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ABSTRACT

PbO2 films are electrodeposited by the galvanostatic (G) and pulsed current (P) methods on
lead and stainless steel (AS30), respectively. They are used as electrodes for electrochemical
degradation of Amaranth dye. The scanning electron microscope, atomic force microscope,
and X-ray diffraction analyses revealed the dominance of β-PbO2 form in two anodes and
the absence of the form tet-PbO and PbSO4 in AS30 substrate that have more amorphous
shape and less roughness (200 nm). A poor lead oxide adhesion on AS30 substrate is
detected. Cyclic voltammetry results showed that the absence of oxidation peak in the case
of AS30/PbO2 anode is related to the oxidation of PbSO4 to β-PbO2. EIS results demon-
strated that the pH influences largely PbO2 layer. Concerning E123 degradation, 95 and 91%
of color removal (82 and 76% of Chemical oxygen demand removals) were achieved using
Pb/PbO2 and AS30/PbO2 anodes, respectively. In this case, current efficiency has kept
relatively a high value assuming less energy consumption.
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1. Introduction

The textile dyeing and finishing processes, that
need large quantities of water, are considered as one
of the most polluting textile industrial activities [1].
Related wastewater includes dyes as azo dyes which
are characterized by a stable chemical structure. Azo
groups structures could not be eliminated by
conventional methods [1,2].

In this context, various advanced oxidations
processes such as photocatalytic degradation [3], elec-
trocoagulation [4], and ozonation [5] are used for
treating textile wastewater. Anodic oxidation (AO) is

attracting more and more attention as efficient
methods to remove toxic organic compounds from
wastewater [6] and textile effluents [7]. AO is based
on the electrogeneration of hydroxyl radicals as envi-
ronmentally friendly oxidants. The removal of electro-
chemical processes is strictly related to the operating
conditions, more precisely to the electrode materials
[8,9].

Thus, proper selection of electrodes is the key fac-
tor in the effectiveness of this technology. In the case
of dyestuffs, different anodes have been investigated,
such as platinum [10], glassy carbon [11], and boron
doped diamond [4,12–14]. Applying lead dioxide
(PbO2) as an active surface was tested on same sub-
strates like titanium [15,16], stainless steel [17], and*Corresponding author.
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carbon [18]. As a matter of fact, several scientists have
focused more on PbO2 due to its high electronic con-
ductivity, chemical stability in corrosive media [19],
and relatively high over potential for the oxygen
evolution reaction [6,20]. Many reports involving dye
wastewaters treatment have been investigated; among
them we can find the use of AO using PbO2 anodes.
Zhou et al. [21] which studied the influence of electro-
chemical methods on PbO2 and they have confirmed
that the lead dioxide, formed by the galvanostatic
method, has more impact and a continuous structure
which exhibited a low charge transfer resistance.
Other scientists focused on the influence of pH media
deposition/dissolution of PbO2 on BDD support. They
found that strong alkaline electrolyte can conduct to
the dissolution of PbO2. However, in an acidic and
neutral media, PbO2 morphology has a good correla-
tion with the obtainment of high oxygen over poten-
tial [22]. Mukimin et al. [23] used PbO2 anode for
electrodegradation of Remozol Brilliant Blue R
(RB.19), which is very effective in destructing even
persistent dyes. They confirmed that pH, and NaCl
concentration is the key variables that affect the
degradation performance of RB.19 by electrolysis.
Abaci et al. [24] prepared different structures of PbO2

surfaces and described the electrochemical degrada-
tion of phenol. The experimental results showed that β
structure of PbO2 has higher performance than that of
the α structure on phenol degradation. Also, the
higher crystallinity of pure β-PbO2 has increased the
efficiency of the phenol degradation process.

A frequently used method is to dope the PbO2

layer. For exemple, Hao et al. [25] prepared PbO2 elec-
trodes doped by Fe, Ni, and Ag. The Fe-doped PbO2

has the longest accelerated life test due to its dense
surface, and the Ni-doped PbO2 has the highest oxy-
gen evolution and has demonstrated the best perfor-
mance for the phenol degradation. Andrade et al.
compared the performance of PbO2 doped by Fe and
F (together or separately) in electro-oxidation of the
blue Reactive 19 dye. The results showed F-doped
PbO2 electrodes that are chemically and electrochemi-
cally stable, are suitable to be used in the electro-
chemical treatment of dye wastewater [26].

For a further enhancement of the electrocatalytic
proprieties of PbO2 during various anodic reactions,
the incorporation of metal oxide, such as TiO2 [27],
RuO2 [28], CeO2 [18], SnO2 [11,29,30], and ZrO2 [31],
into lead dioxide matrix was realized. These
researches have indicated that the performance of
PbO2 electrode is influenced significantly by metal
oxide particles. Nevertheless, some restrictions are
imposed on the use of pure lead as a substrate

according to the possibility of Pb release during the
decontamination process [32]. The substitution of Pb
by other environment friendly substrates is very inter-
esting for potential application. The stainless steel is
the most common material used in the industrial sec-
tor for its low cost and good corrosive stability, and
non-toxicity compared to other materials [33].

The aim of this work is to use stainless steel
(AS30) as substrate for electrodeposited PbO2 layer, it
is compared to Pb/PbO2 electrode considered as a
reference to study the morphology obtained, the elec-
trochemical interface behavior, and the degradation
power of AS30/PbO2 anode.

Oxide layers deposited on both substrates AS30 and
lead are characterized by DRX, scanning electron micro-
scope (SEM), and atomic force microscope (AFM). The
electrochemical behavior of the two electrodes per-
formed is studied by cyclic voltammetry (CV). Besides,
Electrochemical Impedance Spectroscopy (EIS) is used
to compare film resistance and transfer charge resis-
tance measured at the substrate, and the oxide lead
layer interface. Furthermore, electro-oxidation propri-
eties are also tested for the degradation of synthetic
wastewater containing Amaranth dye as a pollutant
model.

2. Experimental

2.1. Substrates

A pure lead (Pb > 99.9%) and stainless steel (AS30)
are used as two substrates for the electrodepostion of
lead dioxide. Surfaces are carefully polished with
abrasive papers, rinsed with doubly distilled water
and degreased with acetone.

2.2. Chemicals

Chemicals, including Pb(NO3)2 (Panerac Quimica
SA-99%), HNO3 (Sigma-Aldrich-95–97%), and sulfuric
acid (Sigma-Aldrich-95–97%), are used for electro-
chemical treatment or deposition, and for initial adjust-
ment of pH (equal to 2) of samples solution. Sodium
sulfate (Na2SO4, Sigma-Aldrich 99%) is used for sup-
porting electrolyte (0.1 M) during the degradation. 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 (Fig. 1(a)). The con-
centration of dye is fixed at 0.05 mM in 0.1-M Na2SO4.
The coloration is attributed to azo groups accountable
to the red-brown dye (E123) with bond absorption in
the visible region (λ = 520 nm) (Fig. 1(b)). It is ascribed
to the absorption of the n → π* transition related to
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–N=N– group. Distilled water, acetone (Richel), and
doubly distilled water are used for cleaning the
electrode before experiments.

2.3. Electrodeposition of lead dioxide

2.3.1. Preparation of Pb/PbO2 electrode

Experiments were carried out on pure lead foil of
2.25 cm2 surface. A classical three-electrode glass cell
is used, and lead substrate electrode is immersed in
sulfuric acid solution with platinum as a counter elec-
trode and a saturated calomel electrode as a reference.
Immediately before each experiment, the exposed-lead
surface is cleaned. The PbO2 layer is prepared at the
current density of 10 mA cm−2 for 1.5 h in a 10%
H2SO4 solution at 25˚C [11,21,30].

2.3.2. Preparation of AS30/PbO2 electrode

PbO2 was directly synthesized by the pulsed cur-
rent method on the AS30 surface with 2.25 cm2 area
using a 0.5 M HNO3 and a 0.5 M Pb(NO3)2 solutions.
For each electrode, 170 pulses were applied as shown
in Fig. 2 [34] (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).

2.4. Morphology SEM, AFM, and XRD

The morphology analysis of the PbO2 layer was
observed by a JSM-6490LV SEM at an accelerating
voltage of 5 KV. X-ray diffraction (XRD) patterns of
the PbO2 layer are characterized by X-ray diffractome-
ter using Cu Kα anode (λ1 = 1.5405980). AFM-STM

Digital III-D3100 mode tapping is used to determinate
the roughness parameters of the samples and to
analyze the electrodes shape.

2.5. Cyclic voltammetric and EIS measurements of Pb/
PbO2 and AS30/PbO2 electrodes

All electrochemical experiments are carried out in
a conventional three-electrode cell. CV tests are con-
ducted using voltammetric analyzer (Voltalab PGZ
301), in the potential region from 0.7 to 2.0 V at a scan
rate of 50 mV s−1 in 0.5 M sulfuric acid. Electrochemi-
cal impedance spectroscopic data were carried out
and fitted with a Z-simpwin 3.2 electrochemical work-
station in the frequency ranging from 100 kHz to 3 Hz
under a sinusoidal wave excitation of 5 mV amplitude.
Impedance spectra are recorded at the open circuit
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Fig. 1. (a) Structural formula and (b) UV spectrum of Amaranth (CEE No. E123).
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Fig. 2. Two-first pulsed current diagram of stainless steel
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potential after 15 min of immersion of electrode in
two different electrolytes: H2SO4 (0.5 M) and Na2SO4

(0.1 M). The surface area of each electrode is equal to
2.25 cm2. In order to achieve the reproducibility of EIS
measurements, two samples were prepared and used
in each interface studied and obtained in the range of
frequency (100 kHz–3.16 Hz).

2.6. Anodic oxidation

Electrochemical degradation is conducted in one
compartment plexiglass cell that contains Pb/PbO2 or
AS30/PbO2 electrode as an anode and stainless steel
(AS30) as a cathode. Both of the electrodes are disks
with 12.56 cm2 of surface; this high surface is used for
more efficiency in the degradation of the dye, the
interelectrode gap is fixed at 2 cm. The AO of Amar-
anth dye is realized galvanostatically by a power sup-
ply (PS500 Adamant Technologies) with applying
current density of 25 mA cm−2, and a peristaltic pump
(Heidolph) allowing a flow rate of 138 l h−1, and the
recirculation of the dye solution. Experiments are car-
ried out at 420 min electrolysis time in two initially
pH: acidic (pH 2) and natural pH in Na2SO4 solution
as an electrolyte support.

During the experiments, samples are drawn from
the bulk of the reservoir at different times to be ana-
lyzed (All samples are filtered before different analy-
sis). The discoloration of Amaranth is followed by UV–
visible spectrophotometry analysis (Thermospectronic
UV1), and the mineralization by measurement of
Chemical oxygen demand (COD) is determined using
the reactor digestion method based on the method of
acidic oxidation by bichromate [9]. The decay of the
COD is calculated from the following equation [35]:

COD decay ð%Þ ¼ DCOD

COD0
� 100 (1)

where ΔCOD is the corresponding removal in COD
(mg O2 L

−1), and COD0 is the initial value before treat-
ment.

Experimentally, the discoloration efficiency or per-
centage of color removal during the treatment of dyes
wastewater is determined by the expression [36]:

Color removal ð%Þ ¼ ABS0 �ABSt
ABS0

� 100 (2)

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

Additionally, the limiting current can be estimated
from the value of COD for AO of a real wastewater,
as indicated by Panizza and Cerisola [7,13].

IlimðtÞ ¼ 4FAkmCODt (3)

where Ilim(t) is the limiting current (A) at a given time
t, 4 is the number of the exchanged electrons, A is the
electrode area (m2), F is the Faraday constant, km is
the average mass transport coefficient in the electro-
chemical reactor (m s−1), (according to the literature
for PbO2, km= 2.0 × 10−5 m s−1 [20]), and CODt is the
chemical oxygen demand (mol O2 m

−3) at a given time
t. Ilim is equal to 0.907 mA cm−2 for the two substrates
(Lead and stainless steel).

The current efficiency (C.E, in %) at a given time t
for the electrochemical oxidation is determined using
the expression [37]:

C.E ¼ ðCOD0 � CODtÞ
8It

� F� Vs � 100 (4)

I is the average applied current (in A), and Vs is the
solution volume (in L).

The specific energy consumption (Ec, in
KWh g COD−1) is obtained as follows [38]:

Ec ¼ I � V � t

ðDCODÞ � Vs
(5)

where V is the average cell voltage (in V), t is the elec-
trolysis time (h), and ΔCOD is the decay in COD (in
g O2 L

−1).

3. Results and discussions

3.1. Morphology and structure of PbO2 film

3.1.1. SEM and AFM

The microstructure of PbO2 anodic layer, electrode-
posited on lead and stainless steel are tested by SEM
technique. Fig. 3 represents micrograph samples of the
PbO2 layer electrodeposited on Pb under two different
views: 200 and 20 µm, respectively, in the indexed
Fig. 3(a) and (b). All particles have shown an
agglomeration with limited individual particle bound-
ary. The electrodeposited PbO2 microparticles, on lead,
present two crystalline structures β-PbO2 and α-PbO2,
where β-PbO2 is the tetragonal structure and α-PbO2 is
the orthorhombic structure.
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In β-PbO2 structures, neighboring octahedral shares
opposite edges which results the formation of octahe-
dral linear chains. However, in the α-PbO2 structures,
neighboring octahedral shares no opposite surfaces, in
such case Zig-Zag chains are formed [21,39].

According to the AFM analysis (Fig. 4), the β-PbO2

structures are more dominant one in PbO2 electrode-
posited layer on lead.

Fig. 4(a) shows the three-dimensional AFM images
of PbO2 layer on Pb anode, average particles size is

Fig. 3. SEM image of the thin film of PbO2 on Pb anode: [(a) 200 μm and (b) 20 μm sizes] and on stainless steel: [(c)
200 µm, (d) 50 µm, and (e) sectional view].
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about 2.5 µm and the film thickness is about 5 µm. The
roughness of the dioxide lead film (Fig. 4(b)) is in
the range of 297 nm, and most microparticles are within
the range of 2–3 µm as shown in Fig. 4(b). A small
imperfection is detected in the film which resides in
low covered PbO2 surfaces (Fig. 4(a)).

In the case of stainless steel substrate, the film has a
good uniformity and a better coverage compared to
lead substrate (SEM of Fig. 3(d)). A SEM sectional
observation is realized as there are different substrates
and oxide layer materials. In fact, limited adhesion is
observed between the film and the stainless steel
(Fig. 3(e)). This can be attributed to the passive layer
formed instantly before electropulsed layer. The AFM
image of PbO2 thin films presents a different shape than
that of the Pb/PbO2, more amorphous layer is obtained

and it could be observed in Fig. 4(d) with a roughness
in the range of 200 nm.

3.1.2. X-ray diffraction

Fig. 5(a) shows the XRD diagram relative to PbO2

electro-deposited anodic layer on Pb in H2SO4 solu-
tion. The obtained peaks are blended to crystalline
forms: PbSO4, 2θ equal to 20.6, 29.5, and 44.45 [21,40],
Tet-PbO 2θ equal to 26.5 [13], α-PbO2 at 2θ equal to
23, 27.5, 33, and 43.56 [13,21]. The crystalline structure
is also confirmed to be bulk β-PbO2 at 2θ equal to
25.4, 31.1, 32.2, 52, 62, and 65 [13,40]. Accordingly, in
H2SO4 solution, the overall PbO2 formation reaction
involves three steps [21]:

Fig. 4. Three-dimensional AFM images (a) and roughness (b) of PbO2 layer electrodeposited on lead. Three-dimensional
AFM images (c) and roughness (d) of PbO2 layer electrodeposited on stainless steel.
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First Pb is oxidized to PbO and PbO·PbSO4 (Eqs.
(6) and (7)).

PbþH2O ! tet-PbOþ 2e� þ 2Hþ (6)

2Pbþ SO2�
4 þH2O ! PbO � PbSO4 þ 2Hþ þ 4e� (7)

The second step is the formation of α-PbO2 and β-
PbO2 that are the results of the oxidation of PbO and
PbSO4, respectively.

PbOþH2O ! a-PbO2 þ 2Hþ þ 2e� (8)

PbSO4 þ 2H2O ! b-PbO2 þ SO2�
4 þ 4Hþ þ 2e� (9)

The third step consists in the oxidation of α-PbO2 to
β-PbO2 [7,20,34].

a-PbO2 ! b-PbO2 (10)

Based on the PbO2 electropulsed on stainless steel
XRD pattern as shown in Fig. 5(b), there is a mixture
of β-PbO2 and α-PbO2. In addition, it is obvious that
β-PbO2 is predominant and forms at 2θ equal to 25.4,
29.7, 32, 36.2, 39.7, 46.2, 49.3, 58.7, and 62.5 [18,34],
while α-PbO2 is found at 2θ equal to 22.6 and 38 [18].
It is generally believed that acidic media are favorable
for β-PbO2, whereas α-PbO2 is preferably deposited
from an alkaline solution [41]. We have noticed also
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Fig. 5. XRD spectra of Pb/PbO2 anode (a) and AS30/PbO2 anode (b).
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the absence of tet-PbO and PbSO4 forms. The inner
tet-PbO layer is formed due to the impermeability of
PbSO4 layer in the presence of SO2�

4 ions. Only Pb2+,
OH−, and H+ ions can move across this film [41]. This
is attributed to the presence of the tet-PbO forms that
could improve their microstructure, diminish their
inner stress, and enhance their adhesion.

The peaks of β-PbO2 structure on lead have higher
intensities than the β-PbO2 structure on stainless steel
substrate. In addition, the diffractive peaks become
wider in the case of Pb/PbO2 anode.

3.2. Electrochemical behavior of Pb/PbO2 and AS30/PbO2

anodes

3.2.1. Cyclic voltammetry

The mechanism of anodic Pb electrode oxidation in
H2SO4 solution is very complicated since the reaction
includes many chemical and electrochemical steps,
species, and intermediates such as PbOx, OH−, and
O2−. Oxygen evolution involves high intermediate
energy and complicated reaction pathways [42].

Typically, voltammetric curves of pure lead in
sulfuric acid (0.5 M), limited by hydrogen and oxygen
evolution processes, exhibit two peaks at the first
cycle; as shown in Fig. 6(a) which is related to the
oxidation of PbSO4 to PbO2 (usually β-form) at a
potential of 1.83 V/ECS and the oxygen evolution.
Then, one cathodic peak appears at the second cycle
which is related to the reduction of PbO2 to PbSO4 at
1.25 V/ECS [43]. Thus, metallic lead surface is
exposed, and can be oxidized by sulfuric acid.

Fig. 6(b) shows the typical cyclic voltammogram of
the PbO2 anodic layer electrodeposited on lead. The
curve depicts two anodic peaks at the potentials
1.5 V/ESC and 1.85 V/ESC, respectively, attributed to
the oxidation of PbO to α-PbO2 (Eq. (8)) [34,40] and of
PbSO4 to β-PbO2 (Eq. (9)). The cathodic peak at
1.05 V/ESC is attributed to the reduction of β-PbO2 to
PbSO4. The results show that the conversion between
β-PbO2 and PbSO4 phases is a reversible process [40].

Based on the obtained results, we tried to find a
correlation between lead dioxide particles activity and
CV parameters (Fig. 6(c)). Anodic and cathodic current
peaks are increased when the cycle number of CV
increased. These results could be related to the elec-
troactivity of the materials. Also, the decrease in parti-
cle leads to size increase in the active surface which is
taking part in the electrode reactions [44].

Oxidation in AS30/PbO2 interface shows a differ-
ent behavior (reaction) from Pb/PbO2 anode and a
similar one regarding to the substrate and the PbO2

film which leads to the following conclusion: the

stainless steel is an accessible surface with partial
passivation after the electrode position of PbO2 layer
because of the current density decrease. The peak
intensity reduction on AS30/PbO2 anode would be
directly related to the amount of deposited α-PbO2

and β-PbO2 forms.
Compared to Pb/PbO2, the absence of oxidation

peak in the case of AS30/PbO2 is related to the oxida-
tion of PbSO4 to β-PbO2 which confirms the results
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Fig. 6. CV curves for the pure lead (a), Pb/PbO2 (b) and
during five cycles (c) for Pb/PbO2 in 0.5 M sulfuric acid at
the scan rate of 50 mV s−1.
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obtained in the DRX analysis and that shows the
absence of PbSO4 layer.

It is clear that in the case of AS30/PbO2 (Fig. 7(a)),
two reduction peaks of lead dioxide to lead sulfate at
the potentials of 1.08 V/ESC and 1.16 V/ESC which
correspond, respectively, to α and β forms. However,
Fig. 7(b) shows that the reduction of this α-modifica-
tion disappeared completely after the fourth cycle and
only β existed and its position shifted slightly to the
left. The α structure is more difficult to be reduced to
PbSO4 than the β structure due to its compact struc-
ture [34]. Conversely, β-PbO2 is formed due to the
oxidation of lead sulfate during the anodic process at
1.8 V/ESC.

3.2.2. Electrochemical impedance spectroscopy (EIS)

During further investigation, electrochemical
impedance analysis is performed on the basis of two

different substrates (Pb and AS30), and two different
electrolytes (Na2SO4, H2SO4). EIS measurements are
performed mainly to determine the use of electrodes
properties. Pure substrates are also used to under-
stand more the oxide layer/interface. Fig. 8(a)–(d)
shows the evolution of the lead impedance whether
with or without a PbO2 film at two pH values.
Fig. 9(a)–(d) shows the evolution of the AS30 impe-
dance, according to the same analysis procedure real-
ized on the lead substrate, both with the presence and
the absence of the PbO2 film.

Fig. 10 shows the equivalent electrical circuits used
to fit the experimental impedance data of different
investigated interfaces. The fitting of Pb with the
equivalent circuit of Fig. 10 demonstrates that a first
PbO2 film is deformed with the contact of the atmo-
sphere or electrolyte. A Bode plots are presented in
Figs. 8 and 9 showing the dependence of the modulus
and the phase vs. frequency. The impedance values
roughly indicated by the Bode diagrams are consistent
with that obtained by Nyquist patterns (Figs. 8 and 9).
Therefore, in the case of lead substrate with and with-
out PbO2 film, the phases vs. frequency plots show
the presence of two times constant behavior which
demonstrates the choice of the proposed equivalent
circuits used for modeling the EIS measurements. EIS
spectra of lead and lead/PbO2 layer could be repre-
sented by a simple equivalent circuit; where the
charge-transfer resistance (Rtc) and “Constant Phase
Element” (CPEdl) reflect the no ideality of the inter-
face. The Warburg impedance (W) is considered due
to the main transfers of sulfates and/or H+ [43]. All
the mentioned parameters are in series with the oxide
film parameters (CPEf, Rf). For AS30 with PbO2 layer,
an inductance element (L) is added to the circuit and
linked to the partial adhesion between the SS substrate
and the PbO2 film. The obtained impedance spectra (Z
modulus vs. frequency) determined that the presence
of two relaxation processes can be checked at the
higher and intermediate frequency range. In the case
of AS30 substrate without PbO2, the phase vs. fre-
quency plots of stainless steel substrate (Fig. 9(a´) and
(c´)) shows a marked difference in the impedance
characteristics compared to stainless steel with PbO2

layer. A loop is detected in the case of stainless steel
without PbO2 film.

The equivalent circuits that are used for modeling
the EIS results are shown in Fig. 10 and the theoretical
parameters, expressed according to the model for dif-
ferent interfaces, are presented in Tables 1 and 2.

For lead electrode, and according to the compar-
ison of the oxide film parameters (Rf, CPEf), it appears
that the oxide film probably formed at acidic is differ-
ent from the one at neutral medium with related Rf
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100 times lower. As a conclusion, (i) the formed oxide
layer is strongly dependent on the electrolyte and
built during stabilization period (ii) the formed oxide
is less resistant or more porous when formed at neu-
tral pH. As (CPEdl/Rtc) have the same magnitude in
the two pH, we can conclude that the presence of the
oxide film does not impact on the Pb/electrolyte elec-
tron transfer. In acidic solutions for Pb/H2SO4 inter-
face, the passivation layer of PbSO4 is formed on Pb.
According to Yao et al. [45], the consequence of this
lead sulfate layer is to block off the active surface,
and, thus to obscure the reaction. The effect of this is
later seen on the CPEdl which is reduced comparing
to the value detected in neutral medium (Table 1).

As depicted in Table 1, it turned out that the value
of the Rtc is higher in the case of lead in H2SO4 than
natural solution, indicating that the lead sulfate layer
is more compact and the access of electrolyte ions to
the internal layer is stopped [46]. Also, in the case of
acidic pH characterized by high Rf; the electrolyte
penetrates into the pores of oxide layer [40,47]. This
film is not continuous and the covered surface is low
to impact strongly on lead interface parameters.

For Pb/PbO2 electrode, the PbO2 layer is formed
before EIS following Section 2.3.1. The comparison
between Pb/electrolyte and Pb/PbO2/H2SO4 demon-
strates that the obtained values are similar in magni-
tude also for (CPEf/Rf). We can conclude that when
both are performed in acidic pH, the pH is an impor-
tant parameter influencing the oxide film proprieties.
This conclusion is corroborated by the results obtained
in neutral pH of Pb/PbO2 interface as values of
(CPEf/Rf) are totally different. However, it can be
noted that the PbO2 film exhibits higher resistance in
Na2SO4 electrolyte than H2SO4 one.

Meanwhile, in the present case, inside the porous
structure, diffusion is limited by the pore geometry
and has decreased in the CPEdl, we can sum up that
the electrode with PbO2 layer in H2SO4 solution
becomes blocked with PbSO4. Chun Nan Ho et al. [48]
demonstrates that the decrease of the CPEdl values is
attributed also to a progressive exclusion of the por-
ous structure due to small bubbles clogging the pores.
Additionally, the presence of the nonconductive forms
(PbSO4 and tet-PbO) in PbO2 film deposit on lead sub-
strate (found by DRX analysis) can also contribute to
the reduction of CPEdl value which depends on the
gradients in dielectric properties (composition/phase)
of the coating [45,49,50].

As expected, similar behavior is obtained in the
Fig. 9(a) and (c). The high value of Rtc is linked to the
passivation layer of stainless steel [51,52]. The AS30/
PbO2 modifies completely the interface with a strong
decrease of Rtc to be similar to Pb/PbO2 interface:
Fig. 9(b) and (d). However, the oxide film resistance

CPEdl

Rtc W

CPEf

Rf

RsL

Fig. 10. Equivalent circuits used for the EIS results
modeling.

Table 1
EIS fitting parameters of lead without and with PbO2 layer (influence of pH)

CPEdl

(S cm−2sn) (×10−6) N
Rtc

(Ω cm2)
W
(S cm−2s1/2) (×10−4)

CPEf

(S cm−2sn) (×10−6) n
Rf

(Ω cm2) χ2

In H2SO4

(pH 0.52)
Pb 13.09 0.49 465.2 2.54 14.4 1 9.99 102 6.37 × 10−5

Pb/PbO2 1.65 1 108 1.21 6.09 0.87 2.21 103 2.80 × 10−2

In Na2SO4

(pH 6.8)
Pb 19.2 0.86 367.5 4.18 7.09 1 5.09 1.11 × 10−3

Pb/PbO2 0.28 0.76 2,351 42.17 1.37 0.64 1.76 104 1.59 × 10−3

Table 2
EIS fitting parameters of AS30 without and with PbO2 layer (influence of pH)

L (10−6)
CPEdl

(S cm−2sn) (×10−5) N
Rtc

(Ω cm2)
W
(S cm−2s1/2) (×10−4)

CPEf

(S cm−2sn) (×10−6) n
Rf

(Ω cm2)

In H2SO4

(pH 0.52)
AS30 – 15.03 0.88 5.10 104 8.59 – – –
AS30/PbO2 8.38 800.4 0.62 12.26 75.91 0.16 0.99 5.47

In Na2SO4

(pH 6.8)
AS30 – 6.62 0.90 4.90 103 1.01 – – –
AS30/PbO2 19.7 7.08 0.81 111.3 15.27 1.01 0.59 52.41
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Rf on AS30 is at least 100 less than Pb indicating that
the reaction surface of the PbO2 film on Pb is 100
times more resistive than that of the film on AS30
substrate; suggesting that the PbO2 layer is totally dif-
ferent in proprieties, more porous or adherent. The
presence of inductance in the equivalent circuit
confirms the latter interpretation.

3.3. Degradation test on PbO2 anodes: bulk electrolysis

The objective of this work is to investigate the per-
formance of the PbO2 film electrodeposited on lead as
a reference, and on the stainless steel for the AO of an
azo dye, as a pollutant model.

The organic degradation of the pollutant on PbO2

is proved to be a free-radical mechanism as follow
[53]:

PbO2 þH2Oads ! PbO2ð�OHÞads þHþ (11)

It was reported that lead dioxide electrode is a
hydrated one, and the electrogenerated hydroxyl radi-
cals are expected to be more strongly adsorbed on its
surface. This behavior makes lead dioxide anode very
reactive toward organic oxidation. The degradation
reaction of the organic pollutants with adsorbed
hydroxyl radicals is completed by forming carbon
dioxide and water.

In order to compare the performance of the pre-
pared electrodes on the treatment capacity by applying
the same current density (equal to 25 mA/cm2), and
using the same cathode (stainless steel), the AO using
electrodes Pb/PbO2 and AS30/PbO2 as anodes are
used for the degradation (as described in Section 2.6).

The results obtained for the color and COD
removals are presented by Figs. 11 and 12. The highest
percentage of color removals is reached in the acidic
medium. After 6 h treatment, the color removal by
Pb/PbO2 and AS30/PbO2 anodes achieved 95 and
91%, respectively. A partial detachment of PbO2 layer
is observed after 60 min in the case of AS30.

The influence of pH is quite more important in the
case of the lead electrode. According to Chen et al.
[40], the presence of appropriate amount of α-PbO2 in
the mixture of α-and β-PbO2 may enhance the use of
β-PbO2, the surface area in the case of tetrahedral
structure is more important than that of the
orthorhombic one. Also, the β-PbO2 form would be
more effective than the α-PbO2 form because of the
oxygen over potential evolution of β-PbO2 that is
higher than that of α-PbO2 [53]. The conductivity of
the β-phase tends to be an order of magnitude higher
than that of the α-phase, due to the higher electron

mobility. Advanced electrochemical water treatments
preferably require the β-phase because its porous
structure provides a larger active surface area for ano-
dic applications; therefore, the increase in the active
surface area will elevate the formation of OH� radicals
and will favorite the degradation of organic com-
pounds [54]. However, the co-existence of α- and
β-PbO2 phases is very necessary to improve the elec-
trochemical performance of the positive electrode [38],
and both of these forms in anodic layer depend
strongly, not only on the preparation conditions
(pH-medium and temperature), but also on the
technical preparation [55]. Thus, and as expected, the
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electrolysis properties of Pb/PbO2 electrode are more
efficient than the AS30/PbO2 electrode and that could
have been better if its life service is longer (low
adherence persistence).

It is generally considered that the initial pH of
electrolyte plays a significant role in the electrochemi-
cal degradation of azo dye and the COD removals in
Pb/PbO2 and AS30/PbO2 anodes [9,56,57].

In order to study the influence of pH on the elec-
trolysis (Fig. 12), the comparison of the COD/COD0

trend under two different pHs, during the oxidation
with Pb/PbO2 and AS30/PbO2 anodes is performed.
In acidic conditions, the COD removal is higher than
that in natural ones, and the oxygen evolution
potential is relatively high, which leads to a better
degradation efficiency than in neutral conditions. The
Pb/PbO2 anode reached about 82% COD removal
against 76% for AS30/PbO2 anode.

In this work, AS30/PbO2 anode leads to a lower
degradation of the dye than the Pb/PbO2 anode used as
a reference for comparison. This result is due to the
detected low adherence persistence, and it is in agree-
ment with the EIS results, as in an acidic medium, the
CPEdl is higher and the Rf is lower for AS30/PbO2

anode.
Table 3 presents the first-order constant rate (kapp)

and the R2 values of the discoloration and COD
removal obtained for both electrodes Pb/PbO2 and
AS30/PbO2 anodes at pH 2 and natural:

At pH 2, Amarath solution has a higher oxidation
rate than when the pH is natural especially for the
Pb/PbO2 anode. As shown in Table 3, the Kapp COD
value at pH 2 is about 1.7 times higher than that of a
natural pH for the Pb/PbO2 anode, and almost the
same with the AS30/PbO2 anode, while the Kapp dis

increased 1.5 times in the acidic pH when compared
by natural pH for Pb/PbO2.

The better performance presented by the PbO2

electrode in the degradation of the Amaranth E123

dye is studied according to the energy consumption,
and for large-scale application. Besides, the energy
consumption has a high impact on the treatment costs.

The effect of pH on Ec and CE is presented in
Table 3. After 6 h of treatment, the CE kept a
relatively high value, 10.53% at pH 2, for the Pb/PbO2

anode in comparison to AS30/PbO2 (6.70%). The
Pb/PbO2 anode consumes less energy than AS30/
PbO2 anode. For example, at pH 2, 0.23 and
0.39 kWh g COD−1 are consumed for Pb/PbO2 and
AS30/PbO2 anodes, respectively. Energy consumption
is higher at natural pH than at an acid one.

These results show the high performance of PbO2

oxidation when treating textile wastewaters. However,
this electrochemical process AO could be a feasible
treatment method when it is compared to other
wastewater treatments (e.g. UV irradiation, Fenton,
adsorption) reducing significantly the cost and
treatment time [58].

4. Conclusion

In this work, two electrodes (Pb/PbO2 and AS30/
PbO2) were prepared by electrodeposition (pulsed and
galvanostatically) and used as anodes for degradation
of Amarath (E123) at two pH (natural and acidic). The
results of SEM, AFM, and XRD showed that the crys-
tal size and the nature of the mixtures microparticles
PbO2. It is proved that the β-PbO2 is dominant in two
cases, but in the case of stainless steel substrate; PbSO4

and tet-PbO forms do not exist. The electrochemical
behavior of studied anodes using CV and EIS tech-
niques has demonstrated that the different interfaces
studied depend on the nature of the substrate. The
absence of oxidation peak related to oxidation of
PbSO4 to β-PbO2 and after five cycles, the reduction of
α form is disappeared and only the β existed. And as
shown, the EIS analysis is the higher values of Rf and
CPEdl into stainless steel and PbO2 film. This result is
related to a better adherence between film and sub-
strate. It is expected because the thickness and the
cristallinity of oxide layer are more relevant in
electrodeposited galvanostatically on pure lead.

After degradation test, 95 and 91% of color
removal, 82 and 76% of COD removals were achieved
using Pb/PbO2 and AS30/PbO2 anodes, respectively.
This is due to a higher production of hydroxyl radi-
cals in acidic pH on the electrode surface during elec-
trolysis that lead to remarkably higher current
efficiency and lower specific energy consumption.
Moreover, even when using the AS30/PbO2 anode, a
problem of detachment of film is observed; however,
good removal efficiency was obtained.

Table 3
Amaranth degradation kinetics by Pb/PbO2 and AS30/
PbO2 anodes

Pb/PbO2 AS30/PbO2

pH 2 Natural 2 Natural

kapp dis (10−3 min−1) 5.2 3.4 5.4 4.7
R2 0.98 0.99 0.98 0.95
kappCOD (10−3 min−1) 4 2.3 2.2 1.7
R2 0.99 0.96 0.87 0.9
Ec

a(kWh g DCO−1) 0.23 0.41 0.39 0.50
CE*(%) 10.53 6.70 6.70 5.42

aQuantity estimated at 420 min.
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