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Abstract Graphite–lead dioxide electrodes doped with rare
earth Cerium (Ce-PbO2/C electrodes) were prepared by elec-
trodeposition. The scanning electron microscope results
showed that the microstructure and crystal orientation of elec-
trode surface were changed by Cerium doping. CeO2 was
detected from modified electrodes by X-ray diffraction analy-
sis. The cyclic voltammetry spectra indicated that the oxida-
tion peak potential of cerium-doped electrode was smaller
than pure PbO2 electrode. Effects of the novel electrode on
acid red B degradation were evaluated systematically under
different parameters, including applied voltage, initial pH,
supporting electrolyte concentration, electrode spacing, and
influent concentration. The results indicated that chemical ox-
ygen demand, decolorization, and ammonia nitrogen removal
rate of Ce-PbO2/C electrodes reached 90.17, 99.98, and
97.23 %, respectively, after 60-min electrolysis at initial
1000 mg L−1 acid red B concentration. The possible mecha-
nism of acid red B degradation over Ce-PbO2/C electrodes
was monitored by gas chromatography-mass spectrometer.

Keywords Electrochemical oxidation . Ce-PbO2/C
electrode . Acid red B . GC-MS

Introduction

Azo dye is a typical pollutant in textile industry, food color-
ants, printing, and cosmetics manufacturing [1]. Acid red B
(ARB) is one widely used dye for fiber, silk, nylon, wool, and

leather [2]. The composition of dye wastewater is complicat-
ed, including high COD, high pH range, and biological toxic-
ity [3]. Azo dyes have azo groups and aromatic rings with
sulfonate groups. The structure of dyes determines their color
and poor biodegradability. Dyes would weaken photosynthe-
sis, which is mortal for a large number of aquatic plants. The
toxicity of azo dyes and their intermediates would break the
balance of ecological system [4]. Phenols are the intermedi-
ates affecting the growth and reproduction of aquatic
creatures.

Traditional degradation methods are coagulation, adsorp-
tion, biodegradation, and chemical degradation. However,
both coagulation and adsorption are ineffective and will gen-
erate large amounts of sludge and waste which cannot satisfy
the discharge standards. Therefore, further treatments for dis-
posal are needed [5-7].

As dyes are stable under sunlight and resistance to micro-
bial attack, they may be toxic to the microorganisms and are
not affected by biodegradation [8].

It is necessary to find effective technologies to treat dye
wastewater. Electrochemical oxidation has been proved high-
ly efficient, cost saving, and simple in degrading complex
compounds [9-11]. The most important merit is that it is
friendly to the environment, because it does not need any other
reagents. The anode materials determine the removal of dye
and COD. PbO2 is used widely in industry wastewater treat-
ment because of its high stability, electrical conductivity, and
easy availability [12]. PbO2 can be prepared by electrodepo-
sition in acidic and alkaline solution containing Pb2+.

Recently, a lot of research studies on doping species in the
deposition bath were reported, including F [13], Ni, Fe [14],
Co [15], Bi [16, 17], and rare earth elements. The results
showed that doping species could change the characteristics
of PbO2 electrode, including catalytic activity and oxygen
evolution potential. Recently, there were many studies on dop-
ing of rare earth, such as La2O3 and Er2O3 [18, 19], which can
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distract internal stress of PbO2 to enhance the stability of elec-
trode and achieve high removal efficiency [20]. Cerium and its
oxide have beenwidely used in oxidation catalyst as they have
strong oxidation ability [21].

In this work, graphite–lead dioxide electrodes doped with
rare earth Cerium were prepared by electrodeposition. The
characteristics of the novel electrode were investigated by
SEM, XRD, and CV. ARB was selected as the model target.
The effects of different parameters onARB degradation on the
novel electrode were evaluated systematically, such as applied
voltage, initial pH, supporting electrolyte concentration, inter-
electrode spacing, and influent concentration. Gas
chromatography-mass spectrometer (GC-MS) spectra of
ARB solution were recorded to investigate the removal pro-
cess of ARB.

Experimental

Materials and instruments

The Ce-PbO2/C electrodes were prepared by electrodeposi-
tion. First, α-PbO2 was formed in the alkaline solution
consisting of NaOH and PbO. The α-PbO2/C as anode was
placed in the acid solution consisting of Pb(NO3)2, NaOH,
NaF, Cu (NO3)2, HNO3, and Ce(SO4)2 to form Ce-PbO2.
All other chemicals used for the experiments were analytical
grade.

The surface morphologies of electrodes were studied by
SEM (S-4700) and XRD (D/Max 2500 VB2+/PC). The thick-
nesses of layers were measured by Thickness Meter (PD-
CT2). The removal of color and COD was tested by UV-
2000 and COD digestion apparatus (HACH). The intermedi-
ate products of ARB degradation were detected by GC7890/
MS5975.

The electrolytic cell was a cylindrical beaker whose capac-
ity was 250 mL. There was 130-mL solution that contained
ARB and sodium sulfate in the electrolytic cell.

Electrode preparations

Graphite substrate was polished by sandpaper to reduce the
edge effects. Then, the polished graphite was soaked in the
solution of 2 mol L−1 NaOH for 1 h under 70–80 °C, then in
1 mol L−1 HNO3 for 20 min, and finally washed with distilled
water.

The anode preparation procedures included α-PbO2 pre-
liminary deposition and β-PbO2 deposition. Lead oxide in-
cludes α-PbO2 and β-PbO2. Two kinds of lead dioxide vary
considerably, and the function in electrochemistry is also dif-
ferent. α-PbO2 is the skeleton of the active substance, and its
electrical charge capacity is relatively small. β-PbO2 which
has higher electrical charge capacity clings to the skeleton

composed of α-PbO2. α-PbO2 has high structural strength
and low discharge capacity. On the contrary, β-PbO2 has
low structural strength and high discharge capacity. The dis-
charge capacity of β-PbO2 is 1.5–3 times as great as α-PbO2,
while α-PbO2 has good mechanical strength. The positive
plate active material should not soften and exfoliate with the
existence ofα-PbO2. So,α-PbO2 needs to be electrodeposited
firstly [22].

The α-PbO2 was formed in the solution consisting of PbO
and NaOH (3.5 mol L−1) for 1 h. The current density was
60 mA cm−2, and the temperature was 40 °C. Then, β-PbO2

was formed in the acid solution including Pb(NO3)2, CTAB,
NaF, Cu(NO3)2, and HNO3. The current density was
50 mA cm−2, the temperature was 45 °C, and the time of the
deposition is 3 h. It is important to emphasize that Cu(NO3)2
was essential. Electrodeposition of lead nitrate acid solution
could be obtained in lead dioxide anode active layer, and its
main component was β-PbO2. Mechanism of electrodeposi-
tion was that Cu2+ of the electrodeposition bath reduction
reaction in the cathode and Pb2+ occurs oxidation reaction in
the anode. The chemical equation could be expressed as

Cathode : Cu2þ þ 2e→Cu
Pb2þ þ 2e → Pb side reactionð Þ

Anode : Pb2þ þ 2H2O−2e → PbO2 þ 4Hþ

The main purpose of adding copper nitrate in electrodepo-
sition solution was that it could inhibit the precipitation of lead
on the cathode. Last, Ce-PbO2/C were formed in the acid
solution including CTAB (0.05 mol L−1), Ce(SO4)2
(0.05 mol L−1), HNO3 (0.2 mol L−1). The current density
was 60 mA cm−2, and the temperature was 40 °C.

Analysis

The removal of color was analyzed by measuring the absor-
bance at 514 nm, which is the maximum absorbance wave-
length of ARB. COD was detected by the potassium dichro-
mate oxidation method. The removal rate of COD, decolori-
zation, and ammonia nitrogen was all calculated by the fol-
lowing formula [1]:

η ¼ A0−At

A0
� 100% ð1Þ

in which A0 is the initial absorbance, COD, or ammonia nitro-
gen of dye waster, and At is the absorbance, COD, or ammonia
nitrogen of dye after the reaction time t.

The intermediates were monitored by GC7890/MS5975
with HP-5 capillary column. The samplingmouth temperature
is 250 °C. The oven temperature was initially 50 °C, rising at
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15 °C min−1 to a final temperature of 250 °C, and kept for
20min. The flow rate of He as the carrier gas was 1 mLmin−1,
and 1-μL sample was injected.

Result and discussion

Characterization of electrodes

SEM and XRD

Figure 1 shows the SEM micrographs of the modified PbO2

and pure PbO2 anode. Pure PbO2 has an incompact structure,
and the crystal facet contains slight crack and uneven surface.
Its crystal size is larger than modified PbO2. Compared with
the pure PbO2, the Ce-PbO2 anode has a smaller crystal size
and a very compact structure. It can be inferred from the re-
sults that Ce doping can increase specific surface area and the
active points and improve oxidation ability of the modified
electrode.

The XRD spectrums of Ce-PbO2/C and PbO2/C electrodes
are shown in Fig. 2. PbO2/C shows the characteristic reflec-
tions ofβ-PbO2 at 25.38°, 31.95°, and 62.48° [23]. The stron-
gest diffraction peak is (301) crystal plane. Cerium doping
weakens the intensity of β-PbO2 and broadens the diffraction
peak at 62.48°. The results show that Cerium doping dimin-
ishes the size of the crystal particles. At the same time, new
diffraction peaks appeared at 29° and fit well with the diffrac-
tion peak of CeO2 [18]. Above all, Cerium was enriched to the
modified electrode surface, which greatly increased the con-
tact area of the active substance and organic pollutants, and
improved the catalytic performance of the electrode. The re-
sult of XRD is consistent with the SEM analysis.

The thicknesses of layers were also measured. The test
result indicates that the thicknesses of layers were 200 μm.

Cyclic voltammetry

A three-electrode systemwas used to conduct cyclic voltamm-
etry. The reference electrode was saturated calomel electrode

(SCE). The counter electrode was platinum wire electrode
(Pt). The working electrodes were Ce-PbO2/C and PbO2/C,
respectively. The scan rate was 50 mV S−1, and the dye con-
centration was 100 mg L−1. The electrolytic cell was also a
cylindrical beaker. Its capacity was 250 mL. The cyclic volt-
ammograms are shown in Fig. 3, in which the dash line rep-
resents Ce-PbO2/C and the solid line represents PbO2/C.

Figure 3a shows that both Ce-PbO2/C electrode and PbO2/
C electrode had apparent oxidation peaks. The oxidation cur-
rent was also high. The system of H2SO4 had no obvious
oxidation peak. This indicated that ARB could be directly
oxidized at the electrode surface in alkaline and neutral sys-
tem. However, in acid system, contaminants were hardly ox-
idized directly. Its degradation was mainly through the reac-
tion with reactive groups of the solution-indirect oxidation
[24]. Thus, alkaline and neutral systems are favorable for the
degradation of ARB if the effects of electrolyte are omitted.

The cyclic voltammograms of Ce-PbO2/C and PbO2/C
electrode in NaOH and Na2SO4 solution are shown in
Fig. 3b. The blue lines represent NaOH system, while the
red lines represent Na2SO4 system.

In Na2SO4 system, Ce-PbO2/C electrode has two oxidation
peaks, Ep=0.698 and 1.143 V, and the corresponding current
peaks are ip=1.217 e−2 A and 1.974 e−2 A. The potential and
oxidative peak current of PbO2/C electrode is 0.762 V and

Fig. 1 SEM of PbO2/C (a) and Ce-PbO2/C (b) electrode
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Fig. 2 XRD spectra of PbO2/C and Ce-PbO2/C electrode
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1.581 e−2 A. It is clearly seen that the oxidation potential of
cerium-doped electrode diminishes, while the peak current be-
comes large. It can rapidly degrade organic contaminants be-
cause the speed and quantity of active matrix that the elec-
trodes generate have increased [25]. In the catalytic oxidation
process, when the current of oxidation peak or reduction peak
was larger, the electrode surface is more uniform and dense,
which is better for catalytic performance. It can provide more
active sites to improve the catalytic ability of electrode in re-
action [26, 27]. In NaOH system, the oxidation potential of
cerium-modified electrode is small. This indicates that the ox-
idation peak of cerium-doped electrodes undergone some pos-
itive movement and dyes are more susceptible to oxidation.

The cyclic voltammograms for PbO2/C electrode and Ce-
PbO2/C electrode in acetic acid-sodium acetate buffer solution
are shown in Fig. 3c. Red line and blue line indicated the
cyclic voltammograms of PbO2/C electrode and Ce-PbO2/C
electrode, respectively. It could be seen from the figure that
both of the two curves appeared oxidation peak, but reduction
peak was not visible. This phenomenon indicated that the
electrolysis reaction of ARB was an irreversible reaction. In
addition, we could see that the oxidation peak potential of
PbO2/C electrode was 1.746 V and the peak current is
1.997 e−2 A. This result was similar to the conclusions of
document 28 [28]. However, the Ce-doped electrode had low-
er oxidation peak potential and higher current. The peak po-
tential shifted toward lower potential value and the peak cur-
rent increased sharply. It suggested that ARB had a more
sensitive electrochemical response in Ce-PbO2/C electrode.
So, the degradation efficiency of ARB was higher. It was also
consistent with the results of single factor experimental. The
reduction of the peak potential was advantageous to the reac-
tion; meanwhile, it could restrain oxygen evolution reaction to
some extent, which should further increase the degradation
efficiency of ARB.

In addition, other buffer solutions such as phosphate buffer
solution and carbonic acid-sodium carbonate buffer solution
were also used for cyclic voltammetry. No oxidation peak was
found in these solutions. Therefore, the acetic acid-sodium
acetate buffer solution was selected as the supporting electro-
lyte of cyclic voltammetry.

Electrode stability

Electrode stability test

A basic condition of electrodes to achieve large-scale indus-
trial application was the stability of the electrode. Oxygen
generated from oxygen evolution reaction diffused into the
surface of the substrate, and it would cause deactivation of
the electrode. After prolonged use, the oxygen evolution reac-
tion occurred frequently, and the ability to degrade organic
matter declined. Figure 4 shows the treatment effect of
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Fig. 3 CV of Ce-PbO2/C and PbO2/C electrode under a different
conditions (H2SO4, NaOH, Na2SO4), b alkaline and neutral condition,
and c acetic acid-sodium acetate buffer solution
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electrode after continuous repeated use under the conditions
that include that voltage was 10 V, pH was 7, the supporting
electrolyte concentration was 4 g L−1, the reaction time was
1 h. It indicated that the treatment efficiency of electrode was
almost unchanged after working 1–15 times. The decoloriza-
tion rate, ammonia removal rate, and COD removal rate de-
creased 1.64, 4.34, and 1.66 % after working 20 times. The
treatment effect reduced slightly faster after working 20 times.
The decolorization rate, ammonia removal rate, and COD re-
moval rate decreased 5.33, 6.52, and 12.91 % after working
40 times compared with the first use of the electrode. Under
the experimental conditions that voltage was 10 V, current
density was selected between 200 and 500 mA cm−2, and
the removal rate achieved half of the original efficiency after
working at least 70 times as the view of descending rate of 20
times to 40 times, according to the COD removal rate. Elec-
trode surface was intact. It indicated that the electrode had
good stability. The changes of before and after using electrode
were compared by SEM and XRD. The reason that treatment
efficiency reduced was revealed.

Characterization of used electrode

SEM Figure 5 shows the morphology and crystal of electrode
surface by SEM analysis (before reaction (Fig. 5a), after reac-
tion (Fig. 5b)). Magnification was×5000. Before using, the
electrode surface was dense and crystal was symmetrical.
However, it becomes rough and there were white spots on
the grain, which were impurities. Grain surface was covered
with a layer of film. The possible reasonwas acid corrosion, or
oxygen evolution reaction occurs during the process of use.
The roughness of electrode surface and the amount of contam-
inants increased. Thereby, the effective area of the electrode
reduced. Therefore, the catalytic performance and treatment

efficiency of electrode reduced correspondingly. Judging from
the results of the experiment, the significant reduction of de-
colorization, ammonia removal rate, and COD removal rate
after 20 times reaction accorded with this rule. The oxidation
reaction, oxygen evolution reaction, and acid corrosion led to
the increase of electrode roughness when the time of using
electrode increased [29]. Although adsorption of organic mat-
ter was more serious, the catalytic efficiency of organic matter
reduced.

XRD Figure 6 shows XRD test of electrode used 40 times
continuously. It was found that the peak position of the dif-
fraction peaks does not change comparing with used electrode
and unused electrode. Nevertheless, the peak intensity of the
latter was weakened. After using, the width of 62° narrowed
and it indicated that the particle size become large. Electrode
diffraction peak appeared at 29.67° and 31.9° which are Ce
(111) and β (101) before using. A slight change that the only
diffraction peaks appeared at 31.92° after using. The reason
why a small amount of the original CeO2 crystals were de-
creasing as the electrode use time increased was that crystal
particles could be cracked and damaged during the electrode
use. Therefore, the characteristic diffraction peaks of Ce at
31.92° decreased. It mainly showed the diffraction peaks of
β-PbO2. These results suggested that the relative intensity of
each element weakened and the crystal form had not changed.

Effect of operating parameters

Effect of applied voltage

Voltage determines the electron transfer rate, affects the gen-
eration speed of active groups, and thus determines the deg-
radation rate of organic materials. Electrolysis was conducted
when the initial ARB concentration was 1 g L−1, electrode
spacing was 1.5 cm, pH was 6, and the supporting electrolyte
concentration was 5 g L−1. pH was adjusted by dilute H2SO4

and NaOH. Figure 7a shows the results of decolorization,
COD, and ammonia nitrogen removal under different applied
voltage after 1-h electrolysis. The decolorization rate in-
creased from 60.75 to 99.98 %, as the applied voltage in-
creased from 2 to 6 V, and the COD removal rate was in-
creased by 52 % approximately. The removal efficiency of
COD and ammonia nitrogen was greater than decolorization
rate with the increase of applied voltage. When the applied
voltage increases, the mass transfer, hydroxyl radical genera-
tion, electron transfer, and the adsorption and desorption of
organics on the electrode were accelerated. These effects
speeded up the ARB degradation. However, the decoloriza-
tion rate and ammonia nitrogen removal rate remained nearly
unchanged, while the COD removal rate continued to rise.
The COD removal rate reached 86.00 % when the applied
voltage increased to 10 V. Although the applied voltage
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influenced the mineralization of organic pollutants, hydrogen
and oxygen evolution easily happened at higher voltage. This
phenomenon hampers the formation, mass transfer, and diffu-
sion of hydroxyl radicals, making the degradation of ARB no
longer conspicuous at higher voltage. On the other hand, ex-
cessive voltage may also affect the stability and service life of
electrodes [30]. As a result, the suitable applied voltage should
be 10 V.

Effect of initial pH

pH values will affect the type of reactive groups in solution
and influences conversion between HClO, Cl2, and ClO−.
These reactive groups will have a huge impact on degradation
of ARB. Figure 7b shows that the influence of pH values
ranged from 4 to 12 on decolorization, COD, and ammonia
nitrogen removal. The remaining conditions remained un-
changed except that the applied voltage was 10 V. The results
indicate that the decolorization rate was above 99.00 % and
stayed nearly unchanged regardless of the applied pH. The
removal rate of ammonia nitrogen had the same phenomenon.

However, COD was more easily influenced by pH. The re-
moval of COD was above 83.00 % in the pH range of 4–8.
The result was determined by different oxidizing ability of
reactive species in different pH ranges. The majority of chlo-
rine is in the form of HClO at pH≥4 and when pH≥6, they
were converted to ClO−. At pH=6, COD removal rate reached
a maximum of 88.90 %. However, COD removal rate is only
68.57 % when pH is 12. Based on the experimental date, the
degradation of COD would take place more rapidly in an
acidic or neutral condition. There are two possible reasons.
One is that pH affects the form of chlorine in solution. The
chlorine is in the form of active Cl2 when pH is 3. Chlorine
evolution is apt to happen due to Cl2 oxidation potential
(1.36 V), which hinders the degradation of the dye molecules.
The main specie of chlorine is HClO in pH range between 3
and 8. When pH is greater than 8, main form of chlorine is
ClO−. As the oxidizing ability of HClO (Eθ=1.5 V) is stronger
than ClO− (Eθ=0.89 V), ARB is easy to mineralize in an
acidic or neutral condition [31]. Another reason is that Na+

can combine with ClO− to inhibit the oxidation of ARB [32].
So, the appropriate initial pH value ought to be 6.

Effect of supporting electrolyte concentration

Sodium chloride was selected as supporting electrolyte, which
can improve the degradation efficiency and increase the for-
mation of chlorine or hypochlorite during the electrolysis [33].
Effects of different supporting electrolyte concentration on the
treatment effect are shown in Fig. 7c. The results show that
removal rate of decolorization and ammonia nitrogen reached
99.97 and 97.23 %, respectively, when the supporting electro-
lyte concentration was 4 g L−1. The decolorization rate nearly
did not increase at higher supporting electrolyte concentration.
However, it can be seen that COD removal rate continues to
rise with the increase of supporting electrolyte concentration.
The highest COD removal rate reached more than 90 % at the
supporting electrolyte concentration of 6 g L−1. The increased
supporting electrolyte concentration not only enhanced con-
ductivity but also strengthened the indirect oxidation ability
due to higher concentration of Cl2/HClO/ClO

− [34]. If the
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supporting electrolyte concentration continued to increase, too
much electrical energy will be converted to heat, and the tem-
perature of the solution will be significantly increased. A
higher removal rate is not expected; instead, a decline in the
efficiency of the current would happen. Therefore, the suitable
supporting electrolyte concentration is 6 g L−1.

Effect of electrode spacing

Figure 7d shows the influence of different electrode spacing
on the removal effect. It can be seen in Fig. 8 that smaller
electrode spacing gave better removal rate. Decolorization rate
decreased from 99.98 to 99.95 %, COD removal rate reduced
from 90.17 to 53.75 %, and ammonia nitrogen removal rate
was reduced by 1.4 %, as electrode spacing increases from 1.5
to 4 cm. The decolorization rate and COD removal rate de-
creased significantly when the electrode spacing varied from
1.5 to 3 cm. When the electrode spacing is greater than 3 cm,
removal rate leveled off. Smaller electrode spacing decreased
the electric resistance and enhanced the current, production of

reactive group, and oxidation capacity. When the electrode
spacing is large, the decreased electron transfer rate would
lead to the untimely degradation of intermediate products.
They gradually deposited on the surface of electrode, causing
contamination and decreased activity to the electrode. This
phenomenon is harmful to the migration of contaminants on
the electrode surface and the degradation effect [35]. Howev-
er, larger electrode spacing increased the mass transfer resis-
tance and thus inhibits the degradation process. As shown in
Fig. 8, when electrode spacing is less than 1.5 cm, the pro-
cessing efficiency may continue to rise. However, it is prone
to short circuit when the electrode spacing is too small, be-
sides, excessive current density will shorten the life of the
electrode.

Effect of influent concentration

Dye concentration and COD in the industrial wastewater are
not constant. Therefore, the research on influent concentration
has a certain value on treatment effect.
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Figure 8a shows the decolorization rate of different ARB
concentration. The low concentration had high decolorization
rate with reaction time ranging from 2 to 15 min. Outside this
range, the decolorization rate was slow. After 5 min, the de-
colorization rate of 200 mg L−1 influent concentration reached
99.85 %. When the influent concentration was 1 mg L−1, the
decolorization rate was 99.01%. Decolorization rate showed a
downward trend with the increase of concentration. The de-
colorization rate increased rapidly in low concentration and
remained almost unchanged in high concentration. The decol-
orization rate of dye wastewater was almost 100 % after
30 min, regardless of the influent concentration.

Figure 8b shows that the COD removal rate changed with
influent concentration. When the reaction time was 15 min,
we observed that COD removal rate had a downward trend
with increasing concentration. Assuming that organic contam-
inants were oxidized by hypochloric acid at the electrode sur-
face, the above results can be explained by diffusion control
theory. At low concentration, the electrochemical oxidation
rate of dye is faster than its diffusion rate, and the intermedi-
ates produced by dye electrolysis are completely oxidized on
the electrode surface. When the influent concentration in-
creases, ARB and intermediate product are transferred to the
electrode surface, but the restricted diffusion of hypochlorite
could not effectively oxidize contaminants, making COD de-
crease [36]. Both COD removal rate and amount showed an
increasing trend after 50 min, while COD removal amount
increases at higher influent concentration. Therefore, under
the same conditions, higher current efficiency can be obtained
in the treatment of high concentration wastewater to save
more energy.

Figure 8c indicates the relationship between ammonia
nitrogen removal rate and influent concentration. Ammo-
nia nitrogen removal rate reached a stable value after
50 min as influent concentration changed from low to
high. When the influent concentration was greater than
200 mg L−1, ammonia nitrogen removal rate was above
94 %. Moreover, it had reached more than 96 % at the
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Fig. 8 The effect of the initial ARB concentration on a decolorization
efficiency with time, b COD removal efficiency with time, c ammonia
nitrogen removal efficiency with time (voltage 10 V, initial pH 6,
supporting electrolyte (Na2SO4) concentration 6 g L−1, interelectrode
distance 1.5 cm)

Table 1 The main degradation intermediates of ARB by GC-MS

Name of the substance Molecular formula

Phthalic anhydride C8H4O3

o-Phthalic acid C8H6O4

Diethyl phthalate C12H14O4

Hexadecanamide C16H33NO

Methyl hexadecanoate C17H33O2

Dodecanoic acid C12H24O2

Myristic acid C14H28O2

Palmitic acid C16H32O2

Acetone C3H6O

Oxalic acid C6H10O4
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concentration of 800–1000 mg L−1. At the same time,
ARB removal amount increases with the increase of initial
ARB concentration. From the processing ability of pollut-
ants and energy utilization rate, this method can be

applied to the treatment of high concentration dye
wastewater.

Overall, when dealing with low concentration dye waste-
water, higher energy and time efficiency can be obtained. The
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Fig. 9 A possible pathway for the degradation of ARB
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reaction time may be extended or large applied voltage is
needed to achieve the desired results in high concentration
dye wastewater.

GC-MS analysis

GC-MS technique was applied to detect intermediates after
electrolysis for 30 min. The technology is useful to analyze
the degradation mechanism of dyes. The result in Table 1
showed that the structure of ARBwas broken to form different
intermediates, including phthalandione diethyl phthalate, and
methyl hexadecanoate.

The break of azo bond would be the first step of dye deg-
radation, which led to the rapid removal of color. The possible
intermediates were A and B (hydrazo derivative). The sulfonic
group in the hydrazo derivative was highly stable and soluble
in solution [37]. A is easily degradable under aerobic condi-
tion. Therefore, it was not detected in the GC/MS analysis. As
shown in Fig. 9, B was oxidized to some naphthalene-type
intermediates or compounds containing benzene ring, such as
phthalic anhydride, diethyl phthalate, and phthalic acid
[38-40]. These intermediates were further oxidized to long-
chain organic acids, e.g., palmitic acid and lauric acid. These
compounds were further degraded to form oxalic acid and
acetone. Finally, these small molecules were decomposed to
CO2 and H2O.

The process of electrochemical oxidation of ARB was
gradual. At first, ARB was degraded to aromatic intermedi-
ates, then oxidized to chain structure products and
decomposed to CO2 and H2O at last.

Conclusions

A novel Ce-PbO2/C electrode was prepared by electrodeposi-
tion. The SEM and XRD tests show that Ce doping in lead
dioxide films can decrease the crystal size of anodes, increase
their specific surface area, and improve the oxidation ability of
the electrode. The cyclic voltammetry tests show that Ce-
PbO2/C electrodes had a wider oxidation peak and stronger
capacity to generate reactive groups, and the oxidation peak
potential of Ce-PbO2/C electrode was smaller than pure PbO2

electrode. Electrochemical removal of ARB in aqueous solu-
tion on Ce-PbO2/C electrode was investigated to achieve de-
sirable removal efficiency. The results show that the COD,
decolorization, and ammonia nitrogen removal efficiency in
6 g L−1 NaCl solution containing 1000 mg L−1 ARB could
achieve 90.17, 99.98, and 97.23 %, respectively, with an ap-
plied voltage of 10 V, pH value of 6, and electrode spacing of
1.5 cm after 50 min. Through the GC-MS analysis, ARB was
firstly degraded to aromatic intermediates, then oxidized to
chain structure products, and decomposed to CO2 and H2O.
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