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Non-thermal plasma has been an emerging technology for water treatment for decades. In this study, we have
designed and fabricated a bubbling plasma batch reactor using an atmospheric pressure dielectric barrier
discharge with a hydrophobic porous membrane. The reactor performance is assessed for purifying synthetic
contaminated water samples containing chemical contaminant sulfamethoxazole (SMX), a widely used anti-
biotic, and biological contaminant E. coli K12. The SMX decontamination tests indicate that the degradation
process is not first-order and the reaction rate dwindle with increasing initial concentration. The yield at 50%
removal achieves its highest value of 8.12 g/kWh for 50 mg/L SMX sample. For inactivation of E. coli K12 tests,
the inactivation process is also not first-order, and the pathogen is completely inactivated for 10> CFU/mL and
10* CFU/mL cases after 10 min and 45 min of plasma treatment, respectively. For the 10® CFU/mL sample, a 5-
log reduction is achieved after 60 min of treatment. The developed plasma reactor can achieve fast deployment
in point of use, low cost for manufacturing, and simple for maintenance. Moreover, it can be used for in-situ
water purification in future long duration crewed space missions as well as tackling with water pollution is-

sues on our planet.

1. Introduction

Conventional water treatment technologies have limited efficiency
for the removal of certain pollutants, such as pharmaceuticals
(Magureanu et al., 2021), perfluoroalkyl substances (PFAS) (Stratton
et al., 2017; Trojanowicz et al., 2018), and endocrine disrupting com-
pounds (Benotti et al., 2009). The increasing number of antibiotics are of
great concern due to their toxicity and potential to induce resistance in
drugs acting on aquatic ecosystems and human health (Marx et al.,
2015). The conventional biological process is ineffective in removing
antibiotics, which can lead to adverse effects on ecological balance and
public health. This may be due to the fact that the design objective of
antibiotics is to sterilize bacteria (Lucas et al., 2016).

As one of the most widely used sulfonamide antibiotics, sulfameth-
oxazole (SMX) is frequently detected in the aquatic environment (Al
Aukidy et al., 2012). Its interference with folate production in bacteria
(Bilea et al., 2024), and disruption of the folate biosynthetic pathway
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(Brain et al., 2008) affects virtually every process in plants (Gorelova
et al., 2017). These challenges prompt a search for more efficient and
more cost-effective methods for water treatment. Non-thermal plasma is
a novel technology to complement or replace classic methods for water
decontamination, purification, and disinfection (Foster, 2017; Jiang
et al., 2014; Magureanu et al., 2021; Zeghioud et al., 2020). Reactive
species (reactive oxygen species, ROS: e¢OH, O, H20,, O3 etc.; and
reactive nitrogen species, RNS: NO, NO,, NO3, HONO, HNO,, NH etc.)
are generated during atmospheric pressure plasma water treatment
(Bradu et al.,, 2020; Brisset and Pawlat, 2016; Jiang et al., 2014;
Samukawa et al., 2012). Atmospheric pressure air DBD is extensively
investigated as one of the non-thermal plasma discharge for water
treatment due to its easy manufacturing, simple electrode structure, and
operating gas condition (Tang et al., 2018).

For manned space flight, water is one of the key technical challenges
in long duration space missions since potable water is essential to sustain
the life of astronauts. In-situ resource utilization (ISRU) and the recycle/
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reuse of on-board water are the only practical options for surface
expeditionary crews and future par-point outposts. Minimizing the
amount of water carried from Earth will enable the affordable estab-
lishment of extra-terrestrial exploration and operations since more
equipment can be carried to help enable new scientific discoveries. The
International Space Station (ISS) onboard medical kit for crew members
contains a substantial number of antibiotics formulated for topical and
systemic use. These antibiotics can be present in the final treated
drinking water of modern water treatment facilities (Boleda et al.,
2014), potentially becoming chemical contaminants in water treatment
system within the spacecraft or space station, which may affect the
susceptibility of microorganisms (Taylor, 2015). Biological contami-
nants can remain in the purified water in the current water recovery and
management system of the ISS (Thompson et al., 2020). These bacteria
can group together and coat the sides of the water pipes, forming bio-
film. Biofilm may lead to life-threatening infections in astronauts (Singh
et al., 2018) and can also clog the spacecraft’s water pipes (Diaz et al.,
2019; Zea et al., 2018), posing a demanding challenge for astronauts to
fix. As summarized in a comprehensive review, plasma-based water
treatment technology could be potentially modularized and scaled-up
for in-situ water resource utilization or point of use applications in re-
gions lacking water treatment infrastructure as well as integrated with
conventional water treatment systems (Foster, 2017). Non-thermal
plasma water treatment technology exhibits considerable potential for
addressing the challenges of treating chemically and biologically
contaminated water in space applications.

In this paper, our aim is to design and fabricate a proof-of-concept
portable plasma water batch reactor using a flexible dielectric barrier
discharge (DBD) with air at atmospheric pressure to tackle the afore-
mentioned challenges. It is easy to assemble for fast deployment in point
of use situations, low cost for manufacturing, and simple for mainte-
nance. The flexible DBD exhibits greater versatility compared to rigid-
structure DBD and can be applied to a broader range of targets
including wound treatment on the human body, public surface
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disinfection, or food sterilization (Nguyen et al., 2024). The compact-
ness and flexibility of the surface DBD (Allabakshi et al., 2022) make it
possible to place the plasma source close to the bottom of treated water
separated by a thin hydrophobic membrane. Air flow is introduced
through the porous holes in the surface DBD, carrying reactive species
and entering the target solution instantly via bubbling. Since the elec-
trodes are not in contact with the treated water directly, the conductivity
of the water will not affect the discharge state. This configuration
overcomes practical application obstacles of DBDs such as mass transfer
of reactive species from gas phase to target pollutants, plasma source
temperature elevation issue, and electrode corrosion (Jiang et al., 2014).
Synthetic contaminated water (SCW) samples containing chemical
contaminant (Sulfamethoxazole) and biological contaminant (E. coli
K12) were prepared for plasma treatment. The plasma reactor is char-
acterized and demonstrated for degrading various concentrations of
SCW samples with chemical contaminant and biological contaminant.
SMX degradation efficiency, degradation products, E. coli K12 inacti-
vation efficiency, and corresponding energy yields were investigated
using the plasma reactor.

2. Material and methods
2.1. Plasma reactor

The schematic of the plasma bubbling reactor is illustrated in Fig. 1a.
As can be seen, the designed test reactor consists of a surface DBD
plasma source and a hydrophobic polytetrafluoroethylene (PTFE)
membrane (Sartorius Hydrophobic PTFE Membrane Filters, Type
11807, diameter 47 mm) with a 0.22 pm pore size to produce bubbles in
the liquid when gas passes through. Bubbling is a simple and effective
method to increase the interfacial area between gas phase and liquid
phase by dispersing the DBD plasma activated gas into the liquid
(Magureanu et al., 2008; Mok et al., 2008). Air is introduced from the
bottom of the reactor and becomes activated when passing through the
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Fig. 1. DBD plasma reactor (a) Schematic of the plasma bubbling reactor. (b) Exploded view of the plasma reactor assembly. (c) DBD surface plasma source.
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plasma region. The PTFE membrane is carefully placed so that it is close
to plasma region.

The exploded view of the bubbling reactor assembly is shown in
Fig. 1b. It consists of a cup thread container for liquid bubbling, a
membrane, a surface DBD plasma source, gaskets, and a bottom support
part with a compressed air gas inlet. The cup thread container has an
inner diameter (ID) of 34 mm and an outer diameter (OD) of 40 mm,
with a total height of 161 mm. The gaskets (OD 55 mm, ID 34 mm) are
0.5 mm thick for the membrane and 2 mm thick for the plasma source.
Both the membrane and plasma source are sandwiched with gaskets and
sealed with silicone glue to ensure air tightness when assembled. The
membrane and plasma source sandwich structure can be conveniently
replaced when needed during experiments. The bottom support part has
a gas inlet hole for mounting a push-to-connect tube fitting. The
assembled reactor has the dimensions around 200 mm x 70 mm x 70
mm (height x length x width), and the total mass of the reactor
(including plasma source, membrane, gaskets, lead wires, and connec-
tors) is around 220 g. Dry air is introduced through a mass flow
controller (MC-series, Alicat Scientific) with flexible gas tube (RS FEP
140 tubing, OD 4 mm, ID 2.5 mm. Two side slots are also designed for
electrode access and replacement of membrane module and plasma
source module. The threads mount on the cup thread container and the
bottom support part can provide sufficient compression force to ensure
that there is no gas leakage during system operation. Both the cup thread
container and the bottom support parts are 3D printed with clear resin
using a Form 3+ printer (Formlabs).

The surface DBD plasma source consists of five layers: two electrode
layers separated by a dielectric material base layer, and two cover layers
on top of each electrode layer. As a plasma bubbling reactor requires
injecting gas (air), a porous surface DBD plasma source has been
developed with an orifice for air injection. As shown in Fig. 1c, a porous
surface DBD plasma source consists of hexagonal electrode pattern with
a total extension of 33 mm and a unit size of 2 mm for each individual
hexagon. The hexagonal electrode pattern was chosen as it provides the
largest area for uniform plasma generation at minimal electrode mate-
rial (Jakob, 2022), see Supplementary Materials. The linewidth of the
ground electrode is 0.2 mm and, therefore, smaller than the linewidth of
the high voltage electrode with 0.8 mm to encourage plasma generation
on the ground electrode side. Each centre of a hexagon has a 0.35 mm
orifice to allow air injection. A schematic section view of one of the
hexagonal elements is also presented in Fig. 1c. The dielectric polyimide
substrate (75 pm thickness) has a 35 pm thick copper layer on each side,
from which the electrode pattern will be etched. Both sides are covered
with 25 pm polyimide cover lay (solder resist) as a protective layer
between the highly energetic plasma region and the plasma source
materials. Etching has the advantage of producing electrode patterns
with high precision and providing pure metal (copper) as the electrode
material.

2.2. Plasma characteristics

Fig. 2a shows the schematic diagram of the plasma source circuit.
The circuit of the plasma source consists of a function generator, an
audio amplifier, and a transformer. The function generator introduces
the sinusoidal waveform within the audio frequency range at 1 V
amplitude as the audio amplifier (Crown CDi DriveCore) input. With the
help of the audio amplifier, the amplitude of the sinusoidal waveform is
increased to 40-50 V. The AC signal output amplitude from the audio
amplifier is then elevated by a step-up transformer (TRI-STAR 4967,
turns ratio 1:360, Corona Magnetics, Inc.) to the kilovolt level, capable
of driving the plasma source. The function generator used in the setup is
the oscilloscope (Tektronix MDO34) integrated Arbitrary Function
Generator. The electrical characteristics of the plasma are monitored
through a high voltage probe (Tektronix P6015A), current probe
(Pearson Model 6585), and a monitor capacitor (10 nF) to estimate the
transferred charge.
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Fig. 2. Plasma source circuit characteristics (a) Diagram of the plasma source
circuit and diagnostics. (b) Typical waveforms of current and voltage captured
by oscilloscope. (c) Typical Lissajous figure for the DBD plasma source.

Fig. 2b presents the measured voltage and current of the plasma
source during operation. The voltage follows the sinusoidal driving
signal and has a peak-to-peak voltage of 6 kV at a fixed frequency of 5
kHz. On the current signal, the plasma discharge can clearly be identi-
fied through the superimposed high frequency and amplitude current
peaks (micro discharges) in the negative and positive half period of the
current measurement. Fig. 2c demonstrates the voltage-charge charac-
teristics of the DBD plasma source, also known as the Lissajous figure
which is used to obtain the discharge power based on the area within the
curve. The monitor capacitor method is widely used for accurate esti-
mation of the power consumptions of DBD plasma actuators in flow
control applications (Ashpis et al., 2012). The obtained Lissajous graph
has the shape of a parallelogram with blunt edges (almond shaped),
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which is typical for surface DBD plasma sources compared to a sharp
parallelogram-like curve, which is usually seen for volume DBD plasma
sources. The electric energy consumed per voltage cycle can be esti-
mated as the area within the Lissajous curve using the following
equation:

E— 7{ V(H)dQ o)

where V(t) is the applied voltage of the surface DBD, Q is the transferred
charge measured by the monitor capacitor. The discharge power can be
derived using the following equation

1
P=fE=—E @

in which f is the frequency of the AC signal, T is the period of the AC
signal. The estimated energy per cycle is 0.2548 + 0.0037 mJ, and the
power of the plasma source operating at 5 kHz is 1.274 + 0.018 W. In
this study, the discharge energy per cycle and discharge power are
estimated using the MATLAB codes.

The optical emission spectroscopy (OES) data and analysis of the
DBD plasma source are demonstrated in Fig. 3; the experimental setup
can be seen in Fig. S1 in the Supplementary Material. The second posi-
tive system (SPS) of Nj is observed (Fig. 3a), which is common in air
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Fig. 3. Optical emission spectroscopy (OES) of the surface DBD plasma source
and modelled spectra (a) Spectrum of the surface DBD from 280 nm to 440 nm.
(b) Fitted spectrum from 350 to 360 nm.
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plasma discharges. The SPS of N experimental spectra were compared
to the modelled spectra from SpecAir (Burnette and Staack, 2020; Laux
et al., 2003) shown in Fig. 3b. For the range of 350-360 nm spectrum,
the modelled spectrum yields a rotational temperature of 380 K and a
vibrational temperature of 1400 K. The difference between vibrational
and rotational temperature indicates that the surface DBD is a highly
non-equilibrium plasma.

2.3. Optimization of eOH radicals formation by gas flow rate

The indiscriminate hydroxyl (eOH) radicals with a higher oxidation
potential are the vital oxidants in plasma water treatment, and the end
products are less harmful or even harmless. The #OH radicals in plasma
treated water solution mainly originate from two sources: dissolved
from the gas phase, which is generated directly by air plasma (Kanazawa
etal., 2011); and produced by the peroxone process (see reactions S1-S5
in the Supplementary Material) with plasma generated ozone and
hydrogen peroxide (Rosenfeldt et al., 2006; Staehelin and Holgné,
1982). Some of the directly generated eOH radicals near gas/liquid
interface diffuse into water within a short diffusion length and will be
converted into hydrogen peroxide which is one of the long-lived species.
This is also the major pathway to hydrogen peroxide formation
(Mededovic and Locke, 2007).

N,N-Dimethyl-4-Nitrosoaniline (CgH;oN2O, Sigma-Aldrich, USA) has
been used as a probe compound for detection of hydroxyl radicals (e¢OH-
R) and shows little reaction with singlet oxygen (10,), superoxide anions
(02), and peroxyl compounds (R—O—0O—R) (Lee et al., 2018). The «OH
radicals were indirectly quantified based on the assumption that the
hydroxyl radicals production by non-thermal plasma is very selective to
N,N-Dimethyl-4-Nitrosoaniline, therefore, able to oxidize it in aqueous
solution (Li et al., 2009). It is an indirect indicator of eOH radical for-
mation, presenting peak absorption wavelength of 440 nm. The ab-
sorption wavelength measurement was performed on the plasma treated
solution using a UV-Vis spectrophotometer (Cary 60, Agilent Technol-
ogy, USA). Absorbance was then measured and converted to the con-
centration value of the probe detection of eOH radical using a
calibration curve. The plasma discharge applied voltage was set at 6 kV
based on MB degradation experiments to ensure competitive reactor
performance shown in Figure S2 and Figure S3, fully ignition of surface
DBD, and the plasma source lifetime. Dry air, mainly composed by Ox-
ygen (21%) and Nitrogen (78%), was used to feed the DBD reactor and
reactive species generated from the DBD reactor were transferred to the
aqueous solution (working volume of 100 mL) through the membrane
gas diffuser. The initial concentration of N,N-Dimethyl-4-Nitrosoaniline
was 10 mg/L. Air flowrate experiments were performed by adjusting it
(0.5, 1.0, 1.5, 2.0 and 4.0 L/min) over a run of 1 h (each condition).
Samples were taken for analysis at 1, 3, 5, 7, 10, 15, 20, 30, 45, and 60
min.

2.4. Chemical and biological contaminants

Two sets of SCW were prepared: a chemical-contaminated set and a
bio-contaminated set. The chemical-contaminated SCW was prepared
using dechlorinated tap water to which a mixture of known concentra-
tion of SMX was added (SCW sample concentrations: 0.5, 5.0 and 50 mg/
L). SMX standard (purity >99.0%) was purchased from Sigma-Aldrich,
UK. HPLC grade acetonitrile and methanol were obtained from Fisher
Scientific, UK. Stock solution standard was prepared in methanol at 1
mg/mL. A working solution was prepared by diluting the stock solutions
in ultrapure water to 1 mg/L. The stock solution was stored at —20 °C
and working solutions were preserved at 4 °C.

The second set of SCW with bio-contaminant was prepared using
dechlorinated tap water and Escherichia coli (E. coli K12 ATCC 11775
from Fisher Scientific Ltd) at concentrations of 102, 10* and 108 Colony
Forming Units (CFU) per mL. The dechlorination process was performed
by allowing the water to stand for 24 h to dechlorinate naturally. It is
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important to mention that plasma discharge, air flow rate and sample
volume were kept the same as in Section 2.3. The airflow rate applied
was 2.0 standard litre per minute (SLPM), which represented the best
condition observed in the optimization of eOH radical formation test.

2.5. Liquid chromatography with tandem mass spectrometry (LC-MS/
MS)

Sulfamethoxazole belongs to the sulphonamide group and was
selected as a target antibiotic based on three main criteria.

1) Presence in final treated drinking water (Boleda et al., 2014);

2) Occurrence in tap water at concentrations up to 21.2 ng/L (Leung
et al., 2013);

3) Availability of a reliable analysis method (Xu et al., 2020, 2021).

LC-MS/MS analyses were carried out to determine the extent of
antibiotic degradation. The LC-MS/MS system and protocol used in this
study are described in Supplementary Material.

2.6. Quantification of E. coli K12

Detection of coliforms is used as an indicator of sanitary quality of
water. Hence, E. coli strain designation K12 was selected as a target
microorganism based on two main criteria.

1) E. coli is widely reported as an indicator of faecal contamination
(Baird et al., 2017);

2) It represents the genetically best understood living organism
(Kuhnert et al., 1995).

Coliform agar (Chromocult ®-Merk) was prepared according to
manufacturer’s instructions. Samples were prepared, homogenized, and
decimally diluted. One hundred pL aliquots of each dilution were
transferred to Petri dishes. Plates were inverted (24, 48 and 72 h) and
incubated at 35 °C. Plates were then examined under a magnifying lens
and with illumination; purple-red colonies that are 0.5 mm or larger in
diameter were counted. The cut-off number was between 25 and 250
colonies. The number of CFU on the countable plate is multiplied by the
final dilution factor and divided by the volume of culture plated in mL to
obtain the number of CFU per mL of the original sample.

3. Results and discussion
3.1. Effects of air flow rate for the plasma reactor

Fig. 4a presents the target substance degradation at different air flow
rates after DBD plasma treatment (Vpp = 6.0 kV, 5 kHz). The

a
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)
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concentration of N,N-Dimethyl-4-Nitrosoaniline decayed exponentially
and followed first-order reaction kinetics. The overall trend of the
observed rate constant, ks, increased with rising air flow rate and it
approached to a threshold after reaching a specific flow rate. The highest
rate constant observed was 0.0062 s ! for both 2.0 SLPM and 4.0 SLPM
within the first 7 min treatment (representing more than 80% conver-
sion in concentration), as shown in the first-order plots of N,N-Dimethyl-
4-Nitrosoaniline degradation in Fig. 4b. The highest observed rate
constant, kops is better than the highest reported value (kops = 0.104
min~! = 0.00173 s1) using a non-thermal plasma device to treat a 9
mg/L N,N-Dimethyl-4-Nitrosoaniline solution at a 7 L/min air flow rate
(Lee et al., 2018). Since air flow rate of 4.0 SLPM leads to splashing of
solution droplets to the container inner wall and overflow due to strong
bubbling effects, the suggested better air flow rate is 2.0 SLPM. This also
demonstrated that the air flow rate cannot be augmented infinitely, as
the residence time of the radicals contained in the bubble would be
shortened with a higher bubbling rate (Tang et al., 2018). Fig. S4 pro-
vides reference bubble size measurements for the reactor operating at
different air flow rates with 100 mL of deionized water. The median of
the equivalent radius of the bubbles grows with increasing air flow rate.
The choice of air flow rate would be constrained by the reactor scale and
its ventilation capacity.

3.2. Decontamination of chemical contaminant

The samples have been analyzed using a LC-MS/MS instrument
programmed to acquire MS data in data dependent mode. The sample
was injected on the reversed-phase LC column, where degradation
products and SMX were chromatographically separated and the effluent
from the LC column was continuously introduced into a HESI source of Q
Exactive mass spectrometer. Data dependent mode allowed acquisition
of a full mass spectrum, followed by selection of the 8 most intense
singly charged ions from the MS full scan for MS/MS fragmentation. This
allowed characterization of degradation products of SMX based on their
accurate mass measurements and MS/MS mass spectra. Fig. 5 shows the
total ion current (TIC) chromatograms for different plasma treatment
times (TO = 0 min, T3 = 5 min, T5 = 10 min, T6 = 15 min, T7 = 20 min,
T8 = 30 min, T9 = 45 min, T10 = 60 min), which demonstrate the
progress of degradation of SMX. SMX eluted from the C18 column at the
retention time 4.27 min. The information of LC-MS/MS method vali-
dation and the ESI mass spectrum of SMX is shown in Supplementary
Materials, Fig. S5. As can be seen from Fig. 5, there was significant
decrease in the SMX chromatographic peak around 4.28 min and the
generation of several degradation products upon treatment of SMX for
60 min.

As demonstrated in Fig. 6a, SMX in the SCW is below the limit of
detection (LOD) after 7 min and 30 min for initial concentrations of 0.5
mg/L and 5 mg/L respectively. The total amount of the antibiotic

b e
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Fig. 4. N,N-Dimethyl-4-Nitrosoaniline degradation (a) Degradation over plasma treatment time at different flow rates with plasma applied voltage V,, = 6.0 kV,
frequency f = 5 kHz. (b) First-order plots of N,N-Dimethyl-4-Nitrosoaniline degradation as a function of plasma treatment time, dashed lines are least-squares

regression lines.
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Fig. 5. Base peak chromatograms for various plasma treatment times of SMX: TO at 0 min (black line), T3 at 5 min (brown line), T5 at 10 min (green line), T6 at 15
min (blue line), T7 at 20 min (light green line), T8 at 30 min (dark purple line), T9 at 45 min (light green line), T10 at 60 min (light grey line). Initial SMX solution
concentration = 50 mg/L; initial pH = 7; air flowrate = 2.0 SLP M; applied voltage Vp, = 6.0 kV; sample volume = 100 mL.

removed by plasma is significantly larger for higher initial concentra-
tion. With the plasma source power at 1.274 W, the energy yields for the
removal of SMX are 0.34 g/kWh, 0.78 g/kWh, and 3.92 g/kWh,
respectively.

The first-order plots of SMX degradation as a function of treatment
time are illustrated in Fig. 6b. The experimental data are non-linear, and
the rate constant (the slope in Fig. 6b) of SMX decontamination depends
on the initial concentration of the antibiotic in SCW: the removal is
slower with increasing initial concentration. One possible explanation is
that the concentrations of reactive species generated during plasma-
liquid interaction are unable to ensure a pure first-order kinetic since
the active species are involved in both the oxidation of the initial parent
compound and its reaction products (Magureanu et al., 2010).

The antibiotic degradation dependence on initial concentration have
been reported in different publications (Guo et al., 2019; He et al., 2014;
Kim et al., 2013; Rong and Sun, 2014; Rong et al., 2014; Wang et al.,
2018). The general trend, main degradation paths, and energy yield at
various removal percentages (mainly 90% removal) were concisely
summarized in a critical review on non-thermal plasma treatment of
water contaminated with antibiotics (Magureanu et al., 2021). Since the
figure-of-merit Y59, depends on chemical species in solution, initial
concentration, feeding gas, gas flow rate, and the reactor design, it is
challenging to compare reactor designs in different dimensions. The
Y500, of SMX degradation using an argon plasma jet in nanopure water
(1 mg/L) was around 6.4 X 10~* g/kWh (Rodriguez et al., 2022). In
another DBD plasma reactor for SMX (initial concentration 5 mg/L)
degradation, the Y50, was calculated to be 2.30 g/kWh with an air flow
rate of 2.0 L/min, and 3.09 g/kWh with an air flow rate of 0.5 L/min
(Kim et al., 2013). Later, the Ysqo, of the reactor was improved to around
49.3 g/kWh by bubbling into the antibiotic solution via three ceramic
gas diffusers (Kim et al., 2015) at air flow rate 0.5 L/min. The Ysgo,
increased by almost 15 times with bubbling enhancement (the number
of ceramic gas diffusers increased from 1 to 3) combined with discharge
power adjustment in air (2.82 W, 60 Hz). While the specifics regarding
ceramic gas diffusers and the resulting bubble sizes were not elaborated
upon, this enhancement in reactor performance highlights the benefits
of bubbling and warrants further investigation.

To quantify the efficiencies of different plasma reactors, the energy

yield at 50% conversion of the pollutant (Ysq9,) was proposed (Malik,
2010) in the plasma treatment community as a figure-of-merit. The
energy yield needed to remove 50% of SMX with an initial concentration
of 0.5 mg/L after 3 min of plasma treatment resulted in Ysqy = 0.39
g/kWh. For an initial concentration of 5.0 mg/L SMX sample, the 50%
removal is fulfilled after 10 min of plasma treatment, achieving Ysqo, =
1.16 g/kWh. With interpolation of the treatment time dependent con-
centration of the 50 mg/L SMX sample, the Ysqo, is estimated to be 8.12
g/kWh. These results demonstrate that the Ysgy grows with the
increasing initial concentration of SMX in the SCW. Enhanced efficiency
of plasma treatment is expected for concentrated effluents, proving that
contaminated water should be treated at the source of pollution
(Magureanu et al., 2021).

Another noteworthy figure-of-merit termed as electrical energy per
order (EE/O, electrical energy required to bring about the degradation
of a contaminant concentration by one order of magnitude in 1 m® of
contaminated water or air) is recommended for direct comparison of
various plasma reactor efficiencies, since it is used in the conventional
advanced oxidation water treatment community for low initial con-
centrations (i.e. cases that are overall first-order reactions) (Bolton et al.,
1996). The estimated EE/O for 0.5 mg/L, 5.0 mg/L, and 50 mg/L SMX
samples are 1.519, 3.881, and 6.272 kWh/m> per order respectively.
Compared to 3.22 x 10°-1.89 x 10° kWh/m? per order in another SMX
plasma degradation in synthetic urine (Rodriguez et al., 2022) with 1
mg/L concentration, this reactor performance is distinctive. Among total
of 48 plasma reactors and other different advanced oxidation processes
(such as electrochemical and photo-Fenton) in the critical review for
water treatment (Miklos et al., 2018), the EE/O values of this plasma
reactor are below their average value, with 0.5 mg/L case outperforming
95% of the listed plasma reactors as shown in Fig. S6.

Key degradation products of SMX using plasma treatment method
have been previously reported in detail (Bilea et al., 2024; Kim et al.,
2015; Magureanu et al., 2021). The degradation products identified in
our data are summarized in Supplementary Material Table S1. These
products will be referred to by the similar notation applied in the study
by Bilea et al., which is comprised of: S-sulfamethoxazole; a number
representing the nominal mass of the compound; a,b,c — for position
isomers of the respective structures (Bilea et al., 2024).
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Fig. 6. Degradation of chemical contaminants (a) Decontamination of SMX
concentration (solid line with markers) and efficiency (dashed line) at initial
concentrations of 0.5 mg/L, 5 mg/L, and 50 mg/L over plasma treatment time.
(b) First-order plots of SMX degradation as a function of treatment time for
initial concentrations of 0.5 mg/L, 5 mg/L, and 50 mg/L.

The identification of SMX degradation products was based on their
accurate mass measurements and MS/MS mass spectra. The recon-
structed ion chromatograms (RICs) for those key degradation products
are shown in Fig. S7. The proposed degradation paths of SMX are
illustrated in Fig. 7. Path 1 starts with the attack of ¢OH on the C6 atom
of the isoxazole ring, generating S269a in two steps: the cleavage of the
double bond leaving C2 atom with an unpaired electron; and reforma-
tion of the double bond due to the eOH driven hydrogen abstraction
from C6. Subsequently, the reaction of Oy with the C2 carbon-centred
radical induces the formation of di-hydroxylated S287. Alternatively,
direct cleavage of the S8-N7 bond of S269a can produce S173 and S114.
Additionally, the reaction of Oy with the C2 carbon-centred radical can
generate S132. While the direct cleavage of the S-N bond of S287 has
been reported (Bilea et al., 2024), the simultaneous presence of S173
(5-30 min) and S132 (45-60 min) was not observed in our case. Path 2
commences with the direct cleavage of the S8-N7 bond of SMX, resulting
in the formation of S173 and S98. Similar to Path 1, e¢OH attack on the
C6 atom converts the isoxazole ring of S98 to S114. Further on,
di-hydroxylated S132 is generated through the reaction of O with S114.
Path 3 commences with the hydroxylation of the benzene ring triggered
by eOH attack, thereby generating the S269bc isomers. Through the
hydroxylation mechanism, di-hydroxylated S285 is produced via
sequential eOH attacks on the benzene ring. The ozone’s attack on the
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amine group of S269bc leads to the formation of S283a. Further
oxidation of this compound can result in the elimination of the
nitrogen-containing group and the formation of S270 diol. Path 4 in-
volves the cleavage of the C11-S8 bond, possibly due to ¢OH attacking
the sulfur atom, leading to the formation of S178 sulfamic acid and an
aniline radical. S178 may originate from any intermediate degradation
products from Path 3. Further oxidation of all resulted intermediate
products leads to the formation of short chain carboxylic acids (formic
acid, acetic acid, oxalic acid), nitrate, ammonium, sulphate (Kim et al.,
2015; Li et al., 2020; Magureanu et al., 2021; Rong and Sun, 2014). In
addition, temporal variations of pH affecting potability of the treated
water (Allabakshi et al., 2023; Li et al., 2022), electrical conductivity,
UV absorption pattern and total organic carbon need to be monitored
during the future experiments.

3.3. Decontamination of biological contaminant

As summarized in the plasma medicine review (Weltmann and Von
Woedtke, 2017), ROS (Joshi et al., 2011; Pavlovich et al., 2013) and RNS
(Oehmigen et al., 2011) generated in or transferred into the liquid phase
play a dominating role in damaging bacterial cell components such as
proteins, lipids, and DNA, leading to cell inactivation. The formation of
secondary reactive species such as peroxynitrite (ONOO™), can further
contribute to bacterial inactivation (Lukes et al., 2014; Van Gils et al.,
2013). The electric fields generated by the plasma can induce electro-
poration (Bermtudez-Aguirre et al., 2013) in the cell membrane, disrupt
cell membrane integrity and cause structural damage to the cell wall,
leading to cell death. Fig. 8a shows that E. coli K12 was completely
inactivated after 10 min and 45 min for initial E. coli concentrations of
102 CFU/mL and 10* CFU/mL, respectively. E. coli concentration of 10®
CFU/mL achieved a 5-log reduction after 60 min of treatment. This in-
dicates that the plasma system was effective in inactivating E. coli K12.

A comparison of this plasma reactor performance on E. coli inacti-
vation with experiments in other research investigations (Dors et al.,
2008; Estifaee et al., 2019; Joshi et al., 2011; Nguyen et al., 2019;
Oehmigen et al., 2011; Patinglag et al., 2021; Pavlovich et al., 2013;
Ziuzina et al., 2013) is summarized in the Supplementary Material
Table S2. The energy efficiency of this plasma reactor is 117.2 CFU/J
(10 CFU/mL), 2689.1 (10* CFU/mL), and 8394370 CFU/J (10®
CFU/mL), demonstrating outstanding performance for E. coli inactiva-
tion at different concentrations. The first-order plots of E. coli K12 are
also non-linear as shown in Fig. 8b. Unlike the degradation of SMX
where the initial rate constant is smaller with increasing initial con-
centration, the rate constant within the first 10 min treatment time of
the 10® CFU/mL case is higher compared to cases with initial concen-
tration 102 CFU/mL and 10* CFU/mL, owing to the complexity of bac-
teria plasma treatment (Estifaee et al., 2019). As the bacteria used in this
project belong to category 1 (i.e. non-pathogenic), future research needs
to test the proposed system against pathogenic and antibiotic resistant
bacteria such as methicillin-resistant Staphylococcus aureus (MRSA).

4. Conclusion

A plasma bubbling batch reactor with a surface DBD plasma source
was designed and manufactured for water treatment. The SMX degra-
dation results indicated that the degradation process does not follow the
first-order kinetic model, and the reaction rate dwindled with increasing
initial concentration. The figure-of-merit Ysqo, for the SMX test was also
initial concentration dependent, the plasma reactor performed better
with a higher concentration contaminant level among the tested con-
centrations, achieving the highest value of 8.12 g/kWh for 50 mg/L.
Identification of key degradation products through LC-MS/MS analysis
revealed insights into the degradation pathway of SMX, underscoring
the pivotal role of eOH radicals in driving the SMX degradation process.
The inactivation of the biological contaminant E. coli K12 did not follow
the first-order kinetic model; a 5-log reduction is achieved with an initial
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Fig. 8. Degradation of biological contaminants E. coli K12 (a) Decontamination
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CFU/mL. (b) First-order plots of E. coli K12 total coliform count over plasma
treatment time at initial concentrations of 10> CFU/mL, 10* CFU/mL, and 10°
CFU/mL.

concentration of E. coli K12 at 10% CFU/mL after 60 minutes of treat-
ment, and the rate constant during the first 10 min is higher compared to
cases with 10?2 CFU/mL and 10* CFU/mL.

The design of this batch reactor with plasma bubbling is promising
for decontaminating both chemical and biological contaminants with a
relatively low applied voltage. The tested results using SCW samples
make it encouraging not only for in-situ water treatment in aerospace
applications, but also for solving water pollution issues on earth. The
scaled-up version of this type of reactor will be developed in the future
with a closed-loop configuration to enhance the reactor efficiency by
making most use of the long-lived species generated in the plasma.
Future research should focus on quantifying the contribution of indi-
vidual reactive species for chemical contaminant degradation and bio-
logical contaminant inactivation, the potability of the treated water, and
reactor optimizations.
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