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A y-Al203-supported N-V co-doped TiO2 (N-V/TiO2/y-Al.0z) photocatalyst was prepared as a particle
electrode for a visible light-assisted multiphase electrocatalytic treatment. In this experiment, the
Na>SO4 concentration, aeration, voltage and pH are used as variables, and COD removal is the
response for multivariate optimization. The optimal condition for maximizing the COD removal of
malachite green was obtained as Na2SO4 concentration of 0.12 moL/L, Voltage of 10.35V, Aeration of
51.9L/h and pH of 4. The optimal predicted and experimental COD removal were 86.94% and 86.17%.
To study the intermediates and final products of malachite green degradation and further study the
photoelectrochemical degradation pathway of malachite green, the solutions were sampled and
pretreated for GC-MS analysis. A possible photoelectrochemical degradation pathway of MG were
speculated. The visible light-assisted multiphase electrocatalytic method had a remarkable effect on the
degradation of the simulated malachite green wastewater, and the operation was simple. By further
optimizing the reaction conditions, it could be applied to the practice of malachite green removal in
wastewater treatment engineering.
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1. INTRODUCTION

Malachite green is a triphenylmethane dye that is widely used in silk, cotton, leather, wood and
paper industries as a colorant. Malachite green is widely used in many countries due to its low cost,
high efficiency and lack of suitable substitutes. However, studies have found that when malachite
green exists in the water, it will interfere with the transmission of sunlight, reduce the photosynthesis
of plants, and thus affect the living environment of aquatic organisms [1-2]. Moreover, malachite green
can also harm the human body by affecting the human immune system and reproductive system [3]. In
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2002, malachite green was listed as a major chemical carcinogen by the US Food and Drug
Administration. Therefore, it is very important to explore effective methods to remove this substance
from water bodies. Electrochemical catalysis technology is easy to operate and provides a clean
process [4]. Further, this process as it is carried out today combines both photocatalytic oxidation and
electrochemical oxidation. Hence, this technology reduces the problems of large energy consumption,
high processing cost, and low current efficiency that are typically associated with traditional
electrochemical catalysis methods. However, most photoelectrocatalytic research focuses on ultraviolet
light, and artificial ultraviolet light sources have the disadvantages of large power consumption,
expensive equipment, and poor stability. The application of new nanocomposites in the field of sewage
treatment has been extensive [5-8]. The optimization of variables through the response surface method
(RSM) can better show the interaction between variables and help optimize the degradation process
through fewer experiments.

In this study, an N-V/TiO./y-Al,O3 particle electrode was prepared with malachite green as the
target pollutant. The visible light catalysis of nano-TiO> was improved by N-V co-doping. This
experiment investigates the influence of various factors on the visible light-assisted multiphase
electrocatalytic degradation of MG and its operating range by changing one variable at a time. The
response surface method with BBD experimental design was used to optimize the operating parameters
of photoelectrochemical degradation. Furthermore, the degradation pathway of malachite green was
analysed by GC-MS.

2. MATERIALS AND METHODS

Slowly add 40mL of absolute ethanol to 13.6mL of tetrabutyl titanate, and continue to stir
during the addition to make it fully react. After stirring for 30 minutes, solution A was obtained. 10 mL
of absolute ethanol, 2 mL of glacial acetic acid and 2 mL of deionized water were mixed and
continuously stirred in a magnetic stirrer to obtain solution B in 30 minutes. Add 5g of y-Al.03
pretreated with dilute acid to solution A, use a magnetic stirrer to continue mixing and stirring
thoroughly, and slowly add solution B to solution A after y-Al.Oz is evenly mixed. Continue to add
urea and NH4VOs as N source and V source in the mixture. The doping ratio of N was controlled to
20%, and the doping ratio of V was 0.7%, 0.8%, 0.9%, 1.0%, and 1.1%, respectively. Five samples
were marked as T1, T2, T3, T4 and T5. After all the abovementioned additions, the solution was
stirred vigorously for 30 min and N-V/TiO2/y-Al20s sol was obtained. After standing at room
temperature, it was air-dried to a dry gel. Next, the sample was calcined at 400°C for 3 hours in a
muffle furnace to obtain a series of differently doped samples of N-V/TiO2/y-Al,O3 powder.
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1-Short arc Xenon lamp, 2-Xenon lamp power supply, 3-Air compressor, 4-Rotor flowmeter, 5-1rO,/Ti
anode plate and titanium cathode plate, 6-Aeration plate, 7-Aeration plate inlet, 8-N-V/TiO2/y-Al203
particle electrode, and 9-regulated power supply

Figure 1. Schematic of the experimental device.

In this experiment, a malachite green solution with a concentration of 150 mg/L was used to
produce simulated wastewater. A 350 W xenon lamp was used as the visible light source, and a 2
mol/L sodium nitrite aqueous solution was prepared in a reactor jacket to filter out most of the
ultraviolet light. The effective processing volume of the electrolytic reactor was 14 cm x 12 cm x 10
cm. The effective oxidation area of the plate was 10 cm x 10 cm. As an electrocatalytic anode,
titanium-based DSA material has high oxygen evolution overpotential, high electrochemical stability
and corrosion resistance. Therefore, the selected anode was a IrO./Ti plate because its oxide coating
has a low chlorine evolution overpotential and a high oxygen evolution overpotential; additionally, the
above anode demonstrates catalytic activity and is resistant to electrical contact friction. The cathode
was a titanium plate, and a particle electrode was placed in the reactor. The simulated malachite green
wastewater was put into the reactor, and then a certain amount of Na>SOs electrolyte and acid-base
reagent were added. The air compressor was turned on to aerate the reactor and control the aeration
volume through a rotor flow meter. Then, the cooling fan and xenon lamp were turned on, and the DC-
regulated power supply was adjusted to output a certain voltage. The malachite green wastewater was
sampled at intervals of 20 min for a total of 120 min. The COD was determined by rapid closed
catalytic digestion, and the degradation rate of malachite green was calculated by 4-aminoantipyrine
direct spectrophotometry.

3. RESULTS AND DISCUSSION

3.1. Catalyst characterization

Figure 2 shows that the absorption intensity of the sample prepared at a 400 °C calcination
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temperature in a light absorption range of 380-670 nm increased significantly. This shows that the N-V
co-doping increased the photocatalytic activity of the sample. It is convenient to generate more
photogenerated electron holes at higher wavelengths, and the best sample is T2. As the doping amount
of V" increases further, the absorbance of the sample decreases, which increases the probability of
photogenerated electron-hole recombination and decreases the photocatalytic performance of the
sample.
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Figure 2. UV-visible light absorption curves of N-V/TiO2/y-Al,O3 (a) and SEM images of various
catalysts (b) (a and c are electron micrographs of y-Al>03 at 3000x and 10000x magnifications,
respectively; b and d are electron micrographs of N-V/TiO2/y-Al,Oz at 3000x and 10000x
magnifications, respectively).

Figure 2 (b) shows the microstructure of the catalyst under scanning electron microscopy. As
can be clearly seen from the comparison, the y-Al2O3 support has an uneven surface before the
catalytically active component is loaded; additionally, the support has a distinct void structure. After
loading the active components, the surface of the catalyst N-V/TiO2/y-Al203 becomes smooth, obvious
crystal forms can be observed, and the crystal structure is stable. The specific surface area and surface
roughness of the sample are both large, which meets the requirements of catalyst porosity.

3.2. Effect of pH, voltage and aeration

The effect of pH on the removal rate of malachite green COD is shown in Figure 3a. Under
acidic conditions, a reduction reaction occurs on the surface of the cathode to produce strongly
oxidizing -OH and H.0O>. At this time, the oxygen is also more oxidative, which is beneficial to the
degradation of organic matter in the solution; thus, the malachite green removal rate is high. In the
catalysis process, the pollutants are first adsorbed to the surface of the catalyst N-V/TiO2/y-Al203, and
then the catalytic active sites under light conditions are used to degrade the pollutants. pH has an
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activating effect on active sites, just as the oxidation performance of potassium permanganate is
stronger under acidic conditions. In addition, the lower the pH, the stronger the ability of the catalyst to
adsorb pollutants. Increasing pH causes the existing form of malachite green to change, and severe side
reactions on the plate will compete with the organic matter, which is not conducive to its degradation
and affects the removal of malachite green. Therefore, a significant decline was observed in MG being
removed in this case. From the above analysis, it can be seen that in the electrochemical reaction,
acidic conditions are favourable for the removal of organic matter, and the initial pH requirements are
very strict.
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Figure 3. COD removal efficiency of MG (150mg/L) at (a) varying initial pH (initial concentration—
150 mg/L, N-V/TiO,/y-Al,0; particle electrode — 35¢/L, voltage—8V, aeration—40L/h); (b)
varying voltage (initial concentration—2150 mg/L, N-V/TiO./y-Al,05 particle electrode— 35g/L,
initial pH—4, aeration—40L/h); (c) varying aeration (initial concentration—150 mg/L, N-
V/Ti0,/y-Al,0; particle electrode — 35g/L, initial pH—4, voltage—11V).

The effect of voltage on the removal rate of malachite green is shown in Figure 3b. With the
increase of voltage, the number of N-V/TiO2/y-Al203 particle electrodes being polarized increases and
the contact area increases, and under the action of light irradiation, the recombination of electron-hole
pairs is inhibited, which is beneficial to the generation of strong oxidizing substances. However, a high
voltage leads to increased energy consumption and reduced selectivity for malachite green degradation
[9]. Fierro [10] and Simond [11] studied the mechanism of catalytic degradation of organics by IrO»-
coated electrodes, as shown below:
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(IrO2)s + H20 2(Ir02)s[*OH] + H' +& @)
(IrO2)s [*OH] — (IrO3)s + H" + ¢ 2
(Ir03)s — (Ir02)s + 1/2 O3 3)

(IrO3)s + Rag — (IrO2)s + (RO)ag 4)

In this degradation model, water molecules are first oxidized by IrO2 on the anode surface to
form hydroxyl species that are adsorbed on the anode surface. The adsorbed hydroxyl species will
form chemisorbed oxygen and simultaneously oxidize organic matter. The catalyst is then reduced to
IrO., but a part of this IrOs decomposes to generate oxygen which is a side reaction.. The increase in
voltage intensifies the occurrence of side reactions in the three-dimensional electrode system
composed of the cathode and anode plates and the N-V/TiO2/y-Al,O3 particle electrodes, and at the
same time increases the power consumption.

The influence of aeration on the removal rate of malachite green is shown in Figure 3c. The
malachite green removal rate increased from 63.76% to 83.35% as aeration increased from 20 L/h to
100 L/h. According to Xiong [12] and Siracusano [13], aeration keeps the particle electrode in a
suspended state, which can reduce the generation of a short-circuit current. The number of
repolarizations of the N-V/TiO/y-Al.Oz particle electrodes increases, and the mass transfer efficiency
is also improved. Aeration can provide oxygen to rapidly generate H.O. and -OH. Electrons generated
by electric field excitation can also be captured on the catalyst surface to inhibit the recombination of
electrons and holes, thereby generating hydroxyl radicals, as shown below:

0,+2H*+2e—H>0> (5)
H,02+H*—-OH+H>0 (6)
OH" +2e 2q—H: 7

When the aeration rate continues to increase to 100 L/h, the malachite green removal rate
decreases significantly. Excessive aeration makes it impossible for organic matter to stay on the
surface of the N-V/TiO/y-Al,Oz particle electrodes, leaving it before reacting with the active material
that is generated on the electrode surface; thus, excessive aeration is not conducive to the oxidative
degradation of organic matter on the electrode surface. Furthermore, excessive aeration increases the
probability of contact between the N-V/TiO2/y-Al.Oz particle electrodes, resulting in an increase in
short-circuit current and a reduction in the removal rate.

3.3. Multivariate optimization

Table 1. Experimental design.

A-Na S04 . COD
Sl.no concentration, B-'(A‘E/rﬁt)'on Vol tage- V) D-pH removal

(moL/L) %)

1 0.15 50 11 4 84

2 0.1 20 11 4 75

3 0.1 20 14 6 69

4 0.15 20 11 6 78

5 0.1 20 8 6 79
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6 0.15
7 0.1
8 0.15
9 0.05
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11 0.05
12 0.15
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Experimental design was established for four variables (Na>SOs concentration, voltage,
aeration volume and pH) and one response (COD removal). The initial concentration of MG was 150
mg/L and N-V/TiO2/y-Al,Oz particle concentration was 35g/L. In this experiment, Design Expert 8.0.6
software was used to sort and analyze the experimental results, and the data in Table 1 was fitted with

a quadratic polynomial, and the quadratic multiple regression model was obtained as:

COD removal= + 90.40- 1.42A- 0.33B+ 1.83C+ 5.25D- 2.25AB+ 4.25AC- 3.25AD+ 1.5BC-
2.75BD- 0.25CD- 4.78 A2-2.91B?- 4.91C?- 8.28D?

Table 2. ANOVA for the response surface quadratic model

Sum of

Mean

Source df F-Value P-Value Significance
Squares Square
Model 1142.03 14 81.57 23.17 < 0.0001 significant
A-Naz504 24.08 1 24.08 6.84 0.0203 *
concentration,
B-Aeration volume 1.33 1 1.33 0.38 0.5481
C-Voltage 40.33 1 40.33 11.46 0.0044 falad
D-pH 330.75 1 330.75 93.96 < 0.0001 *x
AB 9 1 9 2.56 0.1321
AC 20.25 1 20.25 5.75 0.031 *
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AD 42.25 1 42.25 12 0.0038 **
BC 30.25 1 30.25 8.59 0.0109 *
BD 0.25 1 0.25 0.071 0.7937
CD 72.25 1 72.25 20.52 0.0005 **
AN2 148.41 1 148.41 42.16 <0.0001 **
B/2 54.87 1 54.87 15.59 0.0015 **
Cn2 156.27 1 156.27 44.39 <0.0001 **
D2 445.06 1 445.06 126.43 <0.0001 **
Residual 49.28 14 3.52

Lack of Fit 46.08 10 4.61 5.76 0.0531 not significant

Pure Error 3.2 4 0.8

Cor Total 1191.31 28 R2 0.9586 R? adj 0.9173
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Figure 4. 3D surface plots for (a) pH and voltage versus COD removal, (b) Na2SO4 concentration and
pH versus COD removal, (c) Na2SO4 concentration and voltage versus COD removal, and (d)
aeration and voltage versus COD removal.

From the results of the analysis of variance, it can be seen that the P value of the regression
model is less than 0.01, and the lack of fit term P=0.0531>0.05, indicating that the residuals are all
caused by random errors. The model determination coefficient R?=0.9586, R?A¢=0.9173, indicating
that the model can explain 91.73% of the change in response value, and the model fits well with the
experiment. It can be seen from the analysis of variance table that voltage, Na>SO4 concentration and
aeration volume have significant effects on the COD removal. The greater the mean square value, the
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greater the impact. Therefore, the order of the four factors affecting the COD removal is D>C>A>B,
that is, pH>voltage>Na>SO4 concentration>aeration volume. The interaction between AD and CD was
extremely significant (P<0.01), the interaction between AC and BC was significant (P<0.05), and the
interaction between AD and BD was not significant (P>0.05).

Interactive effect plots of the variables on COD removal are provided in Figure 4a-d. In the
COD removal model, the interaction between Na>SO4 concentration and initial pH was observed to be
significant. It can be seen from Figure 4a that the response surface is steep, so the interaction of pH
and Voltage has a greater impact on the COD removal. The curved axis of pH is steeper than that of
Voltage, indicating that pH has a greater impact on COD removal. With the increase of pH and
Voltage, the COD removal first increases and then decreases, indicating that an appropriate increase in
pH and Voltage is beneficial to increase the removal rate, but the continuous increase of the two
factors is unfavorable for the COD removal. As mentioned before, the increase in pH value will cause
serious side reactions on the plate to compete with organic matter, which is not conducive to its
degradation and affects the COD removal. There is also a similar interaction between voltage and
Na>SO4 concentration, which is consistent with the results of analysis of variance.

Within the tested parameters, the optimal operating conditions are optimized to achieve the
maximum COD removal. The optimum conditions were obtained at Na>SO4 concentration of 0.12
moL/L, Voltage of 10.35V, Aeration of 51.9L/h and pH of 4. The predicted COD removal efficiency at
these conditions was 86.94%. The reaction conditions are adjusted at Na>SO4 concentration of 0.12
moL/L, Voltage of 10V, Aeration of 52L/h and pH of 4. The COD removal obtained under this
condition is 86.17%, which is close to the theoretical prediction value.

3.4. Discussion on the action mechanism of visible light-assisted electrocatalysis

N-V/TiO> is the active ingredient in N-V/TiO2/y-Al>O3 particle electrode. In an N-doped nano-
TiO2 semiconductor, N* replaces part of the O in the TiO lattice, which generates oxygen vacancies.
Oxygen vacancies generate impurity levels in the forbidden band of nano-TiO», making the forbidden
band width smaller. N® can also enter the TiO; lattice gap and is highly dispersed in the crystal lattice,
thereby shortening the band gap width and broadening the optical absorption range [14-15]. The
forbidden band width of the V.0s semiconductor is 2.05 eV [16]. When V°* ions are doped into the
TiO lattice, the photogenerated electrons on the TiO2 conduction band can jump to the V20s
conduction band so that photogenerated electron-hole transfer occurs [17].

The radius of N* (0.13 nm) is slightly smaller than that of O (0.14 nm). N* can enter the TiO;
lattice, replacing O% in the crystal lattice to form Ti-N-O bonds, or enter the lattice gap of TiO,[18].
The radius of V°* is 59 pm, which is close to the radius of Ti*" (68 pm). V° can replace Ti*" at its
lattice position to reduce the grain size and increase the unit cell volume [19]. As the N* doping
amount increases, the intermediate impurity energy level will also increase, and new O 2p orbitals will
be formed. The potential of the new O 2p orbit is higher than that of the original O 2p orbit, and the
electrons are more likely to transition to the conduction band. Therefore, the valence band of TiO3 is
increased while the band gap value is small, which broadens the absorption spectrum.
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Photocatalyst TiO>-doped ions generally include transition metal ions, rare earth metal ions,
precious metal ions, inorganic ions, and other ions [20-24]. Appropriate ion doping can generally
enhance the absorption intensity of TiO: in the visible range, but the photocatalytic activity of doped
TiO: is related to many factors, such as the type of doped ions, concentration, preparation method and
post-treatment. In**/TiO,, B/TiO2, Nd**-N/TiO, and V-N/TiO, photocatalysts can be prepared by a sol-
gel method. A tangent method is used to calculate the absorption threshold (Aonset) and band gap (EQ)
of the sample, as shown in Table 1. N-V co-doped nano-TiO2 has a maximum redshift of 71 nm, which
improves the photocatalytic efficiency of TiO,; the above redshift is followed by that of In®*-doped
nano-TiOz, with a redshift of 68 nm. This shows that metal and non-metal co-doped TiO2 has better
application prospects in wastewater treatment. Non-metal-doped TiO2 is supported on activated
carbon, y-Al20s and other carriers, which can be better applied to photoelectric co-processing of

organic wastewater.

Table 3. The absorption threshold (Aonset) and band gap (Eg) of In**/TiO,, B/TiO2, Nd**-N/TiO; and
V-N/TiO2 photocatalysts [24]

In®*/TiO; B/TiO; Nd**-N/TiO» V-N/TiO>
Ag (nm) 494.45 448.42 463.29 497.25
Eg (eV) 2.51 2.77 2.68 2.49

3.5. Pathway of degradation

In this experiment, GC-MS was used to analyse the degradation mechanism of MG in the
photoelectrochemical degradation process. In the process of photoelectrochemical reaction, MG
molecules and intermediates will be attacked by active free radicals, which may involve many complex
reactions such as N-demethylation reaction, benzene removal reaction and ring opening reaction [25-
28].

First, in the aqueous solution of malachite green, the main structure is separated from Cl-and
becomes the positively charged MG* [29]. Due to *OH’s attack on the central carbon atom and the
process of demethylation, MG* is converted to (4-aminophenyl) (4-(methylamino) phenyl) (phenyl)
methanol. The central carbon of malachite green undergoes a hydroxylation reaction, and then the
central carbon rapidly breaks the carbon-carbon bond to produce 4,4-bis(dimethylamino)
benzophenone and phenol. 4,4-bis(dimethylamino) benzophenone will continue to be oxidized into
organic compounds such as N,N-dimethylaniline, 4-dimethylaminobenzoic acid, p-Nitrobenzoic acid
and 4-Hydroxybenzoic acid [30]. Phenol is oxidized to organic compounds such as Hydroquinone and
p-Benzosemiquinoneand, and then further mineralized into small molecular organic compounds [31].
According to the results above, a possible photoelectrochemical degradation pathway of MG were
speculated and presented in Figure 5.
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Figure 5. Proposed pathway of photoelectrochemical degradation of MG

4. CONCLUSIONS

A simulated malachite green wastewater was treated by visible light-assisted multiphase
electrocatalysis. An N-V/TiO2/y-Al;,Oz catalyst was used as a particle electrode. The particle electrode
exhibits good photoelectrocatalytic performance in the visible light-assisted multiphase electrocatalytic
system. The optimum conditions were obtained at Na.SO4 concentration of 0.12 moL/L, Voltage of
10.35V, Aeration of 51.9L/h and pH of 4. The predicted COD removal efficiency at these conditions
was 86.94%. The reaction conditions are adjusted at Na>SO4 concentration of 0.12 moL/L, Voltage of
10V, Aeration of 52L/h and pH of 4. The COD removal obtained under this condition is 86.17%. A
possible pathway of MG degradation was proposed with the identified intermediates by GC-MS. MG
molecules undergo many complex reactions, such as N-demethylation reaction, benzene removal
reaction, and ring opening reaction to generate a series of intermediate products. By further optimizing
the reaction conditions, the visible light-assisted multiphase electrocatalytic method can be applied to
the practice of malachite green removal in wastewater treatment engineering.
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