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Low temperature plasmas generated in close proximity to water offers a convenient means of generating highly
oxidising aqueous phase chemical species capable of degrading recalcitrant organic compounds. To ensure the
efficacy of the approach the interplay between the plasma excitation parameters and reactor characteristics must
be optimised to facilitate efficient generation and transport of reactive chemical species from the plasma phase to
the liquid. In this study, indigo carmine dye was used as a model contaminant to investigate factors affecting
degradation efficacy in a coaxial falling film reactor coupled to a surface barrier discharge. Plasma generated
species in the gas phase were characterised using Fourier transform infra-red spectroscopy and linked to aqueous
phase species in the exposed solution. Parameters including dissipated power, pulse width modulation and
reactor sealing conditions were systematically investigated to reveal a maximum decolourisation efficiency of
20.18 g/kWh. Through a comparison with other plasma-based and non-plasma-based advanced oxidation pro-
cesses it was revealed that the coaxial surface barrier falling film reactor developed in this study is highly

competitive and worthy of further investigation.

1. Introduction

Organic dyes used in a vast number of industrial processes create
major issues if released into the environment [1]. Among these dyes,
indigo carmine, also known as acid blue 74, is widely used in the textile
industries and it is estimated that about 10-15 % of the generated
effluent is released into natural water sources [2]. Despite the recalci-
trant organic pigment being known to cause serious issues to the res-
piratory system of humans, and in the case of physical contact, can cause
eye and skin irritation; it remains widely used [3]. Thus, elimination of
indigo carmine and similar compounds is of high significance.

Traditional methods of wastewater treatment are not typically effi-
cient at decomposing resistant compounds such as organic dyes due to
the inherent stability of their chemical structure [4]. In general, organic
dyes are not biodegradable and the use of physicochemical processes,
such as coagulation, membrane filtration, and flotation can be costly to
operate or have the disadvantage of producing secondary waste prod-
ucts, potentially requiring further treatment [5,6]. It is therefore clear

that there remains a need to develop more effective, simple, and
economical process.

In recent years, emerging methods collectively known as Advanced
Oxidation Processes (AOPs) have been employed for the elimination of
recalcitrant chemical compounds due to their high capability of
removing organic contamination in water [7]. AOPs are mainly based on
the in-situ generation of OH radicals which have an extremely high
oxidation potential (E® = 2.8 V/SHE) [8]. In these processes, complete
degradation of the molecule is achievable with the further benefit of no
sludge being formed as complete mineralization yields only CO2, HoO
and other inorganic compounds [9]. AOPs have been widely investi-
gated for the decomposition of organic dyes, including indigo carmine
[10]. Of all the potential AOP technologies currently under investiga-
tion, Non-Thermal Plasma (NTP) has been shown to be extremely ver-
satile, capable of degrading a plethora of organic contamination in
wastewater using only air and electricity, meaning it can be created on
demand and directly at the point of need [11-13].

NTP is a state of matter that is far from thermodynamic equilibrium.

Abbreviation: RONS, Reactive Oxygen and Nitrogen Species; SBD, Surface Barrier Discharge; AOP(s), Advanced Oxidation Process(es); NTP, Non-Thermal Plasma;
FTIR, Fourier-transform infrared spectroscopy; PWM, Pulse width modulation; OES, Optical emission spectroscopy; DBD, Dielectric barrier discharge; SPS, Second
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The temperature of heavy species, such as neutrals and ions, are close to
ambient [14]; while electrons typically have temperatures in the 1-5 eV
range (1 eV = 11,606 K). Energetic electrons take part in ionisation
reactions that sustain the plasma and are also able to dissociate and
excite molecules in the background gas, creating a complex mixture that
is rich in highly-reactive chemical species. In NTP created in humid air,
reactive chemical species such as OH*, Hy0,, O, O3, NO*, NO, and NO3
are produced, and are collectively termed Reactive Oxygen and Nitrogen
Species (RONS). In addition to RONS, such plasmas also produce UV
radiation and intense electric fields, that can be utilized to enhance the
removal of microbial and viral contamination [15-20]. In the context of
wastewater treatment, NTP’s have shown considerable promise for the
removal of refractory compounds as hydroxyl radicals are produced
more efficiently compared to conventional AOPs [21-23]. Some of the
important general reactions that occur in atmospheric air plasma are
listed below (Eq.1 to Eq.13).
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A potential disadvantage of NTP-based AOPs is that the efficiency of
the process is strongly influenced by several factors including reactor
configuration, electrical characteristics of the plasma generating source,
and the chemical characteristics of the contamination [24]. Malik
highlighted these issues in a study that considered 27 distinct NTP re-
actors reported in the literature, the review highlighted that the effi-
ciency of the examined systems at removing organic contamination from
water varied by an enormous six orders of magnitude [11]. Reactors
which involved the spraying of contaminated water though an NTP were
found to be the most efficient, while reactors which created a plasma
close to, but not in direct contact with, contaminated water were found
to be the least efficient [25].

Based on the efforts of Malik and others, a considerable amount of
research over the past decade has been directed toward the further
development of direct-contact NTP reactors. Despite these efforts and
the exceptional efficiencies reported in laboratory-based tests, the direct
contact between NTP and liquid introduces a number of challenges. The
characteristics of the NTP, and therefore its chemical composition, are
directly linked to the electrical properties of the contaminated water,
which inevitably varies. Furthermore, the use of short-duration high
voltage pulses to generate NTP is considered the most effective
approach, yet the generation of such pulses to create uniform NTP in a
large volume is particularly challenging.

Given the drawbacks and challenges associated with direct-contact
NTP reactors, several recent studies have re-visited the use of in-direct
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NTP systems for water treatment [26]. In particular, the Surface Bar-
rier Discharge (SBD) configuration enables large volume NTP generation
in humid air with modest power supply requirements. One drawback of
the indirect approach is that the mass-transport of highly reactive RONS,
such as O and OH>, is limited by the air-gap between the plasma and
liquid phases. Despite this challenge, studies have shown the SBD
configuration can be effective; for example, Yonezawa and colleagues
used an SBD flowing film reactor to remove indigo carmine (20 mg/L)
using sinusoidal excitation and obtained a decolourisation rate of 99.3 %
using 2.91 Wh of electricity. To maximise the efficiency of an in-direct
NTP reactor the mass transport of RONS from the NTP to the liquid
must be optimised. One particularly convenient method to achieve this
is through the use of a falling film reactor [27], whereby a thin liquid
film flows in close proximity to an NTP source. Such reactors have been
used extensively in direct-contact NTP studies [28,29], but have not yet
been used for the in-direct NTP treatment of contaminated water.

This contribution considers the hypothesis that the efficiency of in-
direct NTP wastewater treatment processes can rival that of direct-
contact treatment processes by combining a falling film reactor with
an SBD. To test the hypothesis, the decolourisation of indigo carmine
dye was examined as a function of plasma operating parameters whilst
the generation of RONS was assessed in both the liquid and gas phases.

2. Materials and methods
2.1. NTP reactor and plasma source

The NTP reactor used in this study consisted of two coaxial quartz
tubes, an SBD electrode, a high voltage power supply, a liquid circula-
tion pump with a 0.3 L/min flow rate and a liquid storage tank (Fig. 1).
The inner and outer quartz tubes had a diameter of 14 mm and 30 mm,
respectively. In order to align the tubes coaxially, two perforated holders
were placed above and below the plasma generating electrode. The SBD
device was constructed around the outer quartz tube and featured two
electrodes, an outer electrode that comprised of a copper sheet con-
nected to the high-voltage power supply, and a grounded hexagonal
stainless-steel mesh on the inside of the tube. On application of a sulffi-
ciently high voltage time-varying signal from the power source, NTP was
observed to form within the hexagonal mesh, Fig. 1b. With the pump
energised, the sample solution was pushed up through the inner tube at a
constant flow of 5.30 mL/s; at the top of the tube, the liquid flowed over
the edge to form a uniform thin film on the outer side of the tube, in close
proximity to the NTP generating electrode.

Experiments were performed in both sealed and unsealed reactor
configurations as it is known that RONS generation in air plasma is
highly sensitive to the composition of the background air. In the sealed
mode, the top part of the reactor was sealed with an air tight plug to trap
plasma generated species within the reactor. In contrast, the reactor was
left open to the ambient laboratory air in the unsealed mode.

The NTP power source comprised of a custom-made high voltage
generator delivering a sinusoidal waveform with a variable amplitude
from 1 to 20 kV at a constant frequency of 12 kHz. An oscilloscope
(Keysight EDUX1002A) was used with a high voltage probe (Testec
model TT-HVP 15HF) and Pearson current monitor (Pearson model
2877) to measure the voltage applied to the electrode and the resulting
current, respectively. Figure SI1 in the supplementary material shows
current and voltage waveforms for the eight cases considered in this
study. Power dissipated within the plasma was calculated by multi-
plying the current and voltage waveforms to reveal the instantaneous
power, which was subsequently averaged over multiple cycles of the
applied voltage to determine the time-averaged dissipated power.

2.2. Pollutant

Indigo carmine dye, 5.50-indigodisulfonic acid sodium salt
(C16HgN2Na0gS, ACROS Organics™) solution was used as the model
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(b)

Fig. 1. Atmospheric pressure air plasma created using a surface barrier discharge coupled to a coaxial falling film: (a) Schematic showing reactor configuration and

key dimensions, and (b) photo of plasma generated in the reactor at 20 W.

pollutant for all experiments. An aqueous solution was made by dis-
solving 50 mg of the dye in one litre of deionized water created using a
reverse osmosis filter (SUEZ Water Technologies & Solutions). For all
experiments, the total volume of the circulating solution was 500 mL.

2.3. Decolourisation ratio and efficiency

The decolourisation ratio was defined as the concentration of dye
remaining after NPT treatment, divided by the intial concentration and
expressed as a percentage; while the decolourisation efficiency was
defined as the decolourised amount (grams) of dye divided by the input
power, using the following equations (Eq. 14 & 15), respectively.

G -G

t

x 100 a4

Decolourisation ratio (%) =

. V
Decolourisation efficiency (g/kWh) = %‘lxo (15)
50

where Cy is the initial concentration of the dye (50 mg/L), C; is the
concentration of the dye at time t, Vj is the total volume of the dye
solution in the reactor (500 mL), P is the input energy in kW, and ts is
the time in hours when 50 % of the dye is decoloured. C; was obtained by
measuring the absorbance value of indigo carmine at 610 nm by UV-Vis
spectrometer and then using the calibration curve of indigo carmine,
Figure SI2, [30]. The Gsp values for this work used in the comparative
study section (Section 3.4) were calculated using the time-averaged
dissipated power. In comparative studies where the Gso value was not
given, the reported time averaged power was used, or was calculated for
pulsed discharges using the quoted energy per pulse multiplied by the
pulse repetition frequency.

2.4. Gas phase species detection and quantification

The detection of the long-lived plasma species in the gas phase was
performed by Fourier Transform Infra-Red (FTIR) spectroscopy. The
effluent gas containing plasma species in the reactor was pumped to a
short-path gas cell (10 cm) comprised of KBr windows by a small gas
pump. The IR absorption spectra was recorded by a Jasco FT/IR-4000
spectrometer at three-minute intervals. The spectral window was set

in the range of 500 cm ™! to 4000 cm ™!, the number of acquisitions was
set to 16 and the duration of the acquisition for each spectrum was 3 s.

Ozone measurements were carried out in both the sealed and un-
sealed reactor configuration. In the unsealed configuration, ozone was
measured using an ozone monitor (2B technologies, model 106-M) with
a minimum flow rate of 0.3 L/min. In the sealed configuration, ozone
was measured in real time using UV absorption at 254 nm. To conduct
the measurement a 600 pm? optical fibre was connected to a UV lamp
(Ocean Optics Deuterium lamp DH-2000-CAL) with its open end
mounted in the cap of the NTP reactor, a second 600 pm? optical fibre
was connected to an Ocean Optics spectrometer (USB2000+) with its
open end mounted in the cap of the reactor. The free-space, i.e. ab-
sorption, path length between the two fibres was 5 mm. Using the Beer-
Lambert law with the absorption cross-section of 1.1329 x 10717
cm?.molecule! the absolute concentration of ozone was calculated. The
Ocean Optics spectrometer was also used to capture light emission from
the plasma to assist in identification of excited species.

2.5. pH and conductivity measurement

The pH and electrical conductivity (o) of NTP treated liquids were
measured using a combined pH and conductivity meter (Hanna In-
struments 9813-6 with pH probe HI-1285-6). The instrument was cali-
brated using standard buffer solutions (pH = 4.01 and 7.01) for pH, and
standard conductivity solution (1413 pS/cm) before taking measure-
ments. The pH and conductivity values were recorded at five-minute
intervals for all tests conducted.

2.6. Nitrites (NOz) and Nitrates (NO3) quantification

The Griess reagent (Sigma, G4410 at 40 mg/mL) was utilized to
quantify NO3 concentration in samples through the diazotization reac-
tion. The reagent is composed of two parts in acidic condition which are
sulphanilic acid and N-(1-naphthyl) ethylenediamine dihydrochloride.
In the colourimetric assay, diazonium salt, which is the product of the
sulphanilic acid and nitrites reaction, reacts with N-(1-naphthyl) eth-
ylenediamine dihydrochloride to form an azo dye developing a pink
colour in the absorbance range of 548 nm. The corresponding NO3
concentration was then obtained using NaNO; and a Griess reagent
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solution (Vol 1:1) calibration curve.

Nitrate (NO3) quantification was carried out by spectrophotometric
analysis using sodium salicylate (0.5 g/100 mL, Sigma Aldrich, CAS 54-
21-7) under very acidic conditions (H2SO4, Sigma Aldrich) [31]. A
standard solution of KNO3 was prepared to create a calibration curve in
order to obtain the corresponding NO3 concentrations using absorption
415 nm.

3. Results
3.1. Evolution of gas phase reactive species

The decolourisation of indigo carmine follows the homolytic cleav-
age of the carbon double bond at the centre of its chemical structure
which can be initiated by active species attack [32]. In order to under-
stand the factors affecting the degradation efficacy of indigo carmine, or
any other organic pollutant, it is first vital to understand the evolution of
key RONS as they are generated and transported from the plasma phase
to the aqueous medium.

Within the plasma region a large number of excited and ionized
states are produced via direct electron impact. Indeed, OES was used to
examine light emission from the plasma operating under different power
conditions and revealed dominant emission from the N5 Second Positive
System [SPS], Figure SI3. Interestingly, no atomic oxygen emission was
observed at 777 nm. This finding indicates that although ground state
atomic oxygen must be created in the discharge, evidenced by the
copious amount of ozone produced, it is not in an excited state. Beyond
the visible plasma region, many species produced in the discharge react
to form intermediaries, such as ozone and nitric oxide, which are able to
diffuse toward the liquid surface.

Ozone is a long-lived and highly oxidative molecule that can be
produced in abundance by NTP generated in atmospheric pressure air.
Fig. 2 shows the evolution of ozone density in the reactor in both the
sealed and unsealed configuration. Under low discharge power condi-
tions, 5 W, the ozone concentration was observed to increase up to a
maximum of approximately 760 ppm in both the sealed and unsealed
configuration after approximately 23 min of plasma generation, fol-
lowed by a plateau, Fig. 2a. In contrast, the evolution of O3 in the 10 W
and 20 W cases shows a marked difference, whereby the density reaches
a peak then rapidly decreases. For instance, at a dissipated power of 20
W in the unsealed reactor the O3 density reached 570 ppm within 2 mins
and was followed by a sharp decrease, dropping to approximately 100
ppm within 8 mins.

To explain the evolution of ozone under the different test conditions,
its formation and loss pathways must be considered. In atmospheric
pressure air plasma the major production pathway of O3 follows a two-
step process; initially, Oz is dissociated by energetic electrons in the
plasma leading to the formation of highly reactive atomic oxygen which
subsequently reacts with O to form O3 [20]. The major loss pathway of
O3 involves its reaction with NO, leading to the formation of NO3 and
O,. Regardless of the dissipated plasma power, Fig. 2 indicates that Og is
readily produced when plasma is first ignited; however, under higher
power operation the density of Os is seen to reach a maxima and then
reduce, in a process known as ozone quenching [33]. As the power
dissipated in the plasma is increased the population of vibrationally
excited nitrogen (Na(v)) grows, this acts to increase the production of
NO through the reaction No (1) + O - NO + N (k =1 x 1077 m3. s
[34]. Park et al. found that the production rate of NO is directly related
to the vibrational temperature of N, molecules, T, [35]. In this inves-
tigation, an increase in discharge power likely caused an increase in T,
leading to the generation of more NO and subsequent quenching of O3,
Notably, this phenomenon can also explain the differences observed in
O3 evolution between the sealed and unsealed reactor configurations. In
the sealed configuration, NO and O3 were confined to the relatively
small volume between the SBD electrode and liquid film, where the
elevated temperature could enhance their reaction. Conversely, in the
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Fig. 2. Influence of plasma power on temporal evolution of ozone density at
operating powers of: (a) 5 W, (b) 10 W, and (c) 20 W.
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unsealed configuration, O3 and NO were able to diffuse beyond the
confines of the reactor into the ambient temperature environment,
acting to reduce the quenching effect.

FTIR analysis was performed to further examine the composition of
gas phase species in the reactor, Fig. 3. The results reveal characteristic
absorption peaks for Ozone (~1050 em ! and ~ 2100 cm’l) and N,O
(~1270 cm ™! and 2200 cm™Y), as well as water (1640 cm™!) [36]. It can
be seen that absorption by ozone decreased with increasing plasma
power, signifying a reduction in O3 density. While, the NyO absorption
peak increased slightly with increasing discharge power signifying a
modest increase in density.

Notable by its absence from Fig. 3b and Fig. 3c is NOy, a finding that
is at odds with the previously described O3 quenching mechanism and
other reports in the literature detailing the FTIR spectra of NTP gener-
ated in ambient air [37]. Critically, the absence of NO; in the effluent of
the reactor can be explained by considering the presence of the flowing
liquid film, which is not a common feature in previously reported studies
employing FTIR. It is well known that NO, readily reacts with water to
form a number of aqueous phase species. In the falling film reactor
considered in this investigation it is assumed that the NO, produced by
the discharge rapidly reacted with the liquid film, whereas N2O does not
react with water and is less soluble [38], hence N,O was detected in the
reactor effluent and not NO». This hypothesis was confirmed by running
the reactor in the absence of liquid, with the results indicating a strong
NO, peak being observed under high power conditions, Fig. SI4.

3.2. Impact of discharge power and reactor configuration on
decolourisation rate

Fig. 4 highlights the impact of discharge power, pulse modulation
and reactor sealing condition on the energy consumption of indigo
carmine decolourisation. Regardless of the conditions used, complete
decolourisation of indigo carmine was observed; however, in all cases
more energy was required to obtain total decolourisation when using a
higher discharge power. Fig. 4a shows the decolourisation as a function
of energy consumption using continuous electrical excitation with the
reactor unsealed, from the figure it is clear that lower dissipated powers
improved the electrical efficiency of decolourisation, with the 5 W case
showing the highest efficiency of all cases examined. As the 5 W case was
found to produce the highest concentration of O3 over the duration of
the test, Fig. 2, it is assumed that Os plays a major role in the decol-
ourisation process, a finding in line with previous works exploring
plasma mediated dye colourisation [39].

Fig. 4b shows the impact of sealing the reactor on decolourisation
rate. Interestingly, at a dissipated power of 5 W the sealed reactor
showed the highest decolourisation rate, while in the unsealed reactor
the higher power conditions exhibited the highest decolourisation rate.
These observations can be explained by considering the gas phase
chemistry described in Fig. 2 and 3. Under low power conditions, O3
quenching does not occur in either the sealed or unsealed configuration,
therefore sealing the reactor is beneficial as it prevents the loss of
oxidative species from the reactor to the environment. In contrast, under
high power conditions sealing the reactor was found to have a detri-
mental impact on Oz production, Fig. 2, which directly reduces decol-
ourisation efficacy.

Fig. 4c shows the influence of pulse width modulation (PWM) on
decolourisation in the unsealed reactor configuration. The results indi-
cate that PWM had a slight positive impact on the electrical efficiency of
the decolourisation for both the 5 and 10 W cases. Similar results have
been reported in previous studies albeit using different pollutants and
reactor configurations. For example, Olszewski et al. investigated the
decolouration of methylene orange using a pulse modulated SBD posi-
tioned above a stirred liquid volume [32]. They observed that decol-
ouration process was more efficient in PWM mode compared to the
continuous mode, attributing this to the low temperature operation
associated with PWM acting to reduce both thermal degradation of O3
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and its quenching.
3.3. Aqueous phase chemical assays

It is well known that short-lived and charged species generated by an
SBD, such as OH and HO,, do not propagate a significant distance
beyond the visible plasma region; consequently, only longer-lived spe-
cies, including N»O, NO, NO; and Os, reach the liquid interface where
they can diffuse to the liquid bulk and change its properties [39]. To
investigate the impact of plasma exposure on the composition of the
exposed liquid, the pH, conductivity, nitrite concentration and nitrate
concentration were measured in the unsealed operating mode, Fig. 5.
The initial pH for all experiments was found to be 6.8. It is commonly
known that when water is exposed to air plasma, the pH drops [22].The
discharge power had a significant impact on the final pH of the treated
solution, Fig. 5a, with the lowest pH of 2.7 being reached after 30 mins
of exposure at 20 W dissipated power, while a pH of 3.4 was reached
after 30 min at 5 W dissipated power. In line with the drop in pH, the
conductivity of the treated solution was observed to increase in all cases,
Fig. 5b. The maximum conductivity reached after a 30 min exposure at
20 W was 0.73 mS/cm at 30 min using 20 W.

As shown in Fig. 5¢, the concentration of nitrites initially increased
for all cases. However, the nitrite concentration remained almost con-
stant or even reduced after 20 mins for the 10 W and 20 W cases. This
unexpected trend can likely be attributed to the oxidoreduction of nitrite
with O3 to produce nitrate, NO3 + O3 — NO3 + Os. Critically, this trend
was less obvious in the sealed mode of operation, where less ozone is
produced at higher operating powers, Fig SI5.

3.4. Comparative study

To understand how the efficacy of the SBD falling film reactor
compares against other plasma-based and non-plasma-based AOPs a
comparison of indigo carmine decolourisation efficiency was compiled
using studies found in the literature [10,32,40-48]. Fig. 6 shows the Gsg
(g/kWh) values, i.e. the energy consumed to decompose one gram of
pollutant, versus the time needed to reach 50 % decomposition (tsg). The
highest efficiency value (Gsp) in this work was 20.18 g/kWh, achieved
using an unsealed reactor operated with a pulse modulated waveform,
which achieved a tsg in 7.43 mins. The figure clearly indicates that the
approach adopted in this work compares favourably to many other non-
plasma based AOPs such as UV, UV/ Hy04 [42], H205/photo Fenton,
UV/TiO, and Fenton/photo Fenton [10]. For example, Rodriguez et al.
investigated the decolourisation of indigo carmine in an acidic medium
(pH = 5) by irradiating it with UV light using a polychromatic UV high-
pressure mercury lamp with and without the presence of hydrogen
peroxide. It was demonstrated that decolourisation of IC (9 x 107> mol.
L™ 1) in the presence of HoO (16 x 10* mol.L~1) was more efficient than
without hydrogen peroxide and the same UV irradiation power. The
calculated Gsy efficiency values were 9.18 g/kWh and 2.28 g/kWh for
UV/ Hy0, and UV, respectively. Palma-Goyes et al. compared three
different AOPs: Hy05/photo Fenton, UV/TiO5 and Fenton/photo Fen-
ton. Among these methods, Fenton/Photo Fenton (Fe*t =5 mg/L) was
the most efficient method to decolourise indigo carmine with a Gsg value
of 1.88 g/kWh, compared to 0.054 g/kWh and 0.06 g/kWh for H,O5/
photo Fenton (Hy03 = 2.03 X 1073 M) and UV/TiO; (TiO = 1 g/L),
respectively.

For plasma based AOPs, Mededovic and Takashima investigated the
decolourisation of indigo carmine (20 mg/L) by direct pulsed discharge
using various storage capacitors in a point to plate electrode configu-
ration. They reported that indigo carmine decolourisation with a tsg of 9
mins and a calculated Gsg of ~0.0504 g/kWh [46]. Crema et al. also
investigated the decomposition of indigo carmine in a cylindrical point
to plate gas discharge over the solution using a pulsed discharge in the
presence of O, and Nj. It was concluded that using bubbled O, was the
most efficient approach, yielding a Gsg value of 4 g/kWh [41]. Morimoto
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Fig. 5. Kinetic evolution of liquid composition under varying plasma generation conditions in the unsealed mode, showing impact on: (a) pH, (b) conductivity, (c)

nitrite concentration, and (d) nitrate concentration.

et al. employed a nanosecond pulsed plasma discharge using a stainless
steel wire to cylinder falling film DBD reactor. In their study, oxygen gas
was used and showed excellent decolourisation efficiency (Gso = 24.84
g/kWh) [48].

From the comparative study it is clear that plasma-based methods are
extremely promising for the degradation of recalcitrant components,
such as organic dyes, in comparison to many other AOP’s that are
currently under investigation. Among plasma-based processes, the use of
an SBD coupled to a falling film reactor was found to offer comparable
performance to several other approaches that employ a configuration
facilitating a direct contact between the plasma and the liquid. This is an
intriguing finding, as it is often assumed that direct-contact plasma
systems offer a significantly more efficient means of degrading chemical
pollutants due to the ability of short-lived chemical species to reach the
liquid interface.

4. Conclusions

In this study, the decolourisation of indigo carmine dye was exam-
ined using an SBD coupled to a falling film reactor. The focus of the
study was to investigate various key factors that affect the decolour-
isation efficacy and compare the efficiency achieved under the most
favourable operating conditions against other plasma and non-plasma
based AOPs. The parameters examined included the reactor configura-
tion, the discharge power, and the use of pulse modulation. Gas phase
species were quantified using UV absorption and FTIR, revealing that
the power dissipated in the plasma had a dramatic influence on the
composition of the reactive species, which was found to directly impact
the efficacy of the approach and the composition of the exposed liquid.

Ultimately, it was shown that an unsealed reactor employing PWM

excitation of the plasma offered the highest decolourisation efficiency,
reaching a Gsg value of 20.18 g/kWh. By altering the reactor sealing
configuration in the continuous mode, the Gso value was affected,
varying from 18.94 g/kWh to 16.67 g/kWh for the sealed and unsealed
configurations, respectively. The efficiency of the indirect SBD falling
film reactor was found to compare favourably against many other
plasma and non-plasma based AOPs. The results of this study clearly
indicate that the combination of a SBD plasma source and falling film
reactor forms an efficient method for the decomposition of recalcitrant
chemical compounds, while offering several benefits over direct-contact
plasma-based AOPs.
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