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ABSTRACT
The ultrasonic and electrochemical combination oxidation technology was used to treat the acid
wastewater containing arsenic in this work. To clarify the oxidation process of As(III) to As(V) in the
anode region under the electrolysis and ultrasonic coupling, the oxidation process of As(III) under
different influence factors (time/electrolysis voltage/arsenic concentration/ultrasonic power) was
studied in a sulphuric acid-arsenic mixture system. The results show that trivalent arsenic oxidation
efficiency can be increased when ultrasound is added in the process of electrolysis. The oxidation
rate of trivalent arsenic is 25.49% higher than that produced by simple electrolysis when the electrolytic
time is 120 min. The increase of electrolysis voltage can increase the oxidation efficiency of arsenic
when the voltage is less than 6V. Below 1.1540g/L, the increase of arsenic concentration can
promote the oxidation of As(III). The increase of ultrasonic power can promote the oxidation of As(III).
However, the excessive ultrasonic power will cause the problem of acoustic shielding, resulting in
excessive energy consumption and other problems. As a result, the oxidation efficiency of arsenic
decreases.

INTRODUCTION
Arsenic is a toxic and harmful substance (Choong et al.
2007). A large amount of acid wastewater containing arsenic is produced after flue gas washing during the high
temperature extraction of heavy metal sulfide ore (Wang
2016). This kind of wastewater has the characteristics as
heavy pollution source, continuous emission, high concentrations of free acid and arsenic, and complex composition
(Basha et al. 2008, Xiaojuan 2012, Guo 2010). At present,
the most commonly used arsenic wastewater treatment
method in the industry is precipitation (Ahoranta et al. 2016,
Peng et al. 2018). The method represented by treatment with
lime neutralization-arsenic sulfide/ferrous salt has such disadvantages as large waste emissions, high processing costs,
and difficult to effectively meet the standard after treatment
compliance (Harper 1992, Mohan & Pittman 2007, Shih &
Lin 2003). In view of the characteristics of flue gas washing
acid wastewater containing arsenic, the existing treatment
methods have high running costs, incomplete treatment and
serious pollution of waste residues. And experimental results show that when pH is less than 9.5, most of the trivalent arsenic in water has electrical neutrality, so most of the
arsenic treatment methods such as flocculation, sedimentation, and adsorption of trivalent arsenic have little effect on

trivalent arsenic (Ahoranta et al. 2016, Guo et al. 2015, Liu
et al. 2016). At the same time the toxicity of trivalent arsenic in wastewater is 60 times higher than pentavalent arsenic. So, the oxidation of trivalent arsenic to pentavalent
arsenic is a necessary part in the process (Yang et al. 2017).
In this paper, ultrasonic and electrochemical synergistic
oxidation to oxidize trivalent arsenic into pentavalent arsenic was used, which can reduce the toxicity of arsenic,
improve the conversion efficiency and provide guarantee
for the removal of arsenic. Compared with traditional
wastewater treatment process, ultrasound combined with
electrochemistry can degrade toxic wastewater under mild
reaction conditions (Lakshmipathiraj et al. 2010, Yang et
al. 2016, Yang et al. 2014). It has many advantages such as
low cost, no pollution, easy and safe operation, and the
metal material in the wastewater can also be recycled so as
to increase economic benefits. Besides, the combination of
ultrasound and electrochemistry has many potential advantages, such as cleaning and degassing of electrode surface,
depassivation of electrode surface, accelerating the mass
transfer of liquid and accelerating the rate of degradation.
The oxidation process of As(III) to As(V) under different
influence factors (time/electrolysis voltage/ arsenic concentration/ultrasonic power) has been studied in a sulphuric

1420

Linbo Li et al.

acid-arsenic mixture system. The optimum conditions of
electrolysis and ultrasonic coupling are determined when
As(III) is oxidized to As(V).
EXPERIMENTS
Experimental method: Prepare 20% sulphuric acid, add
0.5 g/L ammonium thiocyanate, then 0 g/L to 4 g/L of sodium arsenite and stir for some time. The solution was moved
into an electrolytic cell after sodium arsenite was completely
dissolved. The solution should be prepared when to be used.
The temperature was controlled at 10°C. Titanium plating
platinum as anode and graphite as cathode were taken, and
the reaction time was kept at 120 min. 20 mL anode solution was taken every 25 min, and the concentrations of As(III)
and As(V) in anodic solutions under different conditions
were analysed.
Experimental equipment: In this experiment, the electrolysis and ultrasonic coupling method was used to treat the
acidic wastewater containing arsenic. A self-made electrolytic bath system was adopted and the ultrasonic generator
was custom made. The experimental equipment is shown in
Fig. 1.
Analysis method: Caro’s acid in solution was detected by
potassium dichromate oxidation reduction titration. The
trivalent arsenic and pentavalent arsenic in solution were
detected by hydride generation-atomic fluorescence
spectrometry.
RESULTS AND DISCUSSION
Effect of ultrasonic sound on oxidation process of anode
zone: When added ultrasound, ultrasonic cavitation in aqueous solution can produce hydrogen radicals and hydrogen

peroxide radicals, enhance the oxidability of the solution
and increase the synthesis rate of Caro’s acid. Ultrasound
can also increase ionic activity, accelerate the rate of ion
migration and reduce the concentration of polarization
(Adewuyi 2001). Therefore, the effect of ultrasound and ultrasound time on As(III) oxidation process should be investigated.
Experimental conditions: 2 g/L sodium arsenite was added
to the 20% sulphuric acid solution, electrolytic voltage was
6.0 V, the ultrasonic frequency was 40 kHz, the ultrasonic
power was 150 W, and the oxidation rate of As(III) in anodic
solutions under different ultrasonic conditions were analysed. The experimental results are shown in Fig. 2.
As shown in Fig. 2, the oxidation rate of As(III) in anode
zone increases gradually with the increase of electrolysis
time, the oxidation rate of As(III) becomes slow and eventually tends to balance with the increase of electrolysis time.
This is mainly because the electrolysis process is exothermic;
as the electrolysis time is too long, the temperature rise causes
the hydrolysis of peroxosulphuric acid and slow down the
process of indirect oxidation. Moreover, with the increase
of time, the ratio of As(V) and As(III) concentration in anode solution increases gradually. The oxidation potential
of trivalent arsenic also increases gradually, which leads to
a decrease in the oxidation rate of As(III). The oxidation
rate of As(III) is greatly improved by the addition of ultrasound. This is mainly because the ultrasonic cavitation can
produce hydrogen radicals and hydrogen peroxide radical,
accelerate ion migration, improve the formation rate of oxidant, and promote the indirect electrochemical reaction process. In addition, ultrasonic mechanical agitation can reduce
the concentration polarization of solution and increase the

Fig. 1: Diagram of ultrasonic enhanced electrolytic equipment.
(1-ultrasonic generator, 2-thermostatic bath, 3-platinum plated titanium anode, 4-transducer probe, 5-electrolytic tank,
6- graphite cathode, 7-electrolyte, 8-DC power supply, 9-thermometer)
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Experimental conditions: 2 g/L sodium arsenite was added
to the 20% sulphuric acid solution, the ultrasonic frequency
was 40 kHz, and the ultrasonic power was 150 W, and the
oxidation rate of As(III) in anodic solutions under different
electrolysis voltage (4V, 5V, 6V and 7V) were analysed respectively. The experimental results are shown in Fig. 3
and Table 1.
As shown in Fig. 3, with the increase of electrolysis time,
the oxidation rate of As(III) in the anode solution increases
continuously. When the electrolysis time is constant, the
oxidation rate of trivalent arsenic tends to be stable, this is
because with the continuous progress of the electrolytic
process, the concentration of As(V) in the solution is more
and more higher. The oxidation potential of trivalent arsenic increases as the concentration ratio of As(V)/As(III) in
the solution increases, so the oxidation rate of trivalent arsenic gradually slows down. The oxidation rate of trivalent
arsenic increases with the increase of voltage when the voltage is less than 6 V. When the voltage is more than 6 V, the
oxidation rate of trivalent arsenic decreased significantly.
The reason is that at the higher voltage, both, the anodic
overpotential and the energy consumption increase, which
accelerate the decomposition of Caro’s acid and weaken
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Effect of electrolysis voltage on oxidation of anode zone:
Because both, direct electrochemical oxidation and indirect
electrochemical oxidation, exist in the electrochemical oxidation process of As(III), therefore, it is necessary to investigate the effect of electrolysis voltage on the oxidation of
As(III) in the sulphuric acid-arsenic mixing system under
ultrasonic conditions.
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Fig. 2: Effect of ultrasound on anodic oxidation.
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The electrolysis voltage is composed of theoretical voltage and overpotential. Overpotential is caused by the polarization of the electrode. With the addition of ultrasound
to the electrolysis process, the concentration polarization
can be reduced and the diffusion mass transfer can be enhanced, thus the anodic electrode potential and anodic
oxygen evolution overpotential are increased, the side reaction is suppressed, the formation rate of peroxosulphuric
acid and the oxidation rate of As(III) are increased.
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mass transfer rate in the solution. Cavitation effects of ultrasound can remove bubbles on the surface of the anode and
prevent anodic passivation, thus improving the current efficiency and increasing the rate of electrochemical oxidation. When the electrolysis time reaches 120 min, the oxidation rate of trivalent arsenic is 60.84% without ultrasound,
while the oxidation rate of trivalent arsenic reaches 86.33%
when the ultrasound is added. It can be seen that the ultrasonic effect greatly improves the oxidation efficiency of
trivalent arsenic. Therefore, it is feasible to use ultrasound
and electrolysis to oxidize trivalent arsenic.
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Fig. 3: Effect of electrolysis voltage on anodic oxidation.

the indirect electrochemical oxidation process. As given in
Table 1, when the electrolysis time is 120 min and the electrolytic voltage is 6 V, the oxidation rate of trivalent arsenic
is up to 86.34%, indicating that 6 V is the most suitable
electrolysis voltage for ultrasonic and electrolytic oxidation of trivalent arsenic.
Effect of arsenic concentration on oxidation of anode zone:
According to the research (Compton et al. 1997, Tudela et
al. 2014), the oxidation potential of As(III) is influenced by
the concentration ratio of As(V) and As(III) in the solution,
therefore, the influence of trivalent arsenic content in electrolyte solution on arsenic oxidation process should be considered. The addition of ultrasound in the solution can enhance the diffusion mass transfer, reduce the concentration
polarization of the solution and increase the oxidation rate
of arsenic, but the effects on the oxidation rate of As(III) are
different when the initial arsenic solution is different in the
ultrasonic environment.
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Fig. 4: Effect of arsenic concentration on anodic oxidation.
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Effect of ultrasonic power on anodic oxidation: Ultrasonic
power is one of the important factors that affect cavitation
(Tzanakis 2015). The magnitude of power directly influences the reaction temperature and reaction rate. Therefore,
it is very important to investigate the effect of ultrasonic
power on the electrolytic oxidation process.
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Experimental conditions: 2 g/L sodium arsenite was added
to the 20% sulphuric acid solution, the electrolysis voltage
was 6.0 V, the ultrasonic frequency was 40 kHz, and the
oxidation rate of As(III) in anodic solutions under different
ultrasonic power (90 W, 110 W, 130 W, 150 W, 170 W) was
analysed respectively. The experimental results are shown
in Fig. 5 and Table 3.
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increase of concentration. When the electrolytic time is 120
min, the oxidation effect of four different initial arsenic concentration solutions is given in Table 2. It can be seen that
the oxidation rate of arsenic increases first and then decreases when the concentration of sodium arsenite is in the
range of 1 g/L to 4 g/L. When the concentration of sodium
arsenite is 2 g/L, the oxidation rate of arsenic is as high as
86.34%. This is mainly because the initial concentration of
As(III) increases, which leads to solution conductivity to
increase, cell voltage to decrease and voltage efficiency to
increase. However, at the too high initial concentration of
As(III), the density, viscosity and surface tension of the solution increase, the ionic activity reduces, and the oxidation rate of arsenic decreases eventually. Therefore, the most
suitable initial arsenic concentration for oxidation of trivalent arsenic is 2 g/L.
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Fig. 5: Effect of ultrasonic power on anodic oxidation

Experimental conditions: With the electrolysis voltage 6.0
V, the ultrasonic frequency 40 kHz and the ultrasonic power
150 W, the oxidation rate of As(III) in anodic solutions under different concentrations of sodium arsenite (1 g/L, 2
g/L, 3 g/L and 4 g/L) were analysed respectively. The experimental results are shown in Fig. 4 and Table 2.
According to Fig. 4, with the increase of electrolysis
time, the increasing trend of the oxidation rate of As(III) in
the anodic liquid gradually decreases. This is because the
concentration ratio of the As(V) and As(III) in the solution
increases gradually and the As(III) oxidation potential rises,
which leads to slow the oxidation rate of As(III). The oxidation effect of trivalent arsenic increases with the increase of
concentration when the initial concentration is less than 2
g/L. When the initial concentration is more than 2 g/L, the
oxidation effect of trivalent arsenic becomes weak with the
Vol. 17, No. 4, 2018

As shown in Fig. 5, with the increase of electrolysis time,
the oxidation rate of As(III) in anode solution increases
gradually and tends to be smooth at last. After a certain
period of electrolysis, the oxidation effect of trivalent arsenic under different ultrasonic power shows that when the
ultrasonic power is at 90 W-150 W, the oxidation effect of
trivalent arsenic becomes stronger with the increase of ultrasonic power, and the oxidation effect becomes weaker
when the ultrasonic power exceeds 150 W. This is mainly
because the increase of ultrasonic power can enhance the
degree of cavitation, enhance the mechanical agitation of
the solution, accelerate the mass transfer of the solution,
eliminate concentration polarization and anode passivation,
and thus improve the current efficiency and accelerate the
reaction rate. However, when the ultrasonic power is too
high, the cavitation bubble will become large in the ultrasonic phase of the negative phase and form the acoustic
shielding. Moreover, a large number of cavitation bubbles
are activated and it has a strong scattering effect on ultrasonic sound velocity. Thus, the sound field energy of the
system can be reduced. When the ultrasonic power is too
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Table 1: Effect of electrolytic voltage on arsenic oxidation rate when electrolysis for 120 min.
Electrolytic voltage (V)

4.0

5.0

6.0

7.0

Arsenic oxidation rate (%)

40.54

59.18

86.34

54.16

Table 2: Effect of As(III) initial concentration on arsenic oxidation rate after electrolysis for 2 h.
Initial concentration of As(III) (g·L -1)

0.577

1.154

1.731

2.308

Arsenic oxidation rate (%)

81.47

86.34

76.55

64.69

Table 3: Effect of ultrasonic power on arsenic oxidation rate when electrolysis for 120 min.
Ultrasonic power (W)

90

110

130

150

170

Arsenic oxidation rate (%)

66.18

70.44

77.47

86.34

67.12

large, it increase the energy consumption, raise the temperature of the solution and weaken the indirect oxidation
process. Therefore, if the ultrasonic power is too large, it
will lead to low oxidation efficiency.
As can be seen from Table 3, when the ultrasonic power
is 150 W and the electrolysis time is 120 min, the oxidation
rate of trivalent arsenic can reach 86.34%. Therefore, 150 W
should be the best ultrasonic power of the ultrasonic electrolysis coupling for oxidation of trivalent arsenic.
CONCLUSIONS
The oxidation procedure of anodic zone in the sulphuric
acid-arsenic mixing system has been studied, and the effects of different influencing factors on anodic oxidation
were compared. The optimum conditions of electrolysis and
ultrasonic coupling were determined when As(III) is oxidized to As(V). The results show:
1. When arsenic containing wastewater is treated by ultrasonic and electrochemical combination oxidation, the
oxidation rate of As(III) in the anode region is 25.49%
higher than that electrolysis without ultrasonic when
the electrolysis time is 120 min. It shows that ultrasound
has a great effect on the electrolysis of trivalent arsenic.
2. Adding ultrasound to the electrolysis process can reduce the concentration polarization and enhance the
diffusion mass transfer, thus increasing the anodic electrode potential and anodic oxygen evolution
overpotential, inhibiting the side reaction, and increasing the formation rate of peroxosulphuric acid and the
oxidation rate of As(III).
3. The oxidation rate of As(III) increases with the increase
of the electrolysis voltage, but when the electrolysis volt-

age is too high, the anodic overpotential, the energy
consumption and the solution temperature increase, resulting in the decomposition of Caro’s acid, thus reducing the oxidation efficiency of the trivalent arsenic. So
the most suitable voltage is 6 V.
4 The increase of arsenic concentration can promote the
oxidation of As(III), but when the concentration of arsenic is too high, the density, viscosity and surface tension of solution increase, and the ionic activity of solution decreases, which ultimately leads to the reduction
of arsenic oxidation rate. Therefore, the optimum concentration is 2 g/L.
5 The increase of ultrasonic power can promote the formation of As(V), but when the ultrasonic power is too high,
it forms the acoustic shielding, reduce the sound field
energy of the system, and increase the energy consumption. So the ultrasonic power should be controlled at
150 W appropriately.
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