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Nb/PbO; electrode was prepared through electrodeposition method and used as anode in the reaction
of electrochemical degradation of methyl orange (MO). The SEM, XRD and cyclic voltammetry tests
showed that Nb/PbO, electrode surface was dense, uniform and mainly composed of B-PbO, with a
small amount of a-PbO,, as well as it has good catalytic effect on degradation of MO. The effects of
supporting electrolyte, degradation temperature, current density and pH value on the decolourisation
efficiency of MO had also been studied. Results revealed that at initial pH=6.0, 45 °C temperature, 50
mA-cm “ current density, 0.08 mol-L™* electrolyte (Na,SO,) concentration, and 30 min electrolysis
time, the colour removal efficiency and COD removal reached 99.6% and 72.6%, respectively. The
reaction mechanism of electrocatalytic MO degradation by Nb/PbO, electrode mainly involved the OH
radical attack of parent molecules, and the degradation followed pseudo-first-order kinetics.

Keywords: Methyl orange; electrochemical degradation; Nb/PbO, electrode; kinetics; hydroxyl
radicals

1. INTRODUCTION

Textile wastewater usually contains some contaminants, such as acids, bases, dissolved solids,
toxic compounds and coloured materials. These contaminants must be removed before the wastewater
can be discharged. There are many chemical, biological, and physicochemical methods have been used
to treat dye-containing wastewaters[1,2]. They have individual advantages but also have certain
constraints that cause inadequate effectiveness when applied individually. Generally, chemical or
physicochemical methods will cause secondary pollution or need post-treatment, whereas for the
reason of microbial inhibition, the treatment efficiency of biological approaches was very low[3,4].
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Advanced oxidation processes have been proposed to be the alternative and efficient methods for the
treatment of wastewater that contains toxic or non-biodegradable pollutants. There are many processes
have been investigated, such as wet air oxidation, ozonation, electrochemical oxidation, Fenton
oxidation and their combined processes[5-7]. By comparison, electrochemical oxidation has received
widespread concern for biorefractory pollutant abatement. Electrochemical oxidation is an efficient
pathway to treat dye wastewater. Given its certain significant advantages such as easy operation,
moderate temperature and pressure requirements, high degradation efficiency, no chemical reagents
needed and avoiding secondary pollution[8-12].

Anode materials have important functions on the electrochemical degradation process of
organic pollutants. Platinum electrodes[13], diamond and metal alloy electrodes[14], and boron-doped
diamond electrodes[15,16] are commonly used as anode materials for wastewater treatment. Activated
carbon[17], single-walled carbon nanotubes[18], and titanium-based dimension-stable electrodes[19]
are other conventionally used electrode materials. As a type of anode material, Nb/PbO, electrode has
been used in the electrochemical degradation of 4-chloroguaiacol[20] and chlorpyrifos[21]. However,
there is no reports about the application of Nb/PbO, electrode as anode material used in the
electrochemical degradation reaction of MO.

In the present work, Nb/PbO, electrode was prepared via electrodeposition and used to
decompose MO dye via electrochemical method. The optimal parameters (such as initial pH, current
density, reaction temperature and electrolyte concentration) in the process of electrochemical
degradation MO containing wastewater were also studied. The low-cost and easy processing of
Nb/PbO; electrode increase the attractiveness of this technique in comparison with other processes.
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Figure 1. Chemical structure of methyl orange.

2. EXPERIMENT

2.1 Reagents

The chemical reagents used in the experiment are of analytical grade and used without further
purification. MO was obtained from Beijing Chemical Reagent Company, and its chemical structure is
shown in Fig.1. The MO concentration in the simulated wastewater used in the experiments was 30
mg-L %, Na,S0, solution was used as supporting electrolyte, and NaOH or H,SO, were used to adjust
the pH value of electrolyte.
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2.2 Preparation of Nb/PbO; electrode

2.2.1 Niobium surface treatment

In order to prepare a good adhesive lead dioxide film, niobium substrate need to be pretreated
according to the following procedures: First, a Nb sheet (20 mm x 10 mm x 1 mm) was polished by
320-grit paper strips, then the Nb sheet was cleansed with water and acetone. Second, the sheet was
ultrasonically rinsed in double-distilled water for 10 min. Finally, the Nb substrate was successively
soaked 30 s in hydrofluoric acid (5% weight) and sulfuric acid (20% weight) at room temperature and
then abundantly rinsed with double-distilled water.

2.2.2 Electrochemical deposition of PbO,

Put the pretreated Nb substrate as anode in a single-compartment Pyrex glass cell (100 mL)
contain 1M Pb(NO3), aqueous solution, then thermo-regulated electrochemical anodization at 65 °C.
The cathode is a graphite electrode. The Nb/PbO, electrode was obtained at 10 mA-cm 2 in 1.5 h, then
at 20 mA-cm 2 in 45 min, and finally at 50 mA-cm 2 in 15 min. Lead dioxide was successfully
deposited on the pretreated Nb substrate. The obtained PbO, deposits was mat gray, adherent, regular,
and uniform.

2.3 Electrolysis of MO
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Figure 2. Schematic diagram of experimental set-up.

All solutions were prepared with deionised water. The supporting electrolyte was Na,SO4
solution. The MO concentration used in the experiments was 30 mg-L*. Galvanostatic electrolyse
process of MO aqueous solution (100 mL) was carried out in the thermostatted cell ( Fig. 2). The
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graphite electrode (20 mm x 10 mm x 10 mm) was chosen as cathode, and prepared Nb/PbO,
electrode as anode. The total area of the anode is 4 cm?. The applied current densities range was 10-50
mA-cm 2 using a DC power supply. The pH value of the electrolyte was adjusted through the addition
of H,SO,4 or NaOH solution. The total degradation time was 60min, take a sample every 10 minutes,
then determine the MO concentration using an ultraviolet—visible (UV-vis) spectrophotometer at 465
nm wavelength. The chemical oxygen demand(COD) content of MO before and after degradation was
detected through dichromate titrimetric standard method, the COD content before degradation was

marked COD,, the COD content after degradation was marked CODy, the calculated formula was
y =90 =COD 16004
COD,

2.4 Analytical measurements

The JEOL JSM-7001F scanning electron microscope (SEM, 10 kV) was used to investigate the
surface morphology of prepared Nb/PbO, electrode. The X-ray diffraction (XRD) data were collected
on a D/max-2500 power diffractometer(Cu Ko radiation, 40 kV, 100 mA, 8°-min™). In the experiment,
the pH value of solution was tested using a pHS-2C meter (Shanghai, China). The MO concentration
was determined through the ultraviolet-visible (UV-vis) spectrophotometer (Cary50, Varian Inc., US).
The cyclic voltammetry(CV) curves were measured using a conventional three-electrode cell by the
CHI660D electrochemical workstation, prepared Nb/PbO, electrode was used as working electrode,
platinum electrode as counter electrode, a saturated calomel electrode (SCE) as reference electrode.

3. RESULTS AND DISCUSSION

3.1 Characterization of Nb/PbO, electrode

100pm e——
10.0kV SEI SEM

Figure 3. The surface morphology of Nb/ PbO; electrode.

Fig. 3 shows the SEM micrographs of Nb/PbO, electrode. Based on Fig. 3a, the electrode
surface is dense and uniform, which not only ensures the close association between the active layer and
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the substrate but also prevents reactive oxygen from penetrating into the surface niobium and guards
against the production of non-conductive niobium oxide in the anode, leading to electrode deactivation
or coating fall off. From Fig. 3b, the morphology of Nb/PbO, electrode displays a mushroom cloud
shape. This structure provides a more specific surface and good physical performance for the
electrocatalytic degradation of MO.

PbO; is a polymorphic material with two crystalline forms: B-PbO, and a-PbO,. Generally,
orthorhombic a-PbO; and tetragonal B-PbO, are found in PbO,. The XRD patterns of the prepared
Nb/PbO; electrode was shown in Fig. 4. The surface layer is mainly composed of B-PbO, with a small
amount of a-PbO,. The peaks at 20 = 25.5, 32, 49.7, 52.4, 63, 67.3 are the main diffraction peaks of
tetragonal B-PbO,. Certain weak peaks indicate the presence of orthorhombic a-PbO; at 20 = 36.5, 56.
The conductivity of B-PbO; is almost ten times higher than that of a-PbO,, which demonstrates that the
increasing content of the B-PbO, will result the conductivity of PbO, enhanced. Therefore, Nb/PbO,
electrode exhibits good electrical conductivity.
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Figure 4. XRD patterns of Nb/ PbO; electrode.

3.2 Cylic Voltammetry measurements

The CV curves of Nb/PbO; electrode was obtained in 0.08 mol-L ™ Na;SO, with and without 5
mg-L™ MO are shown in Fig. 5. The redox peaks at 0.78 V and 0.89 V (vs. SCE) are observed in
blank electrolyte, which represent the redox processes of Pb(I1\V)/Pb(ll) couple. However, when MO is
present, a new oxidation peak appears at 1.16 V potential. This oxidation peak may be result from the
oxidation reaction of MO molecules on the Nb/PbO, anode, which clearly indicate that Nb/PbO,
electrode has good catalytic effect on degradation of MO.
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Figure 5. CV curves of Nb/ PbO, electrode in 0.08 mol-L™ Na;SO4 with 5 mg-L™* MO(a) and without
MO(b) at the scan rate of 50 mV-s™.

3.3 Effect of supporting electrolyte

To confirm the effect of supporting electrolyte (Na,SO,) concentration on the electrochemical
degradation of MO, experiments were performed at pH=6.0 and a current density of 30 mA-cm 2 with
different Na,SO,4 concentrations. As shown in Fig.6, the efficiency of MO removal increases initially
with the increase in Na,SO. concentration, this is because the generation of peroxodisulfates. SO,
ions are easily oxidized at PbO, anode to form persulfate (Eq. (1)) [22, 23]. They are all very powerful
oxidants which can greatly oxidize organic matter [24] and cause higher MO removal efficiencies.

2S0% —»S,02 +2e (1)

However, MO removal efficiency decreases to a low value when Na,SO, concentration
exceeds 0.08 mol-L ™. When the Na,SO, concentration increases further, too much SO4* ions induce
more H,O, generation resulting from the generation of S,0¢>. The electro-generated H,O, could be
oxidised to O, at the anode, resulting in the decrease of generating radical, such as HO,- or OH- [25].
Therefore, 0.08 mol-L ™ is inferred as the optimal concentration of Na,SO, for maximum MO removal
rate.
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Figure 6. The effect of Na,SO, concentration on MO removal efficiency. (25°C, pH=6, MO
concentration: 30 mg-L"; current density: 30 mA-cm ).
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Figure 7. The effect of reaction temperature on MO removal efficiency with time. (pH: 6; MO
concentration: 30mg-L*; current density: 30 mA-cm % Na;SO4: 0.08 mol L?).

3.4 Effect of temperature

The decolourisation efficiency at different degradation temperatures are shown in Fig.7.
Generally speaking, it can enhance the catalytic activity of the catalyst at high temperature, the MO
removal efficiency and evolution of oxygen will increase with temperature rises. However, when the
reaction temperature increases to 45 °C, the increase rate of MO degradation efficiency is not too
obvious, Thus, improving the MO degradation efficiency by increasing the temperature further not
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only wastes energy but also does not lead to good results. Hence, the optimal MO degradation
temperature is 45 °C.
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Figure 8. The effect of current density on MO removal efficiency. (25 °C, pH=6, 30 mg- L* MO,
0.08 mol-L™* Na,SO, solution).

3.5 Effect of current density

Current density play a very important role in the electrochemical oxidation process. 20-60
mA-cm 2 current densities were applied to investigate the influence of current density in the
electrocatalytic degradation process of MO. It can be clearly seen from Fig. 8, the MO removal
efficiency significantly increases with the increase in current density. The MO removal efficiencies
after 40 min reach 77.0%, 79.0%, 86.7%, 98.3%, and 99.6% at 20, 30, 40, 50, and 60 mA-cm 2,
respectively. This result can be ascribed to that high current density can produce more strong-oxidation
free radicals, such as peroxodisulfates or hydroxyl radicals.

A sharp increase in MO removal efficiency is observed when the current density lower than 50
mA-cm 2. When the current density reaches 50 mA-cm 2, MO could be removed completely after 40
min of electrolysis. Only a slight increase in MO removal efficiency is observed when the current
density exceeds 50 mA-cm 2, which can be attributed to the fact that the oxidation of H,O to O, (Eq.
(2)) is favoured over on formation at high current density [26], and an higher current density will
enhance the over potential required for the generation of oxidants and consume more energy.

Therefore, the optimal current density for electrocatalytic degradation reaction of MO is 50 mA-cm 2.
2H,0 50, +4H" +4e~  (2)
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3.6. Effect of initial pH values
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Figure 9. The effect of current density on MO removal efficiency. ( 25°C, 30 mA-cm 2, 30 mg-'L™*
MO, 0.08 mol ‘L™ Na;SO,.).

MO molecular has two chemical structures at different solution pH. When the pH value low,
the main form of MO have quinoid structure, and azo structure at high pH[27]. So the initial pH is
another important parameter in the electrochemical oxidation process. Therefore, the effect of initial
pH values ranging from 3 to 11 on the MO degradation rate was studied. H,SO, and NaOH solutions
were used for pH adjustments. Apparently, an appropriate pH benefits the cleavage of the azo bond,
and the results are shown in Fig. 9.

A significant difference in decolourisation is noted with the changes in the electrolyte initial
pH. The MO molecules readily decompose when the solution pH is 6.0. The decomposition reaction of
MO is more easily happened in appropriate acidic solution than in alkaline solution. A competition for
oxygen evolution reaction occurs with the oxidative degradation of organic matter on the anode.
Oxygen evolution reaction is difficult in acid solutions with high oxygen evolution potential.
Conversely, oxygen evolution reaction tends to occur in alkaline environment with low oxygen
evolution potential. Hence, increasing the solution pH will decrease the oxygen evolution potential,
meanwhile increase the oxygen evolution rate at the surface of anode, which will slow down the
diffusion rate of the organics towards the anode[28]. In addition, electrolytes are consumed excessively

in an alkaline environment, and the conductivity of the solution is subsequently reduced for the lack of
electrolyte[29].
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Figure 10. The COD and color removal at optimal conditions.

3.7 Electrolysis time on COD and color removal

The influence of time on the COD and colour removal under the optimal conditions (45 °C,
initial pH=6.0, 0.08 mol-L *Na,S04, 30 mg'L *MO, 50 mA-cm %) was investigated. As shown in Fig.
10, the COD content and colour removal increased with the electrolysis time going. After 30 min, the
COD content and colour removal reached the maximum of 72.6% and 99.6%, respectively.

3.8 Analysis of MO degradation kinetics

The oxidation degradation of MO is attributed to the electrochemical generation of the radicals
on the anode surface. A large amount of hydroxyl radicals are produced when water electrolysis and
readily react with the organic molecules adsorbed on the anode[27, 30]. Therefore, the reaction
between on- radical and MO was the key process in MO electrochemical degradation. The general
pathway of MO degradation is as follows: OH" is generated at the Nb/PbO, electrode; subsequently,
the conjugated structure of azo bond will disconnect when it react with oH"; Part of the MO reduction
intermediates will further oxidized into a series of aromatic metabolites, which are finally mineralised
to CO, and H,0. The reactions[31, 32] are described in Fig. 11 .
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Figure 11. Reaction pathway of electro-catalytic degradation MO.
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Figure 12. The kinetic fitting curve of MO removal efficiency (Na,SO, 0.08 mol-L % current density:
40 mA-cm”%; temperature: 25°C; initial pH: 6).
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Table 1. The first order reactions kinetic parameters of different concentrations of MO degradation

process.
Co/ mg-L* k'x107*(s™) R

20 8.955 0.999

30 8.142 0.999

40 6.858 0.997

50 5.113 0.999

The degradation reaction of MO was mainly due to the function of OH", whose removal rate

equation can be expressed as [33]:
dC

_E:kc [OH"] (3)

where C is the MO concentration after electrolysing for t min (mg-L™%); [OH"] is the OH
radical concentration (mg-L™); m and n are the reaction orders; and k is the reaction kinetic
parameters.

The OH" are generated from the water molecules adsorbed on the anode surface. An increase in
MO initial concentration would lead to a decrease inoH® yield and then affect the degradation reaction
rate. Thus, k[oH*]"can be rewritten as k'cg :

KoH[" =k'ci =k* ()

MO removal rate equation can be simplified to equation (5):
dc
—-—=k"C" 5
it (5)
Based on formula (4), equation (6) can be obtained:
Ink"=Ink'+qInC, (6)
Fig. 12 shows that In(C/Cy) increases with time in a linear relationship, confirming that the
electrochemical degradation follows a pseudo first-order reaction, n = 1.

Based on formula (5), equation (8) can be obtained:

dC
——=k"'dt 7
c (7)

_In(C—CO):k,, (®)
Int
g and k' were obtained by fitting k™ and Cy in Table 1.
The correlation coefficient 0.99 implies that equation (6) is tenable, and the oH* concentration
associated with MO concentration is feasible.
q=-0597, k' =6.203x10" (mg-L*)-s™* can be obtained from the function of the straight

line. MO removal rate equation can be expressed as:

_9C 6 203x10C0%C (9)
dt ’
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4. CONCLUSIONS

(1) Nb/PbO, electrode surface is dense, uniform and displays a mushroom cloud shape, which
mainly composed of B-PbO, with a small amount of a-PbO,. This structure is considered advantages
for electrocatalytic applications. Voltammetry showed Nb/PbO, electrode has good catalytic effect on
degradation of MO.

(2) MO removal efficiency was dependent of the Na,SO,4 concentration, reaction temperature,
pH, and applied current density. Results revealed that the colour and COD removal were respectively
achieved 99.6% and 72.6% at the optimal parameters of pH 6.0, 50 mA-cm 2 current density, 0.08
mol-L ! Na,SO, concentration, and 30 min electrolysis duration.

(3) The MO electrochemical degradation was mainly caused by OH radical, which followed
pseudo first-order reaction process.
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