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Abstract—Kinetics and selectivity of oxidation of dyes (Methyl Orange and Chrome Dark Blue) on a lead dioxide 
(Pb/PbO2) anode at various current densities, substrate concentrations, and pH values with the use of various ac-
tive oxygen species was studied. It was shown that the electrochemical oxidation of dyes on the Pb/PbO2 anode 
occurs rather effectively under the chosen conditions. The mineralization effi ciency in 5 h was 51 to 89.5 and 
93 to 100% for, respectively, Methyl Orange and Chrome Dark Blue, depending on the electrolysis conditions.
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The problems of ecological safety, associated with 
the increasing contamination of the air and water basins 
are currently pressing in many countries all over the 
world. The conventional approaches in the fi eld of water 
treatment are frequently poorly effi cient in purifi cation 
and utilization of industrial and household discharges 
containing toxic, nonbiodegradable, and difficultly 
oxidizable organic compounds. In this context, water 
purifi cation technologies based on deep conversion of 
organic molecules under the action of strong oxidizing 
agents are promising. To these methods belong chemical 
and electrochemical processes to give highly reactive 
intermediates (НО•, НО2

•, О2
•, CIO•), i.e., the so-called 

advanced oxidation processes (AOPs) [1–5].
When fi nding way into water objects even in small 

amounts, synthetic dyes used in a number of industries, 
mostly in textile industry, not only raise the water color 
index, but also make slower the photosynthesis processes 
and exhibit a toxic effect on the water microfl ora [6].

Dye-containing wastewater is conventionally purifi ed 
with the use of various physical, chemical, and biological 
processes. However, these processes are frequently 
ecologically or economically inefficient. Oxidative 
destruction processes, such as ozonization, photo-

oxidation, chemical oxidation by the Fenton reagent, and 
electrochemical oxidation, have been suggested recently 
for removing dyes [7–9].

Among AOPs, the electrochemical technologies are 
the most attractive because of using a “pure reagent,” 
electron. Electrochemical reactions occur under mild 
conditions at comparatively high rates, are controlled 
by the current density and potential, do not require any 
intricate equipment, and are easily automated [10].

It is known that the electrode material is the key 
parameter in optimizing the electrochemical process 
conditions: at around the oxygen evolution potential, 
the selectivity and effi ciency of oxidation of organic 
compounds are determined by the ability of the anode 
material to adsorb •ОН radicals [11].

On electrodes (active anodes), the concentration 
of •ОН radicals chemisorbed on the surface is low, 
and organic compounds are oxidized selectively to 
give intermediate products [10]. On inactive anodes, 
•ОН radicals are weakly bound to the electrode 
surface (physical adsorption), and, consequently, a full 
mineralization of organics can be achieved on anodes of 
this kind.
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Lead dioxide (PbO2) is a classical material with high 
oxygen evolution overvoltage and weak adsorption of •ОН 
radicals. It is frequently used for oxidative destruction of 
various classes of organic compounds [7, 12–14].

Synthetic dyes belong to organic compounds with poor 
biodegradability, have one or two functional groups and 
complex aromatic structure, and can be used as model 
macromolecular pollutant compounds.

The goal of our study was to examine the kinetics 
and selectivity of the electrochemical oxidation of dyes 
[Methyl Orange (MO) and Chrome Dark Blue (CDB) on a 
lead dioxide anode (Pb/PbO2) at various current densities, 
substrate concentrations, and pH values with the use of 
active oxygen species.

EXPERIMENTAL

Model solutions of Methyl Orange (C14H14N3O3SNa) 
and Chrome Dark Blue (C16H9ClN2Na2O4S2) were 
prepared by addition of a supporting electrolyte to 
an aliquot portion of a dye solution with known 
concentration. The initial concentrations of the dyes were 
50 and 150 mg L–1 for MO and 150 and 200 mg L–1 for 
CDB. The corresponding values of the chemical oxygen 
demand (COD) were 65 and 190 mg O/L for MO and 115 
and 150 mg O/L for CDB.

The experiments were performed in a single-chamber 
cell containing 150 mL of a solution under agitation 
with a magnetic stirrer at a temperature of 25–30°C. The 
following solutions served as the supporting electrolyte: 
0.5 M Na2SO4 (pH 6) and a 3 : 1 mixture of 0.5 M Na2SO4 
and 1 M H2SO4 (pH 2). The electrolysis was performed 
in the galvanostatic mode at current densities of 50, 100, 
and 125 mA cm–2. A lead plate with working surface 
area of 4 cm2, on which a PbO2 layer was deposited by 
the procedure described in [15], served as the working 
electrode (anode), and a graphite rod, as the cathode. The 
electrode potential of the anode was measured relative to 
a silver chloride reference electrode (s.c.e.). To stabilize 
the electrode surface and obtain reproducible results, 
Pb/PbO2 was activated via polarization in 1 M H2SO4 
alternately in the cathodic and anodic modes [16]. The 
following two schemes were used in oxidation of model 
dye solutions for generation of active oxygen species 
(AOS): anodic oxidation (AO) and anodic oxidation with 
portion-wise addition of H2O2 (cH2O2 = 0.023 M) every 
hour (AO + H2O2).

The dye concentrations in solution were determined by 
the photometric method [17], and the COD was measured 
by the reference method [18]. The composition of the 
oxidation products was analyzed by UV spectroscopy on 
a Cary 100 Scan spectrophotometer (Varian Inc.).

The kinetic curves of MO oxidation on the Pb/
PbO2 anode at a current density of 50 mA cm–2 and 
initial concentration of 50 mg L–1 (COD = 65 mg O/L) 
are shown for various AOS generation schemes at 
pH 2 and 6 in Fig. 1. An analysis of the kinetic curves 
demonstrated that the initial anodic oxidation rate grows 
on passing from neutral to acid electrolyte, with addition 
of hydrogen peroxide raising the oxidation rate at pH 6 
(curve 1') and exhibiting the opposite effect in an acid 
solution (curve 2'). It can be assumed that this deviation 
is due to the isomerization of the dye at various pH 
values due to the intramolecular rearrangement [19]. 
As a result, the composition and the reactivity toward 
both hydrogen peroxide and •ОН radicals [20] of the 
intermediate products of its destruction may vary. In 
addition, it cannot be excluded that dyed intermediates 
raise the formation probability of colored intermediates 
raising the optical density of the solutions being analyzed, 
such as ortho-quinones [19]. It should be noted that the 
run of the dependences was preserved with increasing 
current density, whereas an increase in the initial MO 
concentration (decrease in the MO/H2O2 ratio) results in 
that the rate of the AO + H2O2 process becomes higher.

The results of MO oxidation for two AOS generation 
schemes at various current densities and dye concentrations 
are presented in Table 1.

An analysis of the values obtained for the MO oxidation 
effi ciency demonstrated that a nearly full destruction 

Fig. 1. Kinetic curves for MO oxidation on the Pb/PbO2 electrode. 
(cMO) MO concentration and (τ) time. Current density 50 mA cm–2, 
initial concentration 50 mg L–1. (1, 2) AO, (1', 2') AO + H2O2; 
(1, 1') pH 6 and (2, 2') pH 2; the same for Fig. 2.

cMO, mg L–1

τ, h
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of the dye was observed in neutral solutions for both 
AOS generation schemes at i = 100–125 mA cm–2. The 
effi ciency of MO oxidation noticeably increased as the 
current density was raised from 50 to 100 mA cm–2: from 
78.5 to 90.6% and from 85.5 to 94.7% for, respectively 
AO and AO + H2O2 at c0 = 150 mg L–1. Further increase in 
the current density to 125 mA cm–2 changed the effi ciency 
by only 2–3%.

As the initial dye concentration was raised to 
150 mg L–1, the infl uence exerted by the current density in 
the acid electrolyte was more pronounced for both the AO 
and AO + H2O2 schemes; nevertheless, the destruction 
effi ciency did not exceed 92%.

The results obtained in determining the COD of 
the solutions upon oxidation indicate that, under the 
chosen conditions, it is impossible to reach the full MO 
mineralization: the effi ciency of reducing the COD was 
51 to 89.5%, depending on the process conditions. This 
is presumably due to the formation of intermediate, 
more oxidation resistant, dye destruction products, such 
as carboxylic acids [21], which is evidenced by UV 
spectroscopic data.

As the AOS concentration grows on raising the current 
density and(or) adding H2O2 to the solution bulk, the 
effi ciency of COD reduction increases in both acid and 
neutral electrolytes, with this parameter being larger at 
pH 6.

The kinetic curves of CDB dye oxidation for various 
schemes of AOS generation and pH values at the initial 
dye concentration of 150 mg L–1 and current density of 
50 mA cm–2 are shown in Fig. 2. It can be seen that the 
anodic oxidation rate of CDB is nearly independent of 
the electrolyte pH, whereas addition of H2O2 causes a 
decrease in the rate of its oxidation in the acid medium 
(curve 2'). It should be noted that the process kinetics was 
strongly affected by hydrogen peroxide during the initial 
period (1–2 h) of electrolysis at all the current densities 
and initial dye concentrations under study. For example, 
at the initial CDB content of 150 mg L–1, its residual 
content after 1 h of electrolysis was 20 and 60 mg L–1 at 

Table 1. Results of MO oxidation on the Pb/PbO2 anode in 5 h of electrolysis

AOS generation 
scheme

Current density 
i, mA cm–2

MO/COD concentration, mg L–1/(mg O/L)

50/65 150/190

effi ciency of MO 
oxidation, %

effi ciency of COD 
reduction, %

effi ciency of MO 
oxidation, %

effi ciency of COD 
reduction, %

АО, рН 2 50
100
125

94.2
96.0

–

–
69.2

–

61.3
73.3
83.3

–
51.0
77.0

АО, рН 6 50
100
125

90.2
97.5
98.9

–
75.0
88.5

78.5
90.6
93.2

–
66.7
81.8

АО + Н2О2, рН 2 50
100
125

86.2
88.2

–

–
80.0

–

69.1
84.1
91.6

–
66.8
82.5

АО + Н2О2, рН 6 50
100
125

98.8
100
100

–
87.5
89.5

85.5
94.7
96.0

–
83.3
84.0

Fig. 2. Kinetic curves for CDB oxidation on the Pb/PbO2 
electrode. (cCDB) CDB concentration and (τ) time. Current 
density 50 mA cm–2, initial concentration 150 mg L–1. 

c C
D

B
, m

g 
L–

1

τ, h
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i = 50 mA cm–2 and 8 and 53 mg L–1 at i = 100 mA cm–2 
for AO and AO + H2O2, respectively. Raising the amount 
of AOS in the neutral solution made higher the destruction 
rate of the dye. The different effects of hydrogen peroxide 
on the oxidation kinetics at varied solution pH is possibly 
due to the various interaction rates of the intermediate 
products of CDB and H2O2 destruction, being formed 
in the solution bulk. In addition, hydrogen peroxide can 
enter in the case of the AO + H2O2 oxidation scheme into 
the reaction with •ОН radicals (scavenging effect) by 

reaction (1) to give HO2
•, which have a lower oxidizing 

capacity and higher selectivity than НО• [22]:

H2O2 + •ОН → HO2
• + H2O.                     (1)

The calculated values of the efficiency of dye 
destruction and COD reduction are presented in Table 2.

It can be seen in Table 2 that the given type of dye 
is suffi ciently effectively oxidized in 5 h of electrolysis 
under all the chosen conditions. It should be noted that 

Table 2. Results of CDB oxidation on the Pb/PbO2 anode in 5 h of electrolysis

AOS generation 
scheme

Current density i, 
mA cm–2

CDB/COD concentration, mg L–1/(mg O/L)

150/115 200/150

effi ciency of MO 
oxidation, %

effi ciency of COD 
reduction, %

effi ciency of MO 
oxidation, %

effi ciency of 
COD reduction, 

%

АО, рН 2 50
100
125

96.7
100
100

96.0
99.0

100

96.0
99.0
99.0

95.0
99.0
99.0

АО, рН 6 50
100
125

99.0 (τ = 4 h)
100 (τ = 4 h)
100 (τ = 4 h)

100
100
100

99.0 (τ = 4 h)
99.0 (τ = 3 h)

–

100
100
–

АО + Н2О2, рН 2 50
100
125

94.0
96.7

100

94.0
93.0

100

97.0
99.0
–

95.0
98.0

–

АО + Н2О2, рН 6 50
100
125

100 (τ = 4 h)
–
–

100
–
–

100 (τ = 4 h)
–
–

100
–
–

Fig. 3. Absorption spectra of MO oxidation products formed on 
a Pb/PbO2 electrode. (D) Optical density and (λ) wavelength; 
the same for Fig. 4. (1) Starting compound and (2) that after 
2 h of oxidation at a current density of 50 mA cm–2 and initial 
concentration of 150 mg L–1.

Fig. 4. Absorption spectra of CDB oxidation products formed 
on a Pb/PbO2 electrode. Current density 125 mA cm–2, initial 
concentration 150 mg L–1. Electrolysis duration (h): (1) 0.4, 
(2) 0.75, (3) 2; (4) starting compound.

λ, nm λ, nm
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the time of the full CDB destruction in a neutral medium 
decreased to 3–4 h, depending on the current density.

The residual COD became smaller with increasing 
current density and decreasing initial CDB concentration, 
with the full mineralization of the dye observed in a 
neutral solution.

The UV spectroscopic data demonstrated that the dye 
destruction process occurs to give a number of intermedi-
ate products. Figures 3 and 4 show the absorption spectra 
of CDB and MO dyes, which have a characteristic strong 
absorption band peaked at 508 and 518 nm, respectively. 
The line shape of these absorption bands is due to the pro-
gression from vibrations of the N=N fragment contained 
in the dye molecules. In the course of electrochemical 
oxidation, this absorption band rather rapidly disappears, 
which is indicative of the effective destruction of this 
fragment. Along with that, additional absorption bands 
appear at shorter wavelengths, which is due to the ap-
pearance of low-molecular fragments and intermediate 
products formed in oxidation of the starting substrate. 
The following intermediate products are responsible for 
the following absorption bands (nm): 290–320 (quinoid 
structures, 270–280 (phenol-containing structures), and 
250–260 (benzene derivatives). The last kind of organic 
products are carboxylic acids exhibiting a strong absorp-
tion at 200–210 nm.

CONCLUSIONS

(1) It was found that the electro-oxidation of Methyl 
Orange and Chrome Dark Blue on the Pb/PbO2 anode 
occurs destructively via a number of intermediate 
products, which are further oxidized to CO2, H2O, and 
inorganic ions. The destruction effi ciency of Methyl 
Orange in 5 h is 61 to 100%, and that of Chrome Dark 
Blue, 94–100%, depending on the current density, dye 
concentration, pH value, and generation scheme of active 
oxygen species.

(2) It was shown that Chrome Dark Blue is fully 
mineralized in 3–5 h, depending on the electrolysis 
conditions.

(3) It was found that the solution pH strongly affects the 
oxidation rate of the starting compounds during the initial 
period (1–2 h): the oxidation process of the chosen dyes 
occurs the most effectively in neutral solutions (pH 6).
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