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Abstract−− In this work, the treatment of synthet-

ic wastewaters containing Methyl Green (MG) by 
anodic oxidation using Ti/PbO2 anodes was investi-
gated. Galvanostatic electrolyses of MG synthetic 
wastewaters have led to the complete decolourization 
removal at different current density values (10, 20 
and 40 mA cm-2), temperatures (25, 40 and 60°C) 
and agitation rate (100, 200 and 300 rpm). According 
to the experimental results obtained in this work, the 
electrochemical oxidation process is suitable for re-
moving TOC and decolourising wastewaters contain-
ing MG dye, due to the electrocatalytic properties of 
Ti/PbO2 anode. In general, the energy requirements 
for removing color during galvanostatic electrolyses 
of MG synthetic solutions depends mainly on the ap-
plied current density; it passes from 0.29 kWh at 10 
mA cm-2 to 1.64 kWh at 40 mA cm-2 per volume of 
treated effluent removed (m-3). The results are de-
scribed and discussed in the light of the existing lite-
rature. 
Keywords−− Anodic oxidation, water treatment, 

decolourization, lead oxide electrode. 
I. INTRODUCTION 

Nowadays, electrochemical treatment is one of the me-
thods used for removal of organic and inorganic impuri-
ties from fresh, drinking and waste waters. Consequent-
ly, many researches are attempting to use electrochemi-
cal methods as an effective method for detoxification of 
aquatic systems containing bio-refractory pollutants 
(Panizza and Cerisola, 2009; Martinez-Huitle and Pa-
nizza, 2010; Martinez-Huitle and Ferro, 2006; Martinez-
Huitle et al., 2005; Comninellis and Pulgarin, 1993; 
Comninellis, 1994; Rajeshwar et al., 1994; Rodgers et 
al., 1999; Galla et al., 2000). Indeed, several works 
have shown that the electrochemical oxidation 
represents a feasible alternative in the wastewater treat-
ment (Panizza and Cerisola, 2009; Martinez-Huitle and 
Panizza, 2010; Martinez-Huitle and Ferro, 2006; Marti-
nez-Huitle et al., 2005; Galla et al., 2000; Nelson, 
2002), being possible the application of this technology 
as a direct or indirect oxidation process (Panizza and 
Cerisola, 2009; Martinez-Huitle and Panizza, 2010; 
Martinez-Huitle and Ferro, 2006). Whereas the electron 

transfer taking place between electrodes and decompos-
able species is the key factor in direct electrochemical 
oxidation, the use of mediators electrochemically 
formed as oxidizing species to destroy the organic com-
pounds is the distinctive aspect in indirect electrochemi-
cal oxidation. For these reasons, both direct and indirect 
electrochemical oxidation can be considered as good al-
ternative for remediation of aquatic systems with pollu-
tion problems (Panizza and Cerisola, 2009; Martinez-
Huitle and Panizza, 2010; Martinez-Huitle and Ferro, 
2006). 

In the first case, the model of the oxidation process 
on the substrate has been investigated on different anod-
ic materials, generally metal oxides such as IrO2, PbO2, 
SnO2 and SnO2-Sb2O5 (Panizza and Cerisola, 2009; 
Martinez-Huitle and Ferro, 2006; Martinez-Huitle et al., 
2004), but also on boron doped diamond (BDD), one of 
the more recent electrode material for electrooxidation 
processes (Panizza and Cerisola, 2009; Martinez-Huitle 
and Ferro, 2006; Martinez-Huitle et al., 2004, Martinez-
Huitle et al., 2008; Quiroz et al., 2006).  Lead dioxide, 
with its high oxygen overpotential, is among the most 
commonly used anodes for the destruction of organics 
because the rate of organic oxidation has proved to be 
higher than on other traditional anodes. For example, as 
recently reviewed in detail (Panizza and Cerisola, 2009; 
Martinez-Huitle and Panizza, 2010; Martinez-Huitle and 
Ferro, 2006; Bonfatti et al., 1999) comparing the oxida-
tion of glucose on different electrode materials such as 
Ti/PbO2, Ti/Pt, and Ti/Pt–SnO2, showed that the incine-
ration of glucose and its oxidation intermediates (i.e. 
gluconic and glucaric acid) took place at reasonable rate 
only at Ti/PbO2 electrodes. The electrochemical oxida-
tion of phenol was thoroughly investigated under differ-
ent experimental conditions by Tahar and Savall (1999). 
Phenol and its intermediates (benzoquinone, maleic and 
fumaric acids) were completely eliminated at a pure 
Ta/PbO2 anode through the intermediation of hydroxyl 
radicals adsorbed on the active site of the electrode. 

On the other hand, synthetic dyes are extensively 
used in many fields of up to-date technology, such as in 
various branches of the textile industry, leather tanning 
industry, paper production, food technology, agricultur-
al research, light-harvesting arrays, photo-
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electrochemical cells, and in hair colourings. The chem-
ical classes of dyes employed more frequently on indus-
trial scale are the azo, anthraquinone, sulfur, indigoid, 
triphenylmethyl (trityl), and phthalocyanine derivatives. 
Due to large-scale production and extensive application, 
synthetic dyes can cause considerable environmental 
pollution and are serious health-risk factors (Forgacs et 
al., 2004). Traditional wastewater treatment technolo-
gies have proven to be markedly ineffective for han-
dling wastewater of synthetic textile dyes because of the 
chemical stability of these pollutants. A wide range of 
methods has been developed for the removal of synthet-
ic dyes from waters and wastewaters to decrease their 
impact on the environment. As an innovative alterna-
tive, the electrochemical processes for treating wastewa-
ter containing dyes have been proposed (Martínez-
Huitle and Brillas, 2009). 

In recent years, several scientific groups have inves-
tigated the application of electrochemical oxidation al-
ternatives for removing dyes from water using different 
anodes, as recently reviewed in detail by Martínez-
Huitle and Brillas (2009); using Ti-supported PbO2 
anodes. Therefore, in the present study is proposed the 
use of electrochemical technology as alternative to re-
move synthetic dyes from water in order to eliminate 
their strong colour and their ecotoxicological conse-
quences on aquatic environment. For this purpose the 
electrocatalytic activity of Ti/PbO2 anodes was investi-
gated as well as the effect of the applied current density, 
temperature and agitation rate on the colour and TOC 
removal efficiency of MG of a synthetic solution con-
taining MG (a basic dye widely used as a stain in bacte-
riology and as an oxidation–reduction indicator, as an 
antidote to cyanide and as an antiseptic in veterinary 
work (Fig. 1)) in order to identify optimal experimental 
conditions which gives high current efficiency and 
needs low energy requirements.   

II. METHODS 
A. Chemicals 
Ultrapure water was obtained by Simplicity water puri-
fication system. Chemicals were of the highest quality 
commercially available, and were used without further 
purification. MG and H2SO4 were purchased from Flu-
ka. The model organic compound solution was prepared 
dissolving 300 mg L-1 of MG in distilled wastewater 
containing 0.5 M H2SO4. The linear polarizations were 
recorded in H2SO4 0.5 M because this electrolyte is 
commonly used in literature to study the oxygen evolu-
tion reaction. 
B. Apparatus and procedures  
Potentiodynamic measurements (polarization curves and 
cyclic voltammetry) were carried out at 25°C in a con-
ventional three-electrode cell using model Autolab 
302N (Methrom, Switzerland) connected to a PC. 
Ti/PbO2 has been used as working electrode, an 
Ag/AgCl electrode as a reference and Pt wire as a coun-
ter electrode. The exposed apparent area of the working 
electrodes was 1.5 cm2. 
 

 
Fig. 1. Chemical structure of MG: C16H17N4O2SCl. 

Bulk oxidations were performed in a one-
compartment electrochemical cell, the reaction com-
partment having a capacity of 3 L. Ti/PbO2 was used as 
the anodes (50 cm2 geometrical area), and a Ti mesh 
was used as the cathode electrode. The distance between 
both electrodes was 10 cm. Ti-supported PbO2 anode 
was supplied by De Nora Electrodes Department (Mi-
lan, Italy). The anolyte consisted of 300 ppm MG in 0.5 
M H2SO4 solution. A concentration of MG, no higher 
than 300 ppm, was chosen in order to cover the concen-
tration level a little more than those permitted by Brazil-
ian government regulations. The temperature of the 
electrolyte was fixed at 25°C In these conditions; the es-
timated mass transfer coefficient in the cell, determined 
using the ferri/ferrocyanide couple, was 2×10-5 m s-1. 
Experiments were performed at 25 °C and the stirring 
rate was kept almost constant by using a magnetic stir-
rer for studying the role of applied current density (10, 
20 and 40 mA cm-2); furthermore, the effects of the 
temperature and agitation rate were investigated, carry-
ing out experiments in the range from 25 to 60 °C, and 
100, 200 and 300 rpm, respectively, under a current 
density (jappl) of 10 mA cm-2. A DC Regulate Power 
Supply MPL 3305 was used during electrolysis experi-
ments. During the runs, samples of anolyte were with-
drawn and analyzed for the colour and TOC removal of 
MG. 
C. Analysis 
Experimentally, decontamination of dyes wastewaters is 
monitored from the abatement of their total organic car-
bon (TOC), while their decolorization efficiency or per-
centage of colour removal is determined by the expres-
sion: 
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where ABS0M and ABStM are the average absorbances 
before electrolysis and after an electrolysis time t, re-
spectively, at the maximum visible wavelength (λ max) 
of the wastewater (Martínez-Huitle and Brillas, 2009). 
Colour removal was monitored by measuring absor-
bance decrease, using a Shimadzu Model UV 1800 
spectrophotometer. TOC removal measurements were 
carried out using a Shimadzu model TOC analyser. The 
energy consumption per volume of treated effluent was 
estimated and expressed in kW h m-3. The average cell 
voltage, during the electrolysis, is taken for calculating 
the energy consumption, as follows (Martínez-Huitle 
and Brillas, 2009): 
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where t is the time of electrolysis (h); V and A are the 
average cell voltage and the electrolysis current, respec-
tively; and Vs is the sample volume (m3). 

III. RESULTS AND DISCUSSION 
Preliminary experiments have been carried out by pola-
rization curves and cyclic voltammetry, to obtain infor-
mation on the electroactivity of MG at PbO2 anodes 
(electrooxidation mechanism), prior to anodic oxygen 
evolution. Figure 2 shows linear polarization curves of 
PbO2 anode obtained in 0.5 M H2SO4 (in absence or 
presence of MG in solution), with a scan rate of 50 mV 
s-1, which started form the open circuit potential (OCP). 
The curve (a) is very different respect to other ones and 
it shows that oxygen evolution potential increases from 
1.85 V versus Ag/AgCl for PbO2. This means that 
Ti/PbO2 has high oxygen evolution overpotential and 
consequently is poor electrocatalysts for the oxygen 
evolution reaction (Martínez-Huitle et al., 2010). These 
outcome is confirmed when two additions of concentra-
tion of MG was incorporated in aqueous solution, 
curves b and c. The electrocatalytic activity showed by 
using PbO2 anode to oxidize the model organic com-
pound (curves b and c) was higher than in absence of 
MG (around 1.7 V), confirming that the PbO2 material 
is a good electrocatalysts for electrochemical oxidation 
process (Martínez-Huitle et al., 2010; Tahar and Savall, 
1999). In addition, polarization curves obtained in pres-
ence of MG in solution demonstrated that a weak ad-
sorption mechanism could be attained; the peak ob-
served at 1.75 V corresponds to the oxidation of MG. 
However, at this electrode material, the generation wa-
ter decomposition intermediates, mainly hydroxyl radi-
cals, is principally favoured than direct electron transfer 
from the substrate; therefore, the participation of •OH 
radicals in the electrooxidation process is evidently 
achieved.  

Voltammograms were obtained at 10 mg L-1 of con-
centration of MG, in acidic media (H2SO4 0.5 M) and at 
room temperature (25°C). In all cases, the cyclic vol-
tammograms (CV) curves were recorded below the de-
composition potential of water and/or supporting elec-
trolyte. Inset in the Fig. 2 shows the CV for background 
electrolyte and for solution containing 10 mg L-1 of MG 
at PbO2 anode. CV curves obtained with in H2SO4 0.5 
M (Inset in the Fig. 2, black curve), presented the typi-
cal behavior of Pb oxide layer. A very different beha-
vior was observed, when, as shown in the inset of Fig. 2 
(red curves (line and dashed lines)), a significant current 
shift could be recorded when MG was added to the solu-
tion, compared with the curves recorded in 0.5 M 
H2SO4, at the same j value. This indicates that the path-
way of MG oxidation involves water decomposition in-
termediates, mainly hydroxyl radicals, which are only 
available in conditions of oxygen evolution rather than 
direct electron transfer from the substrate (Panizza and 
Cerisola, 2009). In fact, on a PbO2 anode, which has a 
higher overpotential for oxygen evolution (Fig. 2, curve 
a); this secondary reaction is not favored over organic 
mineralization (Fig. 2, curves b and c). In addition, as  
 

 
Fig. 2. Polarization curves of PbO2 anode in supporting elec-
trolyte solution (curve a) and in presence of 20 and 30 ppm of 
MG (curves b and c). Inset: Cyclic voltammograms for PbO2 
anode in presence and absence of model organic compound in 
solution. Ag/AgCl (3.0 M) as reference electrode and a plati-
num wire as counter electrode. Temperature: 25°C. 

the number of cycles increased, the voltammogram de-
crease moderately round about the same (Inset in the 
Fig. 2, scan 1–4), meaning that the electrogeneration of 
hy droxyl radicals inhibited the electrode fouling which 
instead occurred on the other anode materials, such as 
Ti/SnO2 anodes (Martinez-Huitle et al., 2004). 

The visible spectra of MG reported in the Fig. 3, 
show a maximum absorption peak in the range of visi-
ble light which are in accordance with the green color of 
MG solutions. Thus, the measurement of the color re-
moval was obtained using a UV/vis spectrophotometer 
at 426 nm. Fig. 3 shows the decrease with time of the 
absorbance band at 426 nm during galvanostatic electro-
lysis of MG synthetic wastewaters containing 300 mg L-

1 by applying different values of current density, 10, 20 
and 40 mA cm−2. As can be observed, the absorbance 
was satisfactorily reduced during the treatment. The in-
tensity of the visible band decreases continuously until 
its disappearance after about 30-35 min of electrolysis 
leading to complete solution decolourisation. 

Figures 4 to 5 present the influence of the applied 
current density on the decay of colour (Fig. 4) and TOC 
removal (Fig. 5) during electrochemical oxidation of 
synthetic waste of MG containing 300 mg L-1. As can 
be observed, the complete removal of colour was 
achieved, independently of the applied current density; 
it is due to that the experiments were carried out in a 
zone controlled by mass transfer and under these condi-
tions the efficiency of the process is very similar (Mar-
tinez-Huitle et al., 2004). Although the elimination rate 
rather increase when the applied current density values 
were decreased, as can be observed in the Fig. 4. It indi-
cates that the complete dye elimination was attained by 
direct anodic oxidation (adsorption dye molecules to 
electrode surface) and indirect oxidation by means of its 
reaction with electrogenerated OH• radicals (Panizza 
and Cerisola, 2009). TOC removal values from 43 to 
70% were achieved, depending on applied current den-
sity (10, 20 and 40 mA cm-2), as can be observed in 
Figure 5. TOC values showed that by products formed 
on the final processes avoid the complete elimination of  
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Fig. 3. UV absorption spectra of MG in 0.5 M H2SO4 solu-
tions as a function of time, during electrochemical oxidation 
process at (a) 10 (b) 20 and (c) 40 mA cm-2.   

organic matter due to the lower capacity to remove 
these by-products at the Ti/PbO2 anodes, increasing the 
time process (Martinez-Huitle et al., 2004). 

The oxidation curves reveal a faster removal of MG 
at 40 mA cm-2 and a more gradual removal at 10 and 20 
mA cm-2, also accompanied by a good faradaic efficien-
cy for the oxidation of the organic substrate (80%). In 
fact, this outcome confirms the polarization curves and 
cyclic voltammetry measurements on a Ti/PbO2 anode, 
where organic mineralization reaction is favoured than 
oxygen evolution (Fig. 2). Figure 5 shows the influence 

of temperature on the colour as function of time by ap-
plying 10 mA cm−2 of current density. As can be seen, 
total colour removal was achieved in all cases. It seems 
that the temperature has a significant impact on the ki-
netics of the electrochemical oxidation of MG because 
the rate of colour removal was considerably increased 
by increasing the temperature (from 25 to 40 or 60°C). 
The increase of temperature from 25 to 60 °C decreases 
the electrolysis-time required for the total colour re-
moval from 30 to 15 min. A change in the temperature 
has slight influence on the electrooxidation with hy-
droxyl radicals. But, this can be explained by the in-
crease on the chemical reactions rates, in agreement 
with results reported by other authors (Martinez-Huitle 
et al., 2004, Panizza and Cerisola, 2009). In addition, 
incomplete TOC removal was achieved in all cases (da-
ta not showed); this may occurs due to favor the side 
reaction of oxygen evolution at higher temperatures. 
Nevertheless, TOC decay values achieved at 40 and 
60°C were higher (60 and 82% of TOC removal, respec-
tively) than 25°C (40% of TOC removal). 

For this electrocatalytic process, PbO2-Organic inte-
raction is assumed, the carbonyl groups can exhibit a 
short-range interaction with surface Pb(IV) sites favour-
ing the MG and by-products oxidation as proposed for  
 

 
Fig. 4. Electrochemical oxidation of MG at Ti/PbO2 electrode 
at different applied current densities (relative absorvance vs 
time (min). [MG]0 = 300 ppm in 0.5 M H2SO4 and 25°C). In-
set: Colour removal efficiency vs time (min) under the same 
experimental conditions. 

 
Fig. 5. Electrochemical oxidation of MG at Ti/PbO2 electrode 
at different temperatures (relative absorvance vs time (min). 
[MG]0 = 300 ppm in 0.5 M H2SO4 and 10 mA cm-2). 
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Fig. 6. Electrochemical oxidation of MG at Ti/PbO2 electrode 
at different applied current densities (TOC removal efficiency 
vs time (min). [MG]0 = 300 ppm in 0.5 M H2SO4 and 25°C).  

p-nitrophenol (Quiroz et al., 2005), chloranilic acid 
(Martinez-Huitle et al., 2004) and glucose (Bonfatti et 
al., 1999). 
 In this last case, the formation of intermediate spe-
cies with simpler molecular frames could originate 
blocking phenomena on superficial lead sites decreas-
ing, consequently, the efficiency of the short-range MG-
Pb(IV) sites interactions. Therefore, it is clear that oxi-
dation process is practically dependent on the applied 
current density and temperature. From figures reported 
in Table 1, the energy consumption for the MG removal 
increases from 0.289 to 1.637 kWh m-3 when jappl in-
creases from 10 to 40 mAcm-2. On basis of these results, 
best performances were achieved at 40 mA cm-2 of ap-
plied current density at this anode material. Table 1 also 
compares the energy consumption values during anodic 
oxidation at different temperatures. Since the process ef-
ficiency remains almost constant, doubling the tempera-
ture allowed to diminish the requested treatment time. 
In addition, energy consumption values at different agi-
tation rates were also reported, confirming the decrease 
of charge required when a decrease on the hydrodynam-
ic conditions was attained. The faster MG removal with 
increasing current can then be ascribed to the concomi-
tant greater production of •OH from reaction that acce-
lerates the oxidation rate of all organics. The simultane-
ous increase in specific charge for overall mineraliza-
tion indicates a slower relative proportion of •OH pro-
duced at the PbO2 surface. The electrochemical method 
also showed great effectiveness to destroy different MG 
contents, using PbO2 anode. The MG–time plots ob-
tained for 300 mg L-1 MG solutions at 40 mA cm-2 are 
depicted in Figures 4 and 6. As can be seen, the time re-
quired for total mineralization increases from 30 min to 
400 min when colour or TOC are removed, latter de-
pending on the presence of more pollutants. This trend 
can be related to the transport of more organics to the 
anode causing their faster reaction with greater amounts 
of •OH, thus decreasing the loss of this radical by non-
oxidizing reactions (Quiroz et al., 2003). 

Comninellis (1994) explained the different behavior 
of electrodes in electrochemical oxidation considering 
two limiting cases: the so-called ‘‘active’’ and ‘‘non-

active’’ anodes. Typical examples are Pt, IrO2 and RuO2 
for the former and PbO2, SnO2 and BDD for the latter. 
The proposed model assumes that the initial reaction in 
both kind of anodes (generically denoted as M) corres-
ponds to the oxidation of water molecules leading to the 
formation of physisorbed hydroxyl radical (M(•OH)). 
Both the electrochemical and chemical reactivity of he-
terogeneous M(•OH) are dependent on the nature of the 
electrode material. The surface of active anodes inte-
racts strongly with •OH and then, a so-called higher 
oxide or superoxide (MO) may be formed. This may oc-
cur when higher oxidation states are available for a met-
al oxide anode, above the standard potential for oxygen 
evolution (Eº = 1.23 V vs. SHE). The redox couple 
(MO/M) formed acts as a mediator in the oxidation of 
organics, which competes with the side reaction of oxy-
gen evolution via chemical decomposition of the higher 
oxide species. 

In contrast, the surface of a “non-active” anode inte-
racts so weakly with •OH that allows the direct reaction 
of organics. Therefore, our results confirm that not only 
the chemical structure influences the time process; but 
also the electrode material used strongly affects the de-
colorization efficiency or TOC removal. This behavior 
has been reported by other authors, as recently reviewed 
and described in detail by Martínez-Huitle and Brillas 
(2009). 

III. REMARKS 
The aim of the present work was to evaluate the appli-
cability and the efficiency of the electrochemical oxida-
tion process. The results obtained confirm that it is poss-
ible to apply this method for the elimination of MG 
from aqueous solutions. Removal levels and efficiency 
percentages were investigated as a function of applied 
current density, obtaining TOC removal efficiencies 
from 43 to 70% and 90% of colour removal, depending 
on applied current density. In the electro-oxidation 
process a strong influence of jappl values on MG oxida-
tion was observed, during elimination of TOC. By 
changing the jappl values, it was possible to carry out the 
oxidation obtaining good current and removal efficiency 
on Ti/PbO2 anode. Colour decay as a function of time 
during bulk electrolyses of MG synthetic wastewaters 
was significantly affected by temperature and agitation 
a rate, meaning that oxidation rate that was increased. 
Table I - Energy consumption calculated from Eq. 2,a per volume of 
treated effluent during anodic oxidation of MG for different applied 
current densities. [MG]0=300 mg L-1, Electrolyte: 0.5 M H2SO4. Cost 
eliminationb (Brazilian currency). 

Applied current density  
(mA cm-2) Potential (V) a (kW h m-3) b (R$ m-3) 

10 3.47 0.289 0.087 
20 3.95 0.658 0.197 
40 4.91 1.637 0.491 

Temperature (°C) Potential (V) a (kW h m-3) b (R$ m-3) 
25 3.47 0,289 0,087 
40 3.21 0,134 0,040 
60 3.0 0,083 0,025 

Agitation rate (rpm) Potential (V) a (kW h m-3) b (R$ m-3) 
100 3,60 0.505 0.15 
200 3,47 0.289 0.09 
300 3,30 0.16 0.05 
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In the case of effect on temperature, TOC decay ef-
ficiencies achieved at 40 and 60°C were higher (60 and 
82% of TOC removal, respectively) than 25°C (40% of 
TOC removal); while colour removal was more than 
90% in all cases. Finally, agitation rate effect only in-
creases slightly the efficiency of the colour removal; 
but, it decreases the energy consumption favoring the 
application of this process for treating industrial efflu-
ents.  

As a final remark on possible use of PbO2-based 
electrodes, we have to bear in mind that PbO2 is a good 
anodic material for the elimination of organic pollutants, 
but its application in the wastewater treatment may be 
limited by the risk of lead contamination, due to its dis-
solution under specific anodic polarization and solution 
composition. In this connection, however, it may be also 
worth mentioning that the wear resistance of lead dio-
xide is significantly conditioned by the preparation me-
thod. For instance, Ti/PbO2 electrodes prepared accord-
ing to the procedure outlined in Shimamune and Naka-
jima (1996) are much more stable, compared with simp-
ler preparations). The energy consumption makes in-
adequate Ti/PbO2 anodic oxidation for complete elimi-
nation of wastewaters polluted with dyes (TOC remov-
al) but it can be a feasible process for decolorizing 
wastewaters containing dyes as a pre-treatment process. 
Finally, taking into consideration an electrical energy 
cost of about R$ 0.3 (Brazilian price, taxes excluded) 
per kW h (Agência Nacional de Energia Elétrica, Bra-
zil), the process expenditure was estimated and reported 
in Table 1 in order to show the viability of this process 
as a green alternative.  
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