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Abstract. Plasma electrolysis has been proved have much higher effectivity in degrading
complex pollutant contained in batik dye wastewater. This study aims to investigate the
effect of gas bubbles with air injection of plasma electrolysis in decolorization process. A
new method to form bubbles using injection of air directly through anode with a tiny hole of
glass tube is proposed. This research work presents the effects of gas injection rates on
various phenomena such as electrical power of discharge pulses, concentration of OH
radicals, and the decolorization percentage of remazol red as the dye waste in a batch
reactor system. Experimental results showed that direct injection of air through anode can
reduce the required energy for plasma generation significantly compared to non gas
injection. Energy consumption for discharge plasma was observed lowered at higher rates
of gas injected. Optimum gas flow rate at different voltage has been evaluated based on
the physical and chemical characteristics of plasma. At higher required energy due to
higher operation voltage used, the required gas injection rate to effectively degrade the
waste was found higher.

mechanism affect the physical and chemical
characteristics of the plasma formed [3]. Plasma

1 Introduction

Azo dyes are the most widely used in the batik industry
since those dyes have several advantages such as high
economic value, easy to obtain, resistant to various
environmental conditions and have wide color range.
However, azo dyes are strong biological toxic and have
complex aromatic structure resulting in the difficult
degradation for the liquid waste. Several treatment
processes such as biological, physical, and chemical
treatements have been used to degrade color molecules
from batik waste, but each one has some shortcomings in
terms of time, equipment, and cost. However, several
studies have shown that plasma electrolysis method is
effective and efficient in degrading the waste both in
terms of the percentage of decolorization and processing
time.

The plasma produced during the plasma electrolysis
process, occurs at sufficiently high operating voltage
which exceed the breakdown voltage. The heat generated
can forms a layer of gas sheath around the electrode and
then forms the plasma [1]. The process requires a large
energy consumption caused by the high dielectric
strength of the liquid. The gas injection is used to form
bubbles and the gas sheath layers to assist plasma
formation which has proved to significantly reduce the
energy consumption. This is due to the smaller dielectric
strength of the gas compared to the liquid [2]. The
addition of gas injection can also reduce the erosion of
the electrodes where the plasma is formed. In addition,
gas injection may affect the formation of active species
where the gas type, gas injection flow rate, and injection
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electrolysis can form several active species such as H',
H;O', H, reactive radicals such as OH, as well as
molecular species such as H, dan H,O, [2-3]. All of
these active chemical species can attack and then
degrade various pollutants contained in the waste.

This study explains the effect of flow rate of air injection
and operating voltage on energy consumption during the
process of plasma formation, OH radical concentration
and the percentage of decolorization of batik dye waste.

2 Material and Method

The scheme of batch reactors of 130 mm in diameter and
190 mm in height used for this study is shown in
Figurel.

Plasma electrolysis reactor is made from transparent
glass equipped with electrode and cooling water
circulation. The electrodes used are stainless steel with
diameter 6 mm for cathode and tungsten with diameter
0.5 mm for anode. The anode was covered with a glass
tube by the hole as the entrance and exit of air injected
into the reactor (Figure 2).

The flow rate of the gas was varied to 0 I/min (non-
gas injection), 0.3 1/min, 0.5 1/min, 2 1/min, 4 1/min, and
6 I/min. The operating voltage required to generate the
plasma is varied to 500 V, 600 V, and 700 V. The
controlled process temperature was 50 — 55 °C and each
process sequence was carried out in 30 minutes, for OH
radical measurements, energy consumption and
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decolorization process. Measurement of OH radicals
using permanganometry titration method with KMnO,
0.01 N. Standardization of KMnO, solution before
measurement was done using Na,C,04 0.01 N solution.
Titrations with the addition of H,SO, 10 M were

performed at temperatures 80 - 85°C.
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Fig. 1. Schematic view of plasma electrolysis reactor

1. Thermometer. 2. Anode. 3. Cathode. 4. Anode series with

glass tube of gas injection. 5. Baffle. 6. Dye solution. 7.
Cooling water. 8. Magnetic bar. 9. Magnetic stirrer. 10.

Cooling water inlet. 11. Cooling water outlet. 12. Gas injection

inlet. 13. Compressor. 14. Multi-meter. 15. Diode bridge. 16.
Transformator. 17. Slide regulator.
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Fig. 2. Schematic view of glass tube for injection

The measurement of the OH radical concentration
for each voltage variation, gas injection flow rate, and
non-injection gas were performed by titration using
Na,SO 0.02 M electrolyte solution as titrant and KMnO,4
0.01 N solution as titer. The dye solution used was
remazol red RB 133 with an initial concentration of 200
ppm. The addition of Fe*" ions of 20 ppm serves as a

catalyst in the process of decolorizing the pollutants to
decompose H,O, into the OH radicals [6].

3 Result and Discussion
3.1 Energy consumption for plasma generation

The energy consumptions for non-air injection and air
injection with flow rate variation (0.3, 0.5, 2, 4, and 6)
1/min at each operating voltage for 30 minute process are
shown in Figure 3.
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Fig. 3. Energy consumption of non gas injection and various
gas flow rates at different operation voltages

The higher the operating voltage, the higher the
energy required for the process. This is because the
higher the operating voltage, the kinetic energy passing
through the electric field is also higher and will produce
heat which will produce the gas sheath in the formation
of plasma [8]. In the variation of flow rate, the results
showed that air injection can decrease the energy
consumption significantly compared to non-gas injection
(0 l/min) which is more than 50% for the smallest air
flow rate (0.3 1/min). The figure also shows that the
higher the airflow rate injected at each voltage, the lower
the energy consumed in the process. The use of air
injections can initiate ionization processes in plasma
formation so as to reduce the amount of energy
consumption required for Joule Heating during
evaporation [3, 9-12]. Air injection can create bubbles
and layers of gas sheaths in the solution and in areas
where electrical energy dominates or around the
electrodes where plasma formed [3]. The bubbles and
gas sheaths formed from the injected air can lower the
breakdown voltage required for the ionization process.
This is due to the smaller dielectric strength of the gas
compared to the liquid [2]. The required breakdown
voltage in the liquid as a medium for producing plasma
is much higher when compared with using air injection
as additional medium. In addition, the decreased energy
consumption due to air injection will reduce heat loss in
the Joule Heating process so as to prevent and reduce the
erosion that occurs in the electrodes where the plasma is
formed[3]. It can be concluded that the use of air
injection can make the process more efficient than
without air injection.

3.2 OH radicals concentration
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Figure 4 shows the concentrations of OH radicals formed
for the flow rate variations of gas injection and non gas
injection at different voltages for 30 minutes of the
process.
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Fig. 4. OH radicals concentration of non gas injection and
various gas flow rates at different operation voltages.

Figure 4 shows that in each voltage variations, the
higher the air flow rate was injected, the OH radicals
concentration tended to decrease. This is caused by the
decreasing energy that can be seen from the decrease in
current with increasing the flow rate of air injected. Air
flow rate with direct injection method on the anode can
affect the physical characteristics of the formed plasma.
The higher the rate of air flow, where energy
consumption will decrease, causing the formed plasma to
become unstable. Plasma instability can be seen from the
physical form of plasma dimmer. The plasma formed
will be unstable if the flow rate of air injection is too
large since the excessive production of bubbles and gas
sheaths can inhibit plasma formation, therefore
instability of the plasma makes its ability to produce the
radical reactive species of OH to be lower. Plasma that
has the brightest physical shape formed in the non-gas
injection condition, this is due to the energy required to
form the plasma is the greatest compared to the variation
of gas injection at all flow rates. The Physical form of
dim plasma is caused by the formation of bubbles and
layers of gas sheats that can disrupt the formation and
stability of plasma, so the plasma becomes unproductive
in producing OH radicals. Increased energy will be
directly proportional to the production OH radicals. The
higher the voltage will induce an increase of the current,
resulting in high kinetic energy of electrons to produce
greater heat in the formation of plasma, so the OH
radicals production will be extensive [8]. In the non-gas
injection variation, the energy consumption is very large
and the plasma formed is brighter and more stable, so the
OH radicals production is greater. However, at voltages
of 600 and 700 V, the largest production of OH radicals
comes from the gas injection variation in the smallest
flow rate of 0.3 I/min. This is because in the high
voltage, the addition of the lower level of flow rate can
effectively help in stabilizing the process of Joule
Heating on the formation of plasma so as to produce
greater amount of OH radicals.

3.3 Decolorization of remazol red solution

The percentage of decolorization for non-gas injection
and gas injection with variations in flow rate (0.3, 0.5, 2,
4, and 6) 1 min at each operating voltage for 30 minute of
process are shown in Table 1.

Table 1. Decolorization rate of non gas injection and various
gas flow rates at different operation voltages.

o
Gas flow rate Decolorization (%)
(Vmin) 500V | 600V | 700V
0
(non gas njectedy | 5630 | 9466 | 9791
0.3 88.92 | 9506 | 88.40
0.5 86.51 | 9783 | 91.96
2 7987 | 98.44 | 9255
4 7459 | 94.18 | 99.35
6 7118 | 93.59 | 9727

Table 1 shows the result that plasma formation has
specific behavior to the gas injection flow rate and
operating voltage in the decolorization process. The
trend in the percentage of decolorization is not directly
proportional to the OH radicals production as shown in
Figure 4. There is an optimum point of airflow rate at
each voltage, which is the point where the percentage of
decolorization reaches its maximum value before
declining. From Table 1 it can be seen that in operating
voltages of 500 V, 600 V, and 700 V, respectively has an
optimum flow rate of 0.3 1/min, 2 I/min, and 4 1/min. The
inconsistency of the trend with OH radicals shows that
the decolorization process by direct injection of air into
the plasma formation area depends not only on the OH
radical as the strongest oxidant in decomposing the
pollutant, but also the formation of other reactive species
during the decolorization process. The injected air will
form bubbles and gas sheath layers that can easily
initiate ionization and excitation of more electrons, so in
addition to the reducing energy consumption, it can also
affect the formation of other active species other than the
OH radicals [3, 9-12].

The nitrogen content in the injectable air can form an
active species that affects the dye decolorization process
[13] where the reaction equation occurs is as follows
(Equation 1).

N, + H,O + O, — HNOy (1)

In addition, during the air injections, some nitrate
products such as NO, NO,, dan NO; are also formed.

Furthermore, the OH radicals that have formed in the
plasma electrolysis process have highly reactive
properties to all existing species, so it can react with
oxygen contained in the injected air and produce other
reactive species [14]. The equations of the reaction
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occurring between oxygen and OH radicals are as seen at
Equation (2) — (5).

e+ 0,>0*+0°+e 2)
0.+ H,O —> *OH + *OH 3)
e+ H,O— He++OH + e “)
HO* + O, - HO,* + Oe ®)]

From the equations (1) and (5) it shows that the use
of air injection will produce other reactive species other
than the OH radicals, such as, HO, radicals, O radicals,
and HNOj;. The active species of HO, radical has
oxidation potential of 1.06 V while the oxidation
potential of O radical is 2.42 V [15]. From the oxidation
potential value, it can be concluded that other reactive
species that formed during the air injections had great
impact during the process of degradation of pollutants.

The percentage of decolorization shows that the
optimum point of gas injection flow rate increase along
with variation of voltage used. The operating voltage is
directly proportional to the amount of current generated
and the energy consumption, so that the plasma formed
on different voltages has different physical and chemical
characteristics, depending on the energy consumption
during its formation. The larger the voltage, the greater
the plasma produced, and vice versa. At lower voltages,
the plasma formed was smaller, so when added with a
large airflow rate, the plasma becomes unstable and
incapable of converting OH radicals or other reactive
species, therefore it takes a smaller flow rate to be able
to decolorize pollutants effectively.

At higher voltages, the plasma formed is larger, the
addition of small air flow rate becomes less effective,
because the supply of oxygen and nitrogen in the
injected air is not sufficient to produce reactive species,
therefore it takes greater air flow rate to decolorize the
pollutants. The plasma becomes unstable if the injected
flow rate is too large for certain voltage value or if it has
exceeded its optimum point, therefore the degradation
rate decreases and becomes ineffective compared to the
previous optimum condition.

The optimum decolorization percentages at
operating voltages of 500 V, 600 V, and 700 V,
respectively were 88.92%, 98.44%, and 99.35% for flow
rates of 0.3 1/min, 2 I/min, and 4 1/min. In non-air
injection conditions, only the reactive species of OH
radicals and H,0O, molecular species play roles in
decolorizing the pollutant, so to achieve optimum
decolourization requires enormous energy consumption
by increasing the operating voltage [16-17]. However,
this condition creates some disadvantages, such as higher
demands of energy so that the process becomes less
efficient and the anode condition is easily eroded in a
very short time due to the continuous increase of the
temperature from the plasma formation. Erosion
occurring on the anode can affect the formation of
plasma becomes more unstable because the formation
area becomes thinner so it can decrease the effectiveness
of the decolorization process.

Other reactive species formed during the use of air
injections which contain oxygen and nitrogen gas have a
smaller oxidizing ability when compared to OH radicals
(2.8 V), but with an appropriate airflow rate at certain
voltage, plasma can be productive in generating the
reactive species in a large quantities, so when compared
to non air injection, the use of air injection is considered
more effective in decomposing the complex pollutants
contained in the remazol red dye solution.

4 Conclusion

The effect of air injection flow rate on the dye
decolorization process using plasma electrolysis has
been evaluated. It can be concluded that the higher the
air flow rate was injected, the lower the energy
consumption required by the process. The lower energy
consumption due to the greater air flow rate injected,
causing the physical characteristics of the plasma to be
smaller and dimmer, and the OH radicals production
become decrease. However, a decrease in the number of
OH radicals, the percentage of decolorization was found
to be higher.
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