optimize the decolorization efficiency of Ay 36
sing EFP, estimate the linear interaction effects of the factors, and
onstruct a prediction model for the response. The independent
actors were current density, Fe2+ concentration, and electrolysis
ime.
A central composite design (CCP) was used in the RSM, and the
urrent and coded factors and their levels are shown in Table 1 for
he Ay 36 decolorization. The data were evaluated by analysis of
ariance (ANOVA) and using Design Expert Version 6.0.1 (StatEase,
SA). The design was performed with 45 experiments: eight fac-

able 1
xperimental design of Ay 36 decolorization by means of EFP.

Independent variable Factor −1 Coded levels
0
Actual levels

+1

Current density (mA/cm2) A 8 15 23
Catalytic Fe2+concentration (mM) B 0.1 0.2 0.3
Electrolysis time (min) C 10 30 50
ering Journal 160 (2010) 199–206 201

torial points (three replicates), three central points, and six axial
points (three replicates).

3. Results and discussion

3.1. H2O2 generation on the BDD cathode
Fig. 3. Decolorization efficiency of azo dye Ay 36 (C0 = 60 mg L−1) in 0.05 M of Na2SO4

solution at pH 3 during the electro-Fenton process using a BDD cathode in the pres-
ence of different Fe2+ concentrations: (♦) 0.1 mmol L−1, (©) 0.2 mmol L−1, and (�)
0.3 mmol L−1, and under different current densities: (a) 8 mA/cm2, (b) 15 mA/cm2,
and (c) 23 mA/cm2.
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Table 2
Evaluation of kinetic constants for Ay 36 decolorization
using EFP.

[Fe2+] (mM) K (min−1)

j = 8 mA/cm2

0.1 5.02 × 10−2

0.2 5.48 × 10−2

0.3 5.51 × 10−2

j = 15 mA/cm2

0.1 4.19 × 10−2

0.2 5.99 × 10−2

0.3 6.63 × 10−2

j = 23 mA/cm2

t
t
t
w
a
i
v
T
s
i
g
a
a
f

3
p

g

3.1, and at three levels of ferrous sulfate, 0.1, 0.2, and 0.3 mmol L .

T
E

T
A

0.1 4.60 × 10−2

0.2 5.79 × 10−2

0.3 7.00 × 10−2

he concentration of electrochemically generated H2O2 as a func-
ion of time for three current densities applied. Curve a corresponds
o the cathodic current density j = 8 mA/cm2, curve b is obtained
ith j = 15 mA/cm2, and curve c corresponds to j = 23 mA/cm2. In

ll cases, it was observed that the peroxide level increased dur-
ng the first 40 min of electrolysis and then leveled off at constant
alues of 46, 66, and 88 mg L−1, for curves a, b and c, respectively.
his behavior can be explained by considering that, in the steady
tate, the rate of production of H2O2 is simultaneously balanced by
ts rate of decomposition, both at the anode and perhaps homo-
eneously [35,38]. From estimates of the initial slopes in Fig. 2, it
ppears that the net current efficiency for peroxide production is
bout 10% when its level in solution is negligible, and it falls off
rom there.

.2. Decolorization efficiency of Ay 36 by EFP and kinetic

arameters

The next set of tests involved the continuous electrochemical
eneration of H2O2 in the presence of ferrous ions, i.e., the EFP. The

able 3
xperimental design results.

Experimental number Coded level of factors Obse

A B C Repli

1 −1 −1 −1 42.32
2 1 −1 −1 49.20
3 −1 +1 −1 67.55
4 +1 +1 −1 67.14
5 −1 −1 +1 92.76
6 +1 −1 +1 91.37
7 −1 +1 +1 93.25
8 +1 +1 +1 96.64
9 −1 0 0 83.96

10 +1 0 0 88.11
11 0 −1 0 75.23
12 0 +1 0 93.27
13 0 0 −1 61.71
14 0 0 +1 94.23
15 0 0 0 87.41

able 4
NOVA results of the quadratic model of Ay 36 decolorization using EFP.

Variation source Sum of square Degree of freedom

Model 13,301.50 6
Residual 199.64 38
Lack of fit 52.63 8
Pure error 147.02 30

Total 13,501.15 44
Fig. 4. One factor plot of current density for Ay 36 decolorization efficiency.

decolorization efficiency (�) is defined as:

� (%) = C0 − C

C0
× 100 (8)

where C0 and C are Ay 36 concentration at initial time and given
time t, respectively [3]. Decolorization efficiency experiments were
carried out at each cathodic current density proposed in Section

−1
Fig. 3 depicts the influence of current density and Fe2+ on the decol-
orization kinetic. The efficiency of EFP was examined by treating
a dye solution containing 60 mg L−1 of Ay 36 at pH 3. As can be
seen in Fig. 3a for j = 8 mA/cm2, the decolorization rate increased

rved percentage of removals Average

cation 1 Replication 2 Replication 3

39.35 41.69 41.12
45.09 45.63 46.64
71.34 61.31 66.73
65.61 70.42 67.72
89.04 85.93 89.24
93.04 92.65 92.35
96.10 90.69 93.35
96.58 97.11 96.78
87.22 84.27 85.15
88.90 83.86 86.96
75.60 74.53 75.12
89.83 91.40 91.50
60.79 61.06 61.18
93.73 94.68 94.21
86.97 87.93 87.44

Mean square F-Value P-Value

2216.92 421.99 <0.0001
5.25 103.97
6.58 1.34 0.2614
4.90
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Fig. 5. Effect of electrolysis time and Fe2+ concentration interaction on A
s Fe2+ was added to the solution, reaching a maximum increase
ith an Fe2+ concentration of 0.3 mmol L−1; Ay 36 decolorization of

4% was achieved after 60 min of electrolysis. This enhancement in
xidation power is noticeable at j = 15 mA/cm2 (Fig. 3b) suggesting
hat the process was improved with the addition of 0.3 mmo L−1
ecolorization efficiency: (a) response surface plot and (b) contour plot.
of Fe2+ wherein a decolorization efficiency of 97% was achieved.
However, the result was similar with 0.2 mmol L−1 of iron concen-
tration; the decolorization efficiencies showed almost overlapped
curves between 30 and 60 min. Fig. 3c corresponds to the assay
results with j = 23 mA/cm2, and here it was possible to observe that
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y 36 decolorization efficiency was very fast, quickly reaching 99%
ith 0.3 mmol L−1 of Fe2+.

According to this trend, decolorization of Ay 36 was achieved
ver shorter times with an increase in current density and Fe2+

oncentration; in this context, the apparent constant rate of the
xidation reaction was given by the following reaction:

y 36 + •OH → decolorization + oxidation products (9)

nd can be determined by assuming a stationary state for the con-
entration of free hydroxyl radicals [2].

The kinetics of the electro-Fenton reaction can be fitted using
pparent first-order kinetics. Most kinetic studies of decolorization
nd aromatic content removal of azo dyes assisted by the Fenton
rocess can be described by a first-order rate equation [39]. In this
tudy, the rate of decolorization of Ay 36 (�max = 437 nm) followed
he next equation:

n
C0

C
= k1t (10)

here k1 is the apparent first-order reaction rate constant, t is
he reaction time, and C0 and C are the initial and final concen-
ration values of the dye solution, respectively. The results are
hown in Table 2. From this table, the best experimental condi-
ions without RSM analysis for Ay 36 decolorization by EFP occurred
ith the addition of 0.3 mmol L−1 of Fe2+, 23 mA/cm2 current den-

ity, and 60 min electrolysis time, achieving a kinetic constant of
.0 × 10−2 min−1.

.3. Experimental design and optimization of operation
onditions in the decolorization kinetics of Ay 36 by means of EFP

In light of the experimental design results (Table 3), the
uadratic regression model that established the correlation
etween the decolorization efficiency of Ay 36 and the independent
actors was found to be:

(%) = 86.57 + 1.49 ∗ A + 7.16 ∗ B + 18.25 ∗ C − 3.35 ∗ B2

− 8.96 ∗ C2 − 4.77 ∗ B ∗ C (11)

able 4 shows the ANOVA results from this model, where the
odel’s F-value of 421.96 implies that the model was significant

or Ay 36 dye decolorization. The values of P > F less than 0.0500
ndicate that model terms are significant, whereas values greater
han 0.1000 are not significant. For this model, P > F is less than
.0001, indicating that term was significant in this model. A pos-

tive effect of a factor means that the response is improved when
he factor level increases and a negative effect of the factor means
hat the response is not improved when the factor level increases.
he positive effects were the individual factors of electrolysis time,
e2+ concentration, and current density, in this order. The negative
ffects were the quadratic factors of electrolysis time and Fe2+, as
ell as the double interaction between Fe2+ and electrolysis time.

.4. Response analysis for Ay 36 decolorization efficiency

The current density factor was significant at the 8 mA/cm2

ignificance threshold, and the one factor plot showed that the
ecolorization efficiency improved when the factor increased of
at 23 mA/cm2 (Fig. 4) and holding the other factors constant.

A study of the response surface and contour plots provided an
asy method for optimization of the efficiency of the electro-Fenton

reatment. The response surface plot for Ay 36 decolorization
s shown in Fig. 5a, when the current density was established
t 23 mA/cm2 as observed in Fig. 4. The semispherical response
urface of decolorization slightly increased with increasing Fe2+

oncentration, from 0.15 to 0.24 mmol L−1, and then decreased
Fig. 6. Perturbation plot for Ay 36 decolorization.

above 0.3 mmol L−1. A similar trend was also observed for elec-
trolysis time but the curvature was sharp, which means that the
decolorization quickly increased with increases in the electrol-
ysis time from 10 to 48 min, and then slightly decreased from
48 to 50 min. In the scope of the results, the maximum value of
decolorization percentage of Ay 36 was determined to be 97.8% at
0.24 mmol L−1 of Fe2+ and 48 min (Fig. 5b).

In the perturbation plot, Fig. 6 shows the effects when all factors
at the optimum experimental conditions in the design space are
compared. The perturbation plot assists in comparison of the effects
of all factors at a particular point in the design space; when the
factor curvature is sharper, the factor effect is more important to
the response. The plot was obtained for 0.24 mmol L−1 Fe2+, 48 min
of electrolysis time, and 23 mA/cm2. Fig. 6 shows that the response
of Ay 36 decolorization was very sensitive to the electrolysis time,
followed by Fe2+ concentration, and finally, by current density.

3.5. Verification study

To confirm the adequacy of the model, three sets of assays were
randomly carried out at optimum conditions to obtain a maximum
Ay 36 decolorization result. Fig. 7 presents the experimental results
under the optimum conditions as compared with the decoloriza-
tion efficiency by means of EFP without RSM analysis. As can be seen
in this Fig., the decolorization efficiency of Ay 36 was close to 98%,
and the kinetic constant value was 9.75 × 10−2 min−1 under opti-
mal operating conditions as compared with the kinetic constant
for EFP without RSM analysis (7.0 × 10−2 min−1). The experimen-
tal error of less than 1.0% indicated that the proposed model was
adequate for prediction of the optimum value of decolorization
efficiency in the range of factors studied.

Additionally, degradation behavior of Ay 36 was evaluated
by RP-HPLC using the experimental conditions obtained by the
response surface analysis method. The decay of Ay 36 concentration
was followed under reversed-phase HPLC conditions (as indicated
in Section 2). Ay 36 eluted at retention time tr = 10.77 min. The evo-
lution of Ay 36 by EFP under non-optimized conditions (t = 60 min,

0.3 mmol L−1 Fe2+, j = 23 mA/cm2, k = 7.0 × 10−2 min−1) and opti-
mized conditions (t = 48 min, 0.24 mmol L−1 Fe2+, 23 mA/cm2,
k = 9.75 × 10−2 min−1) is shown in Fig. 8. As can be seen, the concen-
tration of Ay 36 by EFP under non-optimized conditions (♦) slowly
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Fig. 7. Decolorization of Ay 36 under optimum conditions by CCD design.
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ig. 8. Degradation of Ay 36 in acidic solution (pH 3) by EFP under non-optimized
onditions (♦), and optimized conditions (©).

ecreased at the initial stage of electrolysis and the time neces-
ary to observe a complete disappearance of Ay 36 was close to
5 min. On the other hand, under the optimized conditions (©) the
oncentration Ay 36 rapidly diminished and the azo dye was com-
letely degraded after 30 min of treatment. These results indicated
he suitability of the model. The RSM was successfully applied to
ptimize the EFP of Ay 36.

. Conclusion

The decolorization of Ay 36 in acidic aqueous medium was
nalyzed by applying EFP based on the use of a BDD cathode to effec-
ively produce H2O2 in the medium via oxygen reduction. Under
he central composite design of RSM, the optimum conditions of
e2+ = 0.24 mmol L−1, j = 23 mA/cm2, and t = 48 min were chosen to
chieve 97.8% Ay 36 decolorization. This result indicated the suit-
bility of the proposed model showing an important enhancement
f the kinetic constant value and the degradation percent of Ay 36
ompared to the results achieved under non-optimized conditions.
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