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ABSTRACT

The effect of cyclic voltammetry (CV) on electrochemical behavior of PbO2 layer electrode-
posited by pulsed method on stainless steel (AS30) has been studied. The field emission
scanning electrons microscope and X-ray diffraction (XRD) were used to characterize the
surface morphology and crystal structure of different electrodes with CV effect, respectively.
The content of PbO2 particles has been tuned by altering the cycle number, of CV through
which the content of PbSO4 also increased. It is related to reduction phenomena depending
on electron transfer through the pores into β-PbO2 layer. Electrochemical behavior of the
prepared samples was investigated in 0.5 M H2SO4 solution by CV and electrochemical
impedance spectroscopy (EIS) techniques. EIS results revealed that the charge-transfer resis-
tance significantly increased because the lead sulfate layer is more compact and the access
of electrolyte ions to the internal layer is blocked. Anodic oxidation of solutions containing
Amaranth as a dye model was studied to evaluate the use of these electrodes as anodes in
environmental issue. After five cycle of CV, PbO2 film becomes more resistive according to
value of Rf and this may have a deleterious effect on the electrochemical degradation activ-
ity compared to that without CV treatment. Based on the obtained results, after electrolysis
time of 5 h at acidic pH medium, the color and the chemical oxygen demand removals on
PbO2 electrode treated by 1 CV achieved nearly to 97 and 83%, higher than that without
CV treatment (77 and 47%), respectively.
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1. Introduction

Due to its low cost, ease for synthesis, and stability
in acidic media, lead dioxide has attracted great inter-
est in a wide range of technological applications such

as oxidation of organic materials in waste water
treatment [1,2], sensors [3], energy storage devices
such as batteries [4], and in super capacitors [5]. On
the other hand, the use of stainless steel was selected
as substrates for PbO2 layer because of its inexpensive
cost and good corrosive stability [6]. This choice is
related not only to the sustainable development of*Corresponding author.

Presented at the Sustainable Water Management Conference on Sustainable Domestic Water Use
in Mediterranean Regions (SWMED), 19–21 February 2015, Tunis, Tunisia

1944-3994/1944-3986 � 2016 Balaban Desalination Publications. All rights reserved.

Desalination and Water Treatment 57 (2016) 22120–22132

Octoberwww.deswater.com

doi: 10.1080/19443994.2015.1131633

mailto:issaouines@yahoo.fr
mailto:hanene.akrout@yahoo.com
mailto:latifa.bousselmi@certe.rnrt.tn
http://dx.doi.org/10.1080/19443994.2015.1131633
http://www.tandfonline.com
http://www.tandfonline.com
http://www.tandfonline.com


wastewater, but also to the reduction of the lead
pollution to the environment [1].

Lead dioxide has been prepared by the chemical
[7,8] and electrochemical methods [9,10], various elec-
trochemical methods including CV [11], pulse current
[12,13], constant potential [14], and constant current
[15] techniques have been employed to synthesize
PbO2. Moreover, it has been found that electrochemi-
cal behavior of PbO2 depends on various parameters
including particle size [16], morphology [17], and
phase composition [18]. Morphology and particle size
strongly influence the electrochemical activity of the
materials [16] by affecting their active surface area [12]
and interparticle contacts [19]. The electrodeposited
PbO2 depends on various parameters such as type of
the substrate nature (pure metal, alloy, etc.), the elec-
trodeposition method used [11], and the synthesis con-
ditions [20]. The composition and morphology of
PbO2 affect also the electrochemical activity. It has
been recognized that a porous structured PbO2 should
give more active properties [21].

The oxidation mechanism pathway of organics is
very complex. The principal oxidants that can be
detected were important for understanding the degra-
dation mechanism [22]. It is well known that the elec-
trochemical activity of PbO2 electrodes depends
largely on the composition of the film. The stability
and electrocatalytic activity of the PbO2 anodes are
expected to be improved to further satisfy the require-
ment of practical application.

The presence of lead sulfate in the production of
positive active materials has many advantages [23]
where it is produced using CV which is considered
the most widely used technique for acquiring qualita-
tive information about electrochemical reactions [24].
At the electrode surface, the ratio PbO2/PbSO4 is
related to the redox activity because the entry of elec-
tron is insured through the pores of PbO2 in order to
reduce PbSO4 easily [25].

The main goal of the present contribution is to
investigate the influence of CV action on the electro-
chemical activities of PbO2 deposited onto stainless
steel. The structure and the morphology of obtained
films after different cycle number of CV are character-
ized in ex-situ through X-ray Diffraction (XRD) and
field emission scanning electron microscopy (FESEM)
techniques. Electrochemical impedance spectroscopy
(EIS) is also used to characterize the resistances and
capacities of different films after electrochemical treat-
ments. We tried to find a correlation between the per-
formance of lead dioxide activity in the oxidation of
organic compounds and the cycle number of CV used
for anode treatment. The degradation efficiency of the
Amaranth dye using different elaborate anodes is

investigated in terms of color and chemical oxygen
demand (COD) removal.

2. Experimental and methods

2.1. Chemicals and instrumentation

Pb(NO3)2 (Panerac Quimica SA-99%), HNO3

(Sigma-Aldrich-95-97%) were prepared for deposition
of PbO2 film. Sodium sulfate (Na2SO4, Sigma-Aldrich
99%) was used as supporting electrolyte (0.1 M) during
the degradation. Sulfuric acid (Sigma-Aldrich-95-97%)
is used for electrochemical treatment and for initial
adjustment of pH (equal to 2) of samples solution. The
dye pollutant is Amaranth (E123) (Sigma-Aldrich), azo
dye, having a molecular formula C20H11N2Na3O10S3
and a molar mass of 606.48 g mol−1. The concentration
of dye is fixed at 0.015 mM, in 0.1 M Na2SO4. Experi-
ments were carried out at acidic pH medium applying
current density of 25 mA cm−2 (with Thermo scientific
EC300 XL power supply) with electrolysis time of
300 min. The discoloration of Amaranth was followed
by UV–vis spectrophotometry analysis (Thermospec-
tronic UV1) and the mineralization by measurement of
COD was determining using the reactor digestion
method based on the method of acidic oxidation by
dichromate.

2.2. Electrode preparation

Before each deposition, the AS30 electrode was
mechanically polished with abrasive papers (P 600 and
P 1,200) and rinsed with water. For chemical pollution,
submerged sulfuric acid (0.1 M) at 50˚C was sonicated
for 10 min. It was then rinsed with water for 5 min
and sonicated in acetone for 2 min in order to remove
any surface oxidized species in contact with air [26].

PbO2 was directly synthesized by the pulsed cur-
rent method on the surface of SS electrode from solu-
tion of 0.5 M HNO3 + 0.5 M Pb(NO3)2. For each
electrode, 170 pulses (pulse height of 30 mA cm−2,
pulse width of 1 s at 30 mA cm−2, and relaxation time
of 5 s at zero current) were applied. All samples were
carried out at the room temperature [27].

2.3. Surface characterization

The surface morphologies of PbO2 anodes were
examined using a field emission scanning electrons
microscope (FESEM Zeiss Supra 40). The crystalline
structures of different anodes were examined by a
X-ray diffractometer (DRX model X’Pert Pro, PANalyt-
ical) using Cu Kα (λ1 = 1.5405980).
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2.4. Electrochemical measurements

Electrochemical behavior of PbO2 anodes was
tested with a conventional three-electrode cell using a
VoltaLab 40 PGZ301 potentiostat (Radiometer Analyti-
cal), connected with a computer that uses VoltaMaster
4.0 software for data. Cell using AS30/PbO2 as anode,
a Pt as counter electrode, and a saturated calomel elec-
trode as reference electrode on the VoltaLab 40
PGZ301 potentiostat (Radiometer Analytical) con-
nected with a computer that used VoltaMaster 4.0 soft-
ware for data analysis. The cycle number of CV was
varied from 1 to 30 in the potential region from 0.7 to
2.0 V at a scan rate 50 mV s−1 in 0.5 M sulfuric acid.

EIS measurements were carried out at the open-cir-
cuit potential, the frequencies swept are undertaken
from 100 kHz to 100 mHz by applying a sinusoidal
signal of 5 mV amplitude. The experimental data from
EIS diagrams were analyzed and fitted using the soft-
ware, ZsimpWin3.2. Impedance spectra were recorded
at the open-circuit potential after immersion of elec-
trodes for 15 min in electrolyte solution, the active sur-
face area of each electrode is equal to 4 cm2.

2.5. Atomic absorption

Atomic Absorption Spectroscopy (Analyst 200
Perkin–Elmer) with graphite furnace (GFAAS) (HGA
900-Perkin Elmer) used to determining the concentra-
tion of lead ion from anodes into solution after elec-
trolysis. Analysis with GFAAS was done according to
standard method.

2.6. Anodic oxidation of Amaranth dye

The electrolysis of aqueous solution containing
Amaranth dye was carried out in a one-liter one-com-
portment Pyrex glass cell in which the AS30/PbO2

anode was designed vertically and parallel to the
stainless steel cathode, both of them have a surface of
4 cm2. Initial Amaranth (E123) dye concentration of
0.015 mM was used to examine the degradation over
AS30/PbO2 anodes which are pretreated by different
cycle number of CV. The supporting electrolyte
(Na2SO4) concentration was 0.1 M. The solution was
kept at temperature of 25˚C under stirring to ensure
the efficiency of mass transfer. All experiments were
carried out at electrolysis time of 300 min.

UV–vis absorption spectra of Amaranth solutions
were recorded by spectrophotometry (PerKin–Elmer
model) in the wave range of 400–600 nm. The mineral-
ization by measurement of COD is determined by the
dicromate reactor digestion method.

Experimentally, the discoloration efficiency or per-
centage of color removal during the treatment of dyes
wastewater is determined by the expression [28]:

Color removal ð%Þ ¼ ABS0 �ABSt
ABS0

� 100 (1)

where ABS0 and ABSt, respectively, are the average
absorbances before and after an electrolysis time t at
the maximum visible wavelength (λmax = 520 nm) of
the model dye, respectively.

The COD removal was calculated by the following
formula [29]:

COD removal ¼ COD0 � CODt

COD0
� 100 (2)

where COD0 is the COD of initial concentration and
CODt is the COD at given time t.

The current efficiency (CE, in %), expressed as a
percentage, during Amaranth degradation process
was defined as [30]:

CE ¼ ðCOD0 � CODtÞ
8It

� F� Vs � 100 (3)

where COD0 and CODt are the initial value before
treatment and at time t, respectively, F is the Faraday
constant (96,487 C mol−1), V is the volume of the elec-
trolyte (L), and I is the average applied current (in A).

3. Results and discussion

3.1. Electrochemical behavior: cyclic voltammetry (CV)

The previous work confirmed that the lead oxide
deposited film on stainless steel substrate is composed
by α and β-PbO2 forms [31]. It is reported in the litera-
ture [18], the ratio between α and β-PbO2 modifica-
tions was changed by CV in sulfuric acid. The
following reactions occur during cycling [32–34]:

a-PbO2 þ SO2�
4 þ 4Hþ þ 2e� ! PbSO4 þ 2H2O (4)

β-PbO2 þ SO2�
4 þ 4Hþ þ 2e� ! PbSO4 þ 2H2O ð5Þ

Most of the α-PbO2 and β-PbO2 at the surface of the
electrode are transformed into PbSO4 owing to catho-
dic scan according to Eqs. (4) and (5); however, during
the reverse scan, PbSO4 is oxidized and gives
preferably β-PbO2.
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According to Carr and Hampson [35], the transfor-
mation of PbSO4 and PbO2 including the oxidation
and reduction process can be given by the following
reaction:

PbO2 þHSO�
4 þ 3Hþ þ 2e� ! PbSO4 þ 2H2O (6)

The CV measurements were performed in 0.5 M
H2SO4. At the first voltammogram (Fig. 1(a)), we can
show two clearly cathodic peaks, among them, the
first one at 1.080 V and the second one at 1.158 V cor-
responding to the reduction of β and α-PbO2 into lead
sulfate, respectively [20,28]. The anodic peak at poten-
tial of 1.830 V attributed to the oxidation of lead sul-
fate to β-PbO2 form [19,36]. However, the reduction
of α form was fully disappeared after the fourth cycle
(Fig. 1(c)), because the α-PbO2 structure is more diffi-
cult to be reduced to lead sulfate than β structure
thanks its more compact structure so that only one
reduced peak of β existed in slightly shifting to the
left position [19,37]. Conversely, lead dioxide was
formed in both forms with more β than α form due
to oxidation of lead sulfate during anodic process.
But, α-form was just formed from the tenth cycle at
potential of 1.720 V. Otherwise, we can observe in
(Fig. 1(d)–(f)) a rising of their redox peaks by cycle
number.

3.2. Morphology and crystal structure of PbO2 anodes

It has been previously reported [38,39] that the film
PbO2 is electrodeposited from acidic solution as the
tetragonal β-form, although a small amount of the
orthorhombic α-form is also existed depending on
experimental conditions. It was found that the struc-
tural morphology of PbO2 using FESEM (Fig. 2) had
different shapes and was changed and depended on
the different cycle number of CV applied. At the first
and second cycle of CV (Fig. 2(a) and (b)), the anodic
layer consists of interconnected PbSO4 crystals, it can
be seen at large magnifications that this layer consists
of small grains or globules [32]. The small crystal of
lead sulfate formed due to the reduction of PbO2. The
surface is more compact; as the morphology difference
may not be due to the presence of both α and β
phases.

At the higher cycle number of CV, the PbO2

becomes porous due to oxygen bubbles on the surface
during cycling process. The formed oxygen may cause
cracks in the oxide structure and this in turn will
result in a more porous oxide structure especially
close to the surface [38]. PbSO4 film is the first layer

formed in PbO2 anode that by which the in-depth
porosity of the electrode may be destroyed [40]. Under
this condition, the effect of CV on PbO2 film is con-
firmed and shown by the FESEM analysis (Fig. 2)
demonstrated that no evidence of PbSO4 crystallites is
visible after five CV.

3.3. Composition and structure

In order to obtain information about the structure
and morphology of lead oxide film, Fig. 3 shows XRD
pattern of PbO2 anodic layers before and after the
cycling. It was found that β-PbO2 form formed at 2θ
degree equals to 62.2, 49.3, 46.2, 43.8, 25.6, 24.7, and
20.9, the α-PbO2 form was found at 2θ equals to 39.6,
37.5, 33.3, 29.8, and 23.5, while lead sulfate appeared
at 2θ degree of 57.2, 55.6, 53.9, 53, 51, 44.8, 41.8, 32.4,
27.8, and 26.8 due to reduction of lead dioxide during
the cycling process. These results were obtained to
ASTM (American Metals Testing System) No 01-072-
2440 and No 01-075-2417 and to the literature [19,41].

The change in the phase composition brought
about by the cycle number of cyclic voltammetry (CV)
was expressed by the change in the relative intensity
of the reflections belonging to the phase, Ia/∑In, where
Ia denotes the intensity of the reflection belonging to
the given phase and ∑In is the sum of the intensities
of the characterization of reflections belonging to all
phases [29].

For the investigation of CV behavior on the lead
dioxide compounds, Fig. 4 illustrates the ratio of dif-
ferent compounds in anodic PbO2 layer with CV treat-
ment. It was found that the ratio of β-PbO2/PbSO4

(Fig. 4(a) decreased more quickly than that of α-PbO2/
PbSO4 (Fig. 4(b)) when cycle number of CV increased
resulting to a quick decrease in the ratio between β
and α modifications also (Fig. 4(c)).This explained that
the β-PbO2 is favored process and attributed to incom-
plete reduction of α-PbO2 into PbSO4 oxidation of
PbSO4. However, α-PbO2 could be observed just from
10th cycle due to oxidation of PbSO4.

Firstly, at the first cycle of CV, slow anodic reac-
tion rate due to small corresponding current density
was obtained because PbO2 existed already so that no
oxidation process but only reduction of one of PbO2

into PbSO4 occurred. At higher cycle number of CV,
beside the oxidation of PbSO4 into PbO2, O2 may be
formed as a side reaction which can adsorb on the
oxide layer and access into it resulting a more porous
structure.

As soon as a passivating PbSO4 layer is formed on
the surface, it plugs the pores and prevents further
reaction, leaving an unreduced core of PbSO4. For
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(a) (b)

(c) (d)

(f)(e)

Fig. 1. Cyclic voltammograms of the prepared samples AS30/PbO2 layer during (a) 1CV, (b) 2CV, (c) 5CV, (d) 10CV,
(e) 20CV, and (f) 30CV in 0.5 M H2SO4 at 50 mV s−1.
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high current density value, the passivation reaction
becomes faster due to the formation of much smaller
PbSO4 crystals, resulting in a higher degree of
coverage [42].

Secondly, depending on the method used for
preparation of the lead dioxide, the initial ratio of α-
and β-PbO2 in a sample will vary, makes a loss of
interparticle contact, and this is a problem since this
contact is essential for good electrode performance.
The percentage of β-PbO2 form deceased when the
number of cycle increased.

Finally, lead sulfate passivates the stainless steel
surface and this indicates that the topography of the
form layer has large impact on the properties.

3.4. Electrochemical impedance spectroscopy (EIS)

In order to investigate the effect of morphology
and compounds of the prepared samples on the PbO2

properties, EIS experiments were performed on the
electrodes in 0.5 M H2SO4 solution. Fig. 5(a) shows the
Nyquist plots for different samples at open-circuit
potential and 25˚C. In order to obtain quantitative
information, the Zsimpwin software considering the
electric equivalent circuit used for data analysis shown
in Fig. 5(b) containing six elements including a two-
CPE model where CPEdl indicates the “Constant Phase
Element related to double layer” of the interface and
CPEf attributed to the film on stainless steel substrate,
Rs corresponding to the electrolyte resistance, Rct can

After 10CV 

After 20CV 

(d)

(e)

(f) After 30CV 

After 1-CV (a)

After 2-CV (b)

After 5CV (c)

Fig. 2. FESEM images of the AS30/PbO2 electrode (a) after 1st cycle, (b) after 2nd cycles, (c) 5th cycles, (d) 10th cycles, (e)
20th cycle, and (f) 30th cycles.
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Fig. 3. XRD specters of AS30/PbO2 electrode without and with different cycle number of CV applied.

(a) (b)

(c)

Fig. 4. The trend of the ratio related to (a) β-PbO2/PbSO4 and (b) α-PbO2/PbSO4, (c) β-PbO2/α-PbO2 forms as the function
of CV cycle number.
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describe the charge transfer resistance, Rf is the film
resistance, and a finite length of Warburg impedance
diffusion (W).

As shown, in Fig. 5(a), the impedance spectra in
Nyquist plots have a very strong dependence on the
cycle number of CV applied on PbO2. In fact, the plot
obtained by the first cycle is different from the other
plots after which this can be attributed to lead sulfate
which acts strongly on the electrochemical behavior.

The Rct values (Fig. 6(a)) are increased with
increase in CV number which has an effect not only

on the morphology of the composite particles but also
on the kinetic of the reaction. As it can be seen, Rct for
the PbO2 film at the first cycle is very small compared
to that at the 30th one where the content of PbSO4

increased resulting to a reason for pore blocking in
PbO2 with PbSO4 [43]. This process takes place at the
level of the PbSO4 layer which is being seen as a
semi-permable precipitation membrane only for H+,
OH−, and H2O species, but not for SO2�

4 ions [44].
The purpose of this study is to investigate the

influence of the CV behavior on the adherence of the
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equivalent circuit used for fitting the experimental results.

1CV 2CV 5CV 10CV 20CV 30CV
-500

0

500

1000

1500

2000

2500

3000

3500

R
ct

(o
hm

.c
m

2 )

Number of CV

1CV 2CV 5CV 10CV 20CV 30CV
-200

0

200

400

600

800

1000

1200

1400

1600

1800

2000

R
f

(o
hm

.c
m

2 )

Number of CV

(a)
(b)

Fig. 6. Evolution of (a) Rct and (b) Rf parameters during the CV applied.
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PbO2 film comparing to that without CV treatment in
our previous study where we have detachment
throughout the anodic oxidation of pollutant model.

However, the resistance of PbO2 film in 0.5 M
H2SO4 (Fig. 6(b)) becomes more resistive especially for
the first five cycles of CV applied on pulsed PbO2

film, due to its composition. According to CV behav-
ior, even we cannot observe the peak corresponding

to the oxidation of PbSO4 to α-PbO2. According to our
previous work [31], when we have AS30/PbO2 anode
without CV treatment, it was absence of PbSO4 form
and therefore a problem of detachment of PbO2 film is
observed, also the Rf value in the order to 5.47 Ω cm2.
In the case of CV treatment, the presence of PbSO4

protects the stainless steel substrate and this can be a
reason for the adherence of lead oxide during anodic
oxidation process.

3.5. Anodic oxidation of Amaranth

The effect of CV was evaluated by the degradation
experiments of Amaranth dye. Zerroual et al. [45]
extensively studied the relationship between the struc-
tures on PbO2 and generation of OH�. They proposed
a mechanism accounting for the electrochemical pro-
cesses taking place on the lead dioxide electrode. As
we know, the formation of hydroxyl radicals from the
discharge of water molecules on the surface of lead
dioxide anode.

Lead dioxide exists in low crystalline forms: α
(orthorhombic) and β (tetragonal); α-PbO2 has a lower
oxygen evolution over potential than that of β-PbO2

[46]. Consequently, β-PbO2 must logically be more effi-
cient for the degradation of organic compounds than
α-PbO2. In fact, it has been proven that the electrocat-
alytic activity of a PbO2 deposit depends on its chemi-
cal composition and on its crystalline structure [47].
Depending on the preparation conditions of the PbO2

deposit, there can be either a mixture of both forms α
and β or one of them only [48]. The proportion of α
and β in this mixture mainly depends on the anodic
oxidation density of PbO2 electro-deposition [49]. Par-
allel to electro-deposition of PbO2, oxygen evolution
inevitably occurs at the electrode surface. The rate of
PbO2 formation and consequently its structure must
thus depend on the oxygen over-potential of the
substrate on which it is supported.

(a)

(b)

Fig. 7. The relationship between the color removal of
Amaranth dye and the ration of PbSO4/α-PbO2 and (b)
PbSO4/β-PbO2.

Table 1
Amaranth dye discoloration and mineralization kinetic of PbO2 with and without CV on stainless steel (AS30) after 5 h
electrolysis for λ = 520 nm. The Kapp is the kinetic value according pseudo first order

AS30/PbO2 Kapp dis (10−3 min−1) R2 Kapp COD (10−3 min−1) R2

1CV 4.30 0.97 5.75 0.99
2CV 3.92 0.97 5 0.99
5CV 2.03 0.97 4.32 0.99
10CV 3.80 0.98 3.90 0.99
20CV 3.49 0.99 3.43 0.98
30CV 3.59 0.98 1.76 0.97
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The color removal of Amaranth dye on AS30/PbO2

with different number of CV applied is shown in Fig. 7

explained that the color removal reached nearly 97, 93,
84, 80, 78, 77, and 49% for anodes treated by 1, 2, 3, 5,
10, 20, and 30 CV, respectively.

According of DRX analysis, the ratio of lead sulfate
increased with the increase in number of CV and the
efficient of AS30/PbO2 electrodes in Amaranth degra-
dation as a function of cyclic number is probably due
to a blockage of certain of its electro-catalytic sites by
the lead sulfate participate and the formation of α-
PbO2 characterized by low O2 evolution. By increasing
the PbSO4 ratio in the PbO2 electrode, some sulfate
ions were converted yielding the inhibition of the elec-
trochemical performance of the electrode AS30/PbO2

[50]. The presence of β-form must be logically being
more efficient for degradation of organic compounds
than α-PbO2 because of its higher oxygen evolution
overpotential [51].

Electrolysis of Amaranth was carried out, under
the same operating conditions using all anodes. The
parameters of the kinetics of all anodes used as sum-
marized in Table 1, we can observe the highest kapp
dis value for AS30/PbO2 with one CV.

In order to study the influence of the content of
different crystal forms in PbO2 film formed after CV
treatment of surface in the electrolysis, the comparison
of the COD removal during the oxidation with differ-
ent anodes was performed (Fig. 8) which reflects the
global mineralization of initial pollutant and its by-
products. It was observed that the change in the ratio
between different crystal forms (mainly lead sulfate
form) has influence on oxidation rate. This influence is
seen in COD removal, where AS30/PbO2 anode trea-
ted with 1, 2, 5, 10, 20, and 30 CV reached the COD
removals of about 83, 78, 73, 68, 63, 40 and 47%,
respectively. Comparing the value of Rct, we could
find out a relationship between it with COD removal.
For instance, the PbO2 treated by one CV cycle dis-
played the smallest Rct that resulted to the highest
COD removal percentage. However, with 30 CV pos-
sessed the largest Rct which may be a reason for the
lowest removal efficiency. The β-form presenting more
porous structure can acts on the semi conductor
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Fig. 8. COD removal and Rct of Amaranth E123 during the
oxidation on different anodes used, operation conditions:
C0E123, 0.015 mM; T, 25˚C; applied current density,
25 mA cm−2; pH 2.
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Fig. 9. Evolution of current efficiency (CE) with electrolysis
time. Operation conditions C0E123, 0.015 mM; T, 25˚C;
applied current density, 25 mA cm2; pH 2.

Table 2
Concentration of Pb2+ (mg L−1) in solution samples after different electrolysis times

Tim (min) AS30/PbO2 1 cycle The 2nd cycle The 5th cycle The 10th cycle The 20th cycle The 30th cycle

0 0 0 0 0 0 0 0
60 0.356 0 0 0 0 0 0
90 0.423 0 0 0 0 0 0
150 1.342 0.044 0.081 0.096 0.128 0.204 0.361
240 1.489 0.189 0.267 0.303 0.486 0.495 0.501
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proprieties with the possibility of more ability for elec-
tron moving (semi conductor type n).

Fig. 9 shows the variation of current efficiency (CE)
during electrolysis time used to decolorize Amaranth
dye for all anodes is used. It is clear that the decrease
in CV behavior can increase the CE values of PbO2.
Electrode among the lowest and highest one was
obtained by 30 CV and 1 CV, respectively, contrast, the
PbO2 (1CV) electrode has highest CE removal.

3.6. Atomic absorption

After electrolysis time, all samples were analyzed
with GFAAS to determinate the trace amounts of lead
ion in solution. Table 2 summarized the concentration
of Pb2+ in solutions during electrolysis time for all
anodes used under degradation of Amaranth dye.
When we use the AS30/PbO2 anode treated by one
CV, we can observe that the Pb2+ concentration was
the smaller compared to ather CV applied. We can
conclude that it has an effect on the adherence of
PbO2 film.

4. Conclusions

PbO2 anodic layers were formed by pulsed method
in attempt to study PbO2 processed with different CV
cycle number as anode for degradation dye. The struc-
tural and electrochemical properties of PbO2 anodic
layers treated by CV were examined and found to be
different. Comparatives studies indicate that the effect
of cyclic voltammetry exhibited more performance of
oxide layer on stainless steel. Through FESEM obser-
vation, it was established that the influence of CV
behavior on morphology forms and the X-ray analyses
demonstrated the presence of PbSO4 layer and their
content increases throughout the increase in CV cycle
number. The prepared electrodes were subjected to
various electrochemical measurements including CV
and EIS in acidic media. The results indicate that the
peak from reduction of α-PbO2 to PbSO4 disappeared
after the fifth cycle of CV. EIS results revealed that the
charge-transfer resistance significantly decreased
because the presence of lead sulfate layer blocked the
access of electrolyte ions to the internal layer. The
resistance of the film increases during the first five
cyclic voltammetry and this result can be attributed to
the presence of PbSO4 layer.

It was concluded that the CV treatment improves
the adherence of PbO2 on stainless steel substrate. The
color and COD values were obtained around 97 and
83%, respectively, using SS/PbO2 anode with 1st anode

treated by only one CV cycle and thus it could be
applied in large scale in wastewater treatment.
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[44] P. Rüetschi, Influence of crystal structure and interpar-
ticle contact on the capacity of PbO2 electrodes, J.
Electrochem. Soc. 139 (1992) 1347–1351.

[45] L. Zerroual, R. Fitas, B. Djellouli, N. Chelali, Relation-
ship between water departure and capacity loss of α
and β-PbO2 using an all solid-state system: Estimation
of proton diffusion coefficient, J. Power Sources 158
(2006) 837–840.

[46] C. Tan, B. Xiang, Y. Li, J. Fang, M. Huang, Preparation
and characteristics of a nano-PbO2 anode for organic
wastewater treatment, Chem. Eng. J. 166 (2011) 15–21.

[47] F.J. Recio, P. Herrasti, I. Sirés, A.N. Kulak, D.V.
Bavykin, C. Ponce-de-León, F.C. Walsh, The

I. Elaissaoui et al. / Desalination and Water Treatment 57 (2016) 22120–22132 22131

http://dx.doi.org/10.1080/19443994.2015.1079250


preparation of PbO2 coatings on reticulated vitreous
carbon for the electro-oxidation of organic pollutants,
Electrochim. Acta 56 (2011) 5158–5165.

[48] H. Yang, B. Chen, Z. Guo, H. Liu, Y. Zhang, H.
Huang, R. Xu, R. Fu, Effects of current density on
preparation and performance of Al/conductive coat-
ing/α-PbO2-CeO2-TiO2/β-PbO2-MnO2-WC-ZrO2 com-
posite electrode materials, Trans. Nonferr. Met. Soc.
China 24 (2014) 3394–3404.

[49] F. Chen, S. Yu, X. Dong, L. Zhang, Q. Wu, Preparation
and characterization of PbO2 electrode and its applica-

tion in electro-catalytic degradation of o-aminophenol
in aqueous solution assisted by CuO–Ce2O3/δ-Al2O3

catalyst, J. Hazard. Mater. 260 (2013) 747–753.
[50] M. Foudia, M. Matrakova, L. Zerroual, PbSO4 as a

precursor for positive active material electrodes, J.
Power Sources 207 (2012) 51–55.

[51] S. Rada, L. Rus, M. Rada, E. Culea, N. Aldea,
Synthesis, structure, optical and electrochemical
properties of the lead sulfate-lead dioxide-lead glasses
and vitroceramics, Solid State Ionics. 274
(2015) 111–118.

22132 I. Elaissaoui et al. / Desalination and Water Treatment 57 (2016) 22120–22132


	Abstract
	1. Introduction
	2. Experimental and methods
	2.1. Chemicals and instrumentation
	2.2. Electrode preparation
	2.3. Surface characterization
	2.4. Electrochemical measurements
	2.5. Atomic absorption
	2.6. Anodic oxidation of Amaranth dye

	3. Results and discussion
	3.1. Electrochemical behavior: cyclic voltammetry (CV)
	3.2. Morphology and crystal structure of PbO2 anodes
	3.3. Composition and structure
	3.4. Electrochemical impedance spectroscopy (EIS)
	3.5. Anodic oxidation of Amaranth
	3.6. Atomic absorption

	4. Conclusions
	Acknowledgment
	References



