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Abstract

The rise of water effluents containing emerging contaminants that resist conventional
chemical and physical treatments makes the treatment of wastewater more complex.
Plasma-based treatment methods have great potential to degrade many of the emerging
contaminants, including dyes. In this study, using pulsed nanosecond discharges, we inves-
tigate the degradation of methylene blue (MB) dye in water by generating plasma in Ar-O,
gas bubbles in water. The scalability of the setup is studied by producing discharges in a
one electrode setup (a needle-to-plate configuration) and in a four electrodes setup (four
needles-to-wire configuration). The discharge was characterized by electrical measure-
ments (current and voltage waveforms) and optical emission spectroscopy. We find that
the discharge properties are stable during the 30 min of processing, with and without the
presence of MB in solution at low electrical conductivity. The production rate of H,O, in
the one electrode setup was measured in 0% and 70% O,, and it was found to be ~2.3 and
2.9 mg/Lmin, respectively. In the four electrodes setup, H,O, production rate was lower:
~1.2 and 1.9 mg/Lmin in 0% and 100% O,. Degradation of MB was assessed in both
setups for (i) different % of O, in the gas mixture, (ii) different MB initial concentration,
and (iii) different initial water conductivity. In the one electrode setup, a high MB degra-
dation (>85%) was generally achieved in all conditions, but a better performance is noted
in high O, percentage (>50%) at low initial water conductivity. At low MB concentration
and low electrical conductivity, the performance of the four electrodes setup was better
than the one electrode setup.

Keywords Plasma in bubbles - Nanosecond discharge - Degradation of methylene blue -
Scale up

Introduction
In recent decades, wastewater treatment has become more complex because of the rise

of water effluents containing so-called “emerging” contaminants that resist conventional
chemical and physical treatments. Amongst those are dye-based contaminants that do not
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degrade easily and can have a harmful impact on health and environment [1, 2]. Recently,
plasmas have been proposed as a solution for wastewater treatment [3—9]. Their advantage
resides in the generation of reactive oxygen species (ROS), either in the gas or liquid phase
[10—13], that can successfully degrade persistent contaminants in water.

Different systems have been reported to generate plasma-water interactions. Plasma can
be produced directly in water [14, 15], generally by immersing two electrodes. While this
method is simple and produces ROS directly in water, it requires high energy to break down
water molecules [16], as well as specific power supplies. In other systems, the plasma is
produced in the gas phase in the vicinity of the solution [9, 13, 17], and the plasma reactive
species are then mixed with the liquid by diffusion or gas flow. While they are relatively
simple, these systems are limited by the relatively low penetration of plasma species in
water volume. A hybrid system that can enhance the interaction between the plasma spe-
cies and the solution consisted of injecting gas/plasma bubbles in the water [18-21]. This
method has the advantages of both previous systems, i.e. (i) it is produced in gaseous bub-
bles (i.e. low breakdown voltage) [22], (ii) it is in solution (high diffusion rate of reactive
species via the gas-/plasma-liquid interface) [23], and (iii) it is tunable in terms of plasma
chemistry (adjustable gas composition) [19, 21, 24-27]. Therefore, such systems showed
excellent results for removing contaminants from solution [8, 24, 25]. However, the dynam-
ics of plasma-water interactions and the complex chemical kinetics involving species in gas,
in solution, and at the interface are not yet fully understood.

In the continuity of exploring the application of the plasma-bubbles configuration in
water processing, addressing the role of gas composition on the discharge characteristics
as well as on the removal of contaminants is crucial. In a previous study [24], the influence
of gas composition, Ar, O,, or N,, is addressed. The discharge properties depend on the gas
composition as well as on the plasma processing time, particularly in the case of N,, as water
electrical conductivity increased significantly. Also, the highest efficiency of methylene blue
(MB) degradation was obtained in O, plasma gas, while the lowest was obtained in in N,;
an intermediate efficiency was obtained in Ar. While the MB degradation can be linked to
the formation of ROS (mostly OH radicals, but also H,0, and O;) either in gas, in solution,
or at the interface, the kinetics driving its generation can be radically different in different
gas composition. With Ar, it is expected that OH radicals are produced by electron-induced
dissociation of water molecule (e+H,0 — OH+H+e). With O,, the reaction kinetics are
expected to be much more complex by involving several species (O,, O, O5, H,0,, etc.) and
creating different pathways for radicals’ production.

This study is a follow-up of the previous work [24]. Herein, we focus on Ar-O, gas mix-
tures to determine its effect on the discharge characteristics as well as on the efficiency of
MB degradation. The interest lies in observing whether the efficiency of MB degradation is
affected by combining a gas with a lower ionization threshold (i.e. Ar) and another gas that
can generate a lot of ROS (i.e. O,). The plasma characteristics are determined by electrical
and optical emission spectroscopy measurements. Towards the scale up of the process, the
system of one electrode is replaced by a set of four similar electrodes. This novel configura-
tion was characterized, and the efficiency of both systems to degrade MB are determined.
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Experimental Setup

The experimental setup shown in Fig. 1 is used to produce discharges in gaseous bubbles in
water. The discharge is produced using a nanosecond negative polarity pulsed power sup-
ply (NSP 120-20-N-500-TG-H, Eagle Harbor Technologies) at an amplitude of —20 kV, a
pulse width of 500 ns, and a repetition rate of 1 kHz. The high voltage was connected to a
hollow-needle-like (inner and outer diameters of 0.3 and 0.5 mm, respectively) mounted at
the bottom of the discharge cell, whereas the ground was connected to a stainless-steel disc
(diameter of 2 cm) mounted at the top of the discharge cell. The interelectrode gap distance
was fixed at 8 mm, and the electrode assembly was mounted in a 10-cm-long cylindrical
quartz cell with inner and outer diameters of 3.0 and 3.2 cm, respectively. The cell was
filled with 200 mL of water at various electrical conductivity. This latter has been adjusted
between 5 (deionized water) and 200 uS/cm using KCI1. Mass flow controllers were used
to inject Ar and O, (purity of 99.99%) gas mixture at different percentage into the liquid
through the lower hollow needle. The total gas flow rate was fixed at 1 L/min, resulting in
a continuous array of bubbles with an average diameter of ~1 mm. Note that, under similar
voltage conditions, discharges cannot occur without bubbles.

The electrical characteristics of the discharges were acquired using an oscilloscope
(MSO054, Tektronix). The voltage was measured using a high-voltage probe (P6015A, Tek-
tronix), whereas the current was measured using a current monitor (6585, Pearson). Since
the oscilloscope cannot acquire waveforms at frequencies as high as 1 kHz, the frequency of
the discharge was lowered to few Hz for a few seconds, and 50 successive waveforms were
acquired. Note that the electrical waveforms were monitored during the whole processing
time, and there was no significant difference between the low- and the high-frequency cases,
i.e. no change in the discharge mode.

Production of ROS by the discharge was characterized by measuring the concentration
of H,0,.The concentration was measured in deionized water processed by the plasma using
drop count titration method based on Sodium Thiosulfate titrant. In this technique a sample
of 30 mL is taken in which we add 1 mL of Ammonium Molybdate and Sulfite Reagent
Powder to get dark purple solution. From the prepared solution we take ~6 mL and care-
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Fig. 1 Scheme of the experimental setup
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fully add the Thiosulfate titrant drop by drop until the color of the solution becomes clear.
The number of drops to get clear solution allowed the determination of H,O, concentration.
The uncertainty on the measured values are determined statistically by conducting multiple
measurements at a given condition; an uncertainty of 2 mg/L on the measurements was
applied.

Methylene blue (MB) at 5, 10, or 20 mg/L was utilized as a representative organic con-
taminant, and its degradation rate induced by plasma processing has been monitored using
UV-visible absorption (Cary 5000 UV-Vis-NIR, Agilent) spectrophotometer. More pre-
cisely, we monitored the evolution of the peak intensity at 664 nm, as its absorbance inten-
sity is representative to the presence of MB in solution. The acidity and conductivity of
processed solution were measured using a pH meter (VWR Symphony SB20) and conduc-
tivity meter (19101-10 Digital Conductivity Meter, Cole-Parker Instrument), respectively.

Results
Characteristics of the Discharge

Voltage and current waveforms are acquired every 1 min of processing. The waveforms for
a typical discharge in water with 70% O, (and 30% Ar) are shown in Fig. 2; in the same
figure, we add the waveforms for a non-occurred discharge. In this example, we identify
the breakdown moment at ~150 ns, and it corresponds to voltage drop and current peak. As
compared to the waveforms of a non-occurred discharge, some difference in the voltage ris-
ing period is noticeable. Such a difference can be related to the discharge ignition in bubbles
before it transitions to a spark. In the following, the acquired waveforms are processed using
a home-made algorithm to determine breakdown voltage, current peak, and discharge delay.

Before presenting the influence of different experimental parameters on the electrical
characteristics, we compare the breakdown voltage (Fig. 3a) and the discharge current
(Fig. 3b) for discharges in deionized water with Ar bubbles with and without MB during
30 min of processing. These figures clearly show that the MB did not influence the dis-
charge characteristics. Although the results presented in Fig. 3 correspond to Ar bubbles,
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Fig. 3 Evolution of a) breakdown voltage and b) discharge current as a function of plasma processing
time of deionized water without and with MB (10 mg/L)
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Fig. 4 Evolution of a) breakdown voltage, b) discharge current, and ¢) discharge delay as a function of
plasma processing time of deionized water with MB (10 mg/L) under different conditions of O, percent-
age in Ar: 0%, 30%, and 70%

discharges with other bubbles composition were also performed, and the results were simi-
lar to the previous ones.

Figure 4a and b, and ¢ show the temporal evolution of breakdown voltage, discharge
current, and discharge delay, respectively, as a function of plasma processing time with
different percentage of O, in Ar. In the case of 0% O,, we remark that the breakdown volt-
age does not significantly change with the processing time and remains around —9+1 kV.
Concerning the discharge current, we measure values around —23+1 A during the 30-min
of processing. The discharge delay of the majority of the discharges varies between 50 and
100 ns, which indicates that they occur in the rising period of the high voltage pulse. In the
case of 30% O,, similar trends are noticeable with higher breakdown voltage (-12 —-14 kV),
higher discharge current (-24 —-26 A), and longer discharge delay (100—150 ns). At 70% O,,
the breakdown voltage is also relatively higher, but interestingly it decreases linearly with
the processing time. Initially, we measure ~-18 kV, and it decreases to ~-15 kV after 30 min
of processing. This trend is also visible for the discharge current, and it decreases by ~2 A
(from ~-29 to -27 A) after 30 min of processing. As for the discharge delay, it increases by
~50 ns (from ~175 to 225 ns). These values indicate that the discharges in this condition
of 70% O, occur in the beginning of the plateau period of the high voltage pulse. Note that
measurements at higher %0, were also performed, and the values are found close to those
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at 70% O,. The results reported in Fig. 4 indicate two facts: (i) the add of O, in Ar induces
an increase in the breakdown voltage, and (ii) at high O, content, the discharge character-
istics evolve with processing time. The increase of breakdown voltage can be explained by
the loss of electrons by attachment to O and O, to form O and O, , respectively. It has
been demonstrated that this attachment process induces an increase in the reduced critical
E-field strength from ~20 to 120 Td as the O, content in Ar increases from 0 to 100% [28].
For instance, the increase of O, content from 30 to 70% induces an increase in the reduced
critical E-field strength from ~80 to 120 Td, i.e. a factor of 1.5. This ratio agrees well with
the measured breakdown voltage ratio (at 0 min) which is ~18/12=1.5. The decrease of the
breakdown voltage with the processing time is probably due to the enrichment of water with
ionic species, as evidenced by the increase of water electrical conductivity from ~5 to 50
puS/cm after 30 min of processing (Figure S1 in Supplementary Material). The presence of
these species in water induces a decrease of the plateau value (due to the dissipation of the
power by ions displacement under the action of E-field) and not a decrease in the critical
electric field strength. This is further supported by the increase of the discharge delay, i.e.
the discharges occur later in the pulse.

Figure 5a and b, and ¢ show the temporal evolution of breakdown voltage with various
MB concentrations, namely 5, 10, and 20 mg/L, under different content of O,: 0%, 30%, and
70%. At 0 and 30% of O,, we observe that the breakdown voltage did not evolve with the
processing time, and the average values are ~-10 and — 14 kV, respectively. In the case of
70% of O,, as mentioned earlier, the breakdown voltage decreases with the processing time.
The decrease (from ~-18 to -15 kV after 30 min of processing) is similar at 5 and 10 mg/L of
MB. However, at 20 mg/L of MB, we remark that the decrease rate of the breakdown volt-
age is much higher: it decreases linearly from ~-18 to -10 kV after 30 min of processing. In
general, the decrease of breakdown voltage is related to the increase of water electrical con-
ductivity that induces a lowering of the pulse plateau value. The more significant decrease
of voltage at 20 mg/L may be related to higher concentration of ionic by-products in water.

Figure 6 shows the evolution of optical emission spectra as a function of plasma process-
ing time for two O, content: 0% (Fig. 6a) and 70% (Fig. 6b). The spectra indicate the pres-
ence of Ar, H, and O lines. Ar lines originate from the gaseous bubbles, H line originates
from water dissociation, and O lines originate from both water dissociation (at 0% O,) and
gaseous bubbles. With O, (at 30 and 70%), the spectra are dominated by O at 777 nm, while
it is the Ar line (at 811 nm) in the case of 0% O,.
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Fig. 5 Evolution of breakdown voltage as a function of plasma processing time of deionized water with
MB at different initial concentration (5, 10, and 20 mg/L) under different conditions of O, percentage in
Ar: (a) 0%, (b) 30%, and (c) 70%
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Fig. 7 a) Evolution of emission intensity of Ha, Ar, and O as a function of plasma processing time of
deionized water with MB at 10 mg/L under different conditions of O, percentage in Ar (0% and70%). b)
Normalized Ha line acquired with different percentage of O,

The evolution of the intensity of Ha (at 656.3 nm), Ar (at 764 nm), and O (at 777 nm)
lines as a function of plasma processing time is shown in Fig. 7a for 0% and 70% O,. The
results show that there is no significant evolution of the emission lines. This finding is of
interest as it means that the plasma properties did not change with the processing time,
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despite the fact the MB is completely degraded after 30 min of processing. In fact, the utili-
zation of Ar and Ar-O, mixture as bubble composition did not generously produce ionic spe-
cies with long lifetimes, as the highest solution electrical conductivity (~40-50 pS/cm) was
measured with 70% O, (in N, gas the conductivity increases to few hundreds of uS/cm [24]
due to the production of nitrate and nitrite species in solution which modifies the discharge
properties). On the other hand, the profile of Ha line did not change with the processing
time, but it depends on the O, content. For instance, the broader Ha line is obtained with
70 and 30% of O,, which indicates higher electron density when O, is added. This finding
further agrees with the higher breakdown voltage and higher discharge current measured
under these conditions.

Figure 8 shows the H,O, concentration produced in 0% O, and 70% O, plasmas as a
function of time. In the 0% O, plasma, H,0, concentration reaches ~70 mg/L after 30 min
of processing, while in the 70% O, plasma, H,0, concentration reaches ~90 mg/L after
the same time of processing. In both conditions, the concentration increases linearly with
processing time with a rate of ~2.3+0.1 mg/Lmin in the 0% O, plasma and ~2.9£0.1 mg/
Lmin in the 70% O, plasma.

Production of H,0, in discharges in contact with liquids is generally attributed to the
recombination of two OH radicals, i.e. OH + OH — H>0, [29]. Thus, the higher H,0,
concentrations and reaction rate in an O,-containing discharge also indicates a higher pro-
duction of OH radicals in Ar-O, plasma. Since electron dissociation of the water molecule
is known as a major reaction for OH radical production [30], this is coherent with the higher
breakdown voltage and electron densities in those conditions, as reported earlier by the
electrical and optical characterization.

Plasma Induced Degradation of Methylene Blue (MB)

MB is used as a representative organic contaminant of water, and its degradation rate was
determined under different conditions of gas composition, namely at different O, content
in Ar, MB concentration, and water electrical conductivity. The MB degradation rate was
monitored using UV-visible absorption spectroscopy. Figure 9 shows the evolution of the
absorption spectra for different plasma processing times. Representative MB absorption
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Fig. 9 Evolution of the absorbance spectrum of MB deionized water with MB (at 10 mg/L) as a function
of plasma processing with 30% O, of gas composition

peaks are observed at 664, 292, and 246 nm and are respectively associated with the auxo-
chrome group, the conjugated system of phenothiazine, and the benzene ring [24]. The
decrease of these peaks with treatment time (Fig. 9) indicates the successful degradation
of MB induced by plasma. In addition, at 400 nm, we see a continuum of absorbance that
its value increases for shorter wavelengths and for longer treatment time. In general, absor-
bance in the visible range is associated with conjugated (i.e. consecutive) pi bonds for which
the orbitals have a lower energy gap. Therefore, a shift in absorbance from visible to UV
wavelengths can be attributed to the presence of molecules with fewer conjugated pi bonds
and more unconjugated pi bonds [31]. This indicates that the plasma species successfully
decomposed MB molecules in shorter products. In the following Sections, the effects of
different discharge conditions on the degradation rate of MB are discussed based on the
intensity of the peak at 664 nm.

Figure 10a shows the evolution of the normalized absorbance (at 664 nm) as a func-
tion of plasma processing time with different percentage of O,. The results show that the
efficiency of MB degradation increases with O, content. Figure 10b shows the variation of
plasma processing time needed to degrade 50% (t5q0,) of MB in solution as a function of
O, content. ts,, decreases linearly from ~12.5 to 4.5 min as O, content increases from 0 to
50%. Further increase of O, content did not significantly influences t,,. These results are
consequent with previous experiments in Ar and O, discharges [24, 25], where the higher
degradation in O, was attributed to a higher fluence of reactive oxygen species.

Figure 11 shows the evolution of the normalized absorbance (at 664 nm) as a function
of plasma processing time of deionized water with MB at different initial concentration,
namely 5, 10, and 20 mg/L, and under different percentage of O, content in Ar (0%, 30%,
and 70%). At 0% O,, the degradation of 5-mg/L-concentrated solution is faster than the
other solutions (at 10 and 20 mg/L). For instance, tsy, is ~7 min at 5-mg/L-solution and
~12.5 min for the other solutions. Also, one remarks that the absorbance decrease of the
less concentrated solution is faster during the first 15 min of processing, but the absorbance
measured during the first 5 min for the other solutions is slower and becomes comparable
after this period. At 30% O,, the data behavior is similar to the 0% O, case, but the degra-
dation is faster (t5q, = 4 min for 5 mg/L and 8 min for 10 and 20 mg/L solutions). At 70%
0,, the degradation is even faster (tsy,, = 3, 4, and 5 min for 5, 10, and 20 mg/L solutions,
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Fig. 11 Evolution of the normalized absorbance (at 664 nm) as a function of plasma processing time of
deionized water with MB at different initial concentration (5, 10, and 20 mg/L) under different conditions
of O, percentage in Ar: (a) 0%, (b) 30%, and (c) 70%

respectively), and the degradation starts with the faster rate from the very beginning for the
three solutions. Finally, we note that a complete degradation (absorbance ~0) is obtained
for the 5 mg/L solution in the three O, conditions, but for the other concentrations (10 and
20 mg/L), a complete degradation is obtained only at high O, content. Since the pictured
absorbance is normalized to the initial MB concentration, a change in the MB degrada-
tion rate indicates a change in the implicated chemical kinetics. Such a change could be
explained by a saturation of the treatment where not enough ROS are generated, which
limits the number of MB molecules that can be simultaneously treated at 10 and 20 mg/L.
However, at low MB concentration of 5 mg/L, the higher absorbance rate indicates a tran-
sition to a higher order of chemical kinetics, where the MB concentration influences the
reaction rate. When O, is added to the gas mixture, a higher number of ROS is expected.
Consequently, the MB degradation is not saturated by a limited number of ROS, which can
explain why the curves on Fig. 11 are less affected when the initial MB concentration varies
from 5 to 20 mg/L.

Figure 12 shows the evolution of the normalized absorbance (at 664 nm) as a function of
plasma processing time of water with MB (5 mg/L) and at different electrical conductivities,
namely 5, 50, 100, and 200 puS/cm. The processing is conducted at different conditions of O,
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Fig. 12 Evolution of the normalized absorbance (at 664 nm) as a function of plasma processing time of
water with MB (5 mg/L) and at different electrical conductivities. The processing is conducted at different
conditions of O, percentage in Ar: (a) 0% and (b) 30%

percentage in Ar, namely 0% (Fig. 12a) and 30% (Fig. 12b). In both cases, we observe that
the increase of water electrical conductivity reduces the efficiency of the plasma to induce
MB degradation. For instance, at 0% O, ts(,, is ~6 and 9 min at 5 and 200 pS/cm, respec-
tively, whereas at 30% O,, ts5q, is ~4 and 7.5 min at 5 and 200 pS/cm, respectively. The
reduction in efficiency is related to the modifications of the discharge electrical characteris-
tics (i.e. discharge properties), namely a decrease in the discharge current by few amperes,
a decrease of the probability of discharge occurrence (by 10-20%), and an increase of the
discharge delay (by ~100 ns), which indicates the occurrence of the discharges later in the
pulse, i.e. a plasma with shorter lifetime and lower energy (Figure S2 in Supplementary
Material).

The above-mentioned findings clearly highlight that Ar-O, gas mixture significantly
influences the discharge characteristics as well as the MB degradation rate. The electrical
characteristics showed that the addition of Ar to O, reduces the breakdown voltage by sev-
eral kilovolts. This phenomenon is attributed to the decrease of the reduced critical E-field
strength [28]; this latter is due to the decrease of the concentration of O-species, i.e. lower
rate of electron loss by attachment to form O and O, . We also find that MB degradation is
significantly enhanced by adding O, to Ar up to 50%. Higher O, content did not enhance the
degradation further. This can be explained by a competition between the increase of ROS
production and the decrease of the discharge efficiency (i.e. lower injected energy as the
discharges ignite later in the pulse, Fig. 4c). These results show that the control of Ar-O, gas
mixture can be utilized to optimize the reactor performance, i.e. maximize the MB degrada-
tion and minimize the energy consumption.

Scale up: A Setup with Four Electrodes

In this section, we aim to have a step towards scaling up the setup. For this purpose, the num-
ber of electrodes is increased to four, i.e. four plasma zones are obtained. The four needles
were all connected to the high voltage, whereas the grounded electrode was a stainless-steel
wire (1 mm diameter) placed at 8§ mm above the needles (Fig. 13). The volume of the MB
solution was 300 mL. The cylindrical cell was filled with 200 mL, meanwhile the remaining
100 mL is filled in a cell where the measurements of liquid properties (acidity, conductivity,
and MB absorbance) are performed. Two pumps (Ismatec™ MS-2/6 Reglo Analog Pump)
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Fig. 13 Scheme of the experimental setup composed of four electrodes

were utilized at a flow rate of 50 mL/min to ensure circulation of the solution. The discharge
parameters were the same of the one electrode setup (frequency=1 kHz, voltage = -20 kV,
pulse width=500 ns, and gas flow rate=4 L/min).

Initially, we run the discharges with 100% Ar or 100% O, at a flow rate of 4 L/min, so a
flow of 1 L/min (same as in the one electrode setup) per needle is expected. The electrical
characteristics, voltage and current, were very similar to the case of one electrode setup (the
data are not shown). This is expected as they were measured across the four electrodes. In
the case of Ar, the temporal evolution of breakdown voltage and discharge current were not
significant. However, we noticed that the probability of discharge occurrence diminishes
especially after 25 min of processing. In the case of O, gas, we also observed a decrease
in the probability of discharge occurrence as a function of processing time, as well as a
decrease of the breakdown voltage (from ~-17 to -14 kV) and a decrease of the discharge
current peak (from ~-41 to -39 A) after 30 min of processing. This decrease was observed
in the one electrode setup, and it was attributed to the increase of the electrical conductivity
of the solution. Interestingly, we observed that the breakdown voltage decreases by the same
value (AV=3 kV) in both configurations (one and four electrodes setups) despite the fact
that the increase of the solution conductivity is much higher in the one electrode setup. For
instance, after 30 min of processing, it increases from ~5 to 50 uS/cm in the one setup and
from ~5 to 27 pS/cm in the four electrodes setup. At this stage, we believe that this behav-
iour could be an indicator that the configuration with multiple electrodes is more sensitive
to solution conductivity.

We also monitored the plasma emission in the four electrodes setup (at one electrode),
and the acquired spectra showed emission lines similar to those acquired in the one elec-
trode setup, but the intensity was lower.

The concentration of H,O, was also measured in the four electrodes setup with 0%
and 100% O, gas, and the results are shown in Fig. 14. In both gases, H,0, concentration
increases linearly with the processing time to reach ~54 and ~36 mg/L after 30 min of pro-
cessing in the case of 100% O, and 0% O,, respectively. H,O, production rate in the four
electrodes setup is thus estimated by ~1.24+0.1 mg/Lmin in 0% O, and ~1.9%£1 mg/Lmin
in 100% O,; compared to the one electrode setup, H,O, production rate is reduced by fac-
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tors of ~2 and 1.6 in 0% and 100% O,, respectively. The reduction of efficiency in H,0O,
production in the four electrodes setup can be explained by the fact that when increasing the
number of electrodes, the current and power density across one electrode decrease, which
reduces the amount of produced OH in solution. Therefore, the quantity of H,0, formed by
OH recombination is also reduced [32, 33].

The four electrodes setup was tested to degrade MB at initial concentration of 10 mg/L
with 0% and 100% O, at a gas flow rate of 4 L/min (Fig. 15). The data were superimposed to
those obtained in the one electrode setup and, interestingly, there is a great accordance. This
finding is of interest as it may suggest the feasibility of scaling up of the setup.

Figure 16 shows the performance of the four electrodes setup in the degradation of MB
at various initial concentrations (5, 10, and 20 mg/L). The experiments were conducted in
100% O, conditions at a flow rate of 4 L/min. The data are superimposed to those obtained
in the one electrode setup. As it can be seen in the figure, the MB degradation rates obtained
in both setups are comparable in the case of 5 and 10 mg/L, but the setup with four elec-
trodes is less efficient in the case of 20 mg/L. This difference can be linked to the low pro-
duction rate of OH in the four electrodes setup, as evidenced by the lower concentration of
H,0, (Figs. 8 and 14).

Figure 17 represents the evolution of the normalized absorbance at 664 nm of MB (ini-
tial concentration of 10 mg/L) solution at different electrical conductivities (5, 50, 100, and
200 pS/cm). Here also, a 100% O, was used at a flow rate of 4 L/min. The results clearly

@ Springer



1766 Plasma Chemistry and Plasma Processing (2024) 44:1753-1771
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show that increasing the electrical conductivity of the solution significantly decreases the
degradation rate of MB. As compared to the one electrode setup, the reduction in efficiently
in the four electrodes setup is more significant. We believe that this decrease in degrada-
tion efficiency is related to the fact that discharge current (or the power) is distributed to
four electrodes instead of one. This makes the discharge occurrence highly sensitive to the
electrical conductivity of the solution, and the probability of discharge occurrence is signifi-
cantly reduced at higher conductivity and longer processing time.

The results obtained in the four electrodes setup were unexpected. In terms of H,O,
production rate, a reduction by a factor of ~1.6-2.0, depending on the gas composition,
is obtained. Such a reduction can be explained by a lower current and power density due
to the increased number of electrodes. At low initial MB concentration and low electrical
conductivity, the efficiency of both setups to degrade MB was comparable, which indicates
the feasibility of the scale up. However, at high electrical conductivity and high initial MB
concentration, the reactor with four electrodes becomes less efficient than that of one elec-
trode. These findings are of interest, as they highlight a challenging issue facing the scaling
up. Indeed, the sensitivity of the reactor to certain parameters (e.g. initial pollutant concen-
tration, solution properties, input power, etc.) requires a special attention when large scale
reactors are designed.
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Energy Efficiency

The energy yield Yy, represents the amount of the eliminated contaminant per unit of
delivered energy at 50% degradation of the pollutant, and it is expressed by the following
equation [34]:

Co—C
VXC[)X %U

1
Pxt 0

Yson(g/kWh) =

where V(L) is the volume of treated solution, Cy(g/L) is the initial concentration of MB
solution, C(g/L) is the concentration of MB solution after 50% degradation, P(kW) is the
input power, t(h) is the treatment time to reach 50% of MB conversion.

As it considers several parameters, Y59, is suitable to assess and compare the reactors
performance working under different operating conditions. Table 1 provides the values of
Y500, under different operating conditions for the one and the four electrodes setups. To
properly estimate the power, two methods are considered. The first method consists of cal-
culating the power from the electrical, voltage and current, waveforms. Despite the depen-
dence of the waveforms on the experimental conditions, a value of ~20 W is estimated.
On the other hand, we measured the power dissipated by the whole experiment; this was
determined by adding a monitor at the wall plug where the equipment was connected. The
total consumed power was 181 W. The obtained Y5q, for the two power values are added
to the table. Interestingly, if we consider only the power dissipated by the discharge a yield
that is ~10 time higher than the case when the total power consumption is considered.
For instance, the highest Y5y is obtained in the case of 20 mg/L of MB concentration at
low electrical conductivity with 70% O,. When considering the total power, we determine
Y509 of ~133 mg/kWh, while when the discharge power is considered, we obtain Y5y of
1263 mg/kWh.

Table 1 Summary of the Y509 determined in the one and the four electrodes setups under the various ex-
perimental conditions

Configuration Gas composition ~ C, (mg/L) o (uS/cm)  ts, (min) Y5g0, (mg/kWh) £
AYsou,
P=181W P=20W
One electrode setup  100% Ar+0% O, 10 5 12.5 27+1 252+1
Flow rate= 30% Ar+70% O, 10 5 4.5 74%3 701+3
! L/min 5 5 3 5543 52643
20 5 5 133+4 1263+4
100% Ar+0% O, 5 6 28+2 263+2
200 9 18+1 175+1
70% Ar+30% 0O, 5 5 4 41%3 39443
200 7.5 22+1 210+1
Four electrodes 100% Ar+0% O, 10 5 12 4112 39442
setup 0% Ar+100% O, 10 5 5 99+4 947+4
Lo rate= 5 5 4 62+4 59244
20 5 8 124+4 1184+4
10 200 30 171 1571
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From the table above and when the total power is considered, Y50 in the one electrode
setup varies from 18 to 133 mg/kWh; the highest yield is obtained at 70% O, for 20 mg/L
initial concentration solution in deionized water. In the four electrodes setup, Y5y ranges
between 17 and 124 mg/kWh; the highest yield is obtained when O, is used for 20 mg/L
initial MB concentration in deionized water. In the four electrodes setup, we found that
Y509 (41 and 99 mg/kWh in Ar and O,, respectively) is relatively higher than in the one
electrode setup (27 and 74 mg/kWh in Ar and O,, respectively). This result can be explained
as follows: since the four electrodes setup contains more discharge zones, the plasma-liquid
interface is therefore enhanced leading to efficient transfer of reactive species from the dis-
charge zone to the solution.

In the cases of various MB concentrations, namely 5, 10, and 20 mg/L, when O, gas is
used, we observed that Y 5y, in the four electrodes setup is relatively higher (62 and 99 mg/
kWh at 5 and 10 mg/L, respectively) than that in the one electrode setup (55 and 74 mg/
kWh at 5 and 10 mg/L, respectively). However, at 20 mg/L, Y 54, in the one electrode setup
is slightly higher than that in the four electrodes setup (133 vs. 124 mg/kWh). These results
indicate that for low MB concentration (<10 mg/L), the scale up is effective as the four
electrodes setup showed better performance. However, for high MB concentration, the one
electrode setup is more efficient.

Concerning the electrical conductivity of the solution, we found that increasing it reduces
the energy efficiency in both setups. In the case of deionized water (5 pS/cm), Y, in the
four electrodes setup (99 mg/kWh) is significantly higher than that in the one electrode
setup (28 and 41 mg/kWh at 0% and 30% O,, respectively). However, at 200 pS/cm, Y 54,
in the four electrodes setup drops dramatically to reach 17 mg/kWh, and it is comparable
to that found in the one electrode configuration (18 and 22 mg/kWh at 0% and 30% O,,
respectively).

At this stage, it is possible to compare the results found herein with those reported in
literature (Table S1 in Supplementary Material). In general, most of the reactors utilized to
degrade MB reported Y s, between ~37 and 1500 mg/kWh [4-6, 8, 34-38]. We believe that
these values are determined using the power dissipated in the discharge and not the total
power consumed by the equipment. Therefore, to compare the Y, determined herein, we
must use the values deduced from the power dissipated by the discharge. In this case, Y,
varies between 157 and 1263 mg/kWh. These values are comparable with those reported in
the literature.

Finally, we would like to end this study with the statement that it is unlikely to design a
single reactor capable of removing different kinds of pollutants present in different kinds of
waters. We believe that the future of plasma technology in water depollution will be based
on the optimization of a given reactor for a given pollutant present in water.

Conclusion

This study analyzes the degradation of methylene blue (MB) using pulsed discharges in gas
bubbles in water. The electrical and optical characteristics of the discharge in Ar plasma stay
stable with time, even when MB is added to the water. When high O, content (70%) is pres-
ent in the Ar-O, gas mixture, the electrical characteristics vary slightly with time, which is
due to the gradual incorporation of ionic species in solution. The efficacity of the discharge
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to produce H,0, is evaluated, and its production rate was evaluated to ~2.3 and 2.9 mg/
Lmin in 0% and 70% O, gas, respectively.

The degradation of MB was evaluated using one and four electrodes’ setups. In the one
electrode setup, the degradation efficiency increased when adding O, to Ar gas, and a pla-
teau is reached if %0, >70%. The effect of water electrical conductivity (up to 200 uS/cm)
is assessed, and we found a decrease in degradation efficiency at higher conductivity.

In the four electrodes setup, the results showed that the electrical and the optical charac-
teristics had similar behaviour as the single needle configuration, but the production rate of
H,O0, is reduced by a factor of ~2 and 1.6 in 0% and 100% O,, respectively. On the other
hand, we observed that at low MB concentration and electrical conductivity, the perfor-
mance of the four electrodes setup is higher, whereas, at high MB concentration, the one
electrode setup seems to have better performance. We also found that the performance of
the four electrodes setup is dramatically degraded as the conductivity of the solution is
increased, indicating thus a great sensitivity of the discharge on conductivity in the four
electrodes setup.
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