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Abstract: Methylene blue (MB) is toxic to humans and aquatic animals, and its removal from
aqueous solutions requires high power consumption and long processing times. To improve
the effect of dielectric barrier discharge (DBD) treatment of methylene blue and increase the
energy utilization rate. In this study, we employed a novel approach, using a cylindrical DBD
reactor, to treat MB in aqueous solutions. We found several factors, including input voltage,
aqueous solution flow rate, number of high voltage electrodes, electrode size, and inside
diameter of the dielectric tube influenced the MB removal rates with DBD. Our experimental
results indicate that the change of electrode parameters can effectively improve the removal
rate of methylene blue in DBD plasma treatment. At the same time, electrode parameters can
lead to medium layer change of energy consumption; hence, the influence of electrode
parameters on energy utilization efficiency also has an optimal value.

1. Introduction

MB [1], as a phenothiazine salt, is extensively used in chemical indicators, dyeing,
pharmaceuticals, and identification purposes. In recent years, the rapid development of the textile
industry [2] has resulted in a significant amount of dye wastewater [3]. This wastewater is difficult to
degrade, has a deep color, a wide range of pH values, and a complex composition, which can
adversely affect the water environment. It not only harms the ecological environment but also impacts
people's daily lives. The traditional wastewater treatment technology has several shortcomings [4~8]
and cannot selectively degrade all types of dye wastewater.

As an advanced oxidation technology, DBD [9~12] can generate high-energy electrons, ultraviolet
light, ozone, hydroxyl, and other strongly oxidized substances to decompose organic particulate in
the water to simpler without causing secondary pollution to the environment. During the DBD
reaction process, high-energy electrons are generated and ionize and excite water molecules. The
first-order products include ions, excited molecules, and secondary electrons, while the second-order
products consist of oxygen atoms, ozone, hydrogen peroxide, and hydroxyl groups with strong
oxidation properties. The active substances in the secondary products play a vital role in degrading
wastewater. MB molecules react with these active molecules, undergo a series of reactions such as
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bond breaking, ring opening, and association, and ultimately degrade into CO2, H20, and other
inorganic ions, achieving the purpose of degrading wastewater. Additionally, the local high
temperature and ultraviolet light produced during the DBD discharge process also promote the
degradation of MB to some extent.

However, DBD plasma still faces issues such as poor discharge stability [13]. Many scholars [14-
18] have investigated the media thickness, discharge gap and voltage parameter influence on stability
of Dielectric Barrier Discharge, but little has been reported to investigate high voltage electrode
parameters of the effect on the removal rate of dye wastewater of the dielectric barrier discharge
reactor. Especially the cylinder-type discharge reactor.

In this work, a cylinder-type discharge reactor was applied for removal of MB from aqueous
solution, and influence factors such as electrode structure (density and size of high voltage electrodes,
dielectric layer thickness) and instrument parameters (level of input voltage, flow rate of aqueous
solution, rate of carrier gas) on removal rate of MB and the energy efficiency was discussed. The
experimental results show that there are optimal values for the output voltage of the power supply,
the flow rate of the solution, the inner diameter of the medium tube, and the characteristic size of the
high-voltage electrode, which can improve the degradation effect of methylene blue and stabilize the
discharge reaction. Our results suggest that improving reactor parameters of DBD plasma is a
promising approach for the degradation of organic pollutants in water treatment processes.

2. Materials and methods
2.1 Experimental

Batch experiments were conducted to investigate the effects of aperture size of high voltage mesh
electrode size, and dielectric tube inside diameter on the performance of MB degradation using DBD.
A custom-made water treatment reactor was used in this study, as shown in Figure 1.
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Figure 1. Schematic diagram of the dielectric barrier discharge (DBD) reactor.

The experimental setup comprised a high-voltage AC power supply, a water treatment reactor, and
a constant current pump. An AC power supply of 10 kHz (CTP-2000K, Nanjing Suman Electronic
Co., Ltd) was utilized. The water treatment reactor was a cylindrical double DBD reactor measuring
581 mm in height and 202 mm in width. It had a grounded electrode inside and a layer of quartz
medium with a diameter of 8 mm wrapped around the outer layer. The MB aqueous solution flowed
along the inner layer of the quartz medium as a film. The constant current pump (Shanghai Qingpu
Huxi Instrument Factory) controlled the flow rate of the aqueous solution. Air was used as the reaction
gas, and the flow rate was controlled by a flowmeter (D08-1F flow indicator, Beijing Sevenstar Flow
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Co., Ltd.) into the inner and outer mediums. The outer layer was a quartz medium with an outer
diameter of 25 mm and an adjustable inner diameter ranging from 20 to 22 mm. The high-voltage
electrode was a stainless-steel mesh wrapped in the quartz outer medium, and its size determined the
length of the section that could generate plasma discharge. For each batch of experiments, the total
volume of the system was 500 ml of 100 mg/L MB aqueous solution prepared with tap water, and the
critical conductivity was 494 ps/cm. A fixed volume of 5 mL of the aqueous solution was sampled at
regular intervals.

2.2 Analytical methods

The discharge voltage and current were measured using a 500 MHz digital oscilloscope (TDS
2012B, Tektronix, USA) equipped with an HV probe (P6015, Tektronix, USA) and a current probe
(TCP303, Tektronix, USA). The voltage and current waveform are obtained by the TDS1000C-SC
Oscilloscope (Tektronix, USA). The voltage and current waveform diagram of dielectric barrier
discharge is shown in Figure 2(a), and the discharge power was calculated based on the Lissajous
figure. All figures are approximate parallelograms with different areas. The calculation method of
discharge power refers to the paper published by Mu et al. [19]. Except for the study on the effects of
input voltage, the input voltage was 70V.As shown in Figure 2(a), it can be clearly seen that the
applied voltage and the breakdown current have the same frequency, but the current waveform has
more obvious fluctuations compared to the voltage waveform, which is caused by uneven discharge.
Specifically, when the applied voltage is high, the ions in the dielectric layer and discharge layer are
not sufficient to provide a stable current carrier for the voltage, resulting in non-steady discharge
effects. When the applied voltage is low, the discharge current has a good alternating waveform,
indicating that the methylene blue solution in the experiment can indeed be studied by the DBD
method. The plasma current spikes are densely distributed during the rising and falling stages of the
voltage, but relatively sparse during the stage with a low rate of voltage change. Keeping other
conditions constant, the steeper the rising and falling edges of the voltage, the more favorable it is for
the generation of discharge channels, resulting in a better pollutant removal effect.
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Figure 2. (a) Voltage and current waveforms of the dielectric barrier discharge at 70V.(b) The
typical plasma OES of DBD at 70V.

A pH meter (PHSJ-3F, Shanghai INESA & Scientific Instrument Co., Ltd, China) was used to
measure variations in pH during the treatment. A conductivity meter (DDSJ-308F Shanghai MQK
Industrial Co., Ltd, China) was used to measure the change in conductivity during degradation. The
Ultraviolet visible spectrophotometer was monitored as a function of treatment time and quantified
using a UV-vis Spectrophotometer (UV-2600, Shimadzu, Japan). The relationship between MB
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concentration and measured absorbance was linear. Methylene blue concentration was determined by
the standard curve method. Optical Emission Spectrometer (OES) of the DBD plasma was
investigated using an AvantesAvaSpec-ULS4096CL-EVO spectrometer, as shown in Figure 2(b).
From the graph, it can be clearly seen that lots of species was produced in the discharge space during
the DBD process. The main components are Os, OH*, N2O*, NO, and H20". MB molecules are
oxidized and decomposed into small molecules by these strong oxidizing species. Ozone survives
longer and has a more stable energy state than the other components. By its concentration reflects the
amount of all substances produced in the gas phase.
The degradation rate of MB is calculated as:

Co — C¢

n= X 100%

Co
co and c; are the concentrations of MB without treatment and after treatment time t, respectively.
Through —In (?) = k * t calculate the first order reaction kinetics of MB rate constant k, on behalf
0

of the degradation rate of MB aqueous solution, namely the same time the amount of MB aqueous
solution concentration changes much.

3. Results and discussion

3.1 MB degradation by DBD under different inside diameters of medium and different input
voltage
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Figure 3. (a) The reduction of MB with varying inner diameters of the medium tube: The inner
diameter of the medium tube was changed to 20mm (T1), 21mm (T2) and 22mm (T3) respectively.
(b) MB degradation by DBD under different input voltage.

When keeping all other parameters of the reactor constant, the only variable is the inner diameter
of the medium, the results are presented in Figure 3(a). The breakdown field strength of gas is
determined by gas type and pressure, so for the same gas, voltage, and reactor structure, the
breakdown field strength should remain consistent. However, as the thickness of the dielectric plate
reduces, the gap discharge and accumulated charge on the dielectric surface increase, along with the
expansion of the discharge channel. A decrease in dielectric thickness also leads to a rise in the
discharge gap, which can cause an increase in gas breakdown field strength and discharge instability.
As demonstrated in Figure 3(a), a medium diameter of T1 (20 mm) yields the most effective plasma

degradation of MB and is also the most stable discharge process. Therefore, the experiment
maintained an inner diameter of 20 mm.
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Figure 3(b) illustrates the MB decomposition efficiencies as a function of treatment time for
varying discharge voltages. Increasing the input voltage resulted in the removal of more MB. After
60 minutes, 90 V achieved a degradation rate of 89.9%, compared to only 35.8% at 50 V. Higher
discharge voltages lead to greater electric field strength, larger discharge areas, more gas molecules
being ionized to generate additional free radicals, and consequently, a higher removal rate of MB.
Several studies [20] have shown a positive correlation between MB removal rate and discharge
voltage. However, considering factors such as energy efficiency, reactor lifespan, plasma heating
effect, and discharge stability, the input voltage was maintained at 70 V throughout the experiment.

3.2 MB degradation by DBD under the different solution flow rate and mesh of electrode
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Figure 4. (a) MB degradation by DBD under the different solution flow rate. (b) MB degradation by
DBD under different high voltage electrode stainless steel mesh

Figure 4(a) depicts the time course of MB degradation with an aqueous solution circulation flow
rate ranging between 90 r/min and 130 r/min. Under the same conditions, MB degradation initially
increased and then decreased with an increase in the aqueous solution flow rate. The MB removal
rate was highest at 100 r/min, and the Kinetic constants of the first-order reaction were also the highest.
One of the primary goals of changing liquid rate in aqueous solution treatment is to increase the
likelihood of collision between water and MB molecules with plasma and improve the gas-liquid
mass transfer coefficient. A too-fast or too-slow liquid flow rate can result in discharge instability,
reduced discharge channels, and high-energy particles generated by a discharge that cannot fully
contact with MB molecules, leading to a reduced removal rate and energy utilization efficiency.
Therefore, the aqueous solution circulation flow rate was maintained at 100 r/min during the
experiment.

Keeping other characteristic parameters of the discharge tube unchanged, different high-voltage
electrodes with a stainless-steel mesh aperture of 830 um (M1, 20 mesh), 250 um (M2, 60 mesh), 150
um (M3, 100 mesh), 106 um (M4, 150 mesh), and 74 um (M5, 200 mesh) were used in the
experiments. The results are presented in Figures 4(b).

The experimental results indicate that the aperture size of the high-voltage electrode has a
significant impact on the removal of MB. The highest MB removal rate and first-order kinetic
constant value were observed when the M5 electrode was used, suggesting that the DBD treatment
effect on MB was better with a smaller electrode aperture, assuming other reactor characteristics
remained unchanged.

21



3.3 MB degradation by DBD under different lengths of electrode
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Figure 5. Variation of the parameters of aqueous solution under DBD treatment by different lengths
of high voltage electrode. (a) MB degradation; (b) Energy efficiency; (c) conductivity; (d) PH.

In the discharge tube, with other parameters held constant, experiments were conducted using high
voltage electrodes of different lengths of stainless-steel mesh: 72.5 mm (L1), 117 mm (L2), 132 mm
(L3), 145 mm (L4) and 165 mm (L5). The results are presented in Figures 5 (a), (b), (c) and (d), which
show the variation of MB degradation rate, variation of energy efficiency and conductivity of reactors
with different high voltage electrode lengths within 60 min.

As shown in Figure 5, the length of the high-voltage electrode has a significant effect on the
removal of MB. The highest removal rate and first-order kinetic constant of MB were obtained with
the L5 electrode, indicating that a longer electrode length leads to better DBD treatment of methylene
blue when other reactor characteristics are constant. The length of the high-voltage electrode directly
affects the equivalent capacitance of the circuit. A longer electrode increases the area of the ground
electrode, leading to increased Ug and Ig under the same input voltage.

Although the equivalent capacitance and average discharge power of the DBD reactor increase
with the increase in high-voltage electrode length, the energy consumed by the dielectric layer also
increases. Therefore, the high-voltage electrode length has an optimal value for energy utilization
efficiency. As shown in Figure 5(b), the energy utilization efficiency is the highest when the high-
voltage electrode length is L3(132mm). The conductivity and degradation rate are positively
correlated, as shown in Figure 5(c), because the higher the degradation rate, the more unbound ions
in the aqueous solution, leading to higher conductivity.

It can be seen from the experimental results that with the increase of discharge time, the pH of the
solution gradually decreases, which indicates that in the process of degradation of methylene blue by
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dielectric barrier discharge, acidic substances are generated in the solution. There are two sources of
acidic substances: nitrogen and oxygen in the air during discharge react to produce nitrogen oxides
(as shown in Figure 2(b)), and nitrogen oxides dissolve in water to produce nitric acid [21]; Organic
and inorganic acids are generated during the degradation of methylene blue, making the solution
acidic [22].

As shown in Figure 5(d): the larger the electrode size, the more acidic the solution with the increase
of treatment time, indicating that the larger the high-voltage electrode size, the higher plasma
discharge intensity, better uniformity, higher methylene blue degradation rate, more nitric acid,
organic acid, inorganic acid and other intermediate products, resulting in more acidic solution, lower
pH value.

4. Conclusions

The experiments in this paper demonstrate that the removal rate of MB by DBD is not only
influenced by the power supply voltage, liquid rate, and medium tube diameter but also significantly
impacted by the characteristic size of the discharge tube. The positive promotion effect of decreasing
the dielectric layer thickness is smaller than the negative effect of increasing the gas gap distance.
The smaller the thickness of the medium layer, the better the treatment effect. The discharge voltage
determines the number of active particles produced, and the voltage is positively correlated with the
degradation rate. However, the excessively high voltage will result in unstable discharge, significant
heat loss, and reduced reactor lifespan.

The liquid flow rate has an optimal value; when it is too fast or too slow, discharge instability
occurs, gas-liquid mass transfer efficiency is reduced, and ultimately the removal rate of MB is
decreased. The aperture size of the high-voltage electrode has a significant effect on the removal of
MB. A smaller aperture size results in higher degradation efficiency of methylene blue. Additionally,
the length of the high-voltage electrode has a pronounced effect on the MB removal rate. The longer
the electrode length, the better the MB degradation effect. However, the energy consumed by the
dielectric layer also increases with the high voltage electrode length, so there is an optimal value for
energy utilization efficiency.
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