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Dye wastewater is a kind of industrial organic wastewater with large chroma and complex composition,
and biochemical treatment is difficult to conduct. The discharge of dye wastewater will cause serious
harm to water environment and human health. Electro-photocatalytic technology has received extensive
social attention in the degradation of pollutants. Compared with the traditional physical, chemical and
biochemical methods, it has the advantages of high efficiency, simple operation, non-selective
degradation of environmental pollutants, and simple process equipment. Electrochemical anodic
oxidation is a better method for the preparation of nanotube arrays. The electrode structure is stable and
firmly bonded with the substrate. Therefore, in this work, TiO2 nanotube arrays with different tube
lengths were prepared by electrochemical anodic oxidation, and the effects of NaSO4 solution
concentration, voltage, initial pH value and initial concentration on electro-photocatalytic degradation
of malachite green were investigated.

Keywords: Photoelectric chemistry; TiO2 nanotubes; Malachite green; Pollution degradation; Anodic
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1. INTRODUCTION

At present, with the development of global industrialization, worldwide environmental pollution
is a big challenge [1]. As one of the major environmental pollution sources in the world, printing and
dyeing industrial wastewater is usually discharged into rivers, lakes and seas without effective treatment,
resulting in serious harm to water environment and human health [2,3]. Dye in dyeing wastewater is one
of the main environmental pollution sources, most of which are aromatic and polyheterocyclic
compounds with colored groups (such as N=N-, -N=0) [4,5]. Since the dye wastewater has the
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characteristics of high organic content, complex composition, and deep chroma and is difficult to
biodegrade, it will reduce the transmittance of light and affect the growth of aquatic plants after being
discharged to water [6,7]. In addition, wastewater can also hinder its self-purification in the water body.
Some dyes accumulated in the environment can generate aromatic amine intermediates under the
anaerobic action of microorganisms, bringing about potential environmental risks [8]. Therefore, the
removal of dyes has become the primary problem to be solved in the treatment of printing and dyeing
wastewater. At present, there are three commonly applied methods to treat dye wastewater, including
physical method, chemical method and biological method [9]. Despite that these three methods are of
great significance to the treatment of dye wastewater, all of these traditional methods have various
defects. Physical treatment is costly and has a narrow application scope, and it is easy to produce a large
number of refractory substances [10,11]. Chemical processes may produce toxic by-products and large
amounts of sludge, and its operating cost is high. The biological treatment method is not good for
chromaticity removal and the dye contaminants cannot be completely degraded. Therefore, to find a kind
of efficient, clean dye processing technology with suitable range and low cost has become the current
environmental protection goal [12].

Electrochemical oxidation method refers to the electron transfer reaction of organic matter or
metal ions in the electrolytic cell on the electrode under the action of electric field [13]. These reactions
can make toxic and harmful substances oxidized into non-toxic and harmless substances or become
precipitation and gas separated from the solution, thus achieving the purpose of removing pollutants
[14,15]. According to different mechanism of oxidation, it can be divided into direct oxidation on and
near the anode surface and indirect oxidation away from the electrode surface. Electrochemical oxidation
has mild reaction conditions and high energy utilization. The reaction requires less chemical agents,
which is a safe, clean and efficient water treatment method [16-18]. However, due to the limitation of
electrode materials, electrochemical oxidation degrades organic matter with low efficiency and high
energy consumption, which limits its application in practice.

Photocatalytic oxidation method refers to the application of light irradiation on the n-type
semiconductor photocatalyst surface (such as TiO2, SnOz, ZnS, WOz, etc.), which can prompt the
electrons in the semiconductor valence band to be excited to transit to the conduction band [19,20].
Meanwhile, the corresponding holes are generated in the conduction band of the catalyst, thus forming
photogenerated electrons and holes in the semiconductor. Photogenerated electrons have strong
reducibility and the holes have strong oxidation. -OH with strong oxidizing ability can be formed by the
action of holes and adsorbed water on oxide surface [21]. -OH can combine, replace, and transfer
electrons with organic pollutants to oxidize organic pollutants into simple inorganic substances.
Photocatalytic oxidation has a bright advantage in the degradation of organic pollutants in water,
especially those pollutants that are difficult to biodegrade [22,23]. However, it is still far away from
industrial production for the reason that it cannot fully utilize solar energy and the processing equipment
is complex [24-26].

In the research and application of photocatalysis, two obvious problems are presented: 1) The
separation and recovery of catalyst powder is difficult [27]; 2) The photocatalytic efficiency is not high
due to the high recombination probability of photogenerated electrons and holes. In order to solve these
problems, researchers proposed the photoelectric catalytic oxidation technology. The catalyst is fixed on
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a conductive substrate and also acts as a working electrode [28]. The photogenerated electrons are forced
to move towards the opposite electrode by anodic voltage and separated from the photogenerated holes,
thus improving the photocatalytic efficiency [29].

In this work, nanotube arrays were prepared by anodic oxidation with Ti sheets as substrates.
The advantage of TiO2 nanotube array is that it is easy to recycle and reuse. The prepared TiO2 nanotubes
were adopted for electro-photocatalytic degradation of malachite green solution. Different conditions
were applied in exploring the best degradation conditions for industrial application.

2. EXPERIMENTAL

Hydrofluoric acid, perchloric acid, sodium fluoride, phosphoric acid, ammonium fluoride,
malachite green and ethylene glycol were purchased with national pharmaceutical reagents. Ti pieces
were purchased from Hengye Fengchan Materials Co., LTD.

Electrode pretreatment: the titanium foil with a thickness of 0.15 cm was cut into Ti sheets with
a width of 15 cm and a width of 1.5 cm. After being ground and mechanically polished with 1#, 3# and
6# sandpaper, the surface became smooth. After ultrasonic oscillation cleaning, the Ti sheet was
immersed in 0.1 M HCIO4 + 0.02 M NaF solution and chemically polished for 30 s. The cleaned Ti
sheets were placed in the air to dry naturally.

Constant potential oxidation: constant potential oxidation was conducted with two electrode
system. The working electrode and counter electrode were titanium and platinum, respectively. All
experiments were carried out at room temperature. The electrolytic cell was filled with about 80 mL 0.15
M NH4F + 0.5 M HsPOas, V(water) : V(ethylene glycol) =3:7 electrolyte. 20 V was adopted for
electrochemical etching. The whole process of the experiment continued under magnetic agitation. After
the electrochemical etching, the electrodes were removed and the surface was slowly washed with
distilled water before the next step of heat treatment.

Heat treatment: the prepared Ti nanotubes in the above step was placed under a muffle furnace
for high temperature calcination. The temperature was increased from room temperature to 500°C at a
rate of 5 °C/min. After 3 h of constant calcination, TiO2 nanotube electrodes were formed and cooled
to room temperature naturally for further use. The TiO2 nanotube electrodes prepared by 1, 2, 3and 4 h
electrochemical etching were denoted as TiO2-1, TiO2-2, TiO2-3 and TiO2-4.

The photochemical test was performed by CHI760E. The nanotube electrode, saturated calomel
electrode and platinum electrode were applied as working electrode, reference electrode and contrast
electrode respectively. In the photoelectric test experiment, xenon lamp of 500W was adopted as the
simulated sunlight source.

3. RESULTS AND DISCUSSION

The change of current with time under constant potential was first studied in this work, which
can reflect the change of current in electrochemical reaction and the electron transfer on the surface of
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the nanotube electrode. Figure 1 shows I-T curves of photocurrent response of TiO2 nanotubes in dark
and bright state transients in 1 M NaOH solution. As can be seen from the figure, the current of each
TiO2 nanotube electrode in the dark state is almost 150 pA, and after the application of voltage and light,
the electrode samples all produce obvious photocurrent response, indicating that the prepared nanotube
has good photoresponse performance.

200 T T T T T T

50 ——TiO,-1
] ——Ti0,-2
160 ——Ti0,-3
2140- T‘k‘w ——Ti0,4
ol d B OFRY R
il
= 100t
Q g
807 i
= 60
© 40
20
0 - - —
0 100 200 300 400 500 600

Time (s)

Figure 1. Full illumination I-T curves of TiO,-1, TiO2-2, TiO2-3 and TiO2-4 in 1 M NaOH solution with
light-on and light-off.

Figure 2 shows the I-T curves of different nanotubes illuminated in malachite green. It can be
seen that TiO2-3 presented the strongest current model, the reason for which may be that electrodes with
different morphologies have different photophysical carrier generation abilities [30,31].
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Figure 2. Full illumination I-T curve of malachite green degradation by different TiO>-1, TiO2-2, TiO»-
3 and TiO2-4 during the light-on and light-off cycles in 0.01M NazSOa.
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Electrochemical impedance spectroscopy (EIS) is a common electrochemical analysis method,
which has a wide measurement range and has been adopted for the study of electrode surface phenomena
[32,33]. In addition, EIS can obtain more information about the dynamic parameters and interface
structure of the electrode performance, thus revealing the relationship between the transport
characteristics of photogenerated carriers and the electro-photocatalytic activity of semiconductor
materials [34]. Figure 3 shows the EIS curves of malachite green degradation with different nanotube
electrodes under full illumination. It can be noted from the figure that the radius of capacitive arc is
TiO2-1>Ti02-4>Ti02-2>Ti0,-3. According to the principle of EIS spectrum, the radius is positively
correlated with the resistance, which means that the radius is negatively correlated with the photocurrent,
thus the photocurrent corresponding to each nanotube electrode is TiO2-3>TiO2-2>Ti02-4>TiO2-1.
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Figure 3. EIS curves of TiO-1, TiO2-2, TiO2-3 and TiO2-4 in malachite green solution (0.01M NaSOs).
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Figure 4. Removal rate of TiO>-1, TiO,-2, TiO2-3 and TiO2-4 on degradation of malachite green (0.01M
Na2S0a).
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The initial concentration of malachite green degradation is 15 mg/L. The concentration of
Na>SO4 is 0.01 M. Figure 4 shows the effect of four different nanotube electrodes on the degradation of
malachite green. The figure presents that the removal rate of malachite green is only 14.6% after TiO-
1 for 60 min.

The removal rate of malachite green with TiO2-2 is about 65.0%, while the removal rate of
malachite green is up to 93.6% after the electro-photocatalytic activity of TiO»-3 for 60 min. However,
the removal rate of malachite green decreases to 55.7% after the electro-electro-photocatalytic activity
of TiO2-4 for 60 min. The possible reasons for the excellent performance of TiO2 nanotube electrode are
as follows :1) photogenerated electrons and hole pairs are generated in the photocatalyst under the
condition of light, and the applied voltage is conducive to the transfer of photogenerated electrons in the
electro-photocatalytic process to the opposite electrode [35,36]. This process reduces the recombination
probability of photogenerated electron-hole pairs produced by TiO. and increases the amount of -OH
produced in the electro-photocatalytic process [37]. 2) The chemical capture of photogenic electrons
generated by the electrolytic water side reaction generates O2". It can not only be directly used for
oxidative degradation of malachite green, but also further react to produce -OH [38].

In the electro-photocatalytic process, electrolyte concentration mainly affects the degradation of
malachite green by affecting the conductivity of the solution, hence it is necessary to choose the
concentration of electrolyte solution reasonably [39]. Anhydrous Na>SO4 was selected as electrolyte in
this experiment in order to exclude the active species with strong oxidation ability formed by chloride
ion plasma in the electro-photocatalytic process, thus interfering with the experimental results of electro-
photocatalytic experiment [40]. Under the condition that the initial concentration of malachite green is
15 mg/L, the TiO2-3 is used as the working electrode, and the voltage is 10V. Table 1 compares this
material with several similar electrodes adopted for malachite green degradation.

Table 1. Electrochemical degradation of malachite green using different electrode materials.

Electrode materials Degradation time Malachite green Degradation Reference
(min) concentration (mg/L)  efficiency (%)

FTO 20 10 97.67 [41]

PbO, 90 15 99.6 [42]

TiO2-3 60 15 93.6 This work

The influence of Na>SO4 solution with different concentrations on the electro-photocatalytic
degradation of malachite green was investigated in this study. As shown in Figure 5, the degradation
rate of malachite green increases with NaSO4 concentration from 0.005 M to 0.03 M. When the
concentration of Na,SQO4 is 0.03 M, the degradation rate reaches the maximum. The degradation rate of
malachite green begin to decrease with the increase of electrolyte concentration. This trend may be
resulted from the following two aspects: firstly, it can be explained by the mechanism of electrolyte
diffusion and migration. Increasing the concentration of electrolyte essentially increases the conductivity
of solution [43,44]. When Na>SO4 concentration is low, the ionic concentration of the solution is very
low, which makes the current leading to the solution small and electrochemical reactions less likely to
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occur. As the concentration of Na2SOa increases, the concentration of ions in the solution increases, and
so does the current [45], which is beneficial to the promotion of electrochemical direct oxidation and the
production of active substances, thus increasing the degradation rate of malachite green. When the
electrolyte concentration increases to a certain degree, the bypass current in the reaction system increases
if the electrolyte concentration continues to increase. In the meantime, the side reaction of electrolysis
Is intensified, and the adsorption competition between Na>SO4 and malachite green on the electrode
surface increases [46]. Malachite green is less adsorbed to the electrode surface. In addition, excessive
current results in dissolution of the active component from the particle electrode. Therefore, the
increasing concentration of Na>SO4 decreases the treatment effect. Secondly, despite that the addition of
electrolyte can increase the conductivity of the solution, the electrochemical oxidation efficiency
increases. However, many researchers believe that SO4? can capture H* or -OH to produce SO4™ under
light. The weak oxidation of SO4 is not sufficient to degrade malachite green. As a result, excessive
S04 can inhibit malachite green degradation. In a certain concentration range, the concentration of SO4~
increases with the concentration of SO42 in the solution. Therefore, when the concentration of Na,SO4
gradually increases, the electro-photocatalytic degradation can first rise to a certain degree, and then
begin to decrease.
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Figure 5. Effect of Na,SO4 concentration on electro-photocatalytic degradation of malachite green
(0.01M Na2S0s4) using TiO2-3.

Applied voltage is an important factor affecting wastewater treatment with electrochemical
oxidation technology. It is the original driving force for electrochemical oxidation reactions. Most
theories hold that electrochemical oxidation degradation of organic compounds includes direct
electrochemical oxidation and indirect electrochemical oxidation. In the direct electrochemical oxidation
process, when the voltage is greater than the redox potential of the reactant, the redox reaction of gaining
and losing electrons takes place. Generally, the higher the voltage is, the more it is conducive to the
electrolytic reaction [47-50]. In the indirect electrochemical oxidation process, -OH, H202, O3z and
Clo/CIO" are strongly oxidizing active substances. Through the reaction of these active substances and
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organic matter in water, the organic matter is completely oxidized into small molecular organic matter
or inorganic matter [51-54].

The applied voltage can not only provide driving force for direct electrolysis of organic
pollutants, but also promote the separation of photoelectron-hole pairs generated by the photocatalyst on
the surface of the electrode during the illumination reaction. Hence the applied voltage is a key factor
affecting the electro-photocatalytic degradation rate. Therefore, in this study, the effect of applying
different applied voltages on the photoelectric degradation of malachite green was investigated, and the
results are shown in Figure 6. It can be found from the figure that when the applied voltage increases
from 4 V to 8 V, the photoelectric degradation rate of malachite green increases with the voltage. The
possible reason for this phenomenon is that the effective working electrode area increases with the
voltage[55-57]. The direct and indirect electrochemical oxidation of organic pollutants on the electrode
surface can be enhanced. Increasing the voltage is also beneficial to the promotion of the separation of
photoelectron-hole pair and the improvement of the reaction rate of electro-photocatalytic malachite
green. However, when the voltage exceeds 8 V and continues to rise, the photoelectric degradation rate
of malachite green continues to increase but begins to decrease, the reason for which may be that the
number of photoelectron-hole pairs is fixed as the light intensity is fixed. When the voltage increases to
a certain value, the photogenerated electrons and holes are sufficiently separated to form a saturated
photocurrent. At this time, increasing the voltage will not increase the degradation rate, but will
aggravate the side reaction of anodic oxygen evolution and cathodic ammonia evolution [58]. A large
number of bubbles produced affect the adsorption of malachite green on the electrode surface, and inhibit
the reaction rate of photoelectricity degradation of rhodamine.
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Figure 6. Effect of applied voltage on electro-photocatalytic degradation of malachite green (0.01M
Na>S04) using TiO»2-3.
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Figure 7. Effect of initial pH on electro-photocatalytic degradation of malachite green (0.01M NazSQOa4)
using TiO»-3.

pH value is also a key factor in electro-photocatalytic degradation of organic matter, and the
influence of electro-photocatalytic reaction is a very complex process. It is generally believed that in the
electro-photocatalytic process, the influence of pH value is mainly manifested in the following two
aspects: on the one hand, pH value affects the charge on the TiO; surface and the ionic morphology of
organic compounds, thus affecting the adsorption and desorption capacity of organic compounds on the
electrode surface [59-61]. On the other hand, pH value can affect the migration of photocarriers and the
formation of active groups in the photocatalytic reaction. Figure 7 illustrates the effect of different pH
values on photoelectrochemical degradation of malachite green.

As shown in Figure 7, under acidic conditions (pH = 3-7), the photoelectric degradation rate of
malachite green decreases with the increase of pH value from 3 to 7. Under alkaline condition (pH = 7-
11), the photoelectric degradation rate of malachite green accelerates with the increase of pH value. The
possible reason for this fact is that pH value affects the form of malachite green, and further affects the
adsorption of malachite green on the electrode surface [62]. On the other hand, pH value affects the
formation of active substances in the system.

Figure 8 shows the effect of different initial concentrations on electro-photocatalytic degradation
of malachite green. According to the figure, when the initial concentration of malachite green is 15 mg/L,
the degradation rate reaches the maximum, and the removal rate reaches 92.2% after 60 min. Excessively
low or high concentration will reduce the removal rate. The reasons for this phenomenon may be as
follows: firstly, there are certain active sites on the electrode surface, and the degradation reaction
generally occurs at these active sites. Under the condition of low initial concentration of malachite green,
the active site can not completely be bound to malachite green. The electro-photocatalytic degradation
efficiency of malachite green is low due to the residual active sites. With the increase of malachite green
concentration, the adsorption of malachite green on the active site reaches saturation at a certain value,
and the degradation rate is the maximum at this time. When the concentration of malachite green
continues to increase, malachite green accumulates on the electrode surface, resulting in the reduction
of the active site. Therefore, increasing the concentration will not increase the degradation rate.
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Secondly, with the increase of malachite green concentration, the light transmittance of malachite green
solution decreases, and the light energy reaching the electrode surface decreases. The reduction of
photoelectron-hole pair yield is not conducive to the formation of surface active substances, such as free
radicals, thus reducing the electro-photocatalytic degradation rate.
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Figure 8. Effect of initial concentration on electro-photocatalytic degradation of malachite green (0.01M
Na>SOs4) using TiO2-3.

4. CONCLUSION

TiO2 nanotube electrode was prepared by electrochemical anodic oxidation in this work.
According to the photocurrent response and EIS of TiO> nanotubes in the light-dark transient process, it
can be concluded that TiO2 nanotubes deposited for 3 h have better photoelectric response performance.
Afterwards, the electro-photocatalytic degradation of malachite green was carried out with TiO;
nanotubes deposited for 3 h. Electrolyte concentration mainly affects the degradation effect of malachite
green through the change of the solution conductivity. The experimental results indicate that when
malachite green is in the process of electro-photocatalytic degradation, there is an optimal value of
electrolyte concentration, excessively high or low electrolyte concentration will weaken the
photocatalytic effect to a certain extent. In the electro-photocatalytic reaction system, the applied voltage
is mainly the driving force of electrode polarization and the photoelectron-hole pair separation. The
electro-photocatalytic degradation of malachite green can be improved by increasing the applied voltage
of electrolytic cell. However, overly high voltage will aggravate the side reaction and accelerate the
oxidation of electrode, thus affecting the degradation effect. The degradation rate of malachite green is
higher in acidic condition and alkaline condition, but the degradation rate of malachite green in acidic
condition is higher than that in alkaline condition, the reason for which is that on the one hand, pH value
affects the form of malachite green, thus affecting the adsorption of malachite green on the electrode
surface, while on the other hand, pH value affects the formation of active substances in the system.
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