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Degradation of synthetic dye in water by solution plasma process
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Abstract: In this study, the solution plasma process was utilized with the aim of degrading synthetic dyes in water at atmospheric
pressure. The experiments were conducted in a batch-type reactor consisting of a symmetric wire-wire electrode configuration with
rhodamine B (RhB) as the target synthetic dye. The effects of the plasma treatment time and initial dye concentration on the RhB
degradation were investigated by monitoring the change in absorbance of RhB solutions. The RhB solutions turned lighter in color
and finally colorless with prolonged plasma treatment time, indicating the destruction of dye molecules. The RhB solutions were
found to have degraded, following the first-order kinetic process. However, for high initial RhB concentrations, another kinetic
process or factor seems to play a dominant role at the initial degradation stage. The fitted first-order rate constant decreased as the
initial concentration increased. This result suggests that the degradation behavior and kinetic process of the RhB solution strongly
depends on its initial concentration. The RhB degradation is considered to be due to a combination of factors, including the formation
of chemically oxidative species, as well as the emission of intense UV radiation and high-energy electrons from the plasma. We
believe that the solution plasma process may prove to be an effective and environment-friendly method for the degradation or
remediation of synthetic dye in wastewater.
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1. Introduction complete degradation of synthetic dye in wastewater streams.

Synthetic dyes have been used extensively in a variety of Therefore, the development of a universal effective method

manufacturing industries such as the textile, paper, cosmetics, with environmental compatibility for the degradation or

leather, and printing industries [1][2]. The wide variety of remediation of synthetic dyes is highly important in industrial

colors originating from them makes various products more dye wastewater treatment.

beautiful and fashionable, as well as improves their design and Recently, non-thermal plasma in liquid has emerged as an

function. However, owing to the major presence of a toxic environment-friendly and effective technological method for the

aromatic ring in them, wastewater streams containing synthetic degradation of various synthetic dyes and toxic compounds

dyes from industrial processes have become a serious [10]-[15]. In general, the non-thermal plasma is produced by

environmental problem and human health issue at a broad range applying high-voltage pulses with fast rise times and short

of levels from the local to the global [2]-[4]. In general, durations at ambient conditions. When the plasma occurs in

industrial wastewaters are treated by one or a combination of water, it initiates several physical and chemical processes, such

chemical, physical, and biological methods before their release as ultraviolet (UV) radiation, shock waves, high-energy

into the local environment [5]-[9]. However, these conventional electrons, and the formation of various chemically active

methods are ineffective and may be not suitable for the species [15][16]. The hydroxyl radical and atomic oxygen are
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known be important reactive species, which play a major role in
the degradation of organic pollutants in wastewater through
oxidation reactions because of their high oxidation potentials
[17]-[19]. Although several studies have been conducted on
non-thermal plasma through different batch-type reactors and
electrode geometries, its application to wastewater treatment
has only very recently been studied, and there is a great
necessity for further intense studies on various types of dyes.

In this study, non-thermal plasma generated in liquid water,
termed “solution plasma,” was utilized for the degradation of
synthetic dye at atmospheric pressure. A batch-type reactor
consisting of a symmetric wire-wire electrode configuration
was employed for the generation of the plasma. Rhodamine B, a
member of the xanthenes dye family, was selected as the target
synthetic dye. The effects of plasma treatment time and initial
dye concentration on the degradation of RhB dyes were studied

and discussed.

2. Experimental

2.1 Materials

Rhodamine B (RhB, CysH3;CIN,O3) dye was purchased from
Sigma-Aldrich. Potassium chloride (KCI, 99.9% purity) was
purchased from Ajax Finechem. Tungsten wire (99.9% purity)
with a diameter of 1 mm was purchased from The Nilaco
Corporation. Deionized water was used throughout the
experiments in this study. All chemicals were of analytical

grade and were used as received without further purification.

2.2 Degradation of RhB by Solution Plasma

The synthetic wastewaters were prepared by dissolving the RhB
dye with the deionized water at four initial concentrations (1, 5, 10,
and 15 mg L™). A specific amount of KCI was then added to the
RhB solutions to increase the solution conductivity and stabilize the
plasma during treatment. The prepared RhB solutions were
magnetically stirred in a dark environment at room temperature for
24 h to reach the equilibrium condition. After this process, a
quantity of 170 mL of each RhB solution was poured into a batch-
type reactor made of acrylic glass with dimensions of 7.5 cm x 7.5
cm x 5 cm. A symmetric pair of 1-mm diameter tungsten electrodes
shielded with insulating ceramic tubes was placed at the center of
this reactor with a gap distance of approximately 0.9 mm. The
prepared RhB solution served as a dielectric barrier between the
two electrodes in the reactor. A schematic diagram of the
experimental setup for the RhB degradation is shown in Figure 1.

A bipolar pulsed voltage was applied to the tungsten electrodes

using an MPP-HV02 Pekuris power generator (Kurita Seisakusho
Co., Ltd.). The pulse duration and repetition frequency were fixed
at 1.5 ps and 30 kHz, respectively. The plasma treatment times for
the RhB solutions of differing initial concentrations was different,
and depended on the time required for the RhB solution to turn
colorless. The experiment was performed three times for each RhB
solution of differing initial concentration to confirm its repeatability.
The waveforms of discharge voltage and current were measured
using a Yokogawa 701926 high-voltage probe and a Yokogawa
701929 current probe, respectively, connected to a Yokogawa
DLM2024 oscilloscope. The discharge voltage and current were
determined to be approximately 450 V and 6 A, respectively
(Figure 2).

Figure 1: Schematic diagram of solution plasma system used
for the RhB degradation in this study.

Figure 2: Waveforms of discharge voltage and current of the

plasma generated in the RhB solution.
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2.3 Characterizations

The RhB degradation was monitored by measuring the
change in the maximum absorbance at 554 nm using a
Shimadzu UV-1800 UV-Vis spectrophotometer at room
temperature. To measure the absorbance, a 2 uL quantity of
RhB solution was collected from the reactor every 30 min
during the treatment without stopping the reaction. The
absorption spectra were recorded in the wavelength range of
300 to 700 nm with a quartz cell (1 cm path length).

To evaluate the formation of reactive species, the optical
emission spectrum of the plasma was recorded with an Avantes
AvaSpec-3648 optical spectrometer in the wavelength range of
200 to 900 nm. The spectrum was recorded by averaging three

scans with a 200 ms integration time.

3. Results and Discussion

For each RhB solution of differing initial concentration, the
absorption spectra after various durations of the plasma
treatment are displayed in Figure 3. It was observed that the

absorption peaks at 554 nm showed similar trends for all of the
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RhB solutions, with a continuous decrease in absorbance for an
increase in treatment time. The corresponding decolorization of
each RhB solution is shown in the inset photographs. As can be
clearly seen, the color of each RhB solution gradually changed
from pink to light pink, and finally to colorless, which is
consistent with the decrease in the absorption peak at 554 nm.
Additionally, a gradual decrease in the absorption peak at the
wavelength of 354 nm was also observed. The decrease in the
absorption peaks at 354 and 554 nm clearly indicates the
destruction of the RhB dye molecules after plasma treatment.
The degradation efficiency for each RhB solution of differing
initial concentration can be calculated using Equation (1).

Degradation efficiency (%) = [(Co — C,)/Co] X 100, (1)

where C, is the initial concentration of the RhB solution, and
C, is the residual concentration of the RhB solution after plasma
treatment at time t. The RhB concentration was determined
from the absorbance at 554 nm according to the Beer-Lambert
law. Figure 4 a shows a plot of the degradation efficiency of
the RhB solutions of differing initial concentrations as a
function of the treatment time. The degradation efficiency of the

Figure 3: UV-Vis absorption spectra for RhB solutions of differing initial concentrations. For each RhB solution, the

absorption spectra after various durations of plasma treatment are shown. The inset photograph for each RhB solution

shows the corresponding decolorization after various treatment times.
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RhB solution with an initial concentration of 1 mg L™ RhB
reached almost 100% within 180 min, while that for RhB
solutions with higher initial concentrations required longer
treatment times to reach 100%. The complete degradation of the
RhB solutions with initial concentrations of 5, 10, and 15 mg
L was observed after a treatment time of approximately 210,
270, and 330 min, respectively. This result clearly indicates that
the rate of increase of degradation efficiency decreased
significantly when the initial concentration of the RhB solution
was increased from 1 to 15 mg L%, To evaluate the effect of the
initial concentration on degradation kinetics further, where the
degradation rate depends on the amount of dye molecules in the
solution, the first-order rate constant of RhB degradation can be

calculated using Equation (2):
In(C;/Co) = —kt, o)

where k is the first-order rate constant (min™). Figure 4 (b)

shows the plot of In(C,/Cy) as a function of treatment time for

Figure 4: (a) Degradation efficiency as a function of treatment
time for RhB solutions of differing initial concentrations. The
vertical error bars were determined based on the standard
deviation of three repeated experiments. (b) Plot of In(C/Cy) as
a function of treatment time for RhB solutions of differing

initial concentrations.

RhB initial concentrations according to Equation (2). The first-
order rate constant for the degradation of each RhB solution
was estimated from the slope of the straight line that most
closely matched the experimental data. It was found that the
degradation of the RhB solution with an initial concentration of
1 mg L™ revealed a good linearity throughout the treatment time
investigated, indicating its entire degradation via the first-order
kinetic process. However, for the RhB solution with an initial
concentration of 5 mg L?, the experimental data slightly
deviated from the linear fitting curve at the initial stage of
treatment. This deviation became more obvious for the RhB
solutions with initial concentrations of 10 and 15 mg L. The
degradation via the first-order kinetic process began to occur
after treatment times of 30, 60, and 120 min for the RhB
solutions with initial concentrations of 5, 10, and 15 mg L™,
respectively. The first-order rate constants were calculated to be
0.028, 0.026, 0.025, and 0.019 min™* for the RhB solutions with
initial concentrations of 1, 5, 10, 15 mg L™, respectively. These
results are in agreement with previous findings that the rate
constant decreases with an increase in the dye concentration
[20]. From the results described above, three main points were
confirmed, as follows. 1) The initial concentration of the RhB
solution had a significant influence on the RhB degradation, and
the degradation rate decreased with an increase in the initial
concentration. 2) The RhB degradation entirely followed the
first-order kinetic process when the RhB solutions had
3) At
concentrations, another kinetic process or factor seemed to play

sufficiently low initial concentrations. higher
a dominant role in the degradation process. However, this
kinetic process or factor could not be determined. Therefore,
future studies need to clarify the process or factor at play.

To gain a better understanding of the RhB degradation by
solution plasma, optical emission spectroscopic measurements
were carried out to investigate the chemically reactive species
formed in the plasma during treatment. Figure 5 shows the
optical emission spectrum of the plasma generated in water in
the wavelength range of 200 to 900 nm. The emission peaks at
434, 486, and 656 could be detected, corresponding to atomic
H, Hg and H, respectively. At higher wavelengths, the
emission peaks attributed to atomic O were clearly observed at
778 and 844 nm. Additionally, a weak peak corresponding to
the OH radical was also detectable at the shorter wavelength of
310 nm [21]-[23]. It is considered that the OH radical and

atomic O generated from the plasma play important roles in
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initiating the degradation of the RhB dye molecules in the
solution owing to their strong oxidative potentials. The
oxidative species can diffuse into the gas phase and dissolve in
water through the interface layer to react with the RhB dye in
water resulting in degradation into its derivative, as reflected by
the decolorization of RhB solution. In addition to the
chemically oxidative species, the simultaneous occurrence of
intense UV radiation and high-energy electrons from the plasma
may also have a synergistic contribution to the degradation of
the RhB solution. The UV light can enhance the water
dissociation reaction and subsequently increase the formation of
OH radicals. The more energetic electrons produced under the
strong electric field between the electrodes may also help to

dissociate the dye molecules.

Figure 5: Optical emission spectrum of the plasma generated in

aqueous solution.

4. Conclusions

The degradation of RhB solutions of differing initial
concentrations was investigated using a solution plasma process
at atmospheric pressure. The results showed that the RhB
solutions were degraded continuously with an increase in the
treatment time, as indicated by the decolorization of the
solutions. For RhB solutions of higher initial concentrations, a
longer treatment time was required for complete degradation.
As the initial concentration increased, longer treatment times
were required before the RhB degradation began to proceed
following the first-order kinetic process. For the solutions with
higher initial concentrations, another kinetic process or factor
may play a role in the degradation at the initial degradation
stage. The formation of chemically oxidative species (i.e., OH
radicals and atomic O) are believed to play major roles in the

degradation of the RhB solution, while the intense UV radiation
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and high-energy electrons seem to have minor contributions.
The results obtained in this study show that the solution plasma
process has the potential to become a useful method for the
degradation or remediation of synthetic dyes in wastewaters
because of its capability of effective degradation as well as its
environmental compatibility. We believe that this process can
be further developed to large-scale and continuous process
applications of dye wastewater treatment using multiple plasma

channels with a continuous flow system.
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