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A B S T R A C T

The effect of the Bi doping of PbO2 coatings on the electrochemical degradation of the pesticide
tebuconazole (TBC) was investigated. The insertion of 8% Bi (relative to the amount of Pb) in the PbO2

structure afforded a well-defined texturing in the direction of the (2 0 0) plane to the PbO2 coatings, as
well as, a decrease in the size of the coherent domain of the crystal, an increase in the electrochemical
roughness and in the oxidation power of the Bi-doped PbO2 compared with PbO2. Through ultraviolet-
visible spectrometry and total organic carbon (TOC) analyses for TCB electrodegradationwas possible to
chose the current density of 40mAcm�2 as optimized one, with 68% of TOC removed by the Bi-doped
electrode and 56% removed by the PbO2 electrode. High resolution liquid chromatography coupled with
electrospray ionisation high resolution mass spectrometry helped to propose an oxidation pathway for
the electrochemical degradation of TBC. Nine electrooxidation products were identified; which were
produced by hydroxylation of the TBC phenyl group and its consequent oxidation to a ketone (including
both mono- and dihydroxylated products), by dechlorination (two different products), and by multiple
oxidative steps with ring opening (two different products). It was possible to conclude that the
electrooxidation of TBC using Bi-doped PbO2 anodes generated products that were less harmful than TBC
itself, thus recommending this electrode as an alternative material for wastewater decontamination.

ã 2014 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, the increasing focus on environmental
sustainability has led to more stringent laws with the aim of
minimising the levels of effluent pollution. Correspondingly,
research and development into more efficient, alternative tech-
nologies to enable wastewater treatment, without causing further
environmental damage, has grown. Industrial wastes are complex
and usually consist of organic and inorganic compounds, which
make the treatment processes more difficult because there is not
universal treatment strategy. For effluents contaminated with
organic compounds, the most economically viable alternative
treatment is biological oxidation, although some toxic or
biorefractory molecules are not appropriately decomposed by
this method. Other methods used for industrial effluent

decontamination, such as physicochemical methods, chemical
oxidation and advanced oxidation processes (AOP), also have some
disadvantages, such as the utilisation and transportation of strong
oxidising chemicals and the generation of sludge or toxic
byproducts [1–3].

In this context, electrochemical oxidation technologies repre-
sent an economically and environmentally viable alternative,
where themain reagent is the electron, which is versatile, efficient,
cost-effective and clean [2,4]. Electrochemical degradation meth-
ods have beenwidely used for the decontamination of wastewater
polluted with dyes, pharmaceuticals and pesticides [2,5,6]. We
focused on pesticides because these compounds are very harmful
to the environment and to human health [7,8]. Most such
compounds are not biodegradable because of their very stable
molecular structures; thus, their residues can remain in the soil,
contaminating crops and naturalwaterways and impacting aquatic
life. From among this emerging class of contaminants, tebucona-
zole (TBC) pesticide attracted our attention because of its high
photochemical stability; its photodegradation in soil (under

* Corresponding author. Tel.: +55 85 3366 9050.
E-mail address: adriana@ufc.br (A.N. Correia).

http://dx.doi.org/10.1016/j.electacta.2014.12.062
0013-4686/ã 2014 Elsevier Ltd. All rights reserved.

Electrochimica Acta 154 (2015) 278–286

Contents lists available at ScienceDirect

Electrochimica Acta

journal homepage: www.elsev ier .com/ locate /e lectacta

http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2014.12.062&domain=pdf
mailto:adriana@ufc.br
http://dx.doi.org/10.1016/j.electacta.2014.12.062
http://dx.doi.org/10.1016/j.electacta.2014.12.062
http://www.sciencedirect.com/science/journal/00134686
www.elsevier.com/locate/electacta


natural sunlight) occurs slowly. It has been observed that 86% of
the parent compound remains after 34 days of irradiation, and no
photoreaction occurs in aqueous solution after 30 days of
irradiation [9]. Furthermore, according to Götz et al. [10], it
exhibits a high likelihood of occurrence in surface waters [11]. This
pesticide has been detected in several influent and effluent
sources, e.g., headwaters and ditches [12,13], in small lowland
streams in the region of Braunchweig (Northern Germany) [13], in
effluents of wastewater treatment plants in Lyon (St. Fons, France)
and in Marburg (Hessen, Germany) [14,15]. This pesticide has also
been detected in rainwater samples in the Trier region (Germany)
at concentrations of 12–187ng L�1 [16].

Tebuconazole, [(RS)-1-p-chlorophenyl-4,4-dimethyl-3-
(1H-1,2,4-triazol-1-ylmethyl) pentan-3-ol], belongs to the triazole
fungicide class, one of the major classes of pesticides that is widely
used in agriculture. In Brazil, this fungicide is allowed on 42 types
of crops by National Health Surveillance Agency (ANVISA) [17].
There has been no research into the electrochemical degradation of
this pesticide or the products generated during this degradation.
There are only a few works concerning its photocatalytic
degradation [18,19], and one proposition of products generated
by its photodegradation [20]. Navarro et al. [18] described the
photomineralisation of this pesticide using ZnO as photocatalyst,
obtaining good results with complete mineralisation in 2h.
However, they used Na2S2O8 as oxidant, which will remain in
the solution as a chemical waste and, moreover, they did not
evaluate the formed byproducts. Prestes et al. [19] studied the
photodegradation of the TBC using TiO2 as photocatalyst;
nevertheless, they did not determine the total organic carbon
removal or the formed byproducts. The photodegradationproducts
of the TBC were evaluated by Calza et al. [20]. They used a high-
performance liquid chromatographic/tandem mass spectrometry
to identify these products, but they did not study the degradation
efficiency.

Concerning the electrochemical degradation of tebuconazole,
also a type of AOP, the major oxidising species are the hydroxyl
radicals, which are generated from the oxidation of water. One of
the main factors determining the efficiency of the decontamina-
tion process is the electrode surface. The known dimensionally
stable anodes (DSA) [21] are widely used in the industrial
production of chlorine and alkali compounds from the electrolysis
of seawater and have been used for the electrochemical oxidation
of organic compounds in wastewater processes [22–24].

DSAs, such as Pt, Ti/TiO2-RuO2 and Ti/TiO2–IrO2, are used for the
electrodegradation of emerging contaminants and are known as
active electrodes. In these cases, hydroxyl radicals (�OH) are
strongly bound to the electrode surface by chemisorption;
consequently, the oxidation of organic compounds is less efficient.
For non-active electrodes, hydroxyl radicals are weakly adsorbed
to the electrode surface by physisorption, resulting in higher
electrochemical degradation efficiency for organic compounds
than for the above-mentioned active electrodes. Some examples of
non-active electrodes are Ti/PbO2, Ti/SnO2–Sn2O5 and p-Si/boron-
doped diamond. Of these, we focused on Ti/PbO2 because of its low
cost (in comparison to noble metal electrodes), high electrical
conductivity, large overpotential for the oxygen evolution reaction
(OER) and high physical and chemical stability under controlled
conditions, all of which makes it applicable in various processes
[2,25].

Lead dioxide has attracted considerable attention due to its use
as the activematerial in the positive plate of the lead-acid cell [25].
Several applications for this electrode are reported in the literature,
including oxygen and ozone production by water electrolysis, the
manufacture of chemicals and water effluent treatment [25]. PbO2

is polymorphic, with two well-known phases: a-PbO2, with
the orthorhombic structure of columbite, and b-PbO2, with a

tetragonal rutile structure. Some studies have shown that the
inclusion of certain species in PbO2 coatings can cause modifica-
tions of their electrocatalytic and mechanical properties [25]. The
literature indicates that the incorporation of ions such as Bi3+, Bi5+,
Fe3+, Co2+ and F–improves stability and electrocatalytic activity,
making a more effective surface for oxygen transfer reactions,
including O3 formation, that are associated with degradation of
contaminants [26–28]. Bi-doped PbO2 electrodes have been shown
to catalyse the oxidation of inorganic ions and the removal of total
organic carbon (TOC) and to reduce fouling by organics [25].
Studies have indicated that the Bi-doped PbO2 electrode is more
mechanically stable and has a higher electrocatalytic activity
compared with the PbO2 electrode [29,30].

The aim of this paper is to evaluate the effect of Bi insertion in
electrodeposited PbO2 coatings on Ti/SnO2-Sb2O5 and to analyse
the applicability of the resulting electrode in the TBC electro-
degradation, identify the formed products by high resolution liquid
chromatography coupled with electrospray ionisation high-reso-
lution mass spectrometry (HPLC–ESI/HRMS) and propose the
oxidation mechanism of TBC.

2. Experimental

2.1. Chemicals

Tebuconazole (Sigma–Aldrich, CAS No. 107534-96-3) was used
as received. All other chemicals were of analytical grade. All
solutions were prepared with Millipore Waters deionised water
(18.2MV cm�1 at 25 �C) and were prepared prior to use.

2.2. Apparatus

The electrodeposition of PbO2 and Bi-doped PbO2 coatings, as
well as all electrochemical experiments, were performed using a
potentiostat/galvanostat (Autolab PGSTAT30, Metrohm-Eco
Chemie, The Netherlands) controlled by the GPES 4.9 software.
A three-electrode electrochemical cell with a volume of 100mL
was used. The electrodeposition substrate, i.e., the film to be
studied (1.5 cm2 of geometric area), was used as the working
electrode, a Pt plate (4 cm2 geometric area) as the auxiliary
electrode and an Ag/AgCl/saturated KCl as the reference electrode.

The composition and morphology of the Ti/SnO2–Sb2O5

(substrate), PbO2 and Bi-doped PbO2 films were evaluated by
high-resolution field emission scanning electron microscopy
(FE-SEM, Zeiss Supra 35 at 2 kV) and by energy dispersive X-ray
(EDX) spectroscopy (FEI XL30 FEG with an Oxford Instruments-
Link ISIS 300 detector), respectively.

PbO2 and Bi-doped PbO2 films were characterised by X-ray
diffraction (XRD), which was performed using a X-ray diffractom-
eter (Rigaku-D/Max 2500PC) with CuKa radiation, a scanning step
of 0.02�, a counting time of 6 s and a 2u range from 20� to 80� at
27 �C. The size of the coherent domain of the crystal (D, nm) was
estimated from the (101) b-PbO2 peak using the Scherrer
equation, where line broadening from instrumental effects was
corrected using the Caglioti equation with a Silicon powder
standard (99%, 325 mesh, SRM-640), as described by Gonçalves
et al. [31]. All samples were refined by the Rietveld method [32]
using the GSAS program [33]. The input data for the theoretical
model were taken from the Inorganic Crystal Structure Database
(ICSD) [34].

The electrodegradation was monitored by ultraviolet-visible
spectrometry, using a UV–vis spectrophotometer (Cary 5G,
Varian), and by total organic carbon (TOC) measurements, using
a Shimadzu TOC-L apparatus.

The electrochemical oxidation mechanism was studied using
high-resolution liquid chromatography coupled with electrospray
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ionisation high-resolution mass spectrometry (HPLC–ESI/HRMS),
carried out on a LTQ-Orbitrap Thermo Fisher Scientific mass
spectrometry system (Bremen, Germany), with the resolution set
at 60K. The Thermo Scientific HPLC was fitted with a 5m phenyl-
hexyl column (4.6�250mm, Phenomenex), and samples were
eluted using a linear gradient, ranging from 50% to 90% acetonitrile
in water over 30min, at a flow rate of 0.7mLmin�1.

2.3. Preparation and characterisation of the electrodes

PbO2 and Bi-doped PbO2 coatings were electrodeposited on Ti
plates (3�1.5�0.05 cm, from TiBrasil Titânio Ltda.) with an oxide
interlayer of SnO2–Sb2O5 formed by thermal decomposition. The Ti
plates were degreased with acetone, etched in a boiling 10% oxalic
acid solution for 1h and rinsedwith distilled water. Ti/SnO2–Sb2O5

substrates were prepared using a solution containing 8.5 g SnCl4
(Aldrich) and 5.0 g SbCl3 (Fluka) dissolved in a mixture of 40mL
n-butanol (Merck) with 10mL of concentrated HCl (Merck). The
precursor solution was painted onto Ti plates with a brush, after
which the material was thermally treated at 130 �C for 10min to
eliminate part of the solvent and then at 400 �C for 10min to
improve film adherence. This procedure was repeated 20 times.
Finally, the film was treated at 600 �C for 1 h to eliminate the
organic portion, leading to the metal oxide film formation, after
which a cooling rate of 5 �Cmin�1 was used. Unless otherwise
noted, all of the above procedures occurred in static air
atmosphere. The electrode was weighed before and after the
deposition process to estimate the oxide thickness [35]. The PbO2

coatings were electrodeposited at 65 �C to obtain a 50mgcm�2

PbO2 film, i.e., 40.33C cm�2, calculated assuming 100% efficiency by
Faraday's law. The electrolytic bath contained 0.1mol L�1 lead
nitrate (Vetec), 1.0mol L�1 nitric acid (Synth) and 1.0 g L�1 sodium
dodecyl sulphate (Vetec), adapted from Aquino et al. [36]. For Bi-
doped PbO2 electrodeposition, 0.05mol L�1 bismuth nitrate
(Vetec) was added to the last electrolytic bath. The electrodeposi-
tion assays were performed at 5, 10,15, 25 and 50mAcm�2 current
densities for PbO2 and Bi-doped PbO2, but the most uniform and
homogeneous coatings for the two electrode surfaces were only
obtained at 5mAcm�2. Thus, the electrodeposition of all films used
in these experiments was carried out at 5mAcm�2 during 3hours
21minutes for obtaining of 80mmcoatings. Cautionwas necessary
to remove the electrode from the plating solution to avoid the
cracking of the coating due to the difference of temperature. The
electrodeposits were characterised by EDX, SEM, XRD and, to
evaluate the electrochemical relative roughness factor (Rf) of the
films, cyclic voltammetry. To compare the electrode lifetimes,
accelerated corrosion experiments on filmswere carried out. Using
similar approach utilized by Andrade et al. [26], a current density
of 1A cm�2 was applied on the electrodes immersed in 0.5mol L�1

HClO4 at 50 �C and during 1400min. The values of open circuit
potential (OCP) were measured at each 200min. The current
density and the bath temperature were increased in relation to
experiment described by aforementioned authors in order to
reduce the experimental time until to observe the film failure.

2.4. Electrochemical oxidation assays

Before beginning electrodegradation experiments, a linear
voltammetry analysis was performed to investigate the electro-
activity of TBC, with measurements at room temperature in
0.01mol L�1 NaClO4 (Aldrich, 98%) and in 12.5mgL�1 TBC,
prepared by serial dilution in 0.01mol L�1 NaClO4.

The initial concentration of TBCwas selected as 12.5mg L�1 and
all anodic oxidation assays were performed under galvanostatic
conditions at 27 �C, with applied current densities of 20, 30, 40 and
50mAcm�2, in 80mL of 0.01mol L�1 NaClO4. This electrolyte was

carefully chosen because it does not suffer electrochemical
oxidation, i.e, it does not generate other oxidant species that
could change the mechanism of degradation of the TBC [1]. During
the experiments, samples were collected from the electrochemical
cell at certain time intervals for analysis by TOCmeasurements and
by UV–vis spectrophotometry at characteristic absorption wave-
lengths to follow the evolution of molecular absorption.

3. Results and discussion

3.1. EDX, SEM and XRD characterisation

The films were characterised by EDX, with the results revealing
that the interlayer SnO2–Sn2O5 had 12% of Sb relative to Sn and that
Bi-doped PbO2 has 8% of Bi relative to Pb. SEM images of the Ti/
SnO2–Sn2O5, PbO2 and Bi-doped PbO2 films are shown in Fig. 1.

As shown in Fig. 1A, the Ti/SnO2–Sn2O5 electrode surface
exhibited a typical cracked-mud structure, which is common to

[(Fig._1)TD$FIG]

Fig. 1. SEM images of the coatings. A) Sb-doped SnO2 produced by thermal
decomposition. B) PbO2 and C) Bi-doped PbO2, both electrodeposited at 5mAcm�2

and 65 �C on the Ti/Sb-doped SnO2 substrate.
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thermally prepared coatings [35,37,38]. This morphology is
consistent with some previously published works, e.g., Montilla
et al. [35]. SnO2–Sn2O5 is sometimes reported [36,39,40] as having
chemical and electrochemical stability. It may effectively slow the
diffusion of nascent oxygen towards the matrix and prevent the
formation of a TiO2-insulated layer on the Ti substrate, which is
very important to improve the adherence of the PbO2 films and the
lifetime and electrocatalytic activity of the electrodes. Fig. 1B and
1C show SEM images of the Ti/SnO2–Sn2O5/PbO2 and Ti/
SnO2–Sn2O5/Bi-doped PbO2 electrode surfaces. These two SEM
images show that these films have similar globular morphologies,
which are not commonly reported in the literature for electro-
deposited PbO2 films in inorganic medium [25]. These PbO2

coatings consist of larger grains [25] compared with those formed
at slower electrodeposition rates (applied current density of
5mAcm�2). This procedure has been found to reduce the number
of defects in the films [36]. In addition, the insertion of Bi does not
cause a visible change on morphology of the PbO2 films.

Usually, the quantities of a- and b-PbO2 forms are evaluated
from X-ray diffractograms using the area of the characteristic
peaks (integration of the peaks corrected for background), but this
methodology only gives a semi-quantitative evaluation [25,41–43].
Munichandraiah [44] calculated the percentages of the two forms
in deposits by a mathematical expression adapted from Dodson
[45], using the most intense lines in the XRD spectra and
mathematically comparing them with the calibrated relationship
between the XRD line intensities and the mixture compositions
[44].

However, the form and crystallographic orientation of the
electrodeposited PbO2 are very different from those of the PbO2

obtained using non-electrochemical methodologies and are
dependent on many parameters, such as the substrate nature
and its pre-treatment, the electrochemical bath composition (pH,
concentration and presence of additive or doping ions), the
temperature and the applied potential or current density [25,42].
Therefore, the calculation of the ratio of a and b forms, through
X-ray data processing using the methodologies mentioned above,
cannot lead to accurate results. Thus, we used the Rietveld
refinement methodology to estimate this value and to determine
other crystallographic parameters for PbO2 films.

In Rietveld refinement, the theoretical peak profiles are fitted to
converge with the measured profiles through a least-squares
approach, which presents several advantages over conventional
quantitative analysis methods, including the use of pattern-fitting
algorithms. All lines of each crystallographic phase were explicitly
considered, even the overlapping lines. Thus, it was not necessary
to decompose the patterns into separate Bragg peaks. The use of all
reflections in a pattern, rather than just the most intense ones,
minimised the uncertainty in the derived weight fractions and the
effects of preferred orientation, primary extinction, and nonlinear
detection systems [46].

In the literature [47,48], the data from structural refinements
are generally checked by quality algorithms or R-factors (Rp, Rwp,
RBragg and x2); however, the difference between the measured and
calculated patterns can also be considered a way to verify the
success of the refinement. Thus, in the following Rietveld
refinements, the measured diffraction patterns of PbO2 and
Bi-doped PbO2 films were well adjusted to the standard data
obtained from ICSD, collection code numbers 23292 (b-PbO2) and
415268 (a-PbO2) [34], without any bismuth oxide secondary
phases. The parameters of the refinements and the estimated ratio
between a and b forms can be observed in Fig. 2A and B and in
Table 1.

Fig. 2A and B shows the agreement between the experimental
and calculated XRD patterns, thus proving the accuracy of the
structural refinements for PbO2 and Bi-doped PbO2 films. This can

be also observed from the data in Table 1; a structural refinement
Rwp value of less than 10% for medium complex phases (tetragonal
and orthorhombic phases) is commonly acceptable. The low values
for RBragg and x2 are also indicative of the accuracy of the obtained
refinement results [47]. As predicted, the high temperature and the
acid medium favoured the b-phase formation: PbO2 and Bi-doped
PbO2 films only showed a level of 1 and 2% of the a-phase,
respectively. In comparison with the PbO2 lattice parameters, the
slightly larger values observed for the Bi-doped film (Table 1) are
consistent with the fact of the majority of the Bi-ions doping
be present as Bi(V), as discussed by Popovic et al. [49]. As observed
inTable 1, the insertion of Bi-ions increased the values of the lattice
parameters and decreased the size of the coherent domain of the
crystal (D). This was attributed to the formation of Bi2O5 during the
electrodeposition process, which changed the nucleation and
growth of the crystal in the film. The small D values favoured the
formation of a large specific area, which is one of the most
important factors influencing the catalytic activities [50]. The
preferential orientation of the crystals was another crystallograph-
ic characteristic that was changed by doping of the PbO2. For better
visualisation, Fig. 3A compares the diffraction patterns of the films

[(Fig._2)TD$FIG]

Fig. 2. Calculated X-ray diffraction patterns of A) Bi-doped PbO2 and B) PbO2, using
Rietveld refinement. For an interpretation of the colours used in this figure, the
reader is referred to the web version of the article.
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(Bi-doped PbO2 and PbO2) with non-preferentially oriented
powder b-PbO2 (ICSD Collection Code 23292 [34]).

It can be clearly observed that there is different texturing in the
obtained films. The doping did not disturb the rutile structure of

the b-PbO2; however, the Bi-doped b- PbO2 film showed a well-
defined texturing in the direction of the (200) plane, where the
diffraction phenomena promoted by parallel planes are intensified
and the ones promoted by perpendicular planes are suppressed;
i.e., this film grew with the (2 0 0) plane preferentially oriented
parallel to the substrate. This effect has been described by other
authors [25,51]. A detached texturing phenomenon was not
observed in PbO2 films. The lattice parameters (Table 1) and
atomic positions obtained by Rietveld refinement were used in the
Diamond Crystal and Molecular Structure Visualisation program
(Version 3.2i for Windows) [52] to model the unit cell of the
Bi-doped film. Thus, Fig. 3B shows the representation of the
Bi-doped unit cell and the texturisation plane.

3.2. Electrochemical characterisation

To estimate the electrochemical relative roughness factor, Rf

[53], an electrochemical characterisation of the PbO2 and Bi-doped
PbO2 films by cyclic voltammetry, which was performed in the
potential window of the double layer capacitance region with
different scan rates. Because the electrode was composed of
conducing oxide, there was a linear dependence between the
double layer charging current and the scan rate, with the slope
closely related to the interfacial electrode/solution capacitance.
From the methodology described by Ciríaco et al. [6], this
experimentally obtained capacitance, normalised by the geometric
area of the electrode, was compared to capacitance of an oxide
with a smooth surface (60mF cm�2 [53]), resulting in the Rf value.
The applied equation described by Ciríaco et al. [6] can be seen
below:

Rf ¼
CPbO2

60

where CPbO2 is the normalized capacitance of the oxide/solution
interface and 60mF cm�2 is the capacitance of a oxide with a
smooth surface.

Thus, the Rf values were calculated for both electrodes. The
value for PbO2 was 44, while that for Bi-doped PbO2 was 186,
suggesting that the Bi-doped PbO2 films were four times rougher
than the PbO2 films. The cyclic voltammograms of theses studies
can be seen in Supplementary Information (Fig. S1). These data
were consistent with the size of the coherent domain of the crystal
previously determined, with the Bi-doped PbO2 showing a larger
specific area than PbO2.

Another electrochemical characterization carried out to com-
pare those electrodeswas the accelerated corrosion. For this, it was
used more aggressive condition than used by Andrade et al. [26] in
order to reduce the experimental time until to observe the film
failure. Current density of 1A cm�2 was applied on the electrodes
immersed in 0.5mol L�1 HClO4 at 50 �C. Open circuit potential
(OCP)wasmeasured at each 200min and the electrode peelingwas
also accompanied during this time. Before to measure this

[(Fig._3)TD$FIG]
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Fig. 3. A) XRD patterns corresponding to Powder Patterns from the ICSD, Collection
Code 23292 (b-PbO2) and to the Bi-doped PbO2 and PbO2 films. B) Unit cell of the Bi-
doped PbO2 film, inwhich the red atom is oxygen (2–), the grey atom is lead (4+), the
green atom is bismuth and the blue plane is (2 0 0). For an interpretation of the
colours used in this figure, the reader is referred to the web version of the article.

Table 1
Rietveld refinement (RR) parameters, approximated phase content, cell parameters and size of the coherent domain of the crystal (D) for the PbO2 and Bi-doped PbO2

coatings.

RR parameters Phase content (%) Cell parameters
of the b-phase (pm)

D (nm)*

Film Rp (%) Rwp (%) Rbragg (%) x2

PbO2 2.33 3.12 9.95 3.880 Beta: 99%
Alfa: 1%

a = b=4.965
c = 3.383

14.14

Bi-doped PbO2 3.40 4.53 1.76 5.983 Beta: 98%
Alfa: 2%

a = b= 4.990
c = 3.403

6.50

* Calculated from peak (101).
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parameter, the system was resting at open circuit condition for
30min. In Fig. 4, it can be seen the OCP as function of time.

3.3. Electrochemical degradation of tebuconazole

3.3.1. Effect of current density and anode material
Before the electrodegradation assays, linear voltammetry

measurements were carried out on Ti/SnO2–Sn2O5/Bi-doped
PbO2 in 0.01mol L�1 NaClO4 and in 0.01mol L�1 NaClO4 with
12.5mgL�1 TBC, from 0.5V to 1.7V, to verify the electroactivity of
the TBC molecule on the electrode surface. The linear voltammo-
grams for these experiments can be seen in Fig. 5.

Degradation assays of 12.5mgL�1 TBC solutions were per-
formed using the Ti/SnO2–Sn2O5/Bi-doped PbO2 electrode at 20,
30, 40 and 50mAcm�2 current densities. To monitor the evolution
of the electrochemical degradation, UV–vis spectrophotometric
analysis and TOC measurements were performed, with the results
displayed as function of the electrolysis time in Fig. 6.

Fig. 6A shows the UV–vis spectra for TBC degradation using the
Ti/SnO2–Sn2O5/Bi-doped PbO2 electrode at 40mAcm�2 and 27 �C.
The increasing absorbance at approximately 220nm is most likely
due to the formation of a secondary species, absorbing in the same
TBC wavelength range. We think this increase could be associated
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to nitrate ion formation during the electrolytic pesticide miner-
alisation. TBC includes nitrogen atoms, which could be converted
to nitrate ions through attack by hydroxyl radicals, and the
absorption range of these ions is very close to that of TBC [54,55].

Fig. 6B and C shows the relative evolution of the absorbance at
approximately 220nm and the organic carbon removal with
electrochemical degradation for different applied current densi-
ties, respectively. Of the applied current densities, 40mAcm�2

displayed the highest increase in the absorbance associated with
TBC mineralisation and TOC removal. The electrodegradation
assays were repeated under the same conditions with the Ti/
SnO2–Sn2O5/PbO2 electrode to compare the doping effect. It can be
observed from Fig. 6B and C that both the relative increase of the
absorbance band and the TOC removal were higher for the
Bi-doped PbO2 electrode than for PbO2. At 40mAcm�2, the TOC
removal for the Bi-doped PbO2 was of 68%, while it was only 56%
for the PbO2. These results clearly show that Bi doping of the PbO2

coatings improved the mineralisation capacity of this electrode
material. This catalytic enhancement can be result of an associated
effect comprising the decreased size of the coherent domain of the
crystal, the increased electrochemical roughness, the increased

crystallographic preferential orientation and the proportioning of
adsorption sites by the insertion of Bi ions. However the isolated
effect of each one of this parameter is difficult of being taken in
account.

3.3.2. Proposed tebuconazole oxidation pathway
The electrochemical oxidation mechanism was studied using

HPLC-ESI/HRMS, the products were separated by HPLC and
identified by its ESI–HRMS spectrum. The ESI–HR mass spectrum
of each identified oxidationproduct and its fragmentationpathway
can be observed in Supporting Information from Fig. S3–Fig. S11.
Electrospray ionization mechanism associated to the high-
resolution determination of the charge/mass of each fragment
helped us to propose a good fragmentationpathway and to identify
the formed product of the TBC electrooxidation. Thus, assuming
that �OH is the major oxidising agent [1], like all AOP, and based on
the spectra obtained from ESI–HRMS, it is possible to suggest the
oxidationpathway for TBC on the Bi-doped PbO2 anode (Scheme1).
In evaluating the molecular masses of the electrooxidation
products, which were obtained via high-resolution MS, it was
apparent that there were several �OH additions/substitutions on

[(Scheme_1)TD$FIG]

Scheme 1. Proposed electrodegradation pathway of tebuconazole.
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phenyl groups, as evidenced by their consequent oxidation to
ketones and by mono- and dihydroxylated phenyl rings (likely
stemming from TBC). There was also evidence of Cl atom
substitution by OH (resulting in two different dechlorinated
products), ring opening due to multiple steps of TBC oxidations
(resulting in two different products) and successive attacks by OH,
leading to the formation of small molecules (m/z<150). These
molecules weremineralised, producing lower toxicity compounds,
such CO2, NO3

� and H2O. This mineralisation was verified by TOC
analysis, where more than 50% of the organic compounds were
converted to inorganic ones.

Calza et al. [20] identified more degradation products than the
observed in this work; they verified that the photodegradation of
the TCB using TiO2 as catalyst produced twelve main products. In
contrast, this present study observed the formation of nine main
products of the electrodegradation of this compound, of which
four were also observed in the aforementioned study; the
compounds with mass 323.14005Da, 321.12440Da, 277.14264Da
and 223.13208Da. They observed an isomer of the 223.13208Da
compoundwith hydroxyl linked to the aromatic ring, two different
ring opening compounds and others. Thus, we conclude that the
degradation of the TBC is depending on the method/catalyst,
producing different intermediary products.

4. Conclusions

Ti/SnO2–Sn2O5/PbO2 and Ti/SnO2–Sn2O5/Bi-doped PbO2 were
prepared and analysed by SEM, XRD (with Rietveld refinement),
EDX and cyclic voltammetry. The Bi-doped PbO2 film had 8% Bi,
relative to Pb. This insertion of Bi ions in the PbO2 structure did not
cause a visible change in themorphology, whichwas globular. XRD
analysis with Rietveld refinement demonstrated that the films
were essentially single b-phase (with less than 2% composed of
a-phase) and that the majority of the Bi-cations doping were
present as Bi(V). Bi-doped film showed a well-defined texturing in
the direction of the (2 0 0) plane, had smaller coherent domain of
the crystal and was four times rougher than PbO2, suggesting a
large specific area [50]. From TOC analysis, it was possible to
conclude that, among the current densities studied, the greatest
organic carbon degradation took place at 40mAcm�2. In compar-
ing both electrodes at the same current density, it was apparent
that doping increases the oxidation power of the PbO2 because the
Bi-doped PbO2 was responsible for 68% of the TOC removal, while
the PbO2 was responsible for 56%. HPLC-ESI/HRMS results allowed
the identification of some oxidation products and the determina-
tion of the TBC oxidation pathway. Nine electrooxidation products
were identified, resulting from the following: hydroxylation of the
TBC phenyl group and its consequent oxidation to a ketone
(including both mono- and dihydroxylated products), dechlorina-
tion (two different products), and oxidative ring opening (two
different products). The scheme also demonstrates that the
electrochemical oxidation of TBC using Bi-doped PbO2 generates
less toxic products than TBC, recommending this anode as an
alternative material for the decontamination of wastewater.
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