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ARTICLE INFO ABSTRACT

Keywords: Innovative technological solutions are needed for water decontamination to combat the diverse pollutants
Water treatment present in water systems, as no single optimal decontamination technique is appropriate for all circumstances.
Xlrl,llsfs ) Vacuum-ultraviolet (V-UV) radiation is a source of energetic photons that break molecular bonds, producing a
Dnn lotics plethora of chemically reactive agents, most notably OH® radicals, which can cause the degradation of harmful
es . . . L L
Btheria pollutants. Low-pressure gaseous plasma is a good source of V-UV radiation; however, its application to liquid

water poses challenges. We constructed an inductively coupled radiofrequency plasma to produce high-intensity
V-UV radiation, which was applied to contaminated water via a V-UV-transparent window. Plasma was sustained
in hydrogen, as it produces the highest V-UV intensity among all gases at selected discharge parameters.
Bacteriophage MS2 was used as an indicator of microbial decontamination efficiency. Reactive oxygen and ni-
trogen species were measured at various treatment setups to quantify their effect on MS2 inactivation and
elucidate the primary inactivation factors. At optimal conditions, the concentration of active virus dropped by 9
log1o PFU/mL in 60 s. The optimal experimental setup was then used to treat bacteria E. coli, S. aureus, antibiotic
tetracycline, and synthetic dye methylene blue as representatives of other types of pollutants, all of which were
effectively removed/degraded within 10 min of treatment. A comparison of energy efficiency (EEO) to other
disinfection setups was made for bacteriophage inactivation. With a low EEO value, we showcase the potential of
this technique for further work in this field.

Low-pressure plasma V-UV irradiation
OH® radicals

variety of reactive particles for useful applications. In the case of radi-
ofrequency (RF) plasma discharges, oscillation of free electrons is caused

1. Introduction

Plasma is referred to as the fourth state of matter and is generated
when sufficient energy is applied to a gas, causing ionisation of gas
molecules, producing a highly reactive mixture of ions, electrons, radi-
cals, atoms, and photons. Artificially generated gaseous plasma dis-
charges are widely used in commercial applications such as
semiconductor manufacturing (Kanarik, 2020), photovoltaics (Schlemm
et al., 2005), surface treatment for adhesion improvement (Forster,
2022), thin layer deposition (Gosar et al., 2020), cutting or welding
(Venkatramani, 2002), and much more. The high versatility of plasma
treatment techniques stems from the various discharge setups (plasma
jet, arc discharge, dielectric barrier discharge) and operating parameters
(pressure, working gas, input power, frequency), which can produce a
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by the applied RF field, resulting in ionisation of atoms and subsequent
gas breakdown or plasma discharge (Chabert et al., 2021). RF discharges
can be capacitively or inductively coupled. The latter discharge gener-
ally displays significantly higher electron densities and is used in plasma
propulsions, plasma lighting, or as a source of negative ions beams
(Chabert et al., 2021). Inductively coupled plasmas are also character-
istically able to transit between E-mode or H-mode, each with its unique
plasma properties and discharge parameters. When plasma is sustained
with a lower power input, the E-mode prevails, where the induced
electric field is negligible compared to the voltage drop between the coil
and the chamber wall (in our case, glass tube). In this case, plasma is
characterised by low electron density, relatively high electron
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temperature, and weak light emission. When more power is absorbed,
the plasma shifts into an inductive coupling regime, termed H-mode.
The transition can be observed visually, as the H-mode discharge is
significantly more luminous and has approximately two orders of
magnitude higher electron density (Zaplotnik et al., 2011). To generate
the highest possible amount of V-UV radiation for the purpose of water
disinfection, the latter mode would be preferred, but one should also
consider the required energy input as it relates to the operating costs of
such treatments.

V-UV photons, with wavelengths between 100 and 200 nm, possess
sufficient energy to break molecular bonds, which can be utilised for
improving wettability (Vesel et al., 2023), sterilisation (D. Wang et al.,
2010), gas and water treatment (M. C. Gonzalez and Braun, 1995; Ochiai
et al., 2013). In water treatment applications, V-UV can directly interact
and disrupt organic molecules, or it can act indirectly by generating
oH® (Egs. (1) and (2)), which disrupt organic molecules via hydrogen
abstraction, electrophilic addition, or electron transfer reactions (Egs.
(3)-(5)) (M. G. Gonzalez et al., 2004; Legrini et al., 1993). Water
treatment processes utilising OH® for pollutant degradation are called
advanced oxidation processes (AOP).

H,0+ hv((190nm) — H + HO' (€))
H,O+hv—H'+e +HO 2
HO +RH- R +H,0 3)
HO' + PhX—HOPhX ©)]
HO +RX— RX" + HO™ (5)

In Equations (3)-(5), R and RX represent an organic substrate, R® and
RX® an organic radical, while PhX and HOPhX® present the nucleophile
and the product of electrophilic addition, respectively. The amount and
intensity of V-UV photons generated by a plasma discharge are depen-
dent on many factors, such as working gas, operating pressures, input
power etc. (Zaplotnik et al., 2011). V-UV radiation being efficiently
absorbed by almost all material, including oxygen molecules in the air,
means that specific setups using vacuum systems must be utilised to
allow them to interact with the treated substance (D. Wang et al., 2010).

In the water purification application of V-UV radiation had been
previously used for the degradation of pollutants such as natural organic
matter (Buchanan et al., 2004), chemicals (W. Han et al., 2004; Imo-
berdorf and Mohseni, 2011; Krakko et al., 2021, 2022; Ochiai et al.,
2013), bacteria (Krakko et al., 2021; Liu and Ogden, 2010; Ochiai et al.,
2013), bacterial spores (Halfmann et al., 2007), and viruses (Moldgy
etal., 2020; Ochiai et al., 2013). However, all authors used V-UV sources
different from hydrogen plasma, such as medium-pressure mercury
lamps, LED lights, or excimer lamps, with rather narrow waveband
emissions, which can only interact with certain molecules. Some authors
reported synergistic effects between different light sources (Matafonova
and Batoev, 2022; Ramsay et al., 2000). Therefore, it would be
reasonable to assume that a V-UV source emitting a richer radiation
spectrum could more efficiently degrade a greater variety of contami-
nants from water.

In this article, we present a unique experimental setup with a radi-
ofrequency inductively coupled plasma reactor (ICP), which can pro-
duce rather intense V-UV radiation in a range of wavelengths between
about 150 and 200 nm (photon energy 6-8 eV) and applied it to liquid
samples. We quantified the concentration of OH® in polluted water and
evaluated their contribution towards MS2 bacteriophage (MS2) inacti-
vation by systematically excluding competing biocidal agents. The
characterization of treatment was finalized by performing an energy
efficiency comparison with similar methods.

Expanding further from bacteriophage treatment, Gram-negative
bacteria E. coli, antibiotic tetracycline, and a massively produced syn-
thetic dye methylene blue were also treated with the system. These were
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selected as model representatives of waterborne bacterial disease out-
breaks (M. N. V. Prasad and Grobelak, 2020), accumulating pharma-
ceutical contamination (Amangelsin et al., 2023), and harmful
industrial runoff (Oladoye et al., 2022), respectively. By their rapid
inactivation/degradation, we showcase the ability to treat different
types of pollutants and provide a proof-of-concept to utilize such devices
in practical applications.

2. Materials and methods

2.1. Inductively coupled low-pressure RF plasma system and sample
treatment chamber

The plasma device used in this study is an inductively coupled
plasma (ICP) system (Fig. 1) powered by an RF generator Cesar 1320

Fig. 1. A photograph of the plasma system with plasma in the H-mode.
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(Advanced Energy, USA), connected to a copper coil positioned around
the centre of the discharge chamber. The input voltage and current
waveforms were sine waves with a frequency of 13.56 MHz. For the
parameters most frequently used in this research 50 W and 390 W of real
power, the RMS voltages were 900 Vgys and 1010 Vgys, respectively.
The discharge chamber consists of a borosilicate glass tube with a length
and diameter of 30 and 4 cm, respectively. The tube was evacuated to a
base pressure of 1 Pa with a two-stage rotary vane pump Trivac D40B
(Leybold, Germany). Pressure was measured with a capacitive absolute
pressure transducer Baratron 722A (MKS Instruments, USA), and the Hy
gas was leaked into the tube via mass flow controller Aera MFC FC-7700
(Advanced Energy, USA) (Fig. 2). Here, it should be stressed that the
plasma generated in this system was used only as a source of radiation,
especially V-UV radiation, and was not in contact with the polluted
water. To apply V-UV radiation to liquid samples in atmospheric con-
ditions, a special chamber was constructed, as describer previously (Zver
et al., 2025). Briefly, an aluminium chamber with a radiation-facing
MgF. window, which is transparent to wavelengths down to about
110 nm, was utilised to contain a hermetically sealed glass petri dish,
which contained the liquid sample at atmospheric pressure. The cham-
ber also allows for the exchange of atmospheric gases via the two valves
positioned on either side of the chamber and the use of an optional,
non-hermetic radiation barrier. The barrier is used to obscure the treated
sample from direct V-UV radiation. The radiation can produce reactive
gaseous species above the barrier (headspace), which can subsequently
diffuse to the liquid surface by passing through the gaps between the
barrier and the sample chamber. Nitrogen does not absorb V-UV radi-
ation down to around 110 nm (Tigrine et al., 2016), while oxygen pre-
sent in the air does so efficiently (Watanabe et al., 1953), producing
ozone in the process, which could aid in the disinfection process, while
also enabling easier operation of the system from a practical application
viewpoint. When required, the gas inside the chamber was exchanged
with Ny by fitting a tube on the side valve and allowing the desired gases
to flow through the chamber for 30 s, after which the valves were closed
on both sides, and the tube was subsequently removed. The chamber
containing the prepared sample was then attached to the bottom of the
ICP plasma system, and the treatment would proceed for up to 10 min. In
some cases, the glass petri dish was non-hermetically covered with a
radiation barrier (black-painted aluminium sheet), preventing direct
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Fig. 2. Schematic presentation of the plasma treatment of samples.
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V-UV interaction with the liquid sample, while still allowing the reactive
species to reach the liquid sample surface. In other cases, 200 mM of
D-mannito]l was added to act as a scavenger for OH®, excluding them
from interacting with contaminants. The distance between the MgFa
window and the liquid surface was always 3 cm.

2.2. V-UV spectrometry

Emission radiated from ICP plasma was measured with VS7550 V-UV
to NIR Mini-Spectrograph (Resonance Ltd., Canada). The device has a
UHV MgF; window and a laminar flow purge system, through which a
steady flow of N5 gas was established to prevent radiation absorption by
the ambient atmosphere. The spectrometer has a Czerny-Turner
configuration, where slit size, input aperture (F#), order sorting fil-
ters, grating angle, and dark exposures can be controlled with VS7550
Spectrometer software. It allows light intensity measurements ranging
from 104 to 1000 nm. In all measurements presented in this work, a 100
pm slit, a 1200 L/mm grating, F8.4 aperture, a —4° grating angle, and
6—500 ms integration time were used. The distance between the plasma-
generation area and the V-UV spectrometer was always 30 cm. Based on
the spectroscopic measurements of V-UV radiation (Fig. 4), the optimal
V-UV radiation was emitted in ICP plasma with Hy gas at approximately
20 Pa either in E-mode or H-mode, at a real power input of 50 W or 390
W, respectively.

2.3. Virus inactivation experiments and spot-titre plaque assay

For treating viruses in solution, 2 mL of Milli-Q (MQ) water with
bacteriophage MS2 was placed in the glass petri dish (water layer
thickness of 1.1 mm) inside the chamber with the initial concentration of
9 logip PFU/mL and sealed with the MgF, window cover. The contri-
bution to virus inactivation from V-UV radiation, ozone, and OH® in
solution were systematically excluded by using a non-hermetic radiation
barrier, nitrogen atmosphere, and adding 200 mM of D-mannitol to the
solution, respectively. The treatment conditions were as follows: plasma
in either E-mode (50 W) or H-mode (390 W), plasma in H-mode + ra-
diation barrier (B), and plasma in H-mode + 200 mM mannitol (M).

For MS2 quantification, a modified version of the double-layer agar
(DAL) method, previously described by Beck et al. (N. K. Beck et al.,
2009), was used. All growth media referred to in this method consist of
Trypticase Soy Broth (BD BBL™) medium, supplemented with 1.93 g/L
MgCly x 6H50 (Sigma-Aldrich, USA) and 100 mg/L ampicillin sodium
salt (Gibco™, USA), with varying concentrations (%) of bacteriological
agar (Biolife, Agar Bios Special LL, USA). An amount of 100 pL of
overnight E. coli CB390 culture, grown in a liquid medium, was inocu-
lated into 5 mL of dissolved agar (0.7 %) medium, which was then mixed
and poured over solid medium (1.5 %) plates. After 15 min, 10-pL
droplets of virus sample dilutions were spotted on the plates (at least 4
per sample) that were placed lid-up in an incubator overnight at 37 °C.
The number of plaques was counted the following day, and the number
of infectious viruses was quantified by considering the sample dilutions
using the following equations:

Virus concentration : log(x x 1071 4) 6)

e . logx)?
Log stdev : \/ 0~ Z (logx; — logx) 7)

where X denotes the average of counted plaques, d the dilution step, n
the number of measurements, and log4 represents the 4x dilution factor
used for the experiment. All treatments were performed in triplicates.
The control samples underwent the same procedure without the ignition
of plasma.
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2.4. Plasma-activated water MS2 disinfection

To evaluate the contribution of long-lived reactive species (H205, O3,
NOz) to MS2 inactivation, an experiment was conducted by using
plasma-activated (treated) water (PAW). PAW was prepared in the same
manner as for the virus-inactivation experiments explained previously,
without adding MS2 into the water. The water samples were all treated
for the maximum duration of 10 min, after which 1 mL of the treated
PAW was placed into a 1.5 mL tube, and MS2 bacteriophage was added
to it at the initial concentration of 9 log;o PFU/mL. After a 10-min in-
cubation period, a dilution series was made, and the samples were
spotted on agar plates, which was the same as described above. A one-
way ANOVA analysis with a confidence interval of 0.05 was per-
formed to reveal statistically different treatment outcomes. The liquids
were treated with V-UV radiation in either nitrogen or air atmosphere
inside the sample chamber. The treatment conditions were as follows:
plasma in either E-mode (50 W) or H-mode (390 W), plasma in H-mode
+ radiation barrier (B), and plasma in H-mode + 200 mM mannitol (M).
The quantity of long-lived reactive species (H203, O3) was measured
with a commercial water quality testing device, Palintest Photometer
7500BT (Palintest, UK), using the appropriate testing reagents. The
temperature and pH of the liquid remained consistent throughout the
treatment procedure (25 °C, pH = 7), as measured by Palintest Multi-
parameter pocket sensor (Palintest, UK).

2.5. OHe radical quantification

A terephthalic acid (TA) assay was used to determine the amount of
OH® in water solution. TA reacts with OH® in solution, producing 2-
hydroxyterephthalic acid (HTA), which emits a fluorescent signal at
425 nm when excited with monochromatic laser radiation at 318 nm. A
5 mM solution of TA (Sigma-Aldrich, USA) was prepared by preheating
MQ water to 80 °C and using 1 M NaOH to adjust the pH to 11 before
adding TA during mixing. Additionally, to study the degradation profile
of generated HTA, a 0.5 mM (100 mg/L) solution of HTA (Merck KGaA,
Germany) was prepared by dilution with sterilised MQ water, and
treating 2 mL samples, quantifying remaining HTA as described above.
A glass petri dish containing 2-mL samples was placed inside the sample
treatment chamber for treatments with V-UV radiation from plasma. A
radiation barrier, No gas, or mannitol was inserted when required and
irradiated with plasma as described above for the indicated amount of
time. After treatment, a 200 pL sample was transferred to a 96-well plate
(Brand, pureGrade™ S, Germany), and fluorescence measurements were
performed with a spectrometer Infinite 200 Pro (Tecan, Switzerland) at
75 gain. During the treatment of the TA solution, the HTA is formed, but
at the same time it is also degraded. Therefore, in order to determine the
actual production rate of the HTA and, consequently, of the OH®, a
deconvolution had to be made between the measured HTA and HTA
degradation curve (Zver et al., 2025). To do so, only HTA was treated to
determine the degradation curve. The deconvoluted curve was then
convoluted back with a constant, i.e., without a degradation. Because
not every OH® is used to form one HTA, the production rate of HTA is
the lower value of the OH® production rate.

2.6. Energy efficiency calculations

Besides disinfection effectiveness and consumer and environmental
safety, a water treatment technique must also be cost-effective for
implementation in practice (Bolton et al., 2001). Based on its working
principle, plasma-generated V-UV irradiation is classified as an
advanced oxidation process (AOP), relying on in situ generation of
reactive oxygen and nitrogen species (RONS) to achieve disinfection of
polluted water. Since electric energy represents the majority of oper-
ating costs for most AOPs, a standard approach to estimate the
price-performance of AOPs is to calculate the energy efficiency per order
(EEO, Equation (8)), defined as the energy, expressed in kWh, required
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to reduce the concentration of a contaminant by one order of magnitude
(1 logio) in a unit of volume (1 m3).

EEO < kWh ) _ Power input (kW) x Treatment time (h)

m3 .order ) Volume (m?) x 1 log,, ®

2.7. Pollutant degradation experiments

To evaluate the performance of the system towards other types of
pollutants, the optimal treatment parameters, namely H-mode hydrogen
plasma with air as the atmosphere in the sample chamber, were used to
treat Gram-negative (G™) Escherichia coli (EC, NCTC 12923, bioMérieux
S.A., France) and Gram-positive (G") Staphylococcus aureus (SA, NCTC
10788, bioMérieux S.A., France) bacteria, as well as the antibiotic
tetracycline (TETR, Sigma-Aldrich, 98.0-102.0% HPLC, USA) and an
organic dye methylene blue (MB, Thermo Fisher Scientific, USA), for up
to 10 min.

E. coli and S. aureus cultures were inoculated into liquid TSB medium
and incubated in a shaker (200 rpm, 37 °C, 24h). The bacteria were
harvested by three progressions of centrifugation (5 min, 5000 rpm) and
washing with MQ water before being serially diluted, spread onto TSB
plates, and incubated at 37 °C overnight. The following day, the bacteria
were counted to prepare a sample solution of ~8 log;( bacteria for ex-
periments with plasma-emitted V-UV radiation. The same counting
method was utilised to quantify bacterial survival by plating 100 pL of
sample dilutions on TSB agar plates, incubating them overnight at 37 °C,
and subsequently enumerating the colonies.

For TETR degradation experiments, a 10 mg/L solution was prepared
by dissolving TETR powder in MQ water. The solution was stirred
overnight by a magnetic stirrer. As described above, 2-mL samples were
placed in the glass petri dish and treated with plasma, followed by
adding 100 pL of methanol to prevent further reactions. The samples
were analysed by Liquid Chromatography (LC) using a Waters Acquity
UPLC I-Class Plus System equipped with a photodiode array detector
(PDA) at 25 °C. The reverse-phase column used was a Waters Acquity
UPLC® BEH C18 (1.7 pm) 2.1 x 150 mm column. The equipment was
operated in continuous mode using as mobile phase 70% of water/
methanol/0.1 M oxalic acid with ratios of 80:10:10 (v/v) and 30%
acetonitrile. The flow rate was 0.3 mL/min. Samples of 10 pL were
injected and the retention time was 1.5 min. The limits of quantification
and detection were 0.034 and 0.010 mg/L of TETR, respectively, at 357
nm.

MB was dissolved in MQ water at a concentration of 100 mg/L,
treated with plasma as described above, and the degradation was
measured by absorbance reduction at 664 nm.

For all pollutant treatments, 2-mL samples were placed in the glass
petri dish and treated with plasma as described above. All experiments
were conducted in triplicates for the indicated amount of time, and the
average concentration and standard deviation were calculated.

3. Results and discussion
3.1. V-UV intensity

In our previous work, we confirmed that Hy gas emits the most
intense V-UV radiation (Zver et al., 2025). A typical spectrum of ICP
hydrogen plasma used in this study is presented in Fig. 3. Intense radi-
ation can be seen in wavelengths below 300 nm. The continuum above
190 nm arises from continuum a—b molecular transitions. However, the
most intense radiation is due to the Lyman (B—X) and Werner (C—X)
molecular band transitions. In order to compare radiation intensity at
different discharge parameters, we integrated emitted light intensity in
the V-UV region (from 100 to 200 nm).

Since plasma gas pressure and input power are the primary factors
affecting plasma discharge characteristics, we modulated these two
parameters to obtain the optimal conditions for highly intense V-UV
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Fig. 3. A typical spectrum of ICP hydrogen plasma.
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radiation. At least 50 W was required to obtain a stable E-mode plasma,
which we used as our starting point. We then incrementally increased
the Hy gas flow (pressure) and kept the pumping speed constant to
identify the maximum V-UV intensity. As can be seen in Fig. 4, the
maximum V-UV radiation from plasma generated at the absorbed real
power of 50 W in an ICP plasma system was achieved at pressures
around 20 Pa, which is explained by two contradictory effects. At low
pressures, the electron density increases with increasing pressure
because of the reduced loss of the charged particles at walls due to the
increasing collision frequency and, thus, decreasing diffusion. The
increasing electron density causes more excitations and, thus, more
intensive radiation. At elevated pressure, on the other hand, the electron
temperature starts decreasing with increasing pressure because of
numerous collisions; hence, the lower electron temperature causes
inefficient ionisation and excitation of radiative states. There are
optimal conditions in between, evidently at the pressure of 20 Pa when
using our experimental setup. When additional power is supplied to the
system, the radiation increases with increasing power, and eventually,
plasma discharge transforms from E-mode (predominant capacitive
coupling) to H-mode (predominant inductive coupling), which charac-
teristically produces more intense radiation. This can be seen in Fig. 5,
where integrated V-UV radiation intensity is displayed versus the real RF
power. Here, ’real RF power’ denotes reflected power subtracted from
forwarded power, where both values are measured by the RF generator.

For further treatments and experiments, 20 Pa and 50 W and 390 W
of real RF power for E- and H-mode were used, because these were the
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lowest powers where each mode was stable.

3.2. Virus inactivation

A comparison between E- and H-mode hydrogen plasma was per-
formed to establish the power-dependent virus inactivation efficiency.
These were performed with either air or N5 inside the sample chamber to
elucidate the contribution of direct V-UV water treatment (N, atmo-
sphere) while excluding the contribution of any reactive oxygen species
(air atmosphere) generated in the headspace of the sample treatment
chamber.

As can be seen in Fig. 6, the presence of oxygen inside the sample
chamber (because nitrogen was replaced with air) improves the overall
bacteriophage inactivation efficiency when illuminated with V-UV ra-
diation arising from hydrogen plasma in both E- and H-modes. Inter-
estingly, hydrogen plasma in the E-mode with air atmosphere (black
circles in Fig. 6) in the sample treatment chamber achieved total inac-
tivation slightly faster than hydrogen plasma sustained in the H-mode in
the nitrogen atmosphere (red squares in Fig. 6).

The MS2 inactivation shown in Fig. 6 could be explained by different
efficiencies in OH® production in water when using nitrogen or air at-
mospheres in the sample treatment chamber. The contribution of
various reactants was evaluated by systematically excluding the main
inactivation agents, which are V-UV radiation, reactive oxygen species,
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Fig. 6. MS2 bacteriophage inactivation by hydrogen ICP plasma ignited in H-
mode (squares) and E-mode (circles) in either air (black colour) or nitrogen (red
colour) atmosphere.
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and OH®, by utilising a non-hermetic radiation barrier, nitrogen atmo-
sphere, and a mannitol solution, respectively. When air is exchanged for
nitrogen (Fig. 7) in the sample chamber, there is a clear drop in inacti-
vation efficiency, confirming the role of reactive oxygen species in virus
inactivation. The virus inactivation was extremely slow or practically
non-existent when a barrier was inserted into the nitrogen-containing
chamber (Fig. 7 (a)). The radiation barrier was used to protect the
water from direct V-UV radiation from plasma. The reactive species
formed by plasma radiation in the sample’s treatment chamber head-
space were able to reach the liquid surface by passing through the sides
of the barrier. Such an experiment removed the direct effect of V-UV
plasma radiation on the water sample. When mannitol was added to the
solution, the inactivation rate was reduced, but total inactivation was
still achieved after 5 min of treatment, meaning that OH® is not the only
reactant responsible for virus inactivation.

However, treating the samples in an air atmosphere shows that other
agents (not only OH®) are responsible for bacteriophage inactivation
(Fig. 7 (b)). Most notable is the use of a V-UV barrier, where total
inactivation was achieved after 7 min of treatment, even when the
sample was completely obscured from the V-UV radiation. The addition
of mannitol provided similar but slightly better results when compared
to the nitrogen atmosphere in the sample’s treatment chamber head-
space. This indicates that when V-UV interacts with oxygen molecules in
the sample’s treatment chamber headspace, long-lasting reactive oxy-
gen species are produced that can migrate to and react with the liquid,
achieving virus inactivation without requiring direct irradiation of the
polluted water with V-UV radiation. Therefore, oxygen inside the
treatment chamber is beneficial to the overall plasma V-UV treatment
performance.

3.3. PAW virus inactivation

Antimicrobial long-lived RONS, mainly H02 and O3 (M. C. Gonzalez
and Braun, 1995), are produced and dissolved in water during plasma
V-UV irradiation. Their contribution to MS2 inactivation was evaluated
by exposing MS2 bacteriophage to PAW. Both water treatment and virus
exposure were set to 10 min. Additionally, the aforementioned RONS
were measured using a photometric test.

For all the treatment conditions presented in Fig. 8, the measured
NO; quantities were below the method’s detection limit (>1.0 mg/L).
For O3 and Hy0, measurements, the only standouts were PAW treated in
H-mode in an air atmosphere, which produced 1.6 + 0.2 mg/L H203,
and PAW treated in H-mode with the addition of mannitol (M) with 2.27
+ 0.7 mg/L O3 detected. All other samples contained less than 0.3 mg/L
for both disinfectants. Mannitol is a scavenger of OH®, which is involved
in upstream and downstream reactions for generating RONS (Goldstein
and Czapski, 1984). Thus, providing a scavenger that reacts with OH®
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Fig. 8. MS2 bacteriophage exposed to plasma-activated water (produced by a
10-min plasma treatment) for 10 min; * and ** indicate statistically significant
differences between treatments (p < 0.05).

and reduces the pool of reactants, which is expected to achieve less virus
inactivation. Moreover, excluding the OH® from the reaction mixture
significantly improved the production of Ogs, indirectly aiding the
inactivation efficiency.

Fig. 8 shows that only about 3 log;o inactivation was achieved by
treating MS2-polluted water with PAW prepared in H-mode plasma with
air in the sample’s treatment chamber headspace. An expected decrease
in viral inactivation was observed at lower powers used to sustain
hydrogen plasma (E-mode). When nitrogen was present in the sample’s
treatment chamber headspace, fewer reactive oxygen species were
produced and dissolved in PAW, resulting in no inactivation of MS2.
Since OH® reacts with and degrades long-lived H,O, and O3 (Legrini
et al., 1993; Reisz et al., 2003), adding mannitol to the water sample
may raise their concentration in PAW. On the other hand, when a plasma
radiation barrier was implemented to prevent direct V-UV interaction
with water, no significant virus inactivation was observed, even with the
presence of air in the chamber. This indicates that V-UV radiation in-
creases the production of long-lived RONS in the liquid and can be
achieved by a complex system of intermediate reactions between short-
and long-lived RONS, indirectly affecting the production and transport
of the latter to the liquid phase, reviewed by several authors (Anderson
et al., 2016; Hoigné and Bader, 1976; Jiang et al., 2014; Legrini et al.,
1993; Zhou et al., 2020).

7.-C. Yang et al., 2024 reported that an O3 concentration of 4.8 mg/L
was required to inactivate 4 logyo of MS2 in deionised water, while a
H0, concentration of 850 mg/L was required for the same effect (Z.-C.
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Fig. 7. MS2 bacteriophage inactivation in nitrogen (a) and air (b) atmosphere. B in the legend denotes that a radiation barrier was used, while M denotes that

mannitol was used as an OH® scavenger in the treated sample.
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Yang et al., 2024). A concentration of 0.1 mg/L O3 caused an MS2
reduction by 1 log;¢ in 3 min exposure time, and the inactivation did not
seem to continue after that time (J. Fang et al., 2014). However, the
inactivation was markedly improved by additional UV exposure, which
was explained by the co-generation of OH® from O3 interaction with UV.
Similarly, less than 1 log; ¢ inactivation was observed when 5 mg/L HyO5
was used to treat MS2, while a combined UV/H305 process resulted in
over 7 logy inactivation, supposedly by the same effect (Sherchan et al.,
2014). Due to a variety of factors affecting disinfection efficiency, it is
difficult to compare results from different treatments directly; however,
based on the published results, only the concentrations of Os for
H-mode + mannitol (M) treatment are sufficient to explain the observed
MS2 inactivation presented in Fig. 8. For clarity, a summary of key
inactivation factors from various plasma treatments is presented in
Fig. 9.

3.4. OH’ radical quantification

The results discussed above show that the major factor for virus
inactivation in water treated by V-UV from hydrogen plasma are OH®
radicals. Therefore, we performed systematic measurements to quantify
the concentration of OH® in water samples by applying a TA assay.
When OH® is produced through a water homolysis reaction (Equation
(1)) (M. G. Gonzalez et al., 2004), some react with TA to produce HTA,
and the concentration of HTA can be measured with a spectrophotom-
eter. However, HTA can also be degraded by the co-generated ozone
when air is used in the sample’s treatment chamber headspace (Zver
etal., 2025), meaning that a degradation measurement is also needed to
quantify generated HTA accurately. Fig. 10 shows the measured HTA
signal when either TA or HTA solution was irradiated with V-UV from Hy
plasma, ignited at 50 W (E-mode) or 390 W (H-mode) at 20 Pa.

Again, the difference between E- and H-mode is immediately
apparent since only the latter treatment caused total degradation of HTA
within the designated treatment time. Knowing this, it is easier to
interpret the curves of the TA irradiation experiments, which trend
downwards after the initial upward progression. Using the results of our
measurements (Fig. 10), one can estimate the OH® production rate for
each treatment condition. For that purpose, the formation and degra-
dation curves presented in Fig. 10 were deconvoluted, and the
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Fig. 9. Visual representation of major factors affecting MS2 inactivation with
plasma treatment. (V)UV denotes V-UV and UV radiation, ROS;;, denotes long-
lived ROS (O3, H,05); ROSg;, denotes short-lived ROS (O, 10,5, 03), excluding
OH®; H denotes plasma in the H-mode; E denotes plasma in the E-mode; A
denotes air used in the sample’s treatment chamber headspace, while N denotes
nitrogen; M denotes use of OH® scavenger mannitol; B denotes the use of a non-

hermetic radiation barrier; —Alogio denotes a logarithmic change in virus
infectivity.
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deconvoluted signal was then convoluted back with a constant response,
i.e., without degradation. In this way, only an HTA formation rate
without any degradation is determined. Fig. 11 presents the HTA for-
mation rate curves during irradiation with V-UV arising from hydrogen
plasma sustained in E-mode and H-mode in either air or nitrogen in the
sample’s treatment chamber headspace. The results correlate perfectly
with the results of MS2 inactivation presented in Fig. 6. The most sig-
nificant OH® production rate was when H-mode plasma was used as the
V-UV source and air was in the sample’s treatment chamber headspace,
whereas the lowest production rate was when E-mode plasma was used,
and the sample’s treatment chamber headspace was filled with nitrogen.

Previous studies reported OH® production rates in the ranges of
1078-107% M/s (Joshi et al., 1995; Kanazawa et al., 2011; Sahni and
Locke, 2006), which is somewhat lower than production rates between
3.2 and 0.082 + 0.04 x 10~° M/s obtained from our setup. Here, we
should stress again that the lines presented in Fig. 11 do not present the
actual OH® production rates but rather the HTA formation rates, which
are related to OH® production rate; therefore, they do not represent the
total amount of OH® produced. Nevertheless, the observed production
rates still indicate a good performance of this setup regarding OH®
production.

3.5. Energy efficiency estimation

An extensive review comparing energy efficiency per order (EEO)
estimations of different advanced oxidation processes was presented by
Miklos et al. (2018), which led to categorisation into three groups based
on median EEO values: <1 kWh/mB, 1-100 kWh/ms, and >100
kWh/m3. The most energy-efficient system was ozonation with 0.15
kWh/m?, followed by introducing UV treatment to the ozonation pro-
cess at 0.2 kWh/m?3, while plasma processes fell into the second group
with around 3.3 kWh/m® median EEO value. The decontamination ef-
ficiency was almost exclusively evaluating chemical contaminants,
which behave differently from microbes. Nevertheless, it gives us
something to compare the efficiency of our system. Here, it should be
mentioned that some caveats are necessary to evaluate the applied V-UV
radiation despite its sub-optimal application. Namely, even though the
applied power of 50 W and 390 W were used to sustain the plasma in E-
and H-mode, respectively, it must be stated that the radiation had
dissipated in all directions (Fig. 1) of the discharge tube and only a small
fraction of the plasma-emitted V-UV photons reached the sample. This
fraction was calculated as a ratio between the solid angle of the plasma
radiation impinging on the liquid in the sample chamber and the solid
angle of the whole sphere. Approximately only 0.1 % of the plasma
emitted V-UV light was actually used in these experiments, which was
accounted for in the EEO calculation. Various plasma systems that used
MS2 as a water decontamination target are also presented in Table 1,
providing the most objective comparison between plasma discharges.
The amount of V-UV light used for water treatment requires many op-
timisations, but the estimations in Table 1 indicate that the overall ef-
ficiency could be economical after optimisation of the treatment system.
Furthermore, low-pressure plasmas can be sustained in large volumes at
the specific power (power per unit volume of plasma) as low as about 1
W/liter (Gosar et al., 2020) so upscaling the experimental results re-
ported in this scientific article looks feasible.

It can be seen that the best-performing methods (O3, O3/H20,, UV
lamps) also have applications in large water treatment setups. Relatively
high EEO values are calculated for atmospheric-pressure plasma dis-
charges, which is explained by a lower production of RONS, V-UV, and
UV, as a large portion of energy is lost to heating the gas (Tendero et al.,
2006). On the other hand, the low-pressure ICP system studied in this
article achieves quite promising EEO values, with the E-mode discharge
with an air atmosphere being the most energy-efficient technique among
those probed in our experiments. The simultaneous application of
powerful UV and V-UV radiation, along with a plethora of RONS
generated due to the oxygen in the atmosphere, is sufficient for 9 log;o
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Table 1
Energy efficiency per order for MS2 inactivation in water. Ozonation and O3/
H,0, added for "best-in-class’ comparison.

System EEO (kWh/m®/order) Reference

Ozonation 0.15 Miklos et al. (2018)
03/H204 0.2 Miklos et al. (2018)
Plasma jet 1166.67 (Y. Wu et al., 2015)
Streamer corona discharge 311.11 Lee et al. (2011)
Dielectric barrier discharge 5.21 Guo et al. (2018)

UV-C LED 260/280 nm 2.022 (S. E. Beck et al., 2017)
Low-pressure UV lamp 0.028 (S. E. Beck et al., 2017)
Medium-pressure UV lamp 0.06 (S. E. Beck et al., 2017)
KrCl excimer lamp 222 nm 0.05 Hull and Linden (2018)
ICP plasma, E-mode, N, 0.66 This work

ICP plasma, E-mode, air 0.07 This work

ICP plasma, H-mode, Ny 0.57 This work

ICP plasma, H-mode, air 0.30 This work

inactivation of MS2 within a minute of treatment time, requiring nearly
eight times less energy input than the treatment with plasma in the
H-mode. Again, it needs to be stated that the values calculated in this
article only represent the 0.1 % of energy applied to the sample itself,
and many optimisations of the technology still need to be done.

3.6. General aspects of pollutant degradation using V-UV radiation from
hydrogen plasma

In the preceding sections, we proved the degradation efficiency of
viruses when using V-UV radiation from hydrogen plasma and explained
the mechanisms involved. The method, however, is applicable for
destroying many other organic pollutants in water since the OH® readily
interact with any organic matter, causing the formation of radicals
(Equation (3)) and irreversible oxidation by forming organic radicals
(Equation (4)). In the following section, we provide a proof of concept
for three other types of pollutants, including two types of bacteria, E. coli
and S. aureus, the antibiotic tetracycline, and the industrial dye meth-
ylene blue.

Viruses are challenging to remove from water systems because of
their small size, while bacteria can grow, replicate, form biofilms, repair
damage, and adapt to their environment, meaning they may be more
persistent in water systems when the disinfection method is not
destructive enough (Lan et al., 2019). Gram-negative (G™) E. coli and
Gram-positive (G") S. aureus are standard strains for evaluating water
disinfection performance (Duque-Sarango et al., 2023; Makarova et al.,
2017).

Besides biological pollutants, chemical contamination of water also
presents an issue with current water treatment techniques. Persistent
chemicals with biological activity, like endocrine disruption, toxicity,
antibiotic resistance, inflammation, and the like, can pose harmful
consequences if not properly eliminated. TETR and MB are both
persistent chemical pollutants that need to be removed from water by
physical, chemical, or biological means due to their negative environ-
mental impact (Slokar and Le Marechal, 1998). Standard wastewater
treatment practices are sometimes inefficient or can result in large
amounts of sludge (Robinson et al., 2001; W. Xu et al., 2007). Moreover,
incomplete mineralisation can lead to the formation of some toxic
byproducts (Ouzar and Kim, 2022; J. Wu et al., 2010), however there are
some inconsistencies in the literature regarding byproducts toxicity of
TC treatment with plasma (C. Fang et al., 2022; Ouzar and Kim, 2022).
In detail, Ouzar et al. proposed that some byproducts may be more
mutagenic than TC itself, while Fang et al. reported negligible biological
toxicity of TC degradation byproducts. The effect of this can not be
attributed to residual TC, since the study reporting biotoxicity had lower
remaining TC concentrations after treatment than the other one (4.7
mg/L and 7 mg/L, respectively). Both studies used a software-based
prediction approach (T.E.S.T.), while Fang et al. also evaluated
toxicity towards bacteria E. coli, which showed no significant adverse
effects. Here, HoO had been removed from the solution before carrying
out the test, which may explain these discrepancies.

An ideal water treatment method should be able to degrade various
types of pollutants, whether biological or chemical, as they are usually
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present simultaneously in wastewater. Therefore, we conducted addi-
tional treatments of common wastewater pollutants to gain more insight
into the effectiveness of the ICP plasma treatment method. The results
are summarised in Fig. 12. Although the contaminants differ signifi-
cantly, the trend is very similar: the treatment with V-UV radiation
arising from hydrogen plasma in the H-mode efficiently destroys all
these organic pollutants.

Different research teams used various experimental systems to
evaluate the inactivation/degradation of bacteria, antibiotics, and
organic dyes, so the results are not comparable, but the key difference
between our approach and the brief state of the current knowledge as
presented below is in the range of wavelengths used for UV and/or V-
UV-assisted degradation of organic pollutants.

A broad subdivision of bacterial species to either G~ or Gt stems
from the latter having a thicker peptidoglycan cell wall (20-80 nm),
allowing them to better retain the crystal violet staining dye (Coico,
2006). Since RONS initially interact and cause damage to the cell walls
of microbes (Chen et al., 2021), it is reasonable to assume that G~
bacteria would be more susceptible to RONS disinfection techniques.
This was indeed demonstrated by Kiihn et al., using a UVA + TiOy
disinfection method for producing OH®, and noting that the disinfection
efficiency of various bacteria was correlated with the thickness of their
respective cell walls (Kiihn et al., 2003). Plasma-based techniques have
previously been used to disinfect E. coli- or S. aureus-contaminated so-
lutions, albeit on a small scale. Ma et al. used an atmospheric pressure
DBD plasma to treat 50 pL of E. coli and S. aureus bacteria suspensions,
achieving >6 log;o inactivation within 7 and 10 s, respectively (Ma
et al., 2008). Similarly, Han et al. attempted to demonstrate the differ-
ence between direct versus indirect DBD plasma treatment. Interest-
ingly, they obtained better inactivation of both E. coli and S. aureus with
indirect rather than direct plasma treatment, which they attributed to
long-lived RONS generated by the plasma discharge (L. Han et al.,
2016).

Tetracycline, one of the most prolific antibiotics in human and vet-
erinary medicine, is regularly detected in water systems due to its
overuse, stability, and run-off to the environment (L. Xu et al., 2021),
which may result in adverse effects on the biosphere (Amangelsin et al.,
2023; Shutter and Akhondi, 2024). Standard treatment practices such as
ozonation (J. Wu et al., 2010), UV treatment (Yuan et al., 2011) or their
combination (F. Yang et al., 2024) have been shown to degrade TETR in
wastewater, although the large-scale implementation of these methods
has some disadvantages related to cost and/or efficiency (Antos et al.,
2024). Research has been focused on developing new techniques for its
expulsion from water systems. AOPs have been shown to efficiently
degrade TETR only when O3 was included in the treatment setup,
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Fig. 12. V-UV treatment of common water pollutants, with plasma in the H-
mode, air in the sample’s treatment chamber headspace.
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pointing to a strong correlation between TETR degradation and the
presence of OH®, obtained from O3 decomposition (Luu and Lee, 2014).
Moreover, it was demonstrated by the same authors that the toxicity
towards E. coli was lowered significantly after treatment, while the same
was not observed in the V. fischeri bioluminescence assay, suggesting
more research needs to be done to evaluate the generation of harmful
by-products. Previously, atmospheric-pressure plasma treatment (He
et al., 2014; Tang et al., 2018) and V-UV radiation (Krakko et al., 2022;
Yao et al., 2017) have been evaluated as methods for eliminating TETR
from water. He et al. used a corona discharge in combination with a TiO»
nano-catalyst, achieving an 85 % degradation after 24 min of treatment
(He et al., 2014). Although the addition of a catalyst improved the
degradation efficiency, a greater effect was demonstrated by increasing
the plasma input power. On the other hand, 93 % of TETR was degraded
by the dielectric barrier discharge plasma within 20 min of treatment
(Tang et al., 2018). In both studies, it was postulated that the OH®
played a pivotal role in degrading TETR. V-UV radiation effectively
degraded TETR from 650 mL solution within 10 min of treatment.
Krakké et al. demonstrated an increased degradation using UV/V-UV
treatment of aqueous TETR, achieving complete degradation of 22.2
mg/L within 5 min. Additionally, possible degradation pathways and
reactions were proposed, which aids in further optimisation of similar
systems (Krakko et al., 2022). A combined UV/V-UV process with add-
ing a Fe (II) catalyst was able to degrade approximately 98 % of 8.8
mg/L of TETR within 30 min of treatment. With the 4-W cold-cathode
low-pressure mercury lamp, the technique, according to the calculated
EEO, was deemed cost-effective with 8.46 kWh/m> per order. The
principal degradation agent was found to be the OH® (Yao et al., 2017).

Paper and textile industries generate large amounts of wastewater,
which are difficult to purify due to the amount and robustness of some
pollutants. MB, a common dye in these industries, is a model compound
for studying degradation kinetics and efficiency. Plasma has been
employed several times to degrade this pollutant, with varying results.
Although the authors are in general agreement that ROSs are the pri-
mary degradation factors, it is not as conclusive which is the primary
one, as it varies between different setups. H,O, was deemed the main
degradation factor for alternating current- and microwave-excited at-
mospheric pressure plasma jets (Chandana et al., 2015; Garcia et al.,
2017), however, authors in both publications used pure argon gas for
plasma generation, which is not ideal for ROS production besides HyO2
(Aboubakr et al., 2016; Bruggeman et al., 2016). When air or oxygen
was supplied to the plasma gas mixture, a greater efficiency was ach-
ieved, which was attributed to a greater amount of ROS produced (B.
Wang et al., 2017; L. Wu et al., 2019). A degradation pathway was
proposed by Wu et al., who suspect that high energy electron, ozone, and
hydroxyl radical are the primary main degradation agents for their at-
mospheric pressure DBD plasma reactor, however, they do not claim to
have any V-UV radiation present, therefore these degradation mecha-
nisms are not necessarily applicable to our system (L. Wu et al., 2019).
One of the best reports of plasma MB degradation in water utilised an
atmospheric-pressure dielectric barrier discharge air plasma. Large
amounts (>50 mg/L) of HyOo were generated, which were further
converted to OH® by the addition of a Fe (II), resulting in around 67
g/kWh degradation rate (Manoj Kumar Reddy et al., 2013).

4. Conclusion

Inductively coupled low-pressure plasma was used as a source of V-
UV radiation in the range of wavelengths between about 150 and 200
nm. It is a highly versatile source of V-UV photons, which can produce
various outcomes in a water treatment regime. Treatment parameters
such as input power and the presence of oxygen at the gas-water inter-
face have a profound effect on the efficiency of pollutant degradation, as
showcased by an increase of OH® generation, and pollutant degradation
efficiency. With direct V-UV radiation in an oxygen atmosphere, the
treatment was able to degrade 9 log;o of MS2 bacteriophage, 8 logio of
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E. coli and S. Aureus bacteria, as well as 10 mg/L of antibiotic tetracy-
cline and 100 mg/L of industrial dye methylene blue, within 10 min of
treatment time, all of which were remarkably concentrated, to demon-
strate the potential of this method to treat highly polluted waters. Even
though the energy of V-UV photons is large enough to disrupt the
structure of viruses, causing their inactivation, it is the presence of ox-
ygen at the gas-water interface that has the most significant effect on the
overall production of OH® and, subsequently, the inactivation of vi-
ruses. The experiments utilising a barrier for V-UV radiation showcase
that some inactivation also occurs without direct interaction between
the V-UV radiation and water. The insertion of the V-UV radiation
barrier clearly showed that the gaseous radicals, created upon irradia-
tion of air with V-UV photons, enter the water and contribute to virus
inactivation, but the effect is smaller compared to the inactivation by
OH®. The short- and long-lived RONS are thus inter-connected, being
generated in either gas or liquid phase, and simultaneously carry out
pollutant degradation, which would be interesting to investigate in
future works. Some experiments were performed by adding the OH®
scavenger mannitol into the polluted water, and the results proved that
the radicals play a prominent but not exclusive role in virus inactivation.
However, the synergistic action of all the inactivation agents provides
the best outcome, as long as the virus inactivation is the merit. In certain
setups (E-mode, air), the EEO value (0.07 kWh/m3/order) even out-
performed some of the established water treatment methods, such as
ozonation and UV-C irradiation (0.15 and 2 kWh/mS/order, respec-
tively), indicating that there is potential for this technique to be used as a
water treatment method, especially when considering the range of
different types of pollutants being effectively removed. Building on this
proof-of-concept study, further work should evaluate the level of min-
eralisation, i.e., the amount of pollutant that is completely oxidised to
CO4 and H0, since degradation by-products may also pose health
concerns when treated water is consumed or discharged. On a similar
note, toxicological studies of treated water would be required, as
harmful long-lived RONS may remain in liquid and cause harmful effects
if not removed after treatment. One of the primary benefits of utilising
V-UV in water treatment is its indiscriminate effectiveness against bio-
logical and chemical pollutants. However, its low penetration depth
does necessitate a carefully designed setup to treat larger volumes of
water, while optimizing energy efficiency could make this technique a
valuable asset to the water treatment arsenal.
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